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Summary 

Brain activity in focal epilepsy is marked by a pronounced excitation-inhibition (E:I) imbalance 

and interictal epileptiform discharges (IEDs) observed in periods between recurrent seizures. 

As a marker of E:I balance, aperiodic neural activity and its underlying 1/f characteristic reflect 

the dynamic interplay of excitatory and inhibitory currents. Recent studies have independently 

assessed 1/f changes both in epilepsy and in the context of body-brain interactions in 

neurotypical individuals where the respiratory rhythm has emerged as a potential modulator 

of excitability states in the brain. Here, we investigate respiration phase-locked modulations 

of E:I balance and their involvement in the timing of spike discharges in a case report of a 25 

year-old focal epilepsy patient using magnetoencephalography (MEG). We show that i) 

respiration differentially modulates E:I balance in focal epilepsy compared to N = 40 

neurotypical controls and ii) IED timing depends on both excitability and respiratory states. 

These findings overall suggest an intricate interplay of respiration phase-locked changes in 

excitation and the consequential susceptibility for IED generation and we hope they will spark 

interest in subsequent work on body-brain coupling and E:I balance in epilepsy. 

 

Introduction 

Focal epilepsy is a neurological disorder marked by recurrent temporary seizure activity arising 

from a localised anatomic substrate, the so-called epileptogenic zone [1]. In addition, one 

specific alteration of neural activity in epilepsy patients is the generation of interictal spike 

activity, brief focal discharges occurring largely independently of seizures [2]. However, recent 

work has linked interictal epileptiform discharges (IEDs) and seizure activity more closely by 

revealing similar probability distributions of both signatures [3] and by demonstrating that IEDs 

are travelling waves arising from an epileptogenic source [4,5]. In general, one common 

observation in epilepsy concerns alterations in excitation-inhibition (E:I) balance: While 
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constant E:I balance is considered essential for maintaining neural homeostasis [6] so that 

excitability within a particular neural array remains at a critical state [7], epilepsy is 

characterised by a critical imbalance introduced by pathological upregulation of excitation. 

One neural signature that has emerged as a marker for E:I balance is aperiodic brain activity 

and its 1/f characteristic, meaning that low frequencies carry higher power. This dominant non-

oscillatory component of brain activity reflects the dynamic interplay of excitatory and inhibitory 

currents [8] and its steepness (or slope) is an established read-out of cortical excitability [9]. 

Investigations of E:I balance have recently begun to apply 1/f measures in epilepsy ([10,11]) 

and are thus a useful extension of previous approaches demonstrating relative power shifts in 

high vs low oscillatory frequencies [12,13]. Collectively, these findings converge on the 

observation that E:I imbalance substantially contributes to the pathology of epilepsy [14–16].  

In neurotypical cohorts, recent studies have demonstrated that both oscillatory [17,18] and 

non-oscillatory neural activity [19] is modulated by the breathing rhythm. One recurrent motif 

is the apparent systematic relationship between respiration and transient states of cortical 

excitability [20]. Extending previous findings of body-brain interactions in psychopathology 

(see [21] for review), there is an increasing number of accounts suggesting respiratory 

involvement in neuropsychiatric disorders [22,23]: By modulating disease-specific neural 

activity, respiration (and other physiological rhythms) may play a role in the course of certain 

disorders, particularly when they include alterations of excitability like schizophrenia or 

epilepsy.  

Here, we aim to address a central gap in the previous literature by investigating respiration 

phase-locked modulations of E:I balance and their involvement in the timing of spike 

discharges in focal epilepsy. We present a case report of a male patient (25 years) based on 

48 minutes of concurrent MEG and respiratory resting-state recordings, demonstrating that i) 

respiration differentially modulates E:I balance in focal epilepsy compared to N = 40 

neurotypical controls and ii) interictal spike timing depends on both excitability and respiratory 

states.  
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Results 

Respiration differentially modulates E:I balance in focal epilepsy. In light of previous 

evidence for both respiration-locked changes of E:I balance in neurotypical individuals and the 

fundamental role of excitability in epilepsy symptomatology, we first investigated presumptive 

differences in the coupling of 1/f slope to the respiratory rhythm. This analysis was focussed 

on parieto-occipital cortex since i) it omits the patient’s epileptogenic zone in order not to 

potentially conflate aperiodic and spike-related effects (see below for a dedicated analysis of 

spike timing), ii) it has been identified as the site of strongest respiration-locked 1/f modulations 

in previous work [19], and iii) aperiodic neural activity is known to be governed by a posterior-

to-anterior gradient [24,25].  

