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Switching attention between or within tasks is part of the implementation and maintenance of executive control processes and plays an indispensable role in our daily lives: It allows us to perform on distinct tasks and with variable objects, enabling us to adapt to and respond in dynamically changing environments. Here, we tested if yoga could benefit switching of attention between distinct objects of one’s focus (e.g., through practicing switching between one’s own body, feelings, and different postures) in particular and executive control in general. We therefore conducted a randomized controlled trial with 98 participants and a waitlisted control group. In the intervention group, healthy yoga novices practiced Hatha yoga 3x a week, for 8 weeks. We conducted two experiments: A purely behavioral task investigating changes in behavioral costs during switching between attentional control sets (74 participants analyzed), and a modality-switching task focusing on electrophysiology (EEG data of 47 participants analyzed). At the electrophysiological level, frequency-tagging indicated no interventional effect on participants’ ability to switch between the auditory and visual modalities. However, increases in task-related frontocentral theta activity, resulting from the intervention, indicated an ability to increasingly deploy executive resources to the prioritized task when needed. At the behavioral level, our intervention resulted in more efficient holding of target representations in working memory, indicated by decreased mixing costs. Again, however, intervention effects on switching costs were missing. We, thus, conclude that Hatha yoga has a positive influence on executive control, potentially through improvements in working memory rather than directly on switching.

Clinical trial registration: clinicaltrials.gov, identifier [NCT05232422].
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Introduction

Executive control refers to the human ability to guide thoughts and action processes through goals and intentions (Miyake and Friedman, 2012). It is, thus, essential for human performance and wellbeing. Executive control encompasses several interrelated higher-order cognitive processes serving goal-directed action (Diamond, 2013; Miyake and Friedman, 2012), adaptation to complex situations (Burgess and Simons, 2005), and the control of behavior (Miller and Cohen, 2001; Miyake et al., 2000). Cognitive flexibility, referring to the ability to adapt human thinking and behavior to changing task demands, rules, or priorities (Diamond, 2013), is one of three core functions summarized under the umbrella term executive control (also called executive functions).

The shifting function, a core facet of cognitive flexibility, is important for regulating and directing attention appropriately—that is, for abandoning responses or processing of features and objects that are currently irrelevant, and for initiating goal-congruent processing or action (Friedman and Miyake, 2004; Miyake et al., 2000). Shifting is implied by focusing attention successively on different features, locations or objects, both within or between tasks. This occurs most powerfully through using different top-down control representations or mental sets in turn (e.g., changes between task-control representations for visual search of different target colors or for monitoring of distinct actions). The shifting function, thus, enables humans to perform effectively on multiple tasks and to adapt to changing rules or information in a timely manner (Kiesel et al., 2010).


The effect of yoga on shifting

Importantly, there is growing evidence that certain physical and mental exercises benefit executive functions (e.g., Diamond and Lee, 2011; Esmaeili et al., 2023; Guiney and Machado, 2013; Xue et al., 2019). Among them is yoga, a holistic approach, encompassing a number of practices of Indian origin that is clearly and explicitly directed at the physical and mental realm simultaneously (Feuerstein, 2012). Here, we looked at Hatha yoga because of its popularity, increasing the potential impact of our findings. Hatha yoga emphasizes combining physical and mental exercises, potentially setting it apart from other, more puristic mental (e.g., meditation) or physical (e.g., running) activities. Hatha yoga includes different forms of stretching, changing postures, as well as mindful breathing and imagination (Shapiro et al., 1998). Past research investigating yoga’s effect on executive functioning has mainly focused on inhibition (e.g., Luu and Hall, 2017; Oken et al., 2004, 2006; Sandroff et al., 2015; Szaszkó et al., 2023; Telles et al., 2013), working memory (Bowden et al., 2012; Danilewitz et al., 2021; Kyizom et al., 2010; Telles et al., 2012), or both (Gothe et al., 2013; for a review on Yoga’s effects on executive functions, see Luu and Hall, 2016). In the current study, we, thus, looked at the impact of a yoga intervention on the shifting function, aiming to close a knowledge gap in yoga’s effects on the distinct executive functions. Previous evidence suggests that yoga may influence the shifting function both acutely (Gothe et al., 2013, 2016; Luu and Hall, 2017) and for extended times (Telles et al., 2013; Vhavle et al., 2019; but cf. Fritz and O’Connor, 2022; Oken et al., 2006). However, very few randomized controlled trials have been conducted regarding this question, with most research using clinical or otherwise potentially compromised samples (like sedentary older adults). Our study is one of the first to examine such potential changes in a healthy sample, thereby providing an opportunity to test the hypothesis under more conservative conditions, with less room for improvement from a better pre-intervention level of executive functioning.

Possible reasons for the beneficial effects of yoga on the shifting function include improvements in executive functioning in general through the attentive nature of yoga, where one is encouraged to focus on one’s own body, thoughts, feelings, and, in general, the present moment (Schmalzl et al., 2015), as well as a direct training of the shifting function in particular through the shifts of attention during yoga (e.g., from one posture to another or from one object to another) promoting cognitive flexibility relatively directly (Bransford et al., 1999). In addition, the potential stress- and anxiety relieving effect of yoga, achieved through parasympathetic activation (Zaccaro et al., 2018), may also liberate resources for executive control that would otherwise be bound (e.g., by rumination; cf. Derakshan and Eysenck, 2009; Liston et al., 2009; McRae and Gross, 2020).

To examine whether yoga has an effect on the shifting function, in two experiments, we looked at distinct scenarios and compared the differences in participants’ performance, pre- to posttest, on experimental paradigms evaluating these different types of task-switching. To note, our study is the first to compare the impact of the intervention on different types of shifting: within-modality shifting between representations of searched-for target colors (here: red and green) in a visual search task (Experiment 1), and between-modality shifting of auditory and visual modalities (Experiment 2). In this way, we can test for convergent evidence of shifting improvements across Experiments 1 and 2 and, thus, control for the more specific side conditions of each specific test.



Experiment 1: Switching between task sets of target colors

In Experiment 1, based on the experimental design of Büsel et al. (2019), we wanted to know if yoga improves participants’ ability to switch between two target colors. Here, we looked at two types of behavioral costs: those of participants’ switches between two distinct task sets for different target colors in subsequent trials (switching costs), which typically manifest, among other things, in longer response times in trials in which participants are required to switch to a new task set (Monsell, 2003), and costs of sequentially performing multiple tasks versus performing a single task (mixing costs), which typically manifest, among other things, in longer response times in trials in which multiple tasks have to be attended simultaneously (e.g., Rubin and Meiran, 2005).

If yoga improved switching performance, in Experiment 1, we expected that the intervention decreased switching costs and mixing costs compared to the control group (H1). In the present study, performing multiple tasks did not mean searching for two different target colors simultaneously, but rather having to search for one of two target colors that could change or repeat from one trial to the next (as opposed to searching for a single target color across all trials).



Experiment 2: Switching between distinct sensory modalities

In contrast to Experiment 1, in Experiment 2, we investigated whether the intervention influenced neural responses associated with shifting between auditory and visual modalities (while ignoring the currently unattended modality). To this end, we developed a task that not only facilitated task switching but also resulted in a performance benefit when switching. Typically, switching between tasks slows responses and decreases accuracy. These switching costs imply that, for the participants, there is not much incentive to willingly switch a task. This is even the case with cued switches (so-called “residual switch costs,” e.g., Monsell, 2003). In the current Experiment 2, however, we ensured participants’ willingness to switch tasks by providing a relatively substantial performance benefit for the switches: Participants are likely to willingly switch between tasks and happily drop the ongoing task because a task switch means that the modality-specific information currently held in working memory can be dropped with immediate effect. To note, this should mitigate switching costs, thereby making them unreliable as a change measure of the switching function. Additionally, we also wanted to use a more ecologically valid task with concurrent information in both auditory and visual modalities compared to tasks including traditional switch vs. repeat trials; however, this would have made behavioral costs even less interpretable. Therefore, unlike in Experiment 1, we do not report switching (and mixing) costs in Experiment 2, focusing solely on electrophysiological outcomes. This task used a bimodal (auditory and visual) cue to signal transitions between auditory and visual tasks, with the major trade-off of not being able to fully consider performance-related costs, such as switching and mixing costs, unlike in the present Experiment 1. However, this approach had two clear benefits: Firstly, it allowed us to separate the effects related to memory from those associated with task switching. Typically, recall of a second task control representation during task shifting increases memory load at times of a shift. However, in our protocol, switching away from one task eased the load on participants’ working memory for the currently abandoned task, freeing up resources at the times of shifting. Thus, we avoided the typical confound of higher versus lower memory load and switching versus repeating of a task. Secondly, the use of this specific cue actively encouraged participants to switch between modalities, thereby increasing internal validity—that is, increasing the likelihood that the participants used the cue for task shifting—, while additionally minimizing the probability of false alarms due to attending to the wrong modality.

For examining switching-related effects of the intervention, we used frequency tagging through steady-state potentials (Norcia et al., 2015; Picton et al., 2003; Vialatte et al., 2010), where we used distinct frequencies for both auditory (24 Hz) and visual (20 Hz) presentation modalities so that the currently prioritized modality input resulted in higher spectral power at the respective stimulation frequency, and in the case of the SSVEP, its second harmonic (40 Hz), than the nonattended one. This enabled us to study neural activity associated with the distribution of attention between distinct modalities, as well as their respective changes through the intervention (Saupe et al., 2009; Talsma et al., 2006). Following the intervention phase, we expected higher (vs. lower) spectral power differences in the tagging frequency—or, in case of the SSVEP, its second harmonic (40 Hz)—of the attended (vs. unattended) modality in the intervention group versus the control group, relative to the pretest baseline differences (H2a). Looking at the period directly after a modality switch, we also expected changes in power at the respective tagging frequency or their second harmonic (H2b).

Additionally, we looked at a single oscillatory frequency band known to be critical for optimal task switching: Theta (4–7 Hz) oscillations within medial frontal cortex. Increased frontoparietal connectivity and spectral power in the theta range, particularly in midfrontal regions, has been repeatedly linked to enhanced cognitive flexibility and executive functioning (Cavanagh et al., 2012; Gevins et al., 1997). These oscillations also reflect diverse memory-related processes vital for task switching: the reactivation of task set memories (Gladwin and de Jong, 2005), successful manipulation of working memory content (Itthipuripat et al., 2013; Karayanidis et al., 2009), and facilitated encoding, retrieval, and transfer between memory systems (Klimesch et al., 1994, 2001; Rizzuto et al., 2006; Sauseng et al., 2002). Such (working) memory processes are integral to task switching because maintaining different relevant task-control representations in memory is essential to swiftly switch between them if the conditions require this. In line with this reasoning, increased theta activity and connectivity are associated with task switching (Cooper et al., 2015; Sauseng et al., 2006) and theta activity, originating in medial cingulate cortex is a key to maintaining task-control representations (Cohen et al., 2008; Cooper et al., 2017). Neurofeedback studies even suggest a causal role of midfrontal theta in switching performance (Enriquez-Geppert et al., 2014). Other theories posit that an increase in midfrontal theta could also reflect increases in inhibitory control, potentially encompassing both response and sensory inhibition processes: In Go/NoGo-paradigms, refraining from responding has repeatedly led to an increase in frontocentral theta (e.g., Nigbur et al., 2011; Beltrán et al., 2019); for sensory inhibition first data from mice (Siegle and Wilson, 2014) and humans (Snipes et al., 2022) support the notion that theta is involved in (more active) sensory inhibition or (more passive) cortical disengagement that serve the purpose of compensation for cognitive load in states of high conflict. Regardless of whether the increase in midfrontal theta reflects a more general enhancement in executive control, specific changes in shifting, or heightened inhibition of irrelevant sensory information and response inhibition following a shift to another modality, the result would be an overall increase in theta activity. Thus, we hypothesized that if the yoga intervention increased task switching or altered executive control processes in general (i.e., even in case that H2 could not be confirmed), we expected increased clustered midfrontal theta activity in response to a switch (H3) in the intervention (relative to the control) group in the posttests relative to pretest baseline. Exploratory spectral analyses of theta aiding the process of finding an answer to H3 are also reported in the results.

Finally, we intended to take an explorative look at the spectral power in the alpha band (8–12 Hz); multiple studies have reported increases in alpha-band activity through yoga (Ajjimaporn et al., 2018; Bharadwaj and Kulshrestha, 2013; Trakroo et al., 2013; for a review, see Desai et al., 2015). Increased alpha band (8–12 Hz) activity has been shown to be related to increased relaxation ability (Stancák Jr and Kuna, 1994; Trakroo et al., 2013), as well as to improved gating of sensory input, implying reduced processing in sensory areas (Zumer et al., 2014). This can be particularly beneficial when information irrelevant, or even detrimental, for optimal task performance, or negatively impacting mental health, can be ignored. Thus, improved inhibition can, in the present case, aid executive control as well as switching performance.




Methods


Participants

Three hundred and forty-five participants were assessed for eligibility between December 2nd, 2021, and April 27th, 2022. For the exact allocation of places on the waiting list, see Szaszkó et al. (2023). One hundred and sixteen participants were admitted to the trial, out of which 98 participants (NIntervention = 54; 83 female; MAge = 25.03 years; SDAge = 4.18 years; range 18–40 years) were part of the study at the start of the intervention. For baseline characteristics, see Table 1.



TABLE 1 Baseline characteristics of the intention-to-treat population (from Szaszkó et al., 2023).
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Our intended sample size was 102 in order to achieve 80% power with d = 0.5 and an alpha error probability of 0.05, not only for our EEG data (which typically result in very high power) and experiments, but also the questionnaires used. Figure 1 shows the trial profile of the study in form of a CONSORT chart. We recruited participants via the University of Vienna’s Laboratory Administration for Behavioral Sciences (LABS) platform and the Vienna Cognitive Science Hub’s Study Participant Platform (SPP), and by advertisement through flyers and social media.

[image: Figure 1]

FIGURE 1
 Consort chart of the study. Central column: Trial profile, including analyses. Left and right columns: Reasons for exclusion after the previous analysis step are listed below the number of analyzed participants for each step. When participants were excluded from behavioral analyses, their EEG data was also not analysed. EEG, electroencephalography; EOG, electrooculogram.


