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Abstract 

The flexible handling of perception-action representations is crucial for cognitive control such as 

response inhibition, which depends on the catecholaminergic system. However, how cross-

frequency interactions support perception-action integration during response inhibition, and how 

they are modulated by catecholamines, remains unknown. In this placebo-controlled study 

employing methylphenidate, using electroencephalography (EEG) and a modified Go/Nogo task, 

we investigate phase-amplitude coupling (PAC) between theta (θ), alpha (α), beta (β), and gamma 

(γ) oscillations. We demonstrate that these interactions are hierarchically organized, with early α-

β PAC supporting perceptual-motor representation, and subsequent β-γ coupling refining 

downstream processing. Transfer entropy analyses indicate a feed-forward α-β to β-γ influence, 

suggesting that slower oscillations gate updates in faster bands. Crucially, methylphenidate 

selectively enhances late β-γ coupling, supporting a functional specialization where α-β rhythms 

enable access and reconfiguration, while β-γ rhythms mediate local control. These findings suggest 

a temporally structured mechanism where the catecholaminergic system modulates flexible 

perception-action integration during response inhibition. 

Keywords: phase-amplitude coupling, response inhibition, perception, action, transfer entropy, 

catecholaminergic modulation 
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Introduction 

Neural oscillatory activity serves as a central means of information processing in the brain 1-3, 

contributing to the human cognitive capacity. Elementary functions, such as perception, action, 

and their integration, have long been examined regarding their neural oscillatory underpinnings. 

More recently, attempts have been made to conceptualize neural oscillatory activity in the theta 

(θ), alpha (α), beta (β), and gamma (γ) ranges in accordance with cognitive science concepts on 

how perception-action integration occurs 4. These influential and well-supported cognitive 

frameworks such as the Theory of Event Coding (TEC) and the Binding and Retrieval in Action 

Control (BRAC), have posited that features defining the perceptual input and features defining the 

motor response to incoming sensory information are stored in shared mental representations, which 

have been termed “event files” 5-8. Goal-directed acting can be seen as a process of handling these 

event files 6. The concept of how activity in the theta, alpha, beta, and gamma ranges enables 

perception-action integration 4 is directly based on the handling of such event files. Central to this 

neurophysiological concept is that neural oscillatory activity exhibits a complex, coordinated 

interaction that facilitates the dynamic integration of perception and action 4. According to this 

concept, information stored in the event file about the interrelation of perceptual and motor codes 

is represented through beta band activity. When action-relevant information is presented (e.g., a 

stimulus signaling the inhibition of a motor response), theta-band activity and gamma-band 

activity are involved in the retrieval of this integrated information 4. Crucially, this implies an 

interplay of theta/gamma and beta band activity. Moreover, it has been suggested that theta/gamma 

band activity is likely modulated by alpha band activity, because alpha-band activity is 

conceptualized as an inhibition-timing signal: increases and decreases in alpha power (event-

related synchronization/desynchronization) reflect changes in inhibition on the binding and 

retrieval processes indexed by theta and gamma activity 4. While recent work has corroborated an 

interplay among these frequency bands 9 10 11, the temporal profile of the interplay between the 

different oscillatory activities remains unknown. Are there specific periods during perception-

action integration in which an interplay between theta (θ), alpha (α), beta (β), and gamma (γ) 

activity is taking place? 

One mechanism underlying the interplay of different frequencies is cross-frequency 

coupling 12. Especially, phase-amplitude coupling (PAC) seems relevant because it effectively 

integrates activity across different spatial and temporal scales 12, which is essential for common 
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coding 13,14. PAC likely enables the multiplexing of information 15, which means that information 

can be represented and transmitted simultaneously by modulating different high-frequency signals 

at various phases of a low-frequency wave. In combination with the concept outlined above 4, we 

hypothesize that variations in the handling of event files will affect (i) theta-beta coupling, (ii) 

alpha-gamma coupling, and (iii) beta-gamma coupling. 

However, multiple cross-frequency couplings may be at play during the dynamic handling of 

integrated perception-action representations 4. Beta band activity, for example, can be 

simultaneously involved in cross-frequency couplings with the theta band and the gamma band. 

This raises the question of whether one of the possible couplings plays a particularly prominent 

role, as information is not only exchanged between the theta and beta bands but also between the 

beta and gamma bands. PAC only provides information if there’s statistical coupling between two 

frequency bands, but not whether it reflects driving or being driven. It is conceivable that a PAC 

between two frequencies is under the control of a PAC in other frequency bands. This can be 

examined using transfer entropy measures, particularly the net information flow. When analyzing 

two time-resolved PACs, the net information flow determines whether the strength/dynamics of 

PAC in A carry predictive information about the strength/dynamics of PAC in B 16-18. Since beta 

band activity is likely connected to multiple other frequencies during perception-action integration 

4, especially PACs involving beta band activity are hypothesized to reveal an information flow 

between PACs during dynamic perception-action integration. 

Considering the neurobiological basis of how PAC may affect perception-action integration, it is 

relevant to note that previous findings have revealed that pharmacologically modulating 

catecholaminergic activity affects event file processing 19-22. Suppose PAC and the net information 

flow between coupled frequencies reflect a central element for the dynamic handling of perception-

action representations. Therefore, we hypothesize that a pharmacological modulation of the 

catecholaminergic system modulates PAC and the net information flow. This is possible since 

evidence reveals that PAC is affected by changes in dopaminergic system activity 23–25. 

 To examine the above hypotheses, we re-used EEG data 19 from a response inhibition task 

(i.e., an adapted Go/Nogo task) derived from the TEC framework. In this task, stimulus features 

were either shared between Go and Nogo trials (overlapping condition) or fully distinct (non-

overlapping condition). Only in the overlapping condition was a reconfiguration of perceptual-

motor bindings necessary to correctly inhibit responses. This paradigm has been used in previous 
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studies targeting flexible action control 26,27. We re-analyze the data where previous analyses have 

focused on time-domain activity patterns 19.  