We computed 1/f slope in moving windows (see [26] across the continuous MEG recordings 

(Fig 1a). Relating the slope estimate in each window to the corresponding respiratory phase 

allowed us to identify systematic changes of slope across the respiratory cycle. While 1/f slope 

significantly modulated by respiration in both data sets (Hodges-Ajne tests: both p < .001), we 

found a distinct difference in the modulation shape of the epilepsy patient compared to 

neurotypical controls: Around the expiration-to-inspiration transition, the group of neurotypical 

controls showed a steeper slope, i.e. a decrease in parieto-occipital excitability during late 

expiration. In contrast, the epilepsy patient showed an excitability increase during late 

expiration, observed as a flatter slope around the expiration-to-inspiration transition (Fig 1c). 

A Hodges-Ajne test confirmed that the difference between both slope distributions was not 

uniform (p < .001), but focussed towards the end of the breathing cycle (circular mean = 157 

degrees, Fig. 1c). Overall, 1/f slope was significantly flattened during both transition phases in 

the patient’s data (Wilcoxon rank sum test: z = -6.22, p < .001; see Fig. 1d) but not in 

neurotypical controls (z = 0.86, p = .39). Consequently, the patient’s resulting shape of 1/f 

slope over respiration exhibited a ‘double frequency’ characteristic (with flat slope around both 

phase 0 and ±π) compared to the controls (flat slope around phase 0 and steep slope around 

±π). This impression was corroborated by fitting sinusoidal models to the respective data sets 

(Fig. 1e) which showed high goodness of fit for patient (adjusted R² = .836) and control data 

(adjusted R² = .908).  
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Fig. 1. Methods synopsis and differential modulations of posterior 1/f slope in focal epilepsy (vs 

neurotypical controls). a, Based on simultaneous recordings of whole-head MEG and respiration, we 

implemented the SPRiNT algorithm [26] and its moving window approach to estimate the aperiodic component in 

Fourier-transformed neural time series. Thus, for each time around which the moving window was centred, we 

could extract the corresponding 1/f slope estimate and momentary respiration phase. Phase binning then allowed 

us to compute bin-wise average 1/f slope to be used in statistical analyses. b, For any given respiration phase, 

corresponding 1/f slopes were averaged to yield the empirical mean slope for that phase (top left). Shuffling the 

data k = 5000 times to assign random respiration phases to the time points of SPRiNT computations (see panel 

a), the resulting phase averages were used to construct phase-specific null distributions of 1/f slope (bottom left). 

Empirical slope estimates were then plotted in polar coordinates against their null distribution to illustrate 1/f slope 

over quasi-continuous respiration phase (top right). c, Polar visualisation of 1/f slope over parieto-occipital sensors 

across the respiration cycle in the focal epilepsy patient (left) and neurotypical controls (right). Coloured bold dots 

show respiration phase-dependent 1/f slope, radial scatter plots indicate null distributions of k = 5000 bin-wise 

group-level mean exponent values. Solid black lines indicate the 5th and 95th percentile of each bin’s null 

distribution, respectively (see panel c). Small centre panel shows the difference of patient vs controls with the 

circular mean marked (~157 degrees). In = inspiration, ex = expiration. d, In the epilepsy patient, 1/f slope was 

significantly flattened (indicating increased excitability) during the inspiration-to-expiration and expiration-to-

inspiration transitions (compared to non-transition phase bins; Wilcoxon rank sum test: z(29) = -6.22, p < .001). e, 

Ideal sine fits minimising the error sum of squares corroborated the differential modulation dynamics (see panel c) 

for the epilepsy patient (blue) compared to the group-average of neurotypical controls (red).  

 

Spike timing depends on excitability and respiratory states. In order to integrate neural 

and physiological modulations of epileptic brain signatures, we investigated the generation of 

interictal spikes (marked by an experienced epileptologist) as a function of both excitability 

states and respiration phase. Using the continuous MEG recordings, we determined a cluster 

of n = 6 right-lateralised fronto-central electrodes in which the interictal spikes were most 

clearly visible (Fig. 2a). For these sensors, we then computed ROI-average time-resolved fits 

of 1/f slopes in an interval of ± 500ms around the peak amplitude of n = 74 spike discharges. 

We observed a strong U-shaped relationship between 1/f slope and the lag relative to spike 

peak (Fig. 2a), in that 1/f slope significantly increased at longer lags both before and after 
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spike peak (Kruskall-Wallis test for the ± 500ms interval: 𝜒²(4) = 165.81 p < .001). At spike 

peak (lag = 0), excitability was significantly increased compared to all positive and negative 

lags (single comparisons of mean ranks: all p < .001) except for time points preceding IED 

generation (i.e., lag = -250 ms: p = .082), suggesting that IEDs occurred at time points of 

particularly high excitability (i.e., flattened 1/f slope).  