Next, we screened potential participants with a shortened version of the Diagnostic Interview for Mental Disorders (Mini-DIPS; Margraf, 1994). If subjects showed possible current or past psychiatric or psychological disorders, they were excluded from the study. We did this for several reasons: First, focusing on a non-clinical, general, and healthy sample helps to enhance the generalizability and external validity of our findings. Studies on the impact of yoga on specific populations are abundant (Bilderbeck et al., 2013 for prison inmates; Gothe et al., 2014, 2016 for older adults; Oken et al., 2004, for patients with multiple sclerosis), and we aimed to contribute insights relevant to the general population, even if this meant we measured the impact more conservatively (i.e., in a group benefitting less because they were already good at task shifting and executive control). Second, assessing cognitive abilities in individuals with psychiatric or psychological disorders can be challenging due to the potential confounding effects of their conditions. Individuals with such disorders may also have different baseline cognitive abilities, making it difficult to attribute any observed changes solely to the intervention.

Participants that had practiced yoga more than twice a month for the last 12 months, those that consumed psychopharmaceuticals regularly, as well as those with alcohol or drug abuse were also excluded. In addition, only participants between 18 and 40 years of age were admitted. Participants were also excluded if they had below level C1 German proficiency, uncorrected impaired vision or hearing, or had suffered a skull fracture or concussion within the past 6 weeks. For legal reasons at the time of the study, lack of proof of COVID-19 recovery or vaccination also led to exclusion from the study.

The starting date of our intervention was pre-set, and pretesting laboratory capacity was limited. Therefore, whenever a participant opted out during the pretesting phase, substitutes from the waiting list were invited to participate in the experimental group instead. However, sometimes no fitting testing slots were available anymore. Thus, already from the outset, the total number of participants was lower than intended.

To compare against the intervention, we used a control group not taking part in the intervention. This comparison is maximally sensitive to any beneficial effect the yoga intervention might have because the waiting list group did not receive any treatment at all before posttests were administered. However, using this approach also meant that double-blinding was not possible. It was clear to participants if they were participating in a yoga intervention or not (the waitlist control group). The same was true of the yoga teachers. They were aware that they were teaching yoga classes. However, participants and yoga teachers were naïve with respect to the hypotheses of the current study, and yoga teachers were not involved in the analyses of the data. In addition, a pre-post comparison of participants’ performance in different cognitive tasks meant that participants were instructed to perform as well as they could at each measurement time point. Thus, forging of the hypothesized intervention-dependent performance difference between pre- and posttest was unlikely and would have required sophisticated knowledge and strategies on the side of the participants (e.g., participants’ holding back during pretest measurement and giving it their best at posttest measurement in the intervention group based on their expectations of what we would have hypothesized).

During the first pretest session, participants were briefed on the procedure and risks of the study and gave their written informed consent. After this session, participants were assigned to a group using block randomization (block size: four; custom Python script written and executed by the first author). All participants were debriefed in the second posttest session. Participation in pretests / posttests was compensated with a payment of 30 EUR each, with a bonus payment of 10 EUR (20 EUR) for participation in an average of four (five) classes per week. There were no adverse experiences associated with the intervention or the waitlist reported by any of the participants throughout the duration of the intervention; one participant had to abort Experiment 1 because she did not feel well during practice trials.



Study design and intervention

The present experiments were part of a larger study with a parallel design investigating the effect of a Hatha yoga intervention on stress, anxiety, and the executive function of suppression. Data collection began in January 2022 and ended in August 2022. In the course of this study, we used questionnaires, behavioral, electrophysiological, and biological markers. Detailed results on these measures, as well as experimental and electrophysiological results on the inhibition function can be found in Szaszkó et al. (2023). The present study focuses mainly on Hatha yoga’s effect on the shifting function; the results concerning hormonal stress markers and their relations to stress, anxiety, and cognitive functioning can be found in Szaszkó et al. (2024).

After preselection, participants were pseudo-randomly assigned to an intervention- and a waitlisted control group, to ensure equal group sizes. The intervention group was split into two cohorts. In the first pretest session, participants gave their informed consent, were scanned for colorblindness using an Ishihara test, and completed a task in which they had to switch between different attentional control sets (experiment 1). In the second pretest session, participants were trained in the collection of saliva samples, completed a suppression task (Szaszkó et al., 2023), and the second switching task, assessing participants ability to switch between sensory modalities (experiment 2). All tasks throughout both sessions were completed in the laboratory of the University of Vienna. The days after pretests, participants submitted their saliva samples and completed online questionnaires. Participants in the intervention group were required to attend at least three 60-min yoga classes per week, for a total of 8 weeks. Subjects were excluded if they failed to participate at least twice for 3 consecutive weeks. This led to an average participation of 2.55 sessions per week (SD = 0.55).

Classes were taught privately by four professional yoga instructors at the “FREIRAUM” studio in Vienna. Table 2 shows the focus of each week’s classes. Online pre-registration was required to track attendance, which was then double-checked by the yoga teachers at the beginning of class. Following the 8-week intervention, participants took part in two posttest sessions: In the first posttest session participants again completed the task for experiment 1, in the second posttest session they again completed the suppression task, the task for experiment 2, and received a debriefing. Between posttest sessions, they completed the same questionnaires they had previously completed and again collected saliva samples. Participants in the control group underwent the same process as those in the intervention group, except for the yoga intervention. Once posttests were completed, they were, however, given the opportunity to participate in yoga classes free of charge for a duration of 8 weeks.



TABLE 2 Focus of yoga sessions per week and exemplary asanas (yoga postures; from Szaszkó et al., 2023).
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We used a per-protocol (PP) approach to analyze the data. The per-protocol approach includes only those participants who adhered strictly to the intervention protocol, excluding those who did not complete the intervention as specified. This contrasts with the intention-to-treat (ITT) analysis, which includes all participants as originally allocated, regardless of whether they completed the intervention according to the protocol.

The per-protocol approach was chosen for several reasons. First, it provides a clearer picture of the intervention’s efficacy by focusing on participants who fully engaged with the yoga practice as intended. This is particularly important for understanding the potential benefits of yoga in a controlled setting. Second, by excluding non-compliant participants, we can better assess the true effect of the intervention without the noise introduced by partial adherence, which is crucial when studying a healthy population where the expected effect sizes might be smaller. Albeit the PP approach is more vulnerable to self-selection bias (Andrade, 2022) and to the magnification of pre-existing motivational differences (Gupta, 2011) than ITT analysis, it does not require data imputation. By only considering the actually observed data of participants that complied with the instructions of the experimental tasks and the requirements of the intervention protocol, the PP approach navigates around the pitfalls of large numbers of imputed data, thus, reflecting more accurately the interventions’ impact.

Although this approach might also reduce the generalizability of the findings compared to an ITT analysis, as well as reducing the power of the study, it enhances internal validity and allows us to draw more precise conclusions about the intervention’s effectiveness. By imposing strict exclusion criteria and including only those participants who rigorously followed the intervention schedule, we ensured that the data accurately reflects the intervention’s impact (Green et al., 2019). This methodological choice aligns with our objective to assess the efficacy of yoga practice in a well-defined healthy sample, providing a robust test of our hypotheses within this context (Tripepi et al., 2020).



Experiment 1: Switching attention between colors


Task design

In Experiment 1, participants had to search for a color-defined target ring and report the orientation of a letter T within the target. We intended to replicate the results by Büsel et al. (2019), showing that participants indeed set up distinct task sets (here, attentional control settings) for different target colors and switch between them, rather than the same unchanging task set during the entire experiment, thereby validating the experimental design before investigating the effects of the yoga intervention on behavioral costs. For this, two conditions must be fulfilled: First, the presence of cueing effects with top-down matching cues, indicating that this cue attracted attention at all, where performance in valid trials (cue and target at same position) is significantly better than performance in invalid trials (cue and target at different positions) only in case of the color of the cue matching the color of the target. The results of these tests are reported in Appendix A. Second, more importantly, we tested for the presence of behavioral costs as addressed briefly in the Introduction and reported in the Results section. To measure switching costs (for both RTs and ARs), we used a two-color search task and compared performance between trial-by-trial target-color switches (e.g., between a green target in Trial x and a red target in Trial x + 1) versus trial-by-trial target-color repetitions. (2) To measure mixing costs, we compared performance (again for both RTs and ARs) between trials where participants searched for two potential target colors as compared to trials where participants searched for one target color, with trial-by-trial target color repetitions only. Note that we partly deviated from the original definitions of switching and mixing costs because, in the present case, we tested for shifting between distinct attentional control sets (here: the two colors) within the same nominal task rather than clearly separate tasks (as initially implied by switching costs), as well as performance decrements caused by two potential target colors (and thus holding two sets in working memory) compared to one, rather than comparing the execution of two tasks to one (as initially implied by mixing costs). Our comparisons are based on the assumption that switches between control representations within a nominal task are theoretically related to dual-task execution and that these related phenomena should not be artificially separated by misleadingly narrow definitions of what defines a task (Kleinsorge and Heuer, 1999; Ort et al., 2017; Yeung and Monsell, 2003).

While EEG was measured in Experiment 2, this was not done in Experiment 1. We opted for the sole collection of behavioral data in Experiment 1 for two main reasons: First, the protocol (a replication of Büsel et al., 2019) had already been proven to assess behavioural costs precisely without the need for additional methods, thus allowing conclusions to be drawn about changes in the switching function. Second, in the protocol of Experiment 1, the typical preconditions for frequency analyses of EEG were not met. In particular, cue-target intervals are relatively short in this protocol, but the Fourier transform requires a substantial cue duration. Therefore, we opted against EEG recording for Experiment 1.



Procedure

The experiment consisted of four blocks containing 240 trials and 24 practice trials each, and two distinct blocked conditions: a single-color condition and a dual-color condition. Blocked conditions (single- vs. dual-color) were either A-B-A-B or B-A-B-A, balanced across participants. In the single-color condition, the target was always of the same color defined at the beginning of the block (red or green). In the dual-color condition, in each trial, the target could unpredictably take on one of two colors (red or green, within blocks), with both instructed as target-defining colors at the start of the block.

Figure 2 illustrates an exemplary trial. The experiment started with an instruction screen, in which participants were instructed about the target color(s) of the block. In each trial, participants first saw a grey fixation cross presented for 1 s, followed by a cueing display with four rings for 50 ms. One of the rings in the display was a color singleton (the cue).
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FIGURE 2
 Exemplary trial of Experiment 1. Taken from Büsel et al. (2019). Blocks began with an instruction display showing possible target colors, which, in single-color blocks, were red or green (in different blocks, one block with red, one with green color), and in dual-color trials (depicted here) were red and green, but only one of these colors was randomly assigned as the target color in each trial. After a fixation display, a cueing display followed, with as singleton-color cue in a unique color either matching (same color as one of the potential target colors) or not matching (color different from all potential target colors) the task set. Cues could be presented at target position (valid trial) or away from the target (invalid trial). After a fixed interstimulus interval, the target display with four black Ts was presented. Ts were tilted clockwise or counter-clockwise with equal probability, and surrounded by colored rings, one of which was the target color. Participants indicated the direction of the tilt (here, counter-clockwise) inside the target ring by keypress.


After an interval of 100 ms following the cueing display, the target display was presented for 150 ms. The target display consisted of four rings. All of them were colored, one of them in the target color. All circles in the target display contained a horizontally tilted T. Participants reported the orientation of the target T by pressing Key “y” to a counter-clockwise and key “m” to a clockwise tilted T. Participants were instructed to respond as fast and accurate as possible. In two-color blocks, the target color changed with 0.5 probability from trial n to n + 1, yielding equal numbers of trial-by-trial target-color changes and repetitions. Feedback was given on screen for 500 ms after wrong responses (the message “wrong” was displayed) and after response times exceeding 1,200 ms (“respond faster” was displayed).



Apparatus and stimuli

The experimental task was presented on a 24.5” G2590PX AOC Gaming LCD monitor (with 54.4 cm x 30.3 cm visible), with a refresh rate of 100 Hz. Responses were logged using a QWERTZ-keyboard. Viewing distance was held constant at 57 cm using a chin-forehead-rest. OpenSesame (Version 3.3.10; Mathôt et al., 2012) was used to present the task.

All colors in the current manuscript are provided in CIELAB color space (Schwiegerling, 2004) and are equally bright (L* = 70). The fixation cross was 0.6° × 0.6° large, placed at the centre of the screen, and. Presented against a black background (L* = 8, a* = 23, b* = −27). The cueing display contained four gray (L* = 70, a* = −4, b* = 1) rings (outline width: 0.1°; radius: 1.2°) with a 2.7° eccentricity, with the rings presented on the corners of an imagined square centered on the screen. Cues took on either the target color (red: a* = 65, b* = 56; or green: a* = −47, b* = 48; in single-color blocks) or one of the target colors (in dual-color blocks), which all constituted instances of top-down matching cues (as they matched a task set); alternatively, the cue took on another color, constituting a nonmatching—blue (a* = 25, b* = −85)-cue. Matching and nonmatching cues were equally likely, and participants did not know in advance which cue was presented. For each trial, one cue appeared at the location of the target (valid trials) or at a location away from the target (invalid trial). Across trials, cue and target positions were uncorrelated. Therefore, the cues were not predictive of the target locations. In the target display, besides the (red or green) target ring, two rings were yellow (a* = −5, b* = 49), and one ring was either magenta (a* = 75, b* = −69) or cyan (a* = −29, b* = −13), with equal probability. The orientations of the Ts shown within the rings were pseudo-randomly distributed across all four possible stimulus locations, with two of them tilted to the left and two of them tilted to the right in every trial.