 

 

Results 

Behavioral results 

The TEC Go/Nogo task manipulated inhibitory control demands by varying the degree of stimulus 

overlap: non-overlapping cues were easy to discriminate, whereas overlapping cues shared 

features across Go and Nogo stimuli and increased interference (see Fig. 1a; for a complete 

description of the task, refer to the Methods section). Analyses primarily focused on condition-

related differences in task performance, with drug effects evaluated using paired comparisons since 

all participants completed both sessions. Under Placebo, false alarm rates were substantially lower 

in the non-overlapping condition (M = 0.025, SD = 0.035) than in the overlapping condition (M = 

0.377, SD = 0.173; t(57) = 17.66, p < 0.001); the same pattern emerged under MPH, with errors 

increasing from the non-overlapping (M = 0.010, SD = 0.017) to the overlapping condition (M = 

0.319, SD = 0.157; t(57) = 15.42, p < 0.001) (Fig. 1b). Direct drug comparisons (MPH vs. placebo) 

showed that MPH significantly reduced false alarm rates in the overlapping condition (t(57) = -

5.17, p < 0.001), and to a lesser extent also in the non-overlapping condition (Wilcoxon signed-

rank: z = -3.62, p < 0.001, r = -0.48). Reaction times (RTs) of false alarms also varied: under 

Placebo, false responses were slower in the non-overlapping (M = 486 ms, SD = 229) than in the 

overlapping condition (M = 408 ms, SD = 61; Wilcoxon signed-rank: z = -2.14, p = 0.033, r = -

0.36), whereas under MPH this RT difference was not significant (non-overlapping: M = 451 ms, 

SD = 203; overlapping: M = 407 ms, SD = 81; p = 0.422). False alarm RTs did not differ 

significantly between drug conditions in either trial type (non-overlapping: p = 0.818; overlapping: 

p = 0.725) (Fig. 1b). 

Go-trial performance also showed clear effects of stimulus overlap. Under Placebo, hit rates were 

slightly but significantly reduced in the overlapping compared with the non-overlapping condition 

(M = 0.992, SD = 0.012 vs. M = 0.985, SD = 0.018; Wilcoxon signed-rank: z = -5.62, p < 0.001, 

r = -0.74), and the same pattern emerged under MPH (M = 0.995, SD = 0.013 vs. M = 0.991, SD 

= 0.015; z = -5.66, p < 0.001, r = -0.74). Go-trial RTs showed the opposite pattern, with faster 
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responses in the non-overlapping than in the overlapping condition under both Placebo (t(57) = -

4.54, p < 0.001) and MPH (t(57) = -5.13, p < 0.001), and no significant drug differences in either 

condition (all p > 0.3) (Fig. 1b).  

To further characterize task performance, we computed sensitivity (d′) and response bias (c) from 

corrected hit and false-alarm rates, as previously done in the Go/Nogo task 28. Signal detection 

analyses confirmed that stimulus overlap impaired discrimination performance. d′ was 

significantly reduced in overlapping compared to non-overlapping trials under both Placebo (M = 

2.68, SD = 0.65 vs. M = 4.65, SD = 0.57) and MPH (M = 3.05, SD = 0.71 vs. M = 4.97, SD = 

0.47), indicating impaired perceptual separation of Go and Nogo stimuli. MPH increased d′ in both 

conditions, reflecting enhanced discrimination under the drug (see Fig 1c). 

Response bias (c) was consistently liberal (negative) across conditions and became more liberal in 

the overlapping trials (Placebo: M = -0.21 → -0.99; MPH: M = -0.16 → -0.98). However, no 

reliable drug effect on c was observed in either trial type (non-overlapping: p = 0.314; overlapping: 

p = 0.886), likely because MPH simultaneously increased hit rates and reduced false alarms, 

balancing out overall decision bias (see Fig 1c). 

-------------------------------- 

Insert Fig 1 about here 

-------------------------------- 

In sum, overlapping stimuli markedly increased error rates, but MPH improved inhibitory control 

by reducing false alarms, particularly under the more demanding overlapping condition. These 

effects replicate prior findings in the same task 19. 

 

Phase-amplitude coupling 

We first examined whether the amplitude of higher-frequency activity was systematically 

modulated by the phase of slower rhythms, quantified using Tort’s modulation index 29. Analyses 

focused on Nogo trials in overlapping and non-overlapping conditions, separately for Placebo and 

MPH sessions. 
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As shown in Fig. 2a,b, the strongest cross-frequency coupling was observed for β-γ, followed by 

weaker but reliable α-β and α-γ interactions, whereas θ-band couplings were negligible (θ-band 

couplings did not survive FDR correction, q ≥ 0.05). Specifically, β-γ modulation indices (MIs) 

were highest under both Placebo (≈ 5.8-5.9 × 10⁻⁴) and MPH (≈ 6-7 × 10⁻⁴), consistently exceeding 

the 95% surrogate threshold across trial types, and survived FDR correction for multiple 

comparisons (p < 0.001 for all β-γ conditions). α-β coupling, although smaller in magnitude 

(Placebo ≈ 1.1-1.2 × 10⁻⁴; MPH ≈ 1.5-1.7 × 10⁻⁴, p < 0.001), also reliably exceeded surrogate 

confidence limits, indicating statistically reliable coupling and surviving FDR correction (p < 

0.001). The same was observed for α-γ interactions, which were similarly low in amplitude 

(Placebo ≈ 1.0-1.2 × 10⁻⁴; MPH ≈ 1.1-1.3 × 10⁻⁴, p < 0.001), yet remained consistently above the 

95% surrogate threshold and survived FDR correction (p < 0.001).  In contrast, θ-band couplings, 

including θ-β (≈ 5-8 × 10⁻⁵), remained weak and did not exceed surrogate thresholds in any 

condition (all p > 0.25). Together, these results demonstrate that cross-frequency interactions 

during response inhibition are primarily driven by α-, β-, and γ-band couplings, with no detectable 

contribution from θ-band activity. 

-------------------------------- 

Insert Fig 2 about here 

-------------------------------- 

 

Time-resolved phase-amplitude coupling 

To capture the temporal dynamics of cross-frequency interactions, Modulation Index (MI) was 

recomputed in sliding 100 ms windows advanced every 40 ms, yielding time courses for the 

frequency pairs that showed significant effects in the initial analysis. Condition differences were 

tested with cluster-based permutation procedures 30 (see Statistics and reproducibility). 