 
Fig. 2. E:I balance and respiration modulate spike timing. a, Over sensors which most clearly showed interictal 

spikes in the raw data, 1/f slope was significantly flattened prior to the generation of spikes. b, The LMEM revealed 

a small but significant decrease in slope for time points around spike peak (± 500ms) occurring at a respiratory 

transition phase (vs non-transition). c, Excitability was particularly increased for transition-phase events prior to 

spike peak (at a lag of -250ms). 

 

Since we had previously found excitability to be modulated by respiration, we hypothesised 

that the generation of interictal spikes would similarly depend on respiratory phase. In a final 

analysis, we thus extracted respiration phase time-locked to spike onset as well as the 

negative and positive lags. Using a linear mixed effects model (LMEM) to predict 1/f slope as 

a function of lag relative to spike centres, we first verified the quadratic effect shown in Fig. 2a 

(t(368) = 18.24, p < .001). To account for the potential influence of respiration, we repeated 

the LMEM to not only include the lag effect, but also information about respiration phase 

(transition vs non-transition bins, see Fig 1d). This second model yielded significant effects of 

lag (t(365) = 11.74, p < .001) and respiration phase bin (t(365) = -2.01, p = .045), indicating 

that both neural (excitability) and physiological states (respiration) modulate the generation of 

IEDs. Model comparison of the two LMEMs confirmed that including respiratory information 

significantly improved the model fit (𝜒²(3) = 12.93, p = .005). While we found an overall flatter 
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slope for time points corresponding to respiratory transition (vs non-transition) phases (z = 

1.92, p = .028, one-tailed Wilcoxon rank sum test, Fig. 2b), this overall effect was clearly driven 

by the time interval preceding spike onset (Welch’s t(72) = 2.42, p = .009, Bonferroni-corrected 

p = .045; see Fig. 2c). Fittingly, the LMEM yielded a significant interaction of respiration phase 

bin (transition vs. non-transition) and the linear effect of lag (i.e., from pre- to post-spike time 

points; t(365) = 2.89, p = .004). Hence, the shift of E:I balance towards hyperexcitability was 

most pronounced when the pre-spike interval coincided with the transition of respiration phase.  

 

Discussion 

In this case report, we investigated respiration phase-locked modulations of E:I balance and 

their involvement in the timing of interictal epileptiform discharges (IEDs) in focal epilepsy. Van 

Heumen and colleagues [11] previously demonstrated measures of aperiodic brain activity as 

an indicator of neuropathophysiology in an MEG case study of childhood focal epilepsy. We 

validate aperiodic 1/f slope as a useful marker of E:I balance in focal epilepsy and extend 

these findings by highlighting two key aspects of altered body-brain coupling: First, 

characteristic hyperexcitability could be observed in the coupling between respiration and non-

oscillatory read-outs of excitation-inhibition balance. Compared to neurotypical controls, 

breathing-related increases of cortical excitability were observed twice as frequently, namely 

during both inspiration-to-expiration and expiration-to-inspiration transitions. Second, not only 

did interictal epileptiform activity occur during periods of particularly high excitation, but pre-

spike E:I upregulation was specifically linked to respiratory transition phases. This triadic link 

between breathing, excitability, and spike activity, including the close connection between ictal 

and interictal activity [4,5], connects to the long-standing observation that seizures in childhood 

generalised epilepsy can reliably be triggered by hyperventilation [27]; [28]. One central 

mechanism hypothesised to provoke these seizures is respiratory alkalosis, i.e. breathing-

related transient states of elevated arterial pH [29]. Fluctuations in CO2 are inversely related 

to tissue acidity (pH) with lowered pH causing an increase in extracellular adenosine [30]. 

Following the proposal that CO2-induced changes in neural excitability are caused by pH-

dependent modulation of adenosine and ATP levels [31], Salvati and colleagues [32] recently 

demonstrated pH sensitivity in seizure-generating circuits of a seizure-prone rodent model for 

absence epilepsy. In a non-clinical context, we and others have previously discussed such 

pH-related changes as one potential driver of respiration-related modulations in neural activity 

[33,34]. At this point, mechanistic considerations are critically informed by the distinction of 

nasal vs oral breathing pathways: Respiratory coupling of neural oscillations is dependent on 

initial oscillatory activity in the olfactory bulb (see [23]), as evident from the absence of coupling 

in bulbectomised animals [35]. Accordingly, respiratory modulations of brain oscillations 
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dissipate during oral breathing in humans [36]. For non-oscillatory activity, on the other hand, 

we recently found no differences in respiration phase-locked effects between nasal and oral 

breathing [19]. We therefore suggested that respiratory links to oscillatory vs. non-oscillatory 

brain activity may reflect different underlying mechanisms of central-peripheral coupling. In 

line with rodent work by Salvati and colleagues [32], the present application in focal epilepsy 

suggests an intricate interplay of respiration phase-locked changes in excitation and the 

consequential susceptibility for IED generation.  