Data analysis

Behavioral data (of both experiments) was analyzed using RStudio (Version 1.4.1717; RStudio Team, 2021) with R (version 4.1.2; R Core Team, 2021), based on the packages data.table (Version 1.14.2; Dowle and Srinivasan, 2021), ez (Version 4.4.-0.; Lawrence, 2016), rstatix (Version 0.7.2, Kassambara, 2023), schoRsch (Version 1.9; Pfister and Janczyk, 2020), and tidyverse (Wickham et al., 2019). We excluded participants using a generalized Extreme Studentized Deviate (ESD) sensitive for multiple outliers (Rosner, 1983) with an alpha level of 0.05. In Experiment 1, we analyzed participants’ response times (RTs) and accuracy rates (ARs). For RT analysis, individual trials in which participants’ RTs exceeded ±2.5 SDs from their individual mean RTs were removed. This was done to ensure that mean performance was representative for each condition and not distorted by extreme outliers. Where indicated, we corrected for multiple comparisons using the Holm-Bonferroni method (Holm, 1979). Trials in which cues and targets appeared on the same location were excluded from the analysis to prevent location-priming effects.

The effects of the intervention were calculated by subtracting posttest from pretest values and by comparison between groups using independent-samples t-tests (one-sided only in case of directional hypotheses).




Experiment 2: Task switching


Apparatus, stimuli, and procedure

Participants completed the experimental task using a 19” CRT monitor (Sony Multiscan). The monitor had a resolution of 1,280 × 1,024 pixels and an aspect ratio of 4:3. The refresh rate was 100 Hz. PsychoPy 3 (Peirce and MacAskill, 2018) was used to present the task. The distance between participants’ eyes and the screen was 57 cm and kept constant by a chinrest. A conventional QWERTZ-keyboard was used for collection of participants’ responses. The experiment took place in a soundproof, dimly lit room. Participants had to complete a two-back task, in which they were concurrently presented with stimuli at a consistent rate in the visual (20 Hz) as well as in the auditory (24 Hz) domain, using modality-unique tagging frequencies. The experiment itself did not consist of distinct trials, but of 15 blocks of 180 s of auditory and visual stimuli presented continuously and concomitantly, with self-paced breaks in between blocks. By doing so, we refrained from the traditional combination of switch- versus repeat trials (including repetition cues), using our experiment in a more ecologically valid framework with concurrent information presented for a varying amount of time, with high temporal ambiguity regarding possible switches. This meant that direct comparisons of switching and repetition performance are difficult to interpret. Remember, however, that our focus was on the evaluation of the (electrophysiological) outcomes of switches to either one or to the other modality, as well as the related interventional effects.

After having been cued by a switch cue (present in both, the visual and auditory modality), indicating that participants should switch from vision to audition or vice versa, participants had to compare the current input from one modality to that of a stimulus two positions back in time in the same modality. Figure 3 illustrates a part of an exemplary block.
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FIGURE 3
 Schematic illustration of part of an exemplary block in Experiment 2. Depicted is the bimodal n-back task in Experiment 2, during which participants had to detect a certain pattern (a repetition of the color blue/the highest tone with one stimulus in-between) in the respective to-be-attended-to modality. Upper row: The blue sine wave in the auditory domain represents sequential stimulation with six distinct tones of equal durations (1 s each) but of distinct frequencies (Tones 1 to 4 + one other frequency that was used for the cue) that each were presented 24 times per second. Red dotted vertical lines indicate a change between subsequent tones occurring every second (with the exception of the cue that lasted for 2 s). The auditory cue consisted of a single pure tone that lasted for 2 s and indicated a switch of the to-be-attended-to modality. Middle row: Here, the rectangle with the fixation cross and the colored lines to the right of it represent stimulation by six consecutively presented and differently colored rectangles in the visual domain at the center of the screen, each presented 20 times per second, with colors switching every second (again with the exception of the cue). Colors switched every second and in synchrony with the auditory stimuli. An exception to this rule is the visual cue (one of two colors, depending on the to-be-attended-to modality), which lasted for 2 s. The first set of blue stimuli, followed by a second set at temporal position n + 2 represents the target sequence in the visual modality to which participants were asked to respond. The set of pink stimuli represents the visual cue which, together with the synchronously presented auditory cue signaled that the other modality was now to be attended to. Lower row: A depiction of how a block of a specific modality was embedded in preceding and subsequent blocks of the other modality.


Stimuli in the visual domain consisted of four differently colored equiluminant (CIE L*a*b*, L* = 60) rectangles (orange: a* = 61, b* = 71, blue: a* = 12, b* = −71, red: a* = 80, b* = 69, green: a* = −54, b* = 55) at screen center on a black (L* = 3.3, a* = 0.1, b* = −6.5) background and changed color once per second, while flickering at 20 Hz. We used a black background to increase contrast and, thereby, salience of the visual stimuli. The visual target was a pattern of a blue rectangle followed by another blue rectangle, with one differently colored stimulus in-between (i.e., a two-back task). In the auditory domain, a total of six pure tones (at frequencies of 311, 440, 622, 880, 1,244, and 1,760 Hz, with a sinusoidal waveform) served as stimuli. Analogous to the visual task, the auditory target was a pattern of a 1,760 Hz tone followed by another 1,760 Hz, with one different tone in-between. Participants were informed about the identity of the target patterns before the experiment had started. Auditory and visual targets could not appear at the same time. The number of targets followed a Gaussian distribution, ranging from three to eight targets per block and modality. If a stimulus had the characteristic N in Trial X, it could not assume the same characteristic N in the following Trial X + 1 (i.e., if a visual stimulus was blue in Trial X, it could not be blue again in Trial X + 1). Sound volume was adjusted to individually comfortable levels. Subjects were required to respond to the described N-2 target patterns in both the visual and auditory condition by pressing the “down arrow” key as fast and accurate as possible.

At the beginning of the experiment, participants completed a 3-min practice block, which they could repeat if necessary. Before and after the experimental blocks, participants also completed two 1-min baseline blocks where only stimuli in one modality were presented. These four blocks (two auditory, two visual) were used to calculate a baseline for the respective steady-state potentials and to demonstrate that these potentials were present (and present only in the according condition).

In the experimental blocks, participants had to attend to only one of the two modalities at the same time, resulting in the two conditions, here called attend-to-auditory, and attend-to-visual. To achieve this, participants were cued at the beginning of each block as well as at random times during blocks by a bimodal stimulus signaling a switch in modality. For this, the rectangle changed its color to pink (L * = 60, a* = 80, b* = 13) or turquoise (L* = 60, a* = −28, b* = −13). Which color signaled a switch to which modality was counterbalanced across participants. The task cue was shown for 2 s, with every other color shown for 1 s. In the auditory domain, concurrent with the visual cue, one of two distinct tones could be heard, depending on the to-be-attended-to modality (cues were always presented in both modalities). How often certain auditory and visual stimuli appeared as well as the number of switches to both domains (40 for each domain) was counterbalanced across blocks. The auditory task-switching cue was presented for 2 s, synchronized with the visual task-switching cue.



Data recording, processing, and analysis


Behavior

We conducted a 2 × 2 × 2 mixed analysis of variance (ANOVA), with Measurement (pre/post), Condition (visual/auditory), and Group (intervention/control) as independent variables on participants’ false alarm rates (defined as number of false alarms divided by the total of all stimuli that could have provoked a false alarm) as dependent variable. We used partial eta squared (eta2) as the effect size measure as well as a significance level of alpha (α) of 0.05 and planned to follow-up with post-hoc t tests in case of a significant interventional effect. We do not report RT and AR analysis because the experiment was not designed to measure classical switch costs (i.e., overt responses were not that frequent and given only to the second of two similar stimuli following a switch cue, i.e., at least 3 s after a switch cue).



Electroencephalography recording and preprocessing

EEG data was recorded using an ActiveTwo Biosemi™ electrode system (BioSemi B.V., Amsterdam, Netherlands), at 512 Hz. From 132 electrodes in total, 128 were scalp electrodes, mounted in an equiradial ABC layout. Out of the remaining electrodes, two measured the horizontal and vertical electro-oculogram on the right side and two, located bilaterally on the mastoids, were offline reference electrodes.

EEG data was analyzed using MATLAB (The MathWorks Inc., 2022) and preprocessed with EEGLab (version 2022.1; Delorme and Makeig, 2004) using custom code. Two datasets had to be excluded due to corruption. First, data were resampled to a sampling rate of 256 Hz, after which they were low-pass (1 Hz) and high-pass (40 Hz) filtered. We then separated data according to condition (visual baseline, auditory baseline, attend-to-visual, attend-to-auditory) and rejected faulty channels manually. Five participants were excluded, as more than 15% of their channels had to be rejected in any of the conditions. Next, we created epochs: For analysis of the spectral power of steady-state visual evoked potentials/auditory steady-state responses (SSVEP/ASSR), independently of switching — we selected the first 10 s after each switch and divided the data into 2-s epochs. This was necessary to provide comparability of data in both modalities as the length of each attend-to-modality-X section was pseudorandomized. For time-frequency analysis, which we used to investigate the time course of spectral changes in the data, especially around the time of switches of the to-be-attended-to modality, we selected epochs of 3 s length, with epochs starting 1 s before and ending 2 s after the time-locking stimulus (here, the cue indicating a modality switch). Epochs containing artefacts other than eye blinks were manually rejected by trained personnel. After exclusions, if more than 25% of epochs in any of the four conditions at pretest or posttest had to be excluded, the participant was excluded from further data analysis entirely (five participants). From the data of the analyzed participants, an average of 4.13% of epochs was rejected. An independent component analysis (ICA) was run on the remaining data to identify components reflecting eye blinks and other artefacts, which were manually rejected. The number of excluded components ranged from zero to six, with a Median of two. Only then did we interpolate rejected channels to not cause rank deficiency problems in ICA due to additional dimensions of previously interpolated channels with a near-zero eigenvalue.



Spectral analysis

After preprocessing, we conducted a spectral analysis using the FieldTrip toolbox (Oostenveld et al., 2011), to investigate whether there were changes in steady-state responses due to the intervention. For this, raw power was calculated from 1 to 42 Hz, in 1-Hz steps, for each participant at each timepoint, by applying a Fourier transform using multitaper frequency transformation based on discrete prolate spheroidal sequences (Percival and Walden, 1993). To identify steady-state potentials significantly different from noise (Meigen and Bach, 1999), to increase their visibility (Derzsi, 2021), and due to the wide range that participants’ absolute power in distinct frequencies usually takes, we transformed participants’ raw power values into signal-to-noise ratio (SNR). We did this by dividing the raw power values for each frequency band, timepoint, and channel for each participant by the average raw power of the neighboring frequencies (−2 Hz, −1 Hz, +1 Hz, +2 Hz). Further, we subtracted a value of one from the resulting SNR, so that it can be seen as a signal measure relative to the noise level (here, the denominator of the SNR; Figure 4).
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FIGURE 4
 Topographical map of spectral activity for steady-state responses. Topographical distributions of the steady-state visual evoked potential (SSVEP) and the auditory steady-state response (ASSR), averaged across pre- and posttests, groups, and conditions. Yellow areas indicate the highest levels of activity, dark blue areas indicate the lowest levels.


For both attend-to-visual and attend-to-auditory conditions, we averaged over those channels where the respective SNR of the steady-state responses was the highest, averaged over pre- and posttests (four occipital channels for SSVEP, 15 frontocentral channels for ASSR).

We then conducted repeated-measures ANOVAs to (1) show that there were steady-state responses present at the stimulation frequencies in the experiment, and (2) test whether the intervention had any effect on the SNR of these steady-state responses (H2a). For (1), we focused on the baseline conditions where only an SSVEP (but not an ASSR) should be present in the visual baseline condition, and only an ASSR (but not an SSVEP) in the auditory baseline condition, and computed three repeated-measures ANOVAs, with Measurement (pretest/posttest), Condition (attend-auditory/attend visual) and Group (intervention/control) as independent variables, and with spectral SNR at posterior-occipital electrodes at 20 Hz and 40 Hz (sensitive to the frequency of the visual stimulus), and at frontocentral electrodes at 24 Hz (sensitive to the auditory stimulus) as dependent variables. We expected to find significant main effects of condition (indicating the sole presence of the appropriate steady-state potential), and no threefold interactions. For (2), we conducted three additional 2 × 2 × 2 mixed ANOVAs for data from the experimental blocks, with Measurement (pretest/posttest), Condition (attend-auditory/attend visual) and Group (intervention/control) as independent variables, and the dependent variables SNR at 20 and 40 Hz at posterior-occipital electrodes, and SNR at 24 Hz at frontocentral electrodes. If the yoga intervention had a significant effect on participants’ SSVEP or ASSR (H2a), we expected to find a threefold interaction.

We were, in an exploratory manner, also interested in how posterior alpha as well as frontocentral theta activity has changed due to the intervention. For the selection of the appropriate region, we again averaged over both timepoints and groups, and looked at the spectral distribution of frequencies between 8 and 12 Hz for both attend-auditory and attend-visual conditions for the alpha band, and between 4 to 7 Hz for the theta band. The electrodes with the highest alpha and theta power overlapped across conditions, and we subsequently selected these (alpha: 44 electrodes; theta: 10 electrodes) to measure changes in posterior alpha activity and frontocentral theta activity. Figure 5 shows the topographical distribution of the theta- and alpha-band in our participants, averaged over pre- and posttests.
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FIGURE 5
 Topographical map of spectral activity for theta and alpha. Topographical distributions of theta- and alpha band activity, averaged across pre- and posttest, groups, and conditions. Yellow areas indicate the highest levels of activity, dark blue areas indicate the lowest levels.




Time-frequency analysis

To test H2b and H3, using the FieldTrip toolbox again, we conducted a time-frequency analysis with a time window of 1 s before, until 2 s after stimulus onset. For this, we used multitaper method convolution with Hanning tapers. The time from 1 s until 0.25 s, before the onset of the cue signalizing a change in to-be-attended-to modality (requiring participants to change their focus of attention from the visual to the auditory modality or vice versa), was used as a baseline, against which we normalized the rest of the data in the epoch by subtracting the mean of the baseline from each data point and then dividing each resulting value by the baseline. By this, we obtained the relative change in power in the current modality compared to the previously attended-to modality. This resulted in a participant × channel × frequency × timepoint matrix, averaged over distinct trials.

We then subtracted pretest from posttest normalized power values for each participant, channel and timepoint, and, using cluster-based permutation tests with 1,000 permutations and an alpha level of 0.05, tested whether there were significant clusters in the data reflecting differences between the intervention and the control group.