Within the Placebo session, α-β MI differed between overlapping and non-overlapping trials in 

two windows: 130-210 ms (p = 0.011) and 610-770 ms (p = 0.001) (Fig. 3a). Under MPH, α-β MI 

again showed biphasic differences at 170-250 ms (p = 0.019) and 530-770 ms (p = 0.001) (Fig. 

3c). Regarding α -γ there was no significant drug effect or difference between overlapping and 

non-overlapping conditions (see Supplementary Fig 2) 

-------------------------------- 
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Insert Fig 3 about here 

-------------------------------- 

For β-γ MI, Placebo showed differences at 170-210 ms (p = 0.043) and 610-730 ms (p = 0.004) 

(Fig. 4a), whereas under MPH a difference emerged only in the later window, 610-770 ms (p = 

0.001) (Fig. 4c). 

-------------------------------- 

Insert Fig 4 about here 

-------------------------------- 

Direct drug comparisons revealed that in overlapping trials, β-γ MI was stronger under MPH than 

Placebo at 610-730 ms (p = 0.037) (Fig 5a), while α-β showed no significant drug effect. In non-

overlapping trials, β-γ MI differed between drugs at 450-530 ms (p = 0.042) (Fig 5c), again with 

no significant α-β effect, as shown in Supplementary Fig 1. 

-------------------------------- 

Insert Fig 5 about here 

-------------------------------- 

In summary, α-β MI consistently exhibited a biphasic temporal profile (early ~130-250 ms, late 

~530-770 ms), whereas β-γ MI effects were predominantly late (~600-770 ms). MPH selectively 

modulated β-γ but not α-β coupling. A direct comparison of α-β and β-γ coupling strength, based 

on time-averaged MI values from significant windows, is reported in the Supplementary 

Information (see Supplementary Fig 4). These analyses confirmed significantly stronger β-γ 

coupling across all drug and task conditions (all p < 0.001), with overlapping trials generally 

yielding higher PAC than non-overlapping trials. 

To directly examine whether MPH-induced changes in β-γ coupling were related to behavioral 

improvements, we correlated the difference in PAC (MPH - placebo) with the corresponding 

difference in false alarm rates. For overlapping trials, β-γ MI was extracted from the late window 

(610-730 ms) that showed a significant drug effect. Individual PAC differences did not correlate 

with behavioral differences (r = 0.07, p = 0.603), and regression analysis confirmed the absence 

of a linear association (β = 6.08, p = 0.603). For non-overlapping trials, β-γ MI differences were 
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taken from the earlier window (450-530 ms), which also showed a drug effect. Again, no reliable 

relationship emerged between neural and behavioral changes (r = -0.05, p = 0.740; β = -0.66, p = 

0.740). Together, these analyses indicate that although MPH consistently enhanced β-γ coupling, 

the magnitude of this neural modulation varied independently from behavioral improvements 

across individuals. 

 

Source localization 

To identify the cortical localization of significant PAC effects, sensor-level results were projected 

into source space using minimum-norm estimates 31 constrained to the cluster-significant time 

windows (Figs. 3-5). This yielded volumetric maps of modulation index differences for the α-β 

and β-γ pairs that showed condition effects. 

For α-β MI, the placebo contrast (overlap − non-overlap) mapped to posterior midline cortex, 

including PCC/precuneus, and bilateral superior parietal regions, with additional lateral prefrontal 

contributions (Fig. 3b). Under MPH, sources were more right-lateralized and centred on angular 

gyrus/precuneus, with a cerebellar contribution (Fig. 3d). For β-γ PAC, placebo effects localized 

mainly to right temporoparietal cortex (including inferior parietal/supramarginal gyrus) and 

posterior midline (precuneus) (Fig. 4b). Under MPH, a broader bilateral network was engaged with 

left temporo-parietal dominance (inferior parietal, including angular/supramarginal), extending 

into sensorimotor areas, thalamus, and right frontal/precuneus regions (Fig. 4d). The between-drug 

contrast for β-γ revealed posterior medial parietal involvement (bilateral precuneus) in overlapping 

trials, alongside thalamic/striatal, sensorimotor, and occipito-temporal contributions; in non-

overlapping trials, effects were more focal and centred on right pre/postcentral cortex (Fig. 5b,d). 

Across contrasts, inferior parietal/angular gyrus and posterior midline (PCC/precuneus) appeared 

consistently. Full coordinate lists (t-values, MNI, AAL labels 32; local maxima separated by ≥10 

mm) are provided in Supplementary Table 1. 

 

Transfer entropy 

To assess the directionality of PAC interactions as measured by the Modulation Index (MI) , we 

computed net transfer entropy (NetTE), defined as the difference between α-β → β-γ and β-γ → 

α-β information flow 33 34 35. This measure captures whether the past of one PAC process improves 

prediction of the other, with positive NetTE indicating feed-forward dominance of α-β over β-γ. 
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Paired, cluster-based permutation tests revealed no significant differences between overlapping 

and non-overlapping trials within either drug session (Fig 6 a,b) , and no significant differences 

between MPH and Placebo within either condition type (all contrasts: no clusters, two-tailed α = 

0.05, 1000 permutations) (Fig 6c,d). In contrast, one-sample cluster tests against zero demonstrated 

a robust positive NetTE, indicating dominant α-β → β-γ influence across sessions and conditions. 

Under Placebo, significant positive clusters were observed from 200-520 ms in both non-

overlapping (cluster p = 0.001) and overlapping trials (cluster p = 0.001). Under MPH, NetTE 

clusters were again positive, spanning 200-520 ms in non-overlapping trials (p = 0.001) and 200-

400 ms in Overlapping trials (p = 0.001). No negative clusters (β-γ → α-β dominance) were 

detected in any condition, see Fig 6. 

-------------------------------- 

Insert Fig 6 about here 

-------------------------------- 

Together, these findings reveal a consistent mid-latency feed-forward dominance of α-β over β-γ 

PAC (~200-520 ms). This directional hierarchy was stable across task contexts (overlapping - non-

overlapping) and was not detectably altered by MPH at the group level under the present analysis 

settings. 