While this case report is certainly limited in its generalisability, we hope it will spark interest in 

subsequent work on body-brain coupling and E:I balance in epilepsy. Here, it is important to 

acknowledge the complexity and diversity within the group of epilepsy disorders. Conceivably, 

it will be instrumental to consider how both type-specific alterations (e.g. network connectivities 

with strong links to the epileptogenic zone) as well common denominators across epilepsy 

types (e.g. E:I imbalance and IEDs) systematically interact with peripheral rhythms. 

 

Methods 

Case description. A 25 year old man sustained a perinatal left middle cerebral artery infarct, 

resulting in a left hemispheric porencephalic cyst and a spastic paresis of the right upper 

extremity. Seizures started at 8 years of age. The patient describes an involuntary gaze and 

head deviation to the right. Subsequent symptoms may include loss of awareness and tonic 

clonic activity in all extremities. Scalp Video EEG using 50 digitized electrodes according to 

the international 10-10 system revealed a monomorphic left frontocentral spike focus with 

electrographic maximum at electrodes FC1>Cz>C3>CP1. Habitual seizures were recorded 

with onset in the left frontocentral region. Electrical source analysis (dipole and CLARA source 

models) based on 12089 averaged spikes localised the centre of gravity to the left  mesial 

frontal region, immediately adjacent to the wall of the porencephalic cyst.  

 

Ethics statement. The study was conducted in accordance with the Declaration of Helsinki 

and approved by the institution’s ethical review board (approval 25.05.2021, Ref. No. 2021-

290-f-S). The patient gave written informed consent for his anonymised data to be used in 

scientific publications. 

 

Data acquisition and procedure. We simultaneously recorded MEG and respiratory data (6 

runs of 8 min duration each) in a magnetically shielded room with the patient in supine position 

to reduce head movements. MEG data was acquired using a 275-channel whole-head system 

(OMEGA 275, VSM Medtech Ltd., Vancouver, Canada) at a sampling frequency of 2400 Hz. 

During recording, the patient was simply instructed to relax while lying down (see [37]). To 
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minimise head movement, the patient’s head was stabilised with cotton pads inside the MEG 

helmet. The patient was instructed to breathe naturally through the nose while the respiratory 

signal was measured as thoracic circumference by means of a respiration belt transducer 

(BIOPAC Systems, Goleta, USA) placed around his chest. 

 

Neurotypical control population. Forty healthy volunteers (21 female, age 25.1 ± 2.7 y [M ± 

SD]) were used as a neurotypical control population (data from [19]). All participants reported 

having no respiratory or neurological diseases and gave written informed consent prior to all 

experimental procedures. The original study was approved by the local ethics committee of 

the University of Münster (Ref. No. 2018-068-f-S). All participants provided written informed 

consent and received financial compensation for their participation in the study. Participants 

were seated upright in a magnetically shielded room while we simultaneously recorded 5 

minutes of MEG and respiratory data with a sampling frequency of 600 Hz. Recordings took 

place in the same MEG scanner and with the same respiration belt as the patient recordings. 

During recording, participants were to keep their eyes on a fixation cross centred on a projector 

screen placed in front of them. The preprocessing and analysis steps described below were 

identical for patient and control data.   

 

MEG preprocessing. All MEG and respiratory data preprocessing was done in Fieldtrip for 

Matlab. Prior to statistical comparisons, we adapted the synthetic gradiometer order to the 

third order for better MEG noise balancing. Data were resampled to 300 Hz and power line 

artefacts were removed using a discrete Fourier transform (DFT) filter on the line frequency of 

50 Hz and its harmonics (including spectrum interpolation). Finally, we applied independent 

component analysis (ICA) on the filtered data to capture and remove eye blinks and cardiac 

artefacts within the first 20 extracted components.  

 

Respiratory preprocessing. After resampling to 300 Hz, points of peak inspiration (peaks) 

and expiration (troughs) were identified in the normalised respiration time course using 

Matlab’s findpeaks function. Phase angles were linearly interpolated from trough to peak (−π 

to 0) and peak to trough (0 to π) to yield respiration cycles centred around peak inspiration 

(i.e., phase 0). 