For the analysis of SSVEP (20 and 40 Hz) and ASSR frequencies (24 Hz1) (H2b), we averaged over the channels where these steady-state responses were present (see spectral analyses above). Regarding theta’s role in aiding task switching (H3), we were interested in (1) whether there were significant clusters showing changed theta activity in the data in response to a switching cue, (2) which distinct frequencies within these frequency bands were particularly affected by these changes, and (3) their exact time course, potentially revealing more about the neural changes that took place due to the intervention aiding task execution or switching. We ran a permutation test for theta (4–7 Hz) activity, including all 128 channels in our analysis, and treating them, just as all timepoints and frequencies, as independent data points. When we found a significant difference, indicative of an effect of the intervention, we followed up calculating contrasts (paired t tests) by testing for significant clusters of pre-to-posttest differences in relative changes of power for each group separately, restricted to the timeframe where pre-to-posttest differences between groups (the effect of the intervention) were significant.






Results


Experiment 1: Switching attention between colors

Seventy-four participants completed the first experiment during both pretests and posttest. We did not have to exclude any of these participants, so that data of all 74 participants could be analyzed (64 female; NIntervention = 34, MAge = 24.95 years; SDAge 4.48 years; range 18–40 years).


Switching costs

Switching costs were present in RTs (in both pre- and posttests), M = 8 ms, t(73) = 5.61, p < 0.001, d = 0.65. This is in line with the RT differences found originally by Büsel et al. (2019)—14 ms—, with our standardized effect size being larger (compared to d = 0.21) due to the considerably larger number of participants. However, the intervention had no effect on RT switching costs, M = 1.49, t(73) = 0.40, p = 0.346, d = 0.09, thus speaking against a role of our hatha yoga intervention on switching. For accuracy rates, we did not find switching costs, M = 0.05%, t(73) = 0.26, p = 0.399, d = 0.03. Unsurprisingly, the intervention also had no effect on switching costs in accuracy rates, M = −1.10%, t(72) = −1.62, p = 0.945, d = −0.38.



Mixing costs

As expected, in dual-color blocks, RTs were 18 ms longer than in single-color blocks, t(73) = 8.59, p < 0.001, d = 1.00, reflecting mixing costs. Figure 6 shows mixing costs for RTs. These effects can be seen as large even in spite of the original experiment (d = 0.37) as well as the relevant literature. Importantly, mixing costs decreased 10 ms more in the intervention group than in the control group compared to pretest baseline, t(72) = 1.75, p = 0.042, d = 0.41. The direction and magnitude of this reduction suggest that the yoga intervention had a meaningful impact on participants’ ability to efficiently keep multiple feature representations in working memory. These effect sizes could translate to noticeable improvements in daily life, particularly for tasks relying on additional executive resources (although it should be noted that such transfer was not tested here), a point that we will take up again in the discussion.
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FIGURE 6
 Mixing costs in response times. Dual-color (red dashed line) versus single-color (blue solid line) trial-by-trial target color repetitions as a function of pre- and posttest measurements and groups (intervention vs. control). The difference in response times between dual- and single-color blocks per measurement and group equals the mixing costs. Vertical bars indicate 95% CIs.


We also found mixing costs in accuracy rates, M = 1.46%, t(73) = 4.04, p < 0.001, d = 0.47. Unlike in RTs, the intervention did not affect mixing costs in ARs, M = 0.38%, t(72) = 0.25, p = 0.403, d = 0.06.




Experiment 2: Task switching between modalities


Behavioral results

Sixty-eight participants completed the experiment both during pretests and posttests (with every participant who completed Experiment 1 completing Experiment 2 as well, ensuring a highly overlapping sample). If a participant missed out on too many targets, or if a participant had too many false alarms (as this mostly resulted from not knowing about the correct to-attend-to modality), we excluded them from the experiment. This resulted in nine exclusions altogether, leaving 59 participants (51 female, NIntervention = 26, MAge = 25.01 years; SDAge = 4.57 years; range 19–40 years) for behavioral data analysis.

The mixed ANOVA resulted in a significant main effect of Modality, F(1, 57) = 63.32, p < 0.001, etap2 = 0.53, showing significantly more false alarms in case of attend-to-auditory trials, but no significant interaction between group and measurement, F(1, 57) = 2.13, p = 0.150, etap2 = 0.04 (indicating no modality-independent changes in false-alarm rates), as well as no significant interaction between group, measurement, and modality (indicating no modality-specific changes in false alarm rates), F(1, 57) = 0.10, p = 0.750, etap2 < 0.01. All other interactions and main effects were not significant, all ps > 0.694. Figure 7 shows false alarm rates for both modalities, groups, and timepoints.
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FIGURE 7
 False alarm rates in Experiment 2. False alarm rates shown split by to-be-attended-to modality for both measurement time points (pretest and posttest), as well as for both groups: Orange solid lines for the intervention group, and purple dashed lines for the control group. Vertical bars indicate 95% CIs.




Electrophysiology

For the analysis of electrophysiological data, all participants omitted from the behavioral analysis were excluded (for details, see CONSORT chart in Figure 1). Additionally, we had to exclude five participants due to their high numbers of to-be-interpolated channels, as well as five participants due to their high percentages of to-be-deleted epochs. Two datasets could not be used for analysis because they were corrupted, leaving us with the final sample of 47 participants (38 female, NIntervention = 21, MAge = 24.64 years; SDAge = 4.39 years; range 19–40 years) for data analysis.


Spectral analysis of steady-state responses

We wanted to know if SSVEP and ASSR changed in magnitude between attend-to-auditory and attend-to-visual conditions due to the intervention. After testing for the presence of the steady-state potentials in the first place (as a “sanity check,” all ps < 0.001), we tested if the intervention had any effect on them. This was not the case, as reflected in the lacking threefold interaction for SSVEP frequencies, 20 Hz: F(1, 45) = 0.47, p = 0.273, etap2 = 0.03; 40 Hz: F(1, 45) = 0.07, p = 0.637, etap2 < 0.01, and the ASSR frequency, 24 Hz: F(1, 45) = 0.99, p = 0.325, etap2 = 0.02. Also, no significant interactions between measurement and group indicative of modality-unspecific steady-state potential changes due to the intervention were found, all ps > 0.479. Figure 8 shows the signal-to-noise ratio (SNR) of the first 10 s after each modality switch for all four conditions.
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FIGURE 8
 Differences in steady-state responses. Grand average Signal-to-Noise-Ratio (SNR; raw power divided by the mean of the neighboring frequencies minus 1) for (A) 20 Hz—the presentation frequency of the visual stimuli, eliciting a Steady-State Visual Evoked Potential (SSVEP); (B) 24 Hz—the presentation frequency of the auditory stimuli, leading to an Auditory Steady-State Response (ASSR) for each measurement (pretest/posttest), to-be attended modality (auditory/visual) and group (control = orange solid line/intervention = dark blue dashed line).


For SSVEP frequencies, there was a significant main effect of measurement, reflecting a decrease of SNRs from pre- to posttest at 20 Hz, F(1, 45) = 17.21, p < 0.001, etap2 = 0.28, and at 40 Hz: F(1, 45) = 9.59, p = 0.003, etap2 = 0.18. However, there was no such decrease of ASSRs at 24 Hz, F(1, 45) = 3.03, p = 0.089, etap2 = 0.01. The main effects of condition were significant at 20 Hz SSVEP, F(1, 45) = 34.72, p < 0.001, etap2 = 0.44, and 40 Hz SSVEP, F(1, 45) = 30.88, p < 0.001, etap2 = 0.41, and for 24 Hz ASSR, F(1, 45) = 6.64, p = 0.013, etap2 = 0.13. These results reflect higher SNRs for 20 Hz and 40 Hz SSVEPs in the attend-to-visual than in the attend-to-auditory condition, and higher ASSRs in the attend-to-auditory than in the attend-to-visual condition. This is plausible because there should be a change in complementary steady-state activity once the stimulus in question is attended to. All other interactions and main effects were not significant at any of the target frequencies (all ps > 0.194).

Our exploratory analyses further looked at potential changes in frontocentral theta and posterior alpha (shown in Figures 9, 10). For posterior alpha activity, a 2 × 2 × 2 mixed ANOVA, with Measurement (pre/post), Condition (visual/auditory), and Group (intervention/control) as independent variables, on participants’ mean Signal-to-Noise Ratio (SNR) averaged over 8 to 12 Hz as dependent variable showed an interaction between group and measurement, indicating a significant influence of our yoga intervention, F(1, 45) = 5.39, p = 0.025, etap2 = 0.11. Follow-up t tests on posttest minus pretest SNR differences showed that the difference stems from alpha increases in the intervention group, M = 0.02, t(45) = 3.21, p = 0.004, d = 0.29, while there was no significant change in the control group, M = 0.00, t(45) = 0.09, p = 0.932, d = 0.02.
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FIGURE 9
 Changes in mean posterior alpha. Spectral distributions for mean posterior alpha (on the left), as well as the topography of changes at 10 and 11 Hz from pretest to posttest by group for the frequencies exhibiting the largest changes. Spectral distributions are shown for both pretest (top) and posttest (bottom), for the intervention (orange solid line), as well as the control group (purple dashed line). The topographical map indicates the locus of changes in the respective alpha rhythm.
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FIGURE 10
 Changes in mean frontocentral theta. Spectral distributions for mean frontocentral theta (left) for pretest (top) and posttest (bottom) for intervention (orange solid line) as well as control (purple dashed line) groups, and the topography of changes from pretest to posttest averaged over the theta band (4–7 Hz), split by group and condition (auditory vs. visual).


There was also a significant main effect of condition, F(1, 45) = 13.70, p = 0.001, etap2 = 0.23, with lower SNRs in attend-to-visual, M = 0.073, SD = 0.020, than in attend-to-auditory conditions, M = 0.084, SD = 0.026. All other interactions were not significant, all ps > 0.118.

For the theta-band, we conducted another 2 × 2 × 2 mixed ANOVA with the same variables on participants’ mean SNR averaged over 4 to 7 Hz. Here, we also found an effect of the intervention, reflected in an interaction between group and measurement, F(1, 45) = 1.98, p = 0.018, etap2 = 0.12. A follow-up t test between groups on posttest minus pretest SNR differences again confirmed the finding from the ANOVA, M = 0.04, t(45) = 2.44, p = 0.018, d = 0.71. This intervention effect was, again, condition-independent, reflected in a nonsignificant threefold interaction, F(1, 45) = 0.06, p = 0.812, etap2 < 0.01. Again, there was a significant main effect of condition, reflecting higher SNR in the attend-to-visual, M = −0.078, SD = 0.045, than in the attend-to-auditory condition, M = −0.103, SD = 0.055. All other main effects and interactions were not significant (all ps > 0.135).



Time-frequency analysis

Figure 11 shows time-frequency plots for both conditions and groups.2 We found a significant negative cluster (p = 0.017) at 40 Hz between 1,150 and 1,400 ms after switching to the visual modality, reflecting decreased 40 Hz SSVEP (compared to the attend-to-auditory baseline) in the intervention group relative to the control group and pretests. To evaluate the nature of this effect, we conducted two additional cluster-based permutation tests on the pre-to-post-test differences, separately for each group, limited to the timeframe of the significant interaction cluster: While the control group showed a significant increase between 1,250 and 1,400 ms (p = 0.010), there were no significant clusters in the intervention group, potentially indicating reduced reactivity to the entraining stimulus. No significant clusters at 20 or 24 Hz were found (all ps > 0.103).
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FIGURE 11
 Time-frequency difference plots for all conditions and groups. Time-frequency plots of differences between pre- and post-test values for attend-to-visual and attend-to-auditory conditions for control and intervention groups, as well as differences between groups for both modalities (the rightmost column). The cue indicating a modality switch is the time-locking stimulus. The x-axis represents time (from 1 s before cue to 2 s after the cue), and the y-axis represents frequency (from 2 to 45 Hz). Brighter colors indicate higher relative change in power at a given frequency and timepoint compared to baseline (the previously attended-to condition). Significant clusters are marked with red filet rectangles.


In our analyses regarding switch-related changes in theta (H3), we found two positive clusters in the data, indicating an increase of a relative change in theta power in the attend-to-auditory trials compared to the respective preceding attend-to-visual trials as baseline, both centered around frontomedial electrodes. Figure 12 shows the time course and topography of all significant interaction clusters. The time course of these changes was from 150 to 500 ms (p = 0.035), and from 1,000 to 1,300 ms (p = 0.026) after switching from attend-to-visual to attend-to-auditory. Interestingly, these changes were mainly present in the upper theta band (6–7 Hz): In the first cluster (150–500 ms), they started in the upper band before spreading over to the entire theta band for a short time, to be followed by a recurse to 6–7 Hz only. The second cluster consisted entirely of changes in 6–7 Hz. We calculated post-hoc tests for these clusters by performing cluster-based permutation tests for each group individually, comparing pre-to-post-test differences, and restricting for the time range where the interaction was present. For the time range of the first interaction cluster, we only found significantly decreased theta activity in the control group between 150 and 500 ms after switching, p < 0.001, indicating decreased theta activity in the control group, but no changes in the intervention group. For the second significant interaction cluster, we found a concurrent positive cluster only in the intervention group (between 1,000 and 1,250 ms), p = 0.004, reflecting relative power increase after switching modalities compared to the control group.
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FIGURE 12
 Significant clusters of theta activity. Depicted are significant clusters of electrodes, timepoints, and frequencies, indicating a change in theta power after a switch in modality. Clusters A and B (shown for 7 Hz) show greater theta power in the intervention group relative to the control group after a switch to the attend-to-auditory condition relative to a switch to the attend-to-visual condition. Cluster C (shown for 5 Hz) shows lower theta power in the intervention group compared to the control group after switching to the visual domain relative to switching to the auditory domain.


In attend-to-visual trials, we found a significant negative cluster (p = 0.037), indicating a stronger relative decrease in theta power in the intervention group in the first 100 ms after switching, also centered around frontomedial electrodes (albeit more distributed across the scalp than in case of the positive clusters), but at different frequencies, namely 4 and 5 Hz. Post-hoc-tests showed significant clusters in opposing directions for both groups: A relative theta decrease for the intervention group (0–100 ms, p = 0.019), as well as a relative theta increase for the control group (0–50 ms after switching, p = 0.027).