 

Discussion 

The current study investigated how phase-amplitude coupling (PAC) and information flow 

between oscillatory frequency bands (theta, alpha, beta, and gamma) facilitate the dynamic 

integration of perception and action. Specifically, the study aimed at (i) characterizing the temporal 

dynamics of cross-frequency couplings (θ-β, α-γ, α-β, β-γ), (ii) determining the directionality of 

information exchange between these PACs using transfer entropy, and (iii) assessing the influence 

of catecholaminergic modulation (via pharmacological manipulation) on PACs and net 

information flow. To achieve this, we employed a response inhibition task and re-analyzed data 

from a previous study by our group 19. 

 The behavioral data reveal a well-known pattern in which response inhibition performance 

(reflected by the rate of false alarms) was compromised in the overlapping Nogo trials, compared 
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to the non-overlapping Nogo trials. This reflects the fact that in overlapping Nogo trials, a 

reconfiguration of integrated perception-action codes is necessary 19. 

 

Hierarchical cross-frequency coupling is central for perception-action integration. 

On the neurophysiological level, the data revealed that PAC was evident across all time 

points in α-β, α-γ, β-γ, suggesting that across-frequency coordination is evident during perception-

action integration. Notably, differences between occasions requiring a reconfiguration of 

integrated perception-action codes (i.e., overlapping trials) and not requiring a reconfiguration of 

integrated perception-action codes (i.e., non-overlapping trials) were only evident for α-β and β-γ 

PAC. Here, PAC was stronger for overlapping than non-overlapping trials, which suggests that α-

β and β-γ PAC are essential when integrated perception-action codes are reconfigured. 

Interestingly, these α-β and β-γ PAC modulations were evident in early time windows (~200ms 

after stimulus presentation) and towards the end of the analyzed time windows (from ~600ms 

onwards). Previous studies have consistently shown that power/amplitude modulations in the θ, α, 

and β frequency bands occur between the mentioned time windows 9,10,19,27,36. Thus, α-β and β-γ 

PAC precede and succeed power modulations in the frequency bands, also giving rise to 

perception-action integration processes 4. According to a recent conception 4, θ/γ activity is likely 

essential for the retrieval/reconfiguration of integrated perception-action representations, the 

content of which is possibly handled through β-band activity. The retrieval is triggered by the 

presentation of a stimulus 6 (i.e., at the start of the analyzed time window), and α-band associated 

attentional selection or top-down controlled processes become activated. Crucially, since β-band 

processes likely store the content of perception-action representations 4,39-41, it is important to have 

direct access to this information, especially when perception-action representations have to be 

reconfigured. In that case, the content to be modified may best become reconfigured if there is a 

direct relation between β-band processes and processes reflected by α and γ activity. Precisely this 

is reflected by the obtained α-β and β-γ PAC modulations at the beginning of the analyzed time 

window. At the end of the analyzed time window, the same direction of modulation was evident. 

While here, no retrieval processes can be in charge because the cognitive processes have already 

been completed (as evidenced by the behavioral data); the cognitive system must be reset. Re-

iterant processes are at the core of the dynamical handling of perception-action representations 6. 

As such, the α-β and β-γ PAC modulations from ~600ms onwards may reflect the reset of processes 
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initiated during the retrieval phase. Consequently, this reset reflects a similar modulatory pattern 

across both overlapping and non-overlapping conditions, as observed during the retrieval time 

interval. For all of these processes, the data show that inferior parietal, posterior cingulate and 

inferior parietal regions are involved. The inferior parietal/angular gyrus regions emerge because 

they are the neurocognitive hubs of feature binding and attentional integration 40, where α-β 

interactions are essential. The posterior cingulate cortex (PCC) emerges because of its role in 

resetting and updating cognitive states 41. Together, these regions provide the large-scale cortical 

architecture that supports both retrieval/reconfiguration (early) and reset/re-iterant processing 

(late) of perception-action codes 4. 

Nevertheless, α-β and β-γ PAC are constantly evident during the entire processing cascade 

(i.e., also between 200 and 600ms after stimulus presentation). During that time interval, the α-β 

PAC was larger than the β-γ PAC in both overlapping and non-overlapping conditions, suggesting 

that the interplay between α-β is more critical for perception-action integration processes than the 

interplay between β-γ. Intriguingly, the analysis of the net information flow also suggests that α-β 

PAC plays a central role in perception-action integration processes. Through the net information 

flow analysis, we examined whether there is an asymmetry in directional dependence from the 

slower α-β PAC to the faster β-γ PAC, which would be consistent with a hierarchical coordination 

of different cross-frequency coupling mechanisms during perception-action integration. The 

results revealed a clear directional pattern in the net information flow with α-β PAC more strongly 

predicting subsequent β-γ PAC than vice versa. This hierarchical pattern is compatible with recent 

spatiotemporal accounts proposing that brain activity is structured across hierarchically nested 

temporal scales, where slower dynamics provide a temporal context for faster, more local 

processes, as described in the Dynamic Layer Model of the brain 42and, more broadly, in Common 

Currency Theory, which characterizes neural-mental relations in terms of temporo-spatial 

correspondences across multiple timescales 43. 

As discussed above, β-band dynamic plays a central role in perception-action integration 

because it likely stores the content of perception-action representations 4,38,44. The finding that α-β 

PAC shows stronger directional dependence towards β-γ PAC reflects a general principle evident 

in both overlapping and non-overlapping trials. This supports the central role of β-band activity as 

an organizing “hub frequency” in perception-action integration processes. The β-band possibly 
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acts as an interface between different other frequencies (i.e., α and γ) involved in perception-action 

integration. 

 

A catecholaminergic basis for PAC during perception-action integration 

The last aim of the study was to examine whether PAC and hierarchical PAC are based on 

catecholaminergic system activity. We modulated catecholaminergic system activity through 

methylphenidate, a combined dopamine (DA) and norepinephrine (NE) transporter blocker 45, 

which has previously been shown to modulate power-based EEG correlates of perception-action 

integration19-22. Previous analyses using the same dataset demonstrated that catecholaminergic 

modulation alters perception-motor integration by changing the stability of representational 

content during response inhibition19. 