Head movement correction. In order to rule out head movement as a potential confound, we 

used a correction method established by Stolk and colleagues [38]. This method uses the 

accurate online head movement tracking that is performed by our acquisition system during 

MEG recordings. Six continuous signals (temporally aligned with the MEG signal) represent 

the x, y, and z coordinates of the head centre (Hx, Hy, Hz) and the three rotation angles (Hψ, 
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Hθ, Hφ) that together fully describe head movement. We constructed a regression model 

comprising these six ‘raw’ signals as well as their derivatives and, from these 12 signals, the 

first-, second-, and third-order non-linear regressors to compute a total of 36 head movement-

related regression weights (using a third-order polynomial fit to remove slow drifts). This 

regression analysis was performed on the power spectra of single-sensor time courses to 

remove signal components that can be explained by translation or rotation of the head with 

respect to the MEG sensors.  

Respiration-locked estimations of 1/f slope. We defined a parieto-occipital region of 

interest for movement-corrected MEG (k = 41 sensors, taken from [19]. Single-sensor time 

series within this ROI were entered into the SPRiNT algorithm [26] with default parameter 

settings and subsequently averaged. In short, SPRiNT is based on the specparam algorithm 

[25] and uses a short-time Fourier transform (frequency range 1-40 Hz) to compute aperiodic 

and periodic components of neural time series within a moving window (width of 1 s, 75% 

overlap between two neighbouring windows). Due to the slow nature of the respiratory signal, 

we did not average between neighbouring windows at this point.          

SPRiNT thus yielded time series of both aperiodic (i.e., 1/f exponent) with a temporal 

resolution of 250 ms and a frequency resolution of 1 Hz. In order to relate these time series to 

the respiratory signal, we extracted respiratory phase at all time points for which slope and 

power were fitted (i.e., the centres of each moving window). In keeping with previous work 

[17,20], we partitioned the entire respiratory cycle (-π to π) into n = 60 equidistant, overlapping 

phase bins. Moving along the respiration cycle in increments of Δω = π/30, we collected all 

SPRiNT outputs (i.e., slope fits) computed at a respiration angle of ω ± π/10. At this point, we 

computed bin-wise averages of 1/f slope, yielding quasi-continuous ‘phase courses’ of 

aperiodic neural signals.   

Confidence intervals for the empirical slope estimates were computed as follows: We first 

constructed a surrogate respiration time series using the iterated amplitude-adjusted Fourier 

transform (IAAFT; [39]). In contrast to shuffling the respiration time series, this iterative 

procedure preserves the temporal autocorrelation of the signal, which is critical for 

constructing a fitting null distribution. From these IAAFT-transformed respiration time series, 

we extracted the surrogate respiratory phase values corresponding to each slope estimation 

from SPRiNT. In keeping with the approach above, we finally binned all SPRiNT outputs into 

n = 60 phase bins and computed the bin-wise average slope fit to yield a ‘null time series’ of 

1/f slope over surrogate respiration phase. This procedure was repeated 5000 times and 

resulted in a null distribution of 5000 surrogate 1/f slope estimates x 60 phase bins.  
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Statistical analysis of 1/f slope. We used a Hodges-Ajne test provided by the circstat toolbox 

[40] to evaluate whether the difference vector of patient vs control courses of 1/f slope would 

be uniform across the respiration cycle. Separately for patient and control data, we then used 

a Wilcoxon rank sum test to compare ROI-averaged 1/f slopes during respiratory transition 

phases (i.e., inspiration to expiration and vice versa) and non-transition phases (i.e., during 

ongoing inspiration and expiration, respectively). Transition phases (see Fig. 1d) were defined 

as [-π/4 to π/4] (inspiration-to-expiration transition) and [¾ π to -¾ π] (expiration-to-

inspiration). Aiming to quantify the difference in distributions of 1/f over respiration phase 

between patient and controls, we used Matlab’s fit function to obtain ideal linear sine fits for 

both slope distributions. 