Discussion

In the present study, we set out to test if an eight-week Hatha yoga intervention could benefit the switching of attention in two ways: switching between multiple objects, as well as switching between the auditory and visual modalities. By doing so, we were also able to investigate whether the intervention had distinct effects on these two subtypes of attentional shifting. If yoga improved switching between multiple objects, we expected to see decreased behavioral (switching and mixing) costs in Experiment 1; however, only mixing costs decreased due to the intervention, indicating easier retrieval of task sets from working memory. Therefore, H1 could not be confirmed. Additionally, using a bimodal n-back task with frequency tagging to track the course of attention, our analysis revealed no significant differences in spectral power at the presentation frequencies when stimuli in both modalities were tagged with distinct frequencies (H2a), indicating no changes in the switching function. We also expected changes in power at the respective tagging frequency directly after a modality switch (H2b). This hypothesis could only be partly supported (see the discussion on group differences in 40 Hz activity—the second harmonic of the visual presentation frequency—below).

Finally, we also aimed to investigate if the intervention improved related processes of executive control. In line with our expectations, the intervention led to increased clustered midfrontal theta activity in response to a switch in modalities as a result of the intervention (H3). These results are in line with further exploratory analyses that revealed an increase in posterior alpha that could be related to increased suppression of irrelevant information under conditions of high cognitive load.


Decreased mixing costs as a potential marker of improved working memory retrieval

In Experiment 1, the intervention led to a significant decrease of mixing, but not switching costs: Participants did counter the increased demands when keeping two target colors rather than one target color in mind better when they had participated in the intervention. Because mixing costs are indicative of the use of distinct task sets (Monsell, 2003) but switching ability between distinct task sets was not improved through the intervention, we think effects on mixing costs were unrelated to task switching, despite being a general aid for switching performance (Kiesel et al., 2010; Mayr and Kliegl, 2000). For example, participants in the intervention group might have found it easier to retrieve different color-specific task sets from working memory, but, as switching depends on the implementation rather than just the retrieval of task sets, improved memory in the form of reduced mixing costs might not always decrease switching costs (cf. Koch et al., 2005). It should also be noted that increased frontoparietal theta connectivity has been associated with reduced mixing costs (McKewen et al., 2020, 2021), suggesting a possible link between improved executive functioning and this behavioral measure across Experiments 1 and 2. However, this link remains hypothetical as these effects were not measured concurrently. To summarize, our results suggest that the intervention did not have a direct effect on switching performance. Instead, it appears to have improved executive control, which is relatively independent of switching.

It has to be pointed out that there were significant differences in performance at pretest, as the intervention group was slower on dual-color trials than the control group, making the comparison of mixing cost differences due to the intervention more complicated. For example, part of the interaction might have reflected a regression to the mean. At the same time, the preexisting group difference could indicate a greater potential for improvement in the intervention group, so that the observed effects could therefore reflect a stronger adaptation due to the intervention.

As for the applicability of our findings, these changes could lead to better performance in everyday activities that require flexible adaptation of executive resources, such as managing multiple work tasks, driving in traffic, or, in the context of yoga, keeping multiple instructions (e.g., for more than one body part) in mind at the same time. Although the 10-ms decrease in mixing costs may look negligible for real-world implications, it should be seen relatively to the size of the original effect: Mixing costs during pretests were 22 ms, so a 10-ms decrease in mixing costs is synonymous with a 45% decrease. Effect sizes of mixing costs in general were large, while the corresponding difference due to the intervention is still considered a medium-sized effect; in cognitive research, even small changes in performance metrics such as response times can have significant implications for daily activities. However, it is important to acknowledge that the extent to which these effects translate to real-world improvements remains uncertain, with the ecological validity of these constructs not yet established. While it is tempting to infer that the improvements observed in the lab could enhance shifting in everyday life, further research is needed to determine whether such transfer actually occurs. Additionally, although the number of situations involving the shifting of attention in daily life might suggest that these effects accumulate over time, it does not necessarily imply that lab-based improvements will have real-world relevance. Future research could aim to establish whether effect sizes seen in experimental tasks can be quantitatively related to real-world outcomes. At this stage, we can only propose that while the data show a potential for real-world improvements, the extent to which this potential translates into meaningful practical effects remains unknown.

Do our results rule out a direct effect of practicing switches during Hatha yoga on switching performance in general? Not necessarily. Benefits from practicing task switching for other executive functions have been observed in the past (Karbach and Kray, 2009), also resulting in improvements in other executive functions. However, it is also possible that other facets of yoga practice account for the effect on mixing costs. For example, yoga requires focusing, for maintaining specific poses, regulating breathing, and monitoring thoughts. Focused attention (characterized by reduced mind-wandering and directed attention towards present experiences, fundamental in mindfulness and yoga) may also profit from yoga practice (Luu and Hall, 2016). In turn, practicing mindfulness within yoga may cultivate a mental state where attention is anchored in the current moment, bolstering executive control functions reflected in reduced mixing costs.

The experimental approach used in our study focused primarily on cognitive mechanisms of executive control, perhaps at the expense of understanding the full spectrum of yoga’s effects. Yoga integrates physical postures with breath control, meditation, and related ethical elements, which may collectively contribute to its cognitive and health benefits in an interrelated manner.

Although the synergistically acting mechanisms in yoga may be too complex to draw upon here, a review by Schmalzl et al. (2015) does attempt to shed a light on the complex mechanisms and effects of yoga’s mechanism. The ancient wisdom of yoga tells us that everything is connected, making the notion plausible that yoga’s components cannot be simply dissected into small parts. Wayne and Kaptchuk (2008) provide an exhaustive analysis of the ecology of possible factors contributing to the beneficial effects of another mind–body practice, tai chi, arguing that it should be seen as a complex practice with synergistically working components. This argument is highly applicable to yoga, with its interconnected mechanisms also suggesting a holistic approach. Therefore, while our focus on cognitive control offers important insights, it may be too narrow to fully capture the complexity of yoga’s effects. A more comprehensive research approach that embraces the holistic nature of yoga—integrating its physical, mental, and ethical dimensions—may be necessary to fully understand how its components synergistically contribute to its cognitive and health benefits.



Hatha yoga does not impact steady-state potentials, but increases frontocentral theta

Experiment 2 had the objective to look at a facet of the switching function that was different from the one handled in Experiment 1: While Experiment 1 was centered around switching between distinct attentional control sets (here: the colors red and green), Experiment 2 did investigate switching between distinct (auditory and visual) modalities, which can also be seen as two distinct tasks as opposed to Experiment 1. Switching between ACS primarily involves reconfiguring cognitive control settings within a single modality (Dombrowe et al., 2011), while modality switching involves additional processes related to shifting attention between different sensory systems (Murray and Wallace, 2012; Soto-Faraco and Spence, 2002; Spence and Driver, 1997); contrary to the switching of attentional control settings, switching between distinct tasks also involves a switch in response categories (Rushworth et al., 2005). By distinguishing between these two types of switching-related processes, we wanted to know whether the yoga intervention would produce changes in one type of switching but not the other, making us able to further disentangle the presumed effects. However, since our results indicated no significant effect of the intervention on the switching function in either case, doing so was not possible in the first place.

Looking at steady-state potentials, we did not find a change in the spectra of these potentials due to the intervention, neither in the visual (20 Hz SSVEP and its 40 Hz harmonic), nor in the auditory modality (24 Hz ASSR). These results, thus, speak against the validity of H2 and a positive effect of yoga on task switching in healthy participants, too. It may be the case that our baseline selection (with the period immediately before the switch to the attended-to modality potentially confounding modality differences) conflated modality and switch-dependent changes; however, this is also similarly the case for other potential baselines in the current experiment. In addition, statistical tests not showing any significant differences between the respective modality baselines speak against such an interpretation.

However, when focusing on changes in spectral activity over time, following modality switches, 40 Hz activity increased only in the control group after a switch to the visual modality. SSVEP decreases have been observed after an 8-week mindfulness meditation course (Schöne et al., 2018), with the authors attributing this decrease to increased efficiency in the use of attentional resources. As the SSVEP’s amplitude also reflects the amount of resources used for perceiving and processing the stimulus, such a change in sensory and attentional regulation may be advantageous for long-term task performance by saving cognitive resources, as well as through more efficient processing (Andersen et al., 2011). In other words, it is possible that only the participants in the control group felt the need to pay more top-down attention to the visual targets following a task shift and that the less effortful processing in the intervention group was just as appropriate, as was suggested by similar task performance in both groups. Thus, there was no decisive evidence for a change in the switching function, but a hint for increased efficiency in stimulus perception.

A related, and particularly interesting finding in Experiment 2 concerns the significant effects of the intervention on frontocentral theta, particularly when participants switched from attend-to-visual to attend-to-auditory conditions (H3), together with findings of the spectral analyses showing that spectral power of theta increased due to the intervention. Theta oscillations in the frontocentral region have been repeatedly linked to improvements in task switching, as well as to related executive control processes: Midfrontal theta activity in response to stimuli is assumed to reflect adjustment to increasing demands in response to novelty, as well as conflict, through endogenous and exogenous action monitoring processes (e.g., Cavanagh et al., 2012; Cavanagh and Frank, 2014; Enriquez-Geppert et al., 2014). Particularly, during response conflict, a situation where executive control is especially needed, a specific pattern of 6 Hz theta activity over medial frontal cortex is present (Cohen, 2014; Nigbur et al., 2012). Midfrontal theta has also been associated with task rule adjustments, with theta peaks reflecting prediction errors and the need for increased executive control during task switches (Verbeke et al., 2021). In our study, the group differences in theta activity observed after a modality switch may reflect an improved deployment of cognitive resources to resolve conflicts. The increased frontocentral theta SNR further supports this interpretation, indicating enhanced utilization of executive resources.

The distinct patterns and periods of increased theta activity post-switching point to two different cognitive processes at play, with the subsequent increase after 1 s (the second significant cluster) possibly indicating sustained attentional processes (which rely heavily on frontomedial theta oscillations in general) maintaining proactive cognitive control due to the intervention (Clayton et al., 2015; Cooper et al., 2015; Cunillera et al., 2012), while decreases in theta in the control group after a switch point to diminished attentional control due to stimulus-driven attentional processes (Corbetta and Shulman, 2002) not present in the intervention group, possibly due to facilitated executive control (Cavanagh and Frank, 2014).



Increased alpha: suppression under high cognitive load?

In an exploratory analysis, we were also able to demonstrate a general increase in posterior alpha activity. This outcome can reflect distinct, but possibly interrelated processes. One possible interpretation relies on the upregulation of parasympathetic nervous system activity through the intervention (Eda et al., 2020; Trakroo et al., 2013; Zaccaro et al., 2018), resulting in increased relaxation. This could suggest that participants may have achieved a more relaxed and balanced state during (and possibly also away from) the task. However, increased alpha activity in parietal and occipital regions may also reflect the active inhibition of irrelevant sensory information (Jensen and Mazaheri, 2010), which, in turn, can aid optimal task performance (van Zoest et al., 2021; Zanto and Gazzaley, 2009). In our experiment, participants continuously encountered stimuli from both the attended and the non-attended modality; this is particularly interesting because, if posterior alpha reflects increased inhibition of unwanted stimuli rather than improved processing or concomitant relaxation ability, we would expect it to be higher when suppressing unwanted visual rather than auditory input—which was precisely the case in our study (albeit the modality-specific effect was not tied to the intervention). Therefore, it is plausible that the increase of alpha reflects an enhanced cognitive strategy to actively inhibit and ignore this irrelevant input, ensuring that only pertinent information is processed (Clements et al., 2022, 2023).

Significant changes in the lower theta band (4–5 Hz) within the first 100 ms following a switch to the visual modality may also be a result of modality-specific alpha increases due to the intervention indicating suppression of the visual modality (cf. Clements et al., 2022, 2023; Pomper and Chait, 2017; Pomper et al., 2015), with frontal theta serving as the cognitive control signal (Cavanagh and Frank, 2014; Cooper et al., 2019). As our behavioral performance decrements for attend-to-auditory conditions (see also Pomper et al., 2023) suggest an asymmetrically increased necessity for modality inhibition, switching to the visual modality may have led to the liberation of frontal areas. Thus, the intervention may have made it possible for participants to employ increasingly more resources to maintain executive control, even under difficult conditions (Duncan, 2010).



Limitations, challenges, and future directions

By using both behavioral and neural indices of participants’ switching abilities, we were able to provide an objective answer to the question of whether Hatha yoga increased participants’ ability to switch their attention more efficiently between tasks and modalities. The likely answer is “no,” with our results speaking instead for improved executive control processes that are independent from switching. However, there were some limitations to the study that need to be acknowledged in order to provide a complete picture.

The physical nature of yoga, involving various postures that require strength, flexibility, and balance, might be partly responsible for the above-mentioned behavioral and electrophysiological changes: Physical activity has been repeatedly linked to improved executive functioning (Hillman et al., 2003, 2006, 2008). Thus, it is possible that physical activity overshadowed some of the direct improvements in executive functioning through yoga, such as improved switching, and led to the currently found effects. We think that at least in yoga practice, physical and cognitive abilities are practiced jointly and are not improved in a mutually independent manner. However, this could only be demonstrated with an active control group with equivalent levels of physical practice but without the same degree of practice related to executive functioning (cf. Deng et al., 2022; Sharma et al., 2014), the lack of which is, thus, a limitation of the present study.

A further limitation of our study is the moderate training duration of 8 weeks; while extending beyond an introductory phase, it may not be sufficient for developing generalized executive control capacities. The eight-week period was chosen based on previous research showing that short-term interventions can lead to measurable changes in task-switching performance (Gothe et al., 2014, 2016; Strobach et al., 2012) and for feasibility and adherence considerations for a general population. However, developing executive functions, especially for complex tasks like task switching, may require longer engagement. Studies on mindfulness meditation (which shares elements with yoga) suggest that significant cognitive improvements may continue over several months of practice (Hölzel et al., 2011). The moderate duration of our intervention thus might have produced initial improvements, but more substantial gains may require a longer intervention.