 Often, the actions of a pharmacological modulation of the catecholaminergic system (i.e., 

DA+NE) have been conceptualized through gain modulation principles 46. Gain control modulates 

the signal-to-noise ratio (SNR) in neural circuits 47, and an increased gain control is associated 

with greater precision of neural processes. Higher gain control, as induced through the 

administration of methylphenidate, has recently been shown to alter directed communication in 

cortical networks during the anticipation of action-induced perceptual effects 21. The current 

findings provide further evidence that increases in catecholaminergic system activity alter neural 

communication, as demonstrated by changes in cross-frequency coupling profiles. Again, mostly 

the late time intervals showed modulatory effects, and effects were evident for overlapping and 

non-overlapping trials. Interestingly, only β-γ PAC was modulated, and also the net information 

was unaffected by the pharmacological modulation. Thus, catecholamines play roles in the 

modulation of neurophysiological processes underlying perception-action integration. The reasons 

why β-γ PAC was modulated may be manifold: First, β-γ PAC is linked to local computations - 

e.g., maintaining active sensory-motor representations, gating inputs, stabilizing representational 

contents 39,48. These functions are sensitive to neuromodulatory gain-control 49,50. Catecholamines 

can adjust the local gain and stability of cortical assemblies, as reflected in nested β-γ activity 51. 

Cross-PAC coordination may subserve more “architectural” or integrative roles. These dynamics 

may depend more on structural connectivity and not moment-to-moment neuromodulator tone. 

Second, DA/NE effects operate on slow timescales (hundreds of milliseconds to seconds) 46,52,53, 

which may be ideal for modulating the gain of local β-γ circuits. Cross-PAC interactions, as 
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delineated in the net information flow, often require precise phase-phase alignment across regions 

in tens of ms. These faster dynamics may be beyond the temporal resolution of catecholaminergic 

modulation, relying instead on fast inhibitory/excitatory circuits and conduction delays (possibly 

GABA or glutamate are more important in this context). Although MPH increased β-γ PAC and 

improved response-inhibition at the group level, these effects did not correlate across individuals. 

This likely reflects non-linear brain-behaviour relationships such as inverted-U neuromodulatory 

effects 54. 

-------------------------------- 

Insert Fig 7 about here 

-------------------------------- 

Conclusion 

In summary, we showed that phase-amplitude coupling (PAC) is a central organizing principle of 

perception-action integration. Crucially, only α-β and β-γ PAC distinguished conditions that 

required reconfiguring perception-action codes. These PAC modulations occurred both early (~200 

ms, during retrieval) and late (~600 ms, during reset), suggesting that PAC supports both the 

initiation and reinitialization of perception-action processes. Net information flow analyses 

revealed a directional hierarchy in which α-β PAC drives β-γ PAC, highlighting α-β as an upstream 

integrative mechanism and β-γ as a local stabilizer of representational content. This establishes the 

β-band as a hub frequency. A modulation of the catecholaminergic system affected β-γ PAC but 

not the hierarchical α-β → β-γ flow. Taken together, the findings identify a division of labor: α-β 

→ β-γ PAC implements hierarchical control, unlikely affected by catecholaminergic modulation, 

while β-γ PAC supports local representational computations tuned by neuromodulatory gain. The 

study offers an account of how flexible perception-action integration emerges from the interplay 

between hierarchical cross-frequency coupling and catecholaminergic control. 

 

Materials and Methods 

Participants 

The final sample comprised 58 healthy adults (31 males, 27 females; mean age = 23.72 years, SD 

= 2.55; range = 20-30 years). Participants were drawn from a larger cohort of volunteers taking 

part in an ongoing research project at TU Dresden. For the present analyses, 60 individuals were 
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randomly selected from this cohort; two were excluded because pervasive EEG artifacts resulted 

in an insufficient number of artifact-free trials for reliable behavioral and EEG analyses, yielding 

a final sample of 58 participants. This sample size in a within-subject cross-over design is 

comparable to, or larger than, those of closely related methylphenidate and Go/Nogo or perception-

action integration studies, which typically include approximately 30-45 healthy participants such 

as 20 55 56 57. 

All participants were screened to rule out neurological or psychiatric disorders using a brief 

telephone interview and standardized assessments, including the Adult Self-Report for Ages 18-

59 (ASR) 58 and the Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B) 59. The ASR was used to 

obtain dimensional indices of psychological symptoms and to identify indications of clinically 

relevant psychopathology, and the MWT-B to characterize verbal intellectual functioning. In this 

randomly selected subsample, ASR and MWT-B scores did not indicate clinically relevant 

psychopathology or intellectual impairment, and no participant was excluded on this basis. 

The procedures were approved by the Ethics Committee of the Medical Faculty of TU Dresden. 

All ethical regulations relevant to human research participants were followed. Written informed 

consent was obtained from all participants prior to participation, and participants received 

monetary compensation. Parts of this dataset have been reported in previous publications 

addressing different research questions 9,11,13,27,36. 

 

MPH Administration 

This study was conducted using a randomized, double-blind, cross-over design 60. Each individual 

participated in two separate experimental sessions, with a time interval between them of at least 

24 hours and no more than 14 days (mean: 5.02 days, SD = 3.32). Participants were randomly 

assigned to one of two groups. The MPH-first group (n = 29) received methylphenidate (MPH) 

during the first session and a placebo during the second, while the placebo-first group (n = 29) 

received the placebo first and MPH second. The groups did not differ in age, gender distribution, 

or the time between sessions. Neither participants nor researchers knew the administration order. 

In the MPH session, a single dose of immediate-release MPH (0.25 mg/kg body weight) was given, 

in line with previous pharmacological EEG studies in healthy young adults by our group, where 

this moderate dose has been shown to reliably modulate conflict- and learning-related adjustments 

in cognitive control while remaining within a well-tolerated clinical range 61 57 19. An 
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indistinguishable placebo was used in the other session. Experimental tasks began about 75 

minutes after administration to align with peak MPH plasma levels 62 63 64. 