IED-locked statistical analysis. Time points of IED peaks were marked in the raw MEG time 

series by an experienced epileptologist (KU). For the IED-locked analysis of 1/f slope and 

respiration phase, we first identified a set of n = 6 sensors which most clearly showed spike 

activity in the raw data. In addition to visual inspection of the raw data, we quantified the 

amplitude of spikes as the variance within each sensor’s normalised time series in a 250ms 

time window around the spike peak. We computed the cumulative density function across all 

sensors (sorted by accumulated variance across spikes) and defined a cutoff at the elbow of 

that distribution. For the resulting region of interest, we computed event-locked 1/f slope 

estimates from single-sensor time-series ± 1000ms around the spike peaks using the 

approach outlined above. Averaging across individual sensors yielded ROI-average slope 

estimates for 1000ms-time windows centred around lags of -500ms, -250ms, 0ms, 250ms, 

and 500ms relative to the peaks of n = 74 spikes.   

Mean slope differences across lags were assessed with a Kruskal-Wallis test and subsequent 

single comparisons (using Matlab’s multcompare function). To analyse the effects of lag and 

respiration phase on 1/f slope, we set up a model comparison of two linear mixed-effects 

models (LMEMs). The first (base) model only included the lag effect and was defined (in 

Wilkinson notation) as 

    slope ~ lag² - lag + (1| spike)                            (1) 

For each spike event, the model predicted 1/f slope estimates as a combination of intercept 

and the quadratic fixed effect of lag. The random effect for spike was included to allow for 

variation in modulation effects across single spikes.   
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For comparison, a second LMEM including categorical respiratory information (transition vs 

non-transition bin) for each spike and lag plus select interaction terms was defined as 

     slope ~ lag² - lag + phase bin + lag²:phase bin + (1| spike)           (2) 

Thus, the second model yielded coefficients for the quadratic fixed effect of lag and fixed effect 

of respiration phase bin as well as interaction effects. We used Matlab’s compare function to 

test whether including respiratory information would significantly increase the LMEM fit 

(accounting for the additional effects) by means of a theoretical likelihood ratio test.  

 

Data availability 

Fully anonymized data that support the findings of this study are available from the first author 

upon request.  

 

References 

1. Rosenow, F., and Lüders, H. (2001). Presurgical evaluation of epilepsy. Brain 124, 1683–

1700. 

2. Engel, J. (2013). Seizures and epilepsy (Oxford University Press). 

3. Karoly, P.J., Freestone, D.R., Boston, R., Grayden, D.B., Himes, D., Leyde, K., 

Seneviratne, U., Berkovic, S., O’Brien, T., and Cook, M.J. (2016). Interictal spikes and 

epileptic seizures: their relationship and underlying rhythmicity. Brain 139, 1066–1078. 

4. Diamond, J.M., Withers, C.P., Chapeton, J.I., Rahman, S., Inati, S.K., and Zaghloul, K.A. 

(2023). Interictal discharges in the human brain are travelling waves arising from an 

epileptogenic source. Brain 146, 1903–1915. 

5. Aydin, Ü., Rampp, S., Wollbrink, A., Kugel, H., Cho, J.H., Knösche, T.R., Grova, C., 

Wellmer, J., and Wolters, C.H. (2017). Zoomed MRI Guided by Combined EEG/MEG 

Source Analysis: A Multimodal Approach for Optimizing Presurgical Epilepsy Work-up 

and its Application in a Multi-focal Epilepsy Patient Case Study. Brain Topogr. 30, 417–

433. 

6. Turrigiano, G.G., and Nelson, S.B. (2004). Homeostatic plasticity in the developing 

nervous system. Nat. Rev. Neurosci. 5, 97–107. 

7. Xue, M., Atallah, B.V., and Scanziani, M. (2014). Equalizing excitation-inhibition ratios 

across visual cortical neurons. Nature 511, 596–600. 

8. Gao, R., Peterson, E.J., and Voytek, B. (2017). Inferring synaptic excitation/inhibition 

balance from field potentials. Neuroimage 158, 70–78. 

9. Voytek, B., Kramer, M.A., Case, J., Lepage, K.Q., Tempesta, Z.R., Knight, R.T., and 

Gazzaley, A. (2015). Age-Related Changes in 1/f Neural Electrophysiological Noise. J. 

Neurosci. 35, 13257–13265. 