Another limitation of our study is the high number of dropouts and exclusions. Despite this, our diverse methods enabled us to draw meaningful conclusions. It was especially important for us to apply rigorous cutoff criteria (e.g., excluding participants with insufficient intervention participation or those who did not understand or comply with the task), which reduced statistical power but increased the internal validity of our measures. Nevertheless, despite the high dropout rate, the statistical power for most analyses was adequate due to the robust repeated-measures design, sufficient to detect at least medium effect sizes, as our sample size calculations were based on the weakest links in power (the questionnaires reported in Szaszkó et al., 2023).

Finally, an important factor that limits the generalizability of our findings was our predominantly female (over 80%), as well as relatively young sample, which consisted mostly of students, with less than a quarter working more than 20 h. Also, some level of self-selection bias, despite our admission restrictions, could have had an influence on the results, with people longing for a change in daily habits or health improvement, signing up for the study. We therefore suspected a relatively high average level of cognitive performance that probably limited any potential effects that the intervention may have had in our study in comparison to tests with a more varied sample. At the same time, this rationale implies that the current intervention effects were measured under conservative conditions and, thus, that the intervention must have been relatively powerful to exert any effect at all. Be that as it may, the insights derived from our study offer a foundation upon which further investigations linking yoga with executive function can be built. We hope our findings encourage researchers to delve deeper into understanding these relationships, especially with the intention of improving people’s mental and physical health.




Conclusion

We could not observe direct effects of an 8-week Hatha yoga intervention on participants’ switching performance, measured by both behavioral switching costs (in Experiment 1) and changes in oscillatory activity (in Experiment 2). However, the intervention increased participants’ frontocentral theta activity, with frontocentral theta also increasing directly after switching modalities; in line with these results, it also decreased the behavioral costs of keeping multiple target features in working memory. A possible explanation consistent with these findings is an improvement in executive control and switching efficiency (ultimately benefiting switching performance, despite not being directly related to it); however, it is important to clarify that this connection remains hypothetical. The behavioral improvements observed in Experiment 1 and the neural changes in Experiment 2 stem from different experiments with different tasks, and thus, a direct causal link between the two cannot be conclusively established within the scope of this study.
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Footnotes

1   The second harmonic of the ASSR frequency (48 Hz) was not measured due to an overlap with the line noise frequency.

2   To test that the selection of our baseline did not negatively influence detection of a switch-related effect and reflected modality-specific differences only, we compared the baselines of both modalities statistically for each frequency (band) of interest and found no differences.



References

 Ajjimaporn, A., Rachiwong, S., and Siripornpanich, V. (2018). Effects of 8 weeks of modified hatha yoga training on resting-state brain activity and the p300 ERP in patients with physical disability-related stress. J. Phys. Ther. Sci. 30, 1187–1192. doi: 10.1589/jpts.30.1187 

 Andersen, S. K., Müller, M. M., and Hillyard, S. A. (2011). “Tracking the allocation of attention in visual scenes with steady-state evoked potentials” in Cognitive neuroscience of attention. ed. M. I. Posner. 2nd ed (New York, NY: The Guilford Press), 197–218.


 Andrade, C. (2022). Intent-to-treat (ITT) vs completer or per-protocol analysis in randomized controlled trials. Indian J. Psychol. Med. 44, 416–418. doi: 10.1177/02537176221101996 

 Beltrán, D., Morera, Y., García-Marco, E., and de Vega, M. (2019). Brain inhibitory mechanisms are involved in the processing of sentential negation, regardless of its content. Evidence from EEG theta and beta rhythms. Front. Psychol. 10:1782. doi: 10.3389/fpsyg.2019.01782 

 Bharadwaj, I., and Kulshrestha, A. A. (2013). Effect of yogic intervention on blood pressure and alpha-EEG level of working women. Indian J. Tradit. Knowl. 12, 542–546.


 Bilderbeck, A. C., Farias, M., Brazil, I. A., Jakobowitz, S., and Wikholm, C. (2013). Participation in a 10-week course of yoga improves behavioural control and decreases psychological distress in a prison population. J. Psychiatr. Res. 47, 1438–1445. doi: 10.1016/j.jpsychires.2013.06.014 

 Bowden, D., Gaudry, C., An, S. C., and Gruzelier, J. (2012). A comparative randomised controlled trial of the effects of brain wave vibration training, iyengar yoga, and mindfulness on mood, well-being, and salivary cortisol. Evid. Based Complement. Alternat. Med. 2012:234713. doi: 10.1155/2012/234713 

 Bransford, J. D., Brown, A. L., and Cocking, R. R. (1999). How people learn: Brain, mind, experience, and school : National Academy Press.


 Burgess, P. W., and Simons, J. S. (2005). “Theories of frontal lobe executive function: clinical applications” in The effectiveness of rehabilitation for cognitive deficits. eds. P. W. Halligan and D. T. Wade. online ed (Oxford: Oxford Academic), 211–231.


 Büsel, C., Pomper, U., and Ansorge, U. (2019). Capture of attention by target-similar cues during dual-color search reflects reactive control among top-down selected attentional control settings. Psychon. Bull. Rev. 26, 531–537. doi: 10.3758/s13423-018-1543-5 

 Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for cognitive control. Trends Cogn. Sci. 18, 414–421. doi: 10.1016/j.tics.2014.04.012 

 Cavanagh, J. F., Zambrano-Vazquez, L., and Allen, J. J. (2012). Theta lingua franca: a common mid-frontal substrate for action monitoring processes. Psychophysiology 49, 220–238. doi: 10.1111/j.1469-8986.2011.01293.x 

 Clayton, M. S., Yeung, N., and Cohen Kadosh, R. (2015). The roles of cortical oscillations in sustained attention. Trends Cogn. Sci. 19, 188–195. doi: 10.1016/j.tics.2015.02.004


 Clements, G. M., Gyurkovics, M., Low, K. A., Beck, D. M., Fabiani, M., and Gratton, G. (2022). Dynamics of alpha suppression and enhancement may be related to resource competition in cross-modal cortical regions. NeuroImage 252:119048. doi: 10.1016/j.neuroimage.2022.119048 

 Clements, G. M., Gyurkovics, M., Low, K. A., Kramer, A. F., Beck, D. M., Fabiani, M., et al. (2023). Dynamics of alpha suppression index both modality specific and general attention processes. NeuroImage 270:119956. doi: 10.1016/j.neuroimage.2023.119956 

 Cohen, M. X. (2014). A neural microcircuit for cognitive conflict detection and signaling. Trends Neurosci. 37, 480–490. doi: 10.1016/j.tins.2014.06.004 

 Cohen, M. X., Ridderinkhof, K. R., Haupt, S., Elger, C. E., and Fell, J. (2008). Medial frontal cortex and response conflict: evidence from human intracranial EEG and medial frontal cortex lesion. Brain Res. 1238, 127–142. doi: 10.1016/j.brainres.2008.07.114 

 Cooper, P. S., Karayanidis, F., McKewen, M., McLellan-Hall, S., Wong, A. S., Skippen, P., et al. (2019). Frontal theta predicts specific cognitive control-induced behavioural changes beyond general reaction time slowing. NeuroImage 189, 130–140. doi: 10.1016/j.neuroimage.2019.01.022 

 Cooper, P. S., Wong, A. S. W., Fulham, W. R., Thienel, R., Mansfield, E., Michie, P. T., et al. (2015). Theta frontoparietal connectivity associated with proactive and reactive cognitive control processes. NeuroImage 108, 354–363. doi: 10.1016/j.neuroimage.2014.12.028 

 Cooper, P. S., Wong, A. S. W., McKewen, M., Michie, P. T., and Karayanidis, F. (2017). Frontoparietal theta oscillations during proactive control are associated with goal-updating and reduced behavioral variability. Biol. Psychol. 129, 253–264. doi: 10.1016/j.biopsycho.2017.09.008 

 Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/nrn755


 Cunillera, T., Fuentemilla, L., Periañez, J., Marco-Pallarès, J., Krämer, U. M., Càmara, E., et al. (2012). Brain oscillatory activity associated with task switching and feedback processing. Cogn. Affect. Behav. Neurosci. 12, 16–33. doi: 10.3758/s13415-011-0075-5 

 Danilewitz, M., Gao, S., Salehinejad, M. A., Ge, R., Nitsche, M. A., and Vila-Rodriguez, F. (2021). Effect of combined yoga and transcranial direct current stimulation intervention on working memory and mindfulness. J. Integr. Neurosci. 20, 367–374. doi: 10.31083/j.jin2002036 

 Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009


 Deng, G., Bao, T., Ryan, E. L., Benusis, L., Hogan, P., Li, Q. S., et al. (2022). Effects of vigorous versus restorative yoga practice on objective cognition functions in sedentary breast and ovarian cancer survivors: a randomized controlled pilot trial. Integr. Cancer Ther. 21:15347354221089221. doi: 10.1177/15347354221089221 

 Derakshan, N., and Eysenck, M. W. (2009). Anxiety, processing efficiency, and cognitive performance. Eur. Psychol. 14, 168–176. doi: 10.1027/1016-9040.14.2.168


 Derzsi, Z. (2021). Optimal approach for signal detection in steady-state visual evoked potentials in humans using single-channel EEG and stereoscopic stimuli. Front. Neurosci. 15:600543. doi: 10.3389/fnins.2021.600543 

 Desai, R., Tailor, A., and Bhatt, T. (2015). Effects of yoga on brain waves and structural activation: a review. Complement. Ther. Clin. Pract. 21, 112–118. doi: 10.1016/j.ctcp.2015.02.002 

 Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi: 10.1146/annurev-psych-113011-143750 

 Diamond, A., and Lee, K. (2011). Interventions shown to aid executive function development in children 4 to 12 years old. Science 333, 959–964. doi: 10.1126/science.1204529 

 Dombrowe, I., Donk, M., and Olivers, C. N. (2011). The costs of switching attentional sets. Atten. Percept. Psychophysiol. 73, 2481–2488. doi: 10.3758/s13414-011-0198-3 

 Dowle, M., and Srinivasan, A. (2021). Data.table: extension of `data.frame`. Available at: https://github.com/Rdatatable/data.table (Accessed date May 22, 2024).


 Duncan, J. (2010). The multiple-demand (MD) system of the primate brain: mental programs for intelligent behaviour. Trends Cogn. Sci. 14, 172–179. doi: 10.1016/j.tics.2010.01.004 

 Eda, N., Ito, H., and Akama, T. (2020). Beneficial effects of yoga stretching on salivary stress hormones and parasympathetic nerve activity. J. Sports Sci. Med, 19, 695–702.


 Enriquez-Geppert, S., Huster, R. J., Figge, C., and Herrmann, C. S. (2014). Self-regulation of frontal-midline theta facilitates memory updating and mental set shifting. Front. Behav. Neurosci. 8:420. doi: 10.3389/fnbeh.2014.00420 

 Esmaeili, F., Ghasemian, M., and Salman, Z. (2023). Investigating the effects of combined physical-cognitive exercises on executive functions: a home-based exercise approach. Phys. Treat. Spec. Phys. Ther. J. 13, 67–76. doi: 10.32598/ptj.13.1.563.1


 Feuerstein, G. (2012). The yoga tradition. Chino Valley, AZ: Hohm Press.


 Friedman, N. P., and Miyake, A. (2004). The relations among inhibition and interference control functions: a latent-variable analysis. J. Exp. Psychol. 133, 101–135. doi: 10.1037/0096-3445.133.1.101 

 Fritz, K., and O’Connor, P. J. (2022). Effects of a 6 week yoga intervention on executive functioning in women screening positive for adult ADHD: a pilot study. Front. Sports Act. Living 4:746409. doi: 10.3389/fspor.2022.746409 

 Gevins, A., Smith, M. E., McEvoy, L., and Yu, D. (1997). High-resolution EEG mapping of cortical activation related to working memory: effects of task difficulty, type of processing, and practice. Cereb. Cortex 7, 374–385. doi: 10.1093/cercor/7.4.374 

 Gladwin, T. E., and de Jong, R. (2005). Bursts of occipital theta and alpha amplitude preceding alternation and repetition trials in a task-switching experiment. Biol. Psychol. 68, 309–329. doi: 10.1016/j.biopsycho.2004.06.004 

 Gothe, N. P., Keswani, R. K., and McAuley, E. (2016). Yoga practice improves executive function by attenuating stress levels. Biol. Psychol. 121, 109–116. doi: 10.1016/j.biopsycho.2016.10.010 

 Gothe, N. P., Kramer, A. F., and McAuley, E. (2014). The effects of an 8-week hatha yoga intervention on executive function in older adults. J. Gerontol. A Biol. Sci. Med. Sci. 69, 1109–1116. doi: 10.1093/gerona/glu095 

 Gothe, N. P., Pontifex, M. B., Hillman, C., and McAuley, E. (2013). The acute effects of yoga on executive function. J. Phys. Act. Health 10, 488–495. doi: 10.1123/jpah.10.4.488 

 Green, C. S., Bavelier, D., Kramer, A. F., Vinogradov, S., Ansorge, U., Ball, K. K., et al. (2019). Improving methodological standards in behavioral interventions for cognitive enhancement. J. Cogn. Enhanc. 3, 2–29. doi: 10.1007/s41465-018-0115-y


 Gupta, S. K. (2011). Intention-to-treat concept: A review. Perspect. Clin. Res. 2, 109–112. doi: 10.4103/2229-3485.83221


 Guiney, H., and Machado, L. (2013). Benefits of regular aerobic exercise for executive functioning in healthy populations. Psychon. Bull. Rev. 20, 73–86. doi: 10.3758/s13423-012-0345-4


 Hillman, C. H., Erickson, K. I., and Kramer, A. F. (2008). Be smart, exercise your heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58–65. doi: 10.1038/nrn2298 

 Hillman, C. H., Motl, R. W., Pontifex, M. B., Posthuma, D., Stubbe, J. H., Boomsma, D. I., et al. (2006). Physical activity and cognitive function in a cross-section of younger and older community-dwelling individuals. Health Psychol. 25, 678–687. doi: 10.1037/0278-6133.25.6.678 

 Hillman, C. H., Snook, E. M., and Jerome, G. J. (2003). Acute cardiovascular exercise and executive control function. Int. J. Psychophysiol. 48, 307–314. doi: 10.1016/s0167-8760(03)00080-1


 Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65–70.