 

Task 

Participants performed a TEC Go/Nogo task established by Chmielewski and Beste 26 (Fig 1a), 

designed to examine the effects of MPH on perception-action integration in the context of response 

inhibition by manipulating the degree of feature overlap between Go and Nogo stimuli. Stimuli 

were presented in German on a 17-inch CRT monitor positioned 60 cm in front of the participants. 

Prior to the main experiment, participants received written and verbal instructions and completed 

30 practice trials that included both overlapping and non-overlapping conditions to ensure 

familiarization. Each trial began with a fixation cross presented for 700-1100 ms (jittered), 

followed by a stimulus shown for 450 ms. Participants had up to 1700 ms from stimulus onset to 

respond; if no response was given, the trial terminated. 

The task comprised Go and Nogo trials, each occurring in either non-overlapping or overlapping 

conditions. To induce a prepotent response tendency, Go and Nogo trials were presented in a 7:3 

ratio within each condition, yielding 196 Go and 84 Nogo trials per condition. The task was divided 

into seven blocks of equal length. Within each block, all trial types occurred equally often, and 

their order was pseudorandomized. Participants were instructed to respond to Go trials by pressing 

the space bar and to withhold responses on Nogo trials. In the non-overlapping condition, Go 

stimuli consisted of the word PRESS (green) and Nogo stimuli of the word STOPP (red). In the 

overlapping conditions, Go stimuli were either the word DRÜCK (“press”) in white or a string of 

five blue letters (XXXXX). The corresponding overlapping Nogo stimuli were DRÜCK in blue or 

XXXXX in white. These conditions created systematic feature overlap between Go and Nogo 

stimuli, requiring reconfiguration of previously established event files, a manipulation known to 

increase false alarm rates in Nogo trials. 

 

EEG recording and preprocessing 

Electroencephalographic (EEG) data were recorded during the TEC Go/Nogo task using a 60-

channel passive Ag/AgCl electrode cap (EasyCap Inc.). The ground electrode was located at 

coordinates θ = 58°, ϕ = 78°, and signals were referenced online to the FCz electrode. Electrode 

impedances were maintained below 5 kΩ throughout the recording session. Data were sampled at 
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500 Hz using BrainVision Recorder software (v2.1). Offline preprocessing was performed in 

MATLAB (R2020a) using the EEGLAB toolbox 65. Data were downsampled to 256 Hz and band-

pass filtered between 1 and 100 Hz using a zero-phase FIR filter. A 50-Hz notch filter was applied 

to remove line noise. Noisy or flat channels were detected and removed with the clean_rawdata() 

plugin; on average, 3.0 (SD = 2.2) channels per participant were excluded. Signals were then re-

referenced to the common average. To attenuate high-amplitude, transient artifacts (e.g., head 

movements, electrode pops), Artifact Subspace Reconstruction (ASR) 66 was applied with a 

standard deviation cutoff of 15. Segments that could not be reconstructed were discarded. 

Subsequently, an extended Infomax Independent Component Analysis (ICA) was run on the 

continuous data. Independent components were automatically classified using ICLabel 67, and 

components labeled as ocular, muscle, or cardiac artifacts with  >0.85 probability were visually 

confirmed and removed. Removed channels were reconstructed by spherical-spline interpolation. 

Epochs containing voltage fluctuations exceeding ±100 μV at any electrode were rejected from 

further analysis. 

Finally, data were segmented into epochs from -200 to 1000 ms relative to stimulus onset. Baseline 

correction was applied using the -200 to 0 ms interval.  

 

Phase-amplitude coupling 

As an initial step, we quantified cross-frequency coupling at the sensor level using Tort’s 

Modulation Index (MI), which measures the extent to which the amplitude of a faster oscillation 

is modulated by the phase of a slower one 29. Analyses focused on Nogo trials in the overlapping 

and non-overlapping conditions, separately for each session (Placebo and MPH). 

For each participant, EEG data were filtered into predefined phase- and amplitude-frequency bands 

(θ: 4-7 Hz, α: 9-12 Hz, β: 13-30 Hz, γ: 31-100 Hz) using zero-phase finite impulse response (FIR) 

filters in MNE-Python 68. The analytic signals were obtained via the Hilbert transform, yielding 

instantaneous phase and amplitude time series. We examined all pairwise combinations of low- 

and high-frequency bands relevant to phase-amplitude coupling. PAC was estimated separately for 

each electrode channel. Within each channel, trials were concatenated along the time axis, and MI 

was computed once per condition and band-pair. The low-frequency phase (0-360°) was divided 

into 18 equal bins (20° each), and the mean high-frequency amplitude in each bin was used to 

construct an amplitude distribution P. 
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𝐾𝐿(𝑃, 𝑈) = ∑ 𝑃𝑗

18

𝑗=1

⋅ log (
𝑃𝑗

𝑈𝑗
) 

The MI was computed as the normalized Kullback-Leibler divergence between P and the uniform 

distribution U: 

𝑀𝐼 =  
𝐾𝐿(𝑃, 𝑈)

𝑙𝑜𝑔(18)
 

This procedure served to identify which band-pairs showed significant PAC at the sensor level. 

Only those band-pairs were subsequently analyzed in the time-resolved PAC and source-

localization steps. 

 

Time-resolved PAC  

Time-resolved PAC was computed with a fixed 100 ms window advanced every 40 ms (60% 

overlap) for α-β,  α-γ and β-γ coupling, ensuring ≥1 cycle of the phase rhythm across pairs (≈0.9-

1.3 cycles for α at 9-12 Hz; ≥1.3-3 cycles for β at 13-30 Hz) and maintaining comparability of 

temporal resolution across conditions. This window length balances temporal resolution with the 

requirement to capture at least one full cycle of the lowest phase frequency, which is a standard 

criterion for obtaining stable phase estimates and PAC measures 69.  The 40 ms step (60% overlap) 

was chosen as a moderate overlap within the range typically used in EEG sliding-window analyses 

(≈50-75% overlap) 69 70 71 72. Results were unchanged when excluding the 9-Hz edge. 