10. Badawy, R.A.B., Curatolo, J.M., Newton, M., Berkovic, S.F., and Macdonell, R.A.L. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/554327
https://sciwheel.com/work/bibliography/554327
https://sciwheel.com/work/bibliography/554327
https://sciwheel.com/work/bibliography/554327
https://sciwheel.com/work/bibliography/15253339
https://sciwheel.com/work/bibliography/5586100
https://sciwheel.com/work/bibliography/5586100
https://sciwheel.com/work/bibliography/5586100
https://sciwheel.com/work/bibliography/5586100
https://sciwheel.com/work/bibliography/5586100
https://sciwheel.com/work/bibliography/15243063
https://sciwheel.com/work/bibliography/15243063
https://sciwheel.com/work/bibliography/15243063
https://sciwheel.com/work/bibliography/15243063
https://sciwheel.com/work/bibliography/15243063
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/141326
https://sciwheel.com/work/bibliography/141326
https://sciwheel.com/work/bibliography/141326
https://sciwheel.com/work/bibliography/141326
https://sciwheel.com/work/bibliography/429977
https://sciwheel.com/work/bibliography/429977
https://sciwheel.com/work/bibliography/429977
https://sciwheel.com/work/bibliography/429977
https://sciwheel.com/work/bibliography/3890013
https://sciwheel.com/work/bibliography/3890013
https://sciwheel.com/work/bibliography/3890013
https://sciwheel.com/work/bibliography/3890013
https://sciwheel.com/work/bibliography/763476
https://sciwheel.com/work/bibliography/763476
https://sciwheel.com/work/bibliography/763476
https://sciwheel.com/work/bibliography/763476
https://sciwheel.com/work/bibliography/763476
https://sciwheel.com/work/bibliography/6110576
https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/


(2007). Changes in cortical excitability differentiate generalized and focal epilepsy. Ann. 

Neurol. 61, 324–331. 

11. van Heumen, S., Moreau, J.T., Simard-Tremblay, E., Albrecht, S., Dudley, R.W., and 

Baillet, S. (2021). Case Report: Aperiodic Fluctuations of Neural Activity in the Ictal MEG 

of a Child With Drug-Resistant Fronto-Temporal Epilepsy. Front. Hum. Neurosci. 15, 

646426. 

12. Jacobs, J., Staba, R., Asano, E., Otsubo, H., Wu, J.Y., Zijlmans, M., Mohamed, I., 

Kahane, P., Dubeau, F., Navarro, V., et al. (2012). High-frequency oscillations (HFOs) in 

clinical epilepsy. Prog. Neurobiol. 98, 302–315. 

13. Zijlmans, M., Jiruska, P., Zelmann, R., Leijten, F.S.S., Jefferys, J.G.R., and Gotman, J. 

(2012). High-frequency oscillations as a new biomarker in epilepsy. Ann. Neurol. 71, 169–

178. 

14. Tóth, K., Hofer, K.T., Kandrács, Á., Entz, L., Bagó, A., Erőss, L., Jordán, Z., Nagy, G., 

Sólyom, A., Fabó, D., et al. (2018). Hyperexcitability of the network contributes to 

synchronization processes in the human epileptic neocortex. J Physiol (Lond) 596, 317–

342. 

15. Pawley, A.D., Chowdhury, F.A., Tangwiriyasakul, C., Ceronie, B., Elwes, R.D.C., Nashef, 

L., and Richardson, M.P. (2017). Cortical excitability correlates with seizure control and 

epilepsy duration in chronic epilepsy. Ann. Clin. Transl. Neurol. 4, 87–97. 

16. McCormick, D., and Contreras, D. (2001). ON THE CELLULAR AND NETWORK BASES 

OF EPILEPTIC SEIZURES. 

17. Kluger, D.S., and Gross, J. (2021). Respiration modulates oscillatory neural network 

activity at rest. PLoS Biol. 19, e3001457. 

18. Perl, O., Ravia, A., Rubinson, M., Eisen, A., Soroka, T., Mor, N., Secundo, L., and Sobel, 

N. (2019). Human non-olfactory cognition phase-locked with inhalation. Nat. Hum. Behav. 

3, 501–512. 

19. Kluger, D.S., Forster, C., Abbasi, O., Chalas, N., Villringer, A., and Gross, J. (2023). 

Modulatory dynamics of periodic and aperiodic activity in respiration-brain coupling. Nat. 

Commun. 14, 4699. 

20. Kluger, D.S., Balestrieri, E., Busch, N.A., and Gross, J. (2021). Respiration aligns 

perception with neural excitability. eLife 10. 

21. Quadt, L., Critchley, H.D., and Garfinkel, S.N. (2018). The neurobiology of interoception 

in health and disease. Ann. N. Y. Acad. Sci. 1428, 112–128. 

22. Heck, D.H., Correia, B.L., Fox, M.B., Liu, Y., Allen, M., and Varga, S. (2022). Recent 

insights into respiratory modulation of brain activity offer new perspectives on cognition 

and emotion. Biol. Psychol. 170, 108316. 

23. Brændholt, M., Kluger, D.S., Varga, S., Heck, D.H., Gross, J., and Allen, M.G. (2023). 

Breathing in waves: Understanding respiratory-brain coupling as a gradient of predictive 

oscillations. Neurosci. Biobehav. Rev. 152, 105262. 