 Hölzel, B. K., Lazar, S. W., Gard, T., Schuman-Olivier, Z., Vago, D. R., and Ott, U. (2011). How does mindfulness meditation work? Proposing mechanisms of action from a conceptual and neural perspective. Perspect. Psychol. Sci. 6, 537–559. doi: 10.1177/1745691611419671 

 Itthipuripat, S., Wessel, J. R., and Aron, A. R. (2013). Frontal theta is a signature of successful working memory manipulation. Exp. Brain Res. 224, 255–262. doi: 10.1007/s00221-012-3305-3


 Jensen, O., and Mazaheri, A. (2010). Shaping functional architecture by oscillatory alpha activity: gating by inhibition. Front. Hum. Neurosci. 4:186. doi: 10.3389/fnhum.2010.00186


 Karayanidis, F., Mansfield, E. L., Galloway, K. L., Smith, J. L., Provost, A., and Heathcote, A. (2009). Anticipatory reconfiguration elicited by fully and partially informative cues that validly predict a switch in task. Cogn. Affect. Behav. Neurosci. 9, 202–215. doi: 10.3758/CABN.9.2.202 

 Karbach, J., and Kray, J. (2009). How useful is executive control training? Age differences in near and far transfer of task-switching training. Dev. Sci. 12, 978–990. doi: 10.1111/j.1467-7687.2009.00846.x


 Kassambara, A. (2023). Rstatix: pipe-friendly framework for basic statistical tests. R package version 0.7.2. Available at: https://rpkgs.datanovia.com/rstatix/ (Accessed date May 22, 2024).


 Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A. M., et al. (2010). Control and interference in task switching--a review. Psychol. Bull. 136, 849–874. doi: 10.1037/a0019842


 Kleinsorge, T., and Heuer, H. (1999). Hierarchical switching in a multi-dimensional task space. Psychol. Res. 62, 300–312. doi: 10.1007/s004260050060


 Klimesch, W., Doppelmayr, M., Yonelinas, A., Kroll, N. E., Lazzara, M., Röhm, D., et al. (2001). Theta synchronization during episodic retrieval: neural correlates of conscious awareness. Cogn. Brain Res. 12, 33–38. doi: 10.1016/s0926-6410(01)00024-6


 Klimesch, W., Schimke, H., and Schwaiger, J. (1994). Episodic and semantic memory: an analysis in the EEG theta and alpha band. Electroencephalogr. Clin. Neurophysiol. 91, 428–441. doi: 10.1016/0013-4694(94)90164-3 

 Koch, I., Prinz, W., and Allport, A. (2005). Involuntary retrieval in alphabet-arithmetic tasks: task-mixing and task-switching costs. Psychol. Res. 69, 252–261. doi: 10.1007/s00426-004-0180-y 

 Kyizom, T., Singh, S., Singh, K. P., Tandon, O. P., and Kumar, R. (2010). Effect of pranayama & yoga-asana on cognitive brain functions in type 2 diabetes-P3 event related evoked potential (ERP). Indian J. Med. Res. 131, 636–640 

 Lawrence, M. A. (2016). ez: easy analysis and visualization of factorial experiments. R package version 4.4–0, Available at: http://github.com/mike-lawrence/ez (Accessed date May 22, 2024).


 Liston, C., McEwen, B. S., and Casey, B. J. (2009). Psychosocial stress reversibly disrupts prefrontal processing and attentional control. Proc. Natl. Acad. Sci. USA 106, 912–917. doi: 10.1073/pnas.0807041106 

 Luu, K., and Hall, P. A. (2016). Hatha yoga and executive function: a systematic review. J. Altern. Complement. Med. 22, 125–133. doi: 10.1089/acm.2014.0091 

 Luu, K., and Hall, P. A. (2017). Examining the acute effects of hatha yoga and mindfulness meditation on executive function and mood. Mindfulness 8, 873–880. doi: 10.1007/s12671-016-0661-2


 Margraf, J. (1994). Mini-DIPS. Diagnostisches Kurz-Interview bei psychischen Störungen [Mini-DIPS. Diagnostic brief interview for mental disorders]. Berlin: Springer.


 Mathôt, S., Schreij, D., and Theeuwes, J. (2012). OpenSesame: An open-source, graphical experiment builder for the social sciences. Behav. Res. Methods 44, 314–324. doi: 10.3758/s13428-011-0168-7 

 Mayr, U., and Kliegl, R. (2000). Task-set switching and long-term memory retrieval. J. Exp. Psychol. Learn. Mem. Cogn. 26, 1124–1140. doi: 10.1037/0278-7393.26.5.1124 

 McKewen, M., Cooper, P. S., Skippen, P., Wong, A. S. W., Michie, P. T., and Karayanidis, F. (2021). Dissociable theta networks underlie the switch and mixing costs during task switching. Hum. Brain Mapp. 42, 4643–4657. doi: 10.1002/hbm.25573 

 McKewen, M., Cooper, P. S., Wong, A. S. W., Michie, P. T., Sauseng, P., and Karayanidis, F. (2020). Task-switching costs have distinct phase-locked and nonphase-locked EEG power effects. Psychophysiology 57:e13533. doi: 10.1111/psyp.13533 

 McRae, K., and Gross, J. J. (2020). Emotion regulation. Emotion 20, 1–9. doi: 10.1037/emo0000703


 Meigen, T., and Bach, M. (1999). On the statistical significance of electrophysiological steady- state responses. Doc. Ophthalmol. 98, 207–232. doi: 10.1023/A:1002097208337 

 Miller, E. K., and Cohen, J. D. (2001). An integrative theory of prefrontal cortex function. Annu. Rev. Neurosci. 24, 167–202. doi: 10.1146/annurev.neuro.24.1.167


 Miyake, A., and Friedman, N. P. (2012). The nature and organization of individual differences in executive functions: four general conclusions. Curr. Dir. Psychol. Sci. 21, 8–14. doi: 10.1177/0963721411429458 

 Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., and Wager, T. D. (2000). The unity and diversity of executive functions and their contributions to complex "frontal lobe" tasks: a latent variable analysis. Cogn. Psychol. 41, 49–100. doi: 10.1006/cogp.1999.0734


 Monsell, S. (2003). Task switching. Trends Cogn. Sci. 7, 134–140. doi: 10.1016/S1364-6613(03)00028-7


 Murray, M. M., and Wallace, M. T. (2012). The neural bases of multisensory processes. 1st Edn. Boca Raton, FL: CRC Press/Taylor & Francis.


 Nigbur, R., Cohen, M. X., Ridderinkhof, K. R., and Stürmer, B. (2012). Theta dynamics reveal domain-specific control over stimulus and response conflict. J. Cogn. Neurosci. 24, 1264–1274. doi: 10.1162/jocn_a_00128 

 Nigbur, R., Ivanova, G., and Stürmer, B. (2011). Theta power as a marker for cognitive interference. Clin. Neurophysiol. 122, 2185–2194. doi: 10.1016/j.clinph.2011.03.030


 Norcia, A. M., Appelbaum, L. G., Ales, J. M., Cottereau, B. R., and Rossion, B. (2015). The steady-state visual evoked potential in vision research: a review. J. Vis. 15:4. doi: 10.1167/15.6.4 

 Oken, B. S., Kishiyama, S., Zajdel, D., Bourdette, D., Carlsen, J., Haas, M., et al. (2004). Randomized controlled trial of yoga and exercise in multiple sclerosis. Neurology 62, 2058–2064. doi: 10.1212/01.wnl.0000129534.88602.5c


 Oken, B. S., Zajdel, D., Kishiyama, S., Flegal, K., Dehen, C., Haas, M., et al. (2006). Randomized, controlled, six-month trial of yoga in healthy seniors: effects on cognition and quality of life. Altern. Ther. Health Med. 12, 40–47. 

 Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J. M. (2011). FieldTrip: open source software for advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput. Intell. Neurosci. 2011:156869. doi: 10.1155/2011/156869 

 OpenAI. (2024). ChatGPT-4o [Software]. https://www.openai.com/chatgpt


 Ort, E., Fahrenfort, J. J., and Olivers, C. N. L. (2017). Lack of free choice reveals the cost of having to search for more than one object. Psychol. Sci. 28, 1137–1147. doi: 10.1177/0956797617705667


 Peirce, J. W., and MacAskill, M. R. (2018). Building experiments in PsychoPy. London: Sage.


 Percival, D., and Walden, A. (1993). Spectral analysis for physical applications. Cambridge: Cambridge University Press.


 Pfister, R., and Janczyk, M. (2020). schoRsch: tools for analyzing factorial experiments. R package version 1.9.1. Available at: http://www.tqmp.org/RegularArticles/vol12-2/p147/index.html (Accessed date May 22, 2024).


 Picton, T. W., John, M. S., Dimitrijevic, A., and Purcell, D. (2003). Human auditory steady-state responses. Int. J. Audiol. 42, 177–219. doi: 10.3109/14992020309101316


 Pomper, U., and Chait, M. (2017). The impact of visual gaze direction on auditory object tracking. Sci. Rep. 7:4640. doi: 10.1038/s41598-017-04475-1 

 Pomper, U., Keil, J., Foxe, J. J., and Senkowski, D. (2015). Intersensory selective attention and temporal orienting operate in parallel and are instantiated in spatially distinct sensory and motor cortices. Hum. Brain Mapp. 36, 3246–3259. doi: 10.1002/hbm.22845 

 Pomper, U., Szaszkó, B., Pfister, S., and Ansorge, U. (2023). Cross-modal attentional effects of rhythmic sensory stimulation. Atten. Percept. Psychophysiol. 85, 863–878. doi: 10.3758/s13414-022-02611-2


 R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-project.org/ (Accessed date May 22, 2024).


 Rizzuto, D. S., Madsen, J. R., Bromfield, E. B., Schulze-Bonhage, A., and Kahana, M. J. (2006). Human neocortical oscillations exhibit theta phase differences between encoding and retrieval. NeuroImage 31, 1352–1358. doi: 10.1016/j.neuroimage.2006.01.009


 Rosner, B. (1983). Percentage points for a generalized ESD many-outlier procedure. Technometrics 25, 165–172. doi: 10.1080/00401706.1983.10487848


 RStudio Team (2021). RStudio: Integrated development environment for R. Rstudio, PBC, Boston, MA. Available at: http://www.rstudio.com/ (Accessed date May 22, 2024).


 Rubin, O., and Meiran, N. (2005). On the origins of the task mixing cost in the cuing task-switching paradigm. J. Exp. Psychol. Learn. Mem. Cogn. 31, 1477–1491. doi: 10.1037/0278-7393.31.6.1477 

 Rushworth, M. F., Passingham, R. E., and Nobre, A. C. (2005). Components of attentional set-switching. Exp. Psychol. 52, 83–98. doi: 10.1027/1618-3169.52.2.83 

 Sandroff, B. M., Hillman, C. H., Benedict, R. H., and Motl, R. W. (2015). Acute effects of walking, cycling, and yoga exercise on cognition in persons with relapsing-remitting multiple sclerosis without impaired cognitive processing speed. J. Clin. Exp. Neuropsychol. 37, 209–219. doi: 10.1080/13803395.2014.1001723 

 Saupe, K., Schröger, E., Andersen, S. K., and Müller, M. M. (2009). Neural mechanisms of intermodal sustained selective attention with concurrently presented auditory and visual stimuli. Front. Hum. Neurosci. 3:58. doi: 10.3389/neuro.09.058.2009 

 Sauseng, P., Klimesch, W., Freunberger, R., Pecherstorfer, T., Hanslmayr, S., and Doppelmayr, M. (2006). Relevance of EEG alpha and theta oscillations during task switching. Exp. Brain Res. 170, 295–301. doi: 10.1007/s00221-005-0211-y 

 Sauseng, P., Klimesch, W., Gruber, W., Doppelmayr, M., Stadler, W., and Schabus, M. (2002). The interplay between theta and alpha oscillations in the human electroencephalogram reflects the transfer of information between memory systems. Neurosci. Lett. 324, 121–124. doi: 10.1016/s0304-3940(02)00225-2 

 Schmalzl, L., Powers, C., and Henje Blom, E. (2015). Neurophysiological and neurocognitive mechanisms underlying the effects of yoga-based practices: towards a comprehensive theoretical framework. Front. Hum. Neurosci. 9:235. doi: 10.3389/fnhum.2015.00235 

 Schöne, B., Gruber, T., Graetz, S., Bernhof, M., and Malinowski, P. (2018). Mindful breath awareness meditation facilitates efficiency gains in brain networks: a steady-state visually evoked potentials study. Sci. Rep. 8:13687. doi: 10.1038/s41598-018-32046-5 

 Schwiegerling, J. (2004). Field guide to visual and ophthalmic optics. Bellingham, WA: SPIE Press.