 

Source localization 

Source reconstruction was performed in a volumetric space using FreeSurfer’s fsaverage template 

with a 5-mm grid (≈13,222 voxels) 73. The EEG forward model used a three-layer BEM, with a 

minimum source-sensor distance of 5 mm. Epoched data (−200 to 800 ms; baseline −200 to 0 ms) 

were analysed with a depth-weighted minimum-norm estimate and dSPM output (λ²=1/9; loose 

orientation=1; depth weighting=0.8). Condition-wise evoked responses were computed for 

overlapping and non-overlapping trials (overlapping pooled across the two overlapping Nogo 

cues), separately for Placebo and MPH sessions; individual volumetric source estimates were 

obtained in fsaverage space. Time windows for source-level PAC were predefined from the sensor-

level time-resolved PAC analysis: only cluster-significant windows (family-wise error controlled 

across time by a cluster-based permutation test) 30 were taken forward. Within each predefined 
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window (concatenating multiple significant segments where applicable), voxel-wise phase-

amplitude coupling was quantified using Tort’s Modulation Index 29 as described in the Phase-

amplitude coupling section. This yielded one volumetric MI map per subject, condition, and band 

pair. These source-level PAC maps were used descriptively to visualize the generators of the 

cluster-corrected sensor-level effects and were not subjected to an additional voxel-wise multiple-

comparison procedure. 

 

Transfer entropy 

Directed interactions between α-β and β-γ PAC were quantified using transfer entropy (TE), an 

information-theoretic, model-free measure of time-asymmetric dependence 33 34 35. TE tests 

whether the past of one process improves prediction of the present of another beyond what the 

target’s own past explains, thereby providing a direction-specific index of information flow 

without assuming linear coupling. In this study, TE assessed whether slower α-β PAC dynamics 

tend to drive faster β-γ PAC dynamics, and vice versa. 

For each subject and condition, channel-level PAC estimates were averaged to yield one α-β and 

one β-γ time series per trial. Trial-wise PAC values were computed in 100 ms windows advanced 

every 40 ms (0-800 ms epoch), yielding 18 samples per trial for each PAC pair. TE was then 

calculated on sliding 400 ms windows (10 consecutive PAC samples, shifted by one sample), 

which balances temporal resolution with local stationarity and provides sufficient past-present 

transitions for stable estimation. This produced 9 TE estimates per subject at centers from 250-570 

ms post-stimulus. TE was estimated in the discrete formulation with history length k=1. MI values 

were discretized into three equiprobable bins using subject-specific, time-invariant quantile edges 

to ensure stable occupancy across the epoch. Within each window and trial, we estimated the joint 

distribution over the states (𝑦𝑡 , 𝑦𝑡−1, 𝑥𝑡−1) where X and Y denote the symbolized α-β and β-γ PAC 

time series, respectively. The transfer entropy from X to Y was defined as the conditional mutual 

information between the past of X and the present of Y, given the past of Y: 

TEX→Y = 𝐼( 𝑋𝑡−1; 𝑌𝑡 ∣∣ 𝑌𝑡−1 ) = ∑ 𝑝(𝑦𝑡 , 𝑦𝑡−1, 𝑥𝑡−1)

𝑦𝑡,𝑦𝑡−1,𝑥𝑡−1

log
𝑝( 𝑦𝑡 ∣∣ 𝑦𝑡−1, 𝑥𝑡−1 )

𝑝( 𝑦𝑡 ∣∣ 𝑦𝑡−1 )
 

This quantity captures the additional predictive value of X’s past beyond that contained in Y’s own 

history. Within each window, TE was computed in both directions and averaged across trials, 
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yielding TEαβ→βγ and TEβγ→αβ and averaged per-trial values to obtain a subject-level time series. 

A net information flow index was defined as: 

NetTE(𝑡) = TEαβ→βγ(𝑡) − TEβγ→αβ(𝑡) 

such that NetTE(t) > 0 indicate s dominant α-β → β-γ influence at time t and NetTE(t) < 0 indicates 

dominant β-γ → α-β influence. Windows with constant symbolic sequences (no state changes) 

were conservatively assigned TE = 0 to avoid undefined conditional probabilities. 

 

Statistics and reproducibility 

All analyses were performed within subjects, as each participant completed both placebo and MPH 

sessions. Unless otherwise noted, tests were two-tailed with α = 0.05. Behavioral performance 

(false alarm rates and reaction times of false alarms) was compared using paired t-tests when data 

met normality assumptions, and Wilcoxon signed-rank tests otherwise. Effect sizes for Wilcoxon 

tests are reported as rank-biserial correlations (r) 74.  

For PAC, statistical significance was assessed by generating surrogate null distributions through 

random circular shifts of the phase time series relative to the amplitude envelope 29 (1000 

surrogates per participant, condition, channel, and band-pair). One-sided p-values were calculated 

as the proportion of surrogate values greater than or equal to the observed modulation index, using 

the correction (k+1)/(N+1) 75. Within each participant, false discovery rate (FDR) correction (q = 

0.05) 76 was applied across channels for each condition and band-pair. Time-resolved PAC was 

tested using non-parametric cluster-based permutation tests 30 (two-tailed, 1000 permutations). 

Adjacent samples exceeding the cluster-forming threshold of α = 0.05 were grouped, and cluster 

significance was assessed against the permutation distribution of maximum cluster statistics, 

thereby controlling the family-wise error rate across time. 

For source localization, group statistics were computed with voxel-wise paired t-tests contrasting 

overlapping - non-overlapping trials within each drug session. For β-γ PAC only, additional voxel-

wise t-tests contrasted MPH vs. Placebo within each condition type. No voxel-level multiple-

comparison correction was applied; source reconstructions are shown to illustrate the spatial 

distribution of effects statistically validated at the sensor level. 

Transfer entropy (TE) analyses used non-parametric cluster-based permutation tests 30 (1000 

permutations, two-tailed, α = 0.05) on subject-level NetTE time courses (α-β → β-γ minus β-γ → 

α-β). Paired tests contrasted overlapping - non-overlapping trials and MPH vs. Placebo, while one-



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

sample tests against zero assessed directional dominance. Family-wise error across time was 

controlled using the cluster-based permutation procedure. 
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Fig 1 | Behavioral performance in the TEC Go/Nogo task.   