24. Mahjoory, K., Schoffelen, J.-M., Keitel, A., and Gross, J. (2020). The frequency gradient 

of human resting-state brain oscillations follows cortical hierarchies. eLife 9. 

25. Donoghue, T., Haller, M., Peterson, E.J., Varma, P., Sebastian, P., Gao, R., Noto, T., 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/6110576
https://sciwheel.com/work/bibliography/6110576
https://sciwheel.com/work/bibliography/6110576
https://sciwheel.com/work/bibliography/6110576
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/11360571
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/1646823
https://sciwheel.com/work/bibliography/969885
https://sciwheel.com/work/bibliography/969885
https://sciwheel.com/work/bibliography/969885
https://sciwheel.com/work/bibliography/969885
https://sciwheel.com/work/bibliography/969885
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4755966
https://sciwheel.com/work/bibliography/4297267
https://sciwheel.com/work/bibliography/4297267
https://sciwheel.com/work/bibliography/4297267
https://sciwheel.com/work/bibliography/4297267
https://sciwheel.com/work/bibliography/4297267
https://sciwheel.com/work/bibliography/15150889
https://sciwheel.com/work/bibliography/15150889
https://sciwheel.com/work/bibliography/15150889
https://sciwheel.com/work/bibliography/12155449
https://sciwheel.com/work/bibliography/12155449
https://sciwheel.com/work/bibliography/12155449
https://sciwheel.com/work/bibliography/12155449
https://sciwheel.com/work/bibliography/6619630
https://sciwheel.com/work/bibliography/6619630
https://sciwheel.com/work/bibliography/6619630
https://sciwheel.com/work/bibliography/6619630
https://sciwheel.com/work/bibliography/15222218
https://sciwheel.com/work/bibliography/15222218
https://sciwheel.com/work/bibliography/15222218
https://sciwheel.com/work/bibliography/15222218
https://sciwheel.com/work/bibliography/15222218
https://sciwheel.com/work/bibliography/12278908
https://sciwheel.com/work/bibliography/12278908
https://sciwheel.com/work/bibliography/12278908
https://sciwheel.com/work/bibliography/12278908
https://sciwheel.com/work/bibliography/5514695
https://sciwheel.com/work/bibliography/5514695
https://sciwheel.com/work/bibliography/5514695
https://sciwheel.com/work/bibliography/5514695
https://sciwheel.com/work/bibliography/13259337
https://sciwheel.com/work/bibliography/13259337
https://sciwheel.com/work/bibliography/13259337
https://sciwheel.com/work/bibliography/13259337
https://sciwheel.com/work/bibliography/13259337
https://sciwheel.com/work/bibliography/15150981
https://sciwheel.com/work/bibliography/15150981
https://sciwheel.com/work/bibliography/15150981
https://sciwheel.com/work/bibliography/15150981
https://sciwheel.com/work/bibliography/15150981
https://sciwheel.com/work/bibliography/9528829
https://sciwheel.com/work/bibliography/9528829
https://sciwheel.com/work/bibliography/9528829
https://sciwheel.com/work/bibliography/9528829
https://sciwheel.com/work/bibliography/10090013
https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/


Lara, A.H., Wallis, J.D., Knight, R.T., et al. (2020). Parameterizing neural power spectra 

into periodic and aperiodic components. Nat. Neurosci. 23, 1655–1665. 

26. Wilson, L.E., da Silva Castanheira, J., and Baillet, S. (2022). Time-resolved 

parameterization of aperiodic and periodic brain activity. eLife 11. 

27. Sadleir, L.G., Farrell, K., Smith, S., Connolly, M.B., and Scheffer, I.E. (2006). 

Electroclinical features of absence seizures in childhood absence epilepsy. Neurology 67, 

413–418. 

28. Ma, X., Zhang, Y., Yang, Z., Liu, X., Sun, H., Qin, J., Wu, X., and Liang, J. (2011). 

Childhood absence epilepsy: Electroclinical features and diagnostic criteria. Brain Dev. 

33, 114–119. 

29. Laffey, J.G., and Kavanagh, B.P. (2002). Hypocapnia. N. Engl. J. Med. 347, 43–53. 

30. Ito, H., Kanno, I., Ibaraki, M., Hatazawa, J., and Miura, S. (2003). Changes in human 

cerebral blood flow and cerebral blood volume during hypercapnia and hypocapnia 

measured by positron emission tomography. J. Cereb. Blood Flow Metab. 23, 665–670. 

31. Dulla, C.G., Dobelis, P