 Shapiro, S. L., Schwartz, G. E., and Bonner, G. (1998). Effects of mindfulness-based stress reduction on medical and premedical students. J. Behav. Med. 21, 581–599. doi: 10.1023/a:1018700829825


 Sharma, V. K., Subramanian, S. K., Bhavanani, A. B., Madanmohan,
, Sahai, A., and Thangavel, D. (2014). Effect of fast and slow pranayama practice on cognitive functions in healthy volunteers. J. Clin. Diagn. Res. 8, 10–13. doi: 10.7860/JCDR/2014/7256.3668 

 Siegle, J. H., and Wilson, M. A. (2014). Enhancement of encoding and retrieval functions through theta phase-specific manipulation of hippocampus. eLife 3:e03061. doi: 10.7554/eLife.03061 

 Snipes, S., Krugliakova, E., Meier, E., and Huber, R. (2022). The Theta paradox: 4-8 Hz EEG oscillations reflect both sleep pressure and cognitive control. J. Neurosci. 42, 8569–8586. doi: 10.1523/JNEUROSCI.1063-22.2022 

 Soto-Faraco, S., and Spence, C. (2002). Modality-specific auditory and visual temporal processing deficits. Quart. J. Exp. Psychol. Sect. A 55, 23–40. doi: 10.1080/02724980143000136


 Spence, C., and Driver, J. (1997). Audiovisual links in exogenous covert spatial orienting. Percept. Psychophys. 59, 1–22. doi: 10.3758/bf03206843 

 Stancák, A. Jr., and Kuna, M. (1994). EEG changes during forced alternate nostril breathing. Int. J. Psychophysiol. 18, 75–79. doi: 10.1016/0167-8760(84)90017-5 

 Strobach, T., Liepelt, R., Schubert, T., and Kiesel, A. (2012). Task switching: effects of practice on switch and mixing costs. Psychol. Res. 76, 74–83. doi: 10.1007/s00426-011-0323-x 

 Szaszkó, B., Schmid, R. R., Pomper, U., Maiworm, M., Laiber, S., Tschenett, H., et al. (2023). The influence of hatha yoga on stress, anxiety, and suppression: a randomized controlled trial. Acta Psychol. 241:104075. doi: 10.1016/j.actpsy.2023.104075 

 Szaszkó, B., Tschenett, H., Ansorge, U., and Nater, U. M. (2024). Hatha yoga reduces momentary stress but does not impact diurnal profiles of salivary cortisol and alpha-amylase: a randomized controlled trial. Psychoneuroendocrinology 171:107191. doi: 10.1016/j.psyneuen.2024.107191 

 Talsma, D., Doty, T. J., Strowd, R., and Woldorff, M. G. (2006). Attentional capacity for processing concurrent stimuli is larger across sensory modalities than within a modality. Psychophysiology 43, 541–549. doi: 10.1111/j.1469-8986.2006.00452.x


 Telles, S., Bhardwaj, A. K., Kumar, S., Kumar, N., and Balkrishna, A. (2012). Performance in a substitution task and state anxiety following yoga in army recruits. Psychol. Rep. 110, 963–976. doi: 10.2466/13.02.16.20.PR0.110.3.963-976 

 Telles, S., Singh, N., Bhardwaj, A. K., Kumar, A., and Balkrishna, A. (2013). Effect of yoga or physical exercise on physical, cognitive and emotional measures in children: a randomized controlled trial. Child Adolesc. Psychiatry Ment. Health 7:37. doi: 10.1186/1753-2000-7-37 

 The MathWorks Inc. (2022). MATLAB version: 9.13.0 (R2022b), Natick, Massachusetts: The MathWorks Inc. Available at: https://www.mathworks.com (Accessed date May 22, 2024).


 Trakroo, M., Bhavanani, A. B., Pal, G. K., Udupa, K., and Krishnamurthy, N. (2013). A comparative study of the effects of asan, pranayama and asan-pranayama training on neurological and neuromuscular functions of Pondicherry police trainees. Int. J. Yoga 6, 96–103. doi: 10.4103/0973-6131.113398 

 Tripepi, G., Chesnaye, N. C., Dekker, F. W., Zoccali, C., and Jager, K. J. (2020). Intention to treat and per protocol analysis in clinical trials. Nephrology 25, 513–517. doi: 10.1111/nep.13709


 van Zoest, W., Huber-Huber, C., Weaver, M. D., and Hickey, C. (2021). Strategic distractor suppression improves selective control in human vision. J. Neurosci. 41, 7120–7135. doi: 10.1523/JNEUROSCI.0553-21.2021 

 Verbeke, P., Ergo, K., De Loof, E., and Verguts, T. (2021). Learning to synchronize: Midfrontal Theta dynamics during rule switching. J. Neurosci. 41, 1516–1528. doi: 10.1523/JNEUROSCI.1874-20.2020


 Vhavle, S. P., Rao, R. M., and Manjunath, N. K. (2019). Comparison of yoga versus physical exercise on executive function, attention, and working memory in adolescent schoolchildren: a randomized controlled trial. Int. J. Yoga 12, 172–173. doi: 10.4103/ijoy.IJOY_61_18 

 Vialatte, F. B., Maurice, M., Dauwels, J., and Cichocki, A. (2010). Steady-state visually evoked potentials: focus on essential paradigms and future perspectives. Prog. Neurobiol. 90, 418–438. doi: 10.1016/j.pneurobio.2009.11.005 

 Wayne, P. M., and Kaptchuk, T. J. (2008). Challenges inherent to t’ai chi research: part II-defining the intervention and optimal study design. J. Altern. Complement Med. 14, 191–197. doi: 10.1089/acm.2007.7170b


 Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., François, R., et al. (2019). Welcome to the tidyverse. J. Open Sour. Softw. 4:1686. doi: 10.21105/joss.01686


 Xue, Y., Yang, Y., and Huang, T. (2019). Effects of chronic exercise interventions on executive function among children and adolescents: a systematic review with meta-analysis. Br. J. Sports Med. 53, 1397–1404. doi: 10.1136/bjsports-2018-099825 

 Yeung, N., and Monsell, S. (2003). Switching between tasks of unequal familiarity: the role of stimulus-attribute and response-set selection. J. Exp. Psychol. Hum. Percept. Perform. 29, 455–469. doi: 10.1037/0096-1523.29.2.455


 Zaccaro, A., Piarulli, A., Laurino, M., Garbella, E., Menicucci, D., Neri, B., et al. (2018). How breath-control can change your life: a systematic review on psycho-physiological correlates of slow breathing. Front. Hum. Neurosci. 12:353. doi: 10.3389/fnhum.2018.00353 

 Zanto, T. P., and Gazzaley, A. (2009). Neural suppression of irrelevant information underlies optimal working memory performance. J. Neurosci. 29, 3059–3066. doi: 10.1523/JNEUROSCI.4621-08.2009 

 Zumer, J. M., Scheeringa, R., Schoffelen, J.-M., Norris, D. G., and Jensen, O. (2014). Occipital alpha activity during stimulus processing gates the information flow to object-selective cortex. PLoS Biol. 12:e1001965. doi: 10.1371/journal.pbio.1001965 


Copyright
 © 2024 Szaszkó, Schmid, Pomper, Maiworm, Laiber, Lange, Tschenett, Nater and Ansorge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-18-1438017-t001.jpg
Age (in years)

Gender (n=99)
Women

Men

Working hours per week

0

1-20

20-40

Over 40

Smoking (at least occasionally)

Yes

No

Alcohol use (atleast occasionally)
Yes

No

Physically active

Yes

No

Mindfulness practice (but not yoga)
Yes

No

Depression (PHQ-

0-27)

BMI

Somatic symptoms (PHQ-15;0-30)
Stress (PHQ; 0-20)

tal (n

25124042

81(81.8%)

18 (18.2%)

22(22.0%)

52(520%)

23 (23.0%)
3(3.0%)

29(29.0%)
71(71.0%)

84(84.0%)

16(16.0%)

70 (70.0%)

30 (30.0%)

17 (17.0%)
83 (83.0%)
709044
2191029
653045

443030

Intervention (n

24734072

45 (81.8%)

10 (18.2%)

12 (21.4%)
30 (53.6%)
13 (23.2%)
1(1.8%)

16 (28.6%)
40 (71.4%)

47 (83.9%)

9(16.1%)

31(70.4%)

13 (29.6%)

9(16.1%)
47 (83.9%)
7534061
21714036
673067

4412047

4)

Control (

25614050

36 (81.8%)
8(18.2%)

10(22.7%)
22(50%)

10 (22.7%)
2(4.6%)

13 (29.6%)
31(70.4%)

37(84.1%)

7(15.9%)

39 (69.6%)
17(30.4%)

8(18.2%)
36 (81.8%)
6524062
22184048
6272060

445£040

0316

0673

0872

50999

50999

50999

0991

0248

0.430

0611

0943

Data are presented as mean 5D or  (%). BMI: Body-Mass-Index. PHQ: Patient Health Questionnaire. Three subscales of the PHQ are reported here: PHQ-9 assessing depression, PHQ-15

assesing somatic symptoms, and 10 specifc questions of the PHQ assessing tress. p values ar calculated from independent samplest-tests for continuous v

categorical variables.

iables, and Chi-squared tets for





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Testing the impact of hatha yoga on task switching: a randomized controlled trial



		Introduction



		The effect of yoga on shifting



		Experiment 1: Switching between task sets of target colors



		Experiment 2: Switching between distinct sensory modalities









		Methods



		Participants



		Study design and intervention



		Experiment 1: Switching attention between colors



		Task design



		Procedure



		Apparatus and stimuli



		Data analysis









		Experiment 2: Task switching



		Apparatus, stimuli, and procedure



		Data recording, processing, and analysis



		Behavior



		Electroencephalography recording and preprocessing



		Spectral analysis



		Time-frequency analysis





















		Results



		Experiment 1: Switching attention between colors



		Switching costs



		Mixing costs









		Experiment 2: Task switching between modalities



		Behavioral results



		Electrophysiology



		Spectral analysis of steady-state responses



		Time-frequency analysis





















		Discussion



		Decreased mixing costs as a potential marker of improved working memory retrieval



		Hatha yoga does not impact steady-state potentials, but increases frontocentral theta



		Increased alpha: suppression under high cognitive load?



		Limitations, challenges, and future directions









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fnhum-18-1438017-g012.jpg
100-150 ms ~ 150-200ms  200-250 ms  250-300ms  300-350 ms  350-400ms  400-450 ms  450-500 ms

- 00000000

950-1000 ms  1000-1050 ms 1050-1100 ms 1100-1150 ms 1150-1200 ms 1200-1250 ms 1250-1300 ms 1300-1350 ms

- 00000060060

0-50 ms 50-100ms  100-150 ms

¥ Y XY S—






OPS/images/fnhum-18-1438017-t002.jpg
Week

7
8

Focus

Sun salutation, breathing exercises
Standing positions

Forward Bends

Twists

Backbends

Sitting poses

Balance

Combining focuses 1-7

Exempl:

y asanas
Downward Facing Dog, Cobra Pose, Sprinter Pose

Warrior I and II, Triangle Pose, Chair Pose

Different variations of Forward Bends, Pigeon Pose, Butterfly Pose
Waist Turn, Crocodile Pose, twisted Triangle Pose

Shoulder Bridge, Locust Pose, Bow Pose

Lotus positions, Boat Pose, Child Pose

‘Tree Pose, Warrior 11, Crow Pose, Half Moon Pose:

Combinations of the previous exemplary asanas

In each week of the Hatha Yoga intervention, comprising a total of § weeks,  diferent focus was set which determined the practiced asanas (yoga postures) of that week. This focus had to

be applied by all yoga teachers when teaching their respective individual yoga sessions.





OPS/images/fnhum-18-1438017-g011.jpg
Attend-to-Visual

Attend-to-Auditory

Intervention Control

Intervention-Control






OPS/images/fnhum-18-1438017-g010.jpg
Mean Frontocentral Theta: Pretest Intervention (auditory) Control (auditory)

' I.u
oz
Frequency

o, Mean Frontocentral Theta: Posttest Intervention (visual) Control (visual)

|m
‘ 003

Frequency
RO P S——





OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Testing the impact of hatha yoga
on task switching: a randomized
controlled trial












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Human Neuroscience






OPS/images/fnhum-18-1438017-g005.jpg
Theta (4-7 Hz) Alpha (8-12 Hz)






OPS/images/fnhum-18-1438017-g006.jpg
@ & &
g & B
s 8 &

@

Response Time (in ms)

@
8
X

Intervention Control

g ~ o~ ~
~ ~
% T~
pre post pre post
Measurement
Block =—- dual — single






OPS/images/fnhum-18-1438017-g003.jpg
Tone 4. Tone 2 Tone 4. Tone 3 Auditory Cue Tone 1

Auditory Stream, 24 Hz
; ; ; ' ; '
Visual Stream, 20 Hz 1e

Target Sequence Visual Cue

/\/UWWMWWWMWWWMWW\MMWMMWWWWMWMMWWMMWMMWWWW

ST T T






OPS/images/fnhum-18-1438017-g004.jpg
SSVEP (20 Hz) ASSR (24 Hz)





OPS/images/fnhum-18-1438017-g009.jpg
02

o1

SNR

01

02
6

Mean Occipital Alpha: Pretest

%
S
7

8 o 10 1 12 13 1
Frequency

Mean Occipital Alpha: Posttest
-

Patah
/ N\

8 o 10 1 12 13 1
Frequency
i R

Intervention (auditory)

Intervention (visual)

Control (auditory)

D

Control (visual)

&

o1

015





OPS/images/fnhum-18-1438017-g007.jpg
False Alarm Rate (in %)

1.00

0.75

0.50

auditory visual

—
e

pre post pre post
Measurement

Group =O= control =O= intervention





OPS/images/fnhum-18-1438017-g008.jpg
SNR

0.0

03

0.2

0.1

00

auditory visual

pre post pre post
Measurement

Group =O- control == intervention

ASSR

auditory visual

pre post pre post
Measurement

Group =O= control =O= intervention





OPS/images/fnhum-18-1438017-g001.jpg
- Assessed for eligibility (n = 345)

Excluded (n = 229)

Not meeting inclusion criteria (n = 63)
Declined to participate (n = 6)
Waiting list due to limited number of
intervention places available (n = 160)

Randomized (n = 116)

Allocated to intervention (n = 58)

Did not receive allocated intervention due
to unresponsiveness (n = 4)

Started allocated intervention (n = 54)

Allocated to control group (n = 58)
Excluded - unresponsive (n = 14)
Members of control group at the start
of the intervention (n = 44)

Excluded from follow-up due to low
participation in yoga sessions (n = 20)

Excluded from follow-up due to
unresponsiveness (n = 4)

Experiment 1: Analyzed (n = 34)
No Exp. 1 in pretest/posttest (n = 3)
Outlier excluded from analysis (n = 5)
Experiment 2: Analyzed (n = 26)

Experiment 1: Analyzed (n = 40)
No Exp. 1 in pretest/posttest (n = 3)
Outlier excluded from analysis (n = 4)
Experiment 2: Analyzed (n = 33)

Analyzed (n=21)
Excluded due to:
« too many bad electrodes (n = 2)
« EEG/EOG artifacts (n =2)
« Dataset corrupted (n = 1)

—--

Analyzed (n = 26)
Excluded due to:
« too many bad electrodes (n = 3)
« EEG/EOG artifacts (n = 3)
« Dataset corrupted (n = 1)






OPS/images/fnhum-18-1438017-g002.jpg
Cue
invalid / non-matching

o

Instructions

(before blocks and
during breaks) Fixation valid / matching ISI Target Response
until keypress 1500 ms 100 ms 150 ms 2000 ms

invalid / matching

o

50 ms