(a)It illustrates the stimulus conditions and trial structure of the task. A 2x2 grid shows the specific 

stimuli for the non-overlapping and overlapping conditions for both Go (70% frequency) and Nogo 

(30% frequency) trials. The corresponding trial timelines depict a Go trial, which ends upon 

response, and a Nogo trial, which ends after a 1700 ms timeout. Each trial was followed by a 

randomly jittered inter-trial interval (ITI) of 700-1100 ms. (b) Behavioral performance metrics 

under Placebo (orange) and MPH (green) for each condition. From left to right: false alarm rate 

on Nogo trials, reaction time (RT) for false alarms, hit rate on Go trials, and Go-trial RTs. 

Overlapping trials showed higher false alarm rates and slower Go RTs than non-overlapping trials. 

MPH reduced false alarm rates in both conditions, with minimal effects on RTs. Within each violin 

plot, the mean is indicated by a gold line, and the median by a deep blue line. (c) Signal detection 

modeling of performance. Distributions show internal evidence strength for signal (Go) and noise 

(Nogo) trials, fitted separately for each condition and drug session. Overlapping trials (right) 

showed reduced sensitivity (d′) and more liberal response bias (c) compared to non-overlapping 

trials (left). MPH improved sensitivity (higher d′) in both conditions, with no significant effect on 

decision bias. 

 

Fig 2 | Real and surrogate modulation indices (MI) across band pairs in Nogo conditions. 

(a) MPH session; (b) Placebo session. Modulation indices (MI) are shown for phase-amplitude 

coupling across the frequency band pairs (θ-α, θ-β, θ-γ, α-β, α-γ, β-γ) under two Nogo conditions: 

non-overlap (teal) and overlap (pink). For each pair and condition, the mean surrogate MI (phase-

shuffled null in grey square) and real MI (circle) are plotted. Error bars indicate ± s.e.m. across 

participants (n = 58). The dashed line marks represent the one-sided α = 0.05 surrogate threshold 

used to assess whether observed MI exceeds chance, color-coded to match the condition.  

 

Fig 3 | Time-resolved α-β MI and corresponding source localization. 

(a, c) Temporal profiles of α-β MI on Nogo trials under Placebo (a) and MPH (c). Red and blue 

lines show group-mean MI for overlapping and non-overlapping conditions, respectively; shaded 

ribbons indicate ± s.e.m. across participants (n = 58). Grey vertical bands mark time clusters with 

significant condition differences identified by cluster-based permutation testing. (b, d) Source 

localization of the overlap - non-overlap contrast for α-β MI within the significant time windows 

under Placebo (b) and MPH (d). Maps show sagittal, coronal, and axial slices of volumetric t-

statistics derived from minimum-norm estimates, thresholded for display as in Methods. Colour 

bars indicate t-values; text annotations show peak MNI coordinates and anatomical labels. 

Fig 4 | Time-resolved β-γ MI and corresponding source localization. 

(a, c) Temporal profiles of β-γ MI on Nogo trials under Placebo (a) and MPH (c). Red and blue 

lines show group-mean MI for overlapping and non-overlapping conditions, respectively; shaded 

ribbons indicate ± s.e.m. across participants (n = 58). Grey vertical bands mark time clusters with 

significant condition differences identified by cluster-based permutation testing. (b, d) Source 

localization of the overlap - non-overlap contrast for β-γ MI within the significant time windows 

under Placebo (b) and MPH (d). Maps display sagittal, coronal, and axial slices of volumetric t-

statistics derived from minimum-norm estimates, thresholded for display as described in Methods. 

Colour bars indicate t-values; captions show peak MNI coordinates and anatomical labels.  
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Fig 5 | Between-drug differences in β-γ MI and corresponding source localization. 

(a, c) Time courses of β-γ MI on Nogo trials, contrasting MPH (orange) and Placebo (blue), for 

overlapping (a) and non-overlapping (c) conditions. Lines show group-mean MI; shaded ribbons 

indicate ± s.e.m. across participants (n = 58). Grey vertical bands mark time clusters with 

significant MPH-Placebo differences identified by cluster-based permutation testing. 

(b, d) Source localization of the MPH-Placebo contrast for β-γ MI within the significant time 

windows for overlapping (b) and non-overlapping (d) trials. Maps show sagittal, coronal, and axial 

slices of volumetric t-statistics from minimum-norm estimates, thresholded for display as 

described in Methods. Colour bars indicate t-values; captions report peak MNI coordinates and 

anatomical labels.  

Fig 6 | Directionality of PAC interactions quantified with transfer entropy. 

(a, b) Net transfer entropy (NetTE) time courses within each drug session for non-overlapping 

(blue) and overlapping (red) trials under Placebo (a) and MPH (b). (c, d) NetTE time courses 

comparing drugs for non-overlapping (c) and overlapping (d) trials (Placebo, grey; MPH, orange). 

NetTE is defined as TE(α-β → β-γ) -TE(β-γ → α-β); positive values indicate a dominant influence 

from α-β to β-γ. Points correspond to the centres of sliding analysis windows; error bars denote ± 

s.e.m. across participants (n = 58). The dashed horizontal line marks zero net information flow 

(bits).  

Fig 7 | Conceptual summary of PAC dynamics and catecholaminergic modulation during 

response inhibition. 

This schematic summarizes the key findings of the current study: α-β PAC supports early-stage 

access or reconfiguration of perception-action representations, while β-γ PAC reflects later local 

computations and representational maintenance. Information flow analyses revealed directional 

influence from α-β to β-γ PAC, consistent with a hierarchical model of temporal coordination. 

Methylphenidate selectively enhanced β-γ PAC but did not affect α-β PAC or directional flow. The 

figure illustrates the conceptual interpretation of these findings and does not display empirical 

data. 
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Editorial Summary  

 

Perception-action integration depends on hierarchical phase-amplitude coupling (PAC). α-β PAC shows 

stronger directional dependence toward β-γ PAC. Methylphenidate selectively enhances β-γ PAC, linking 

catecholaminergic activity to response inhibition. 
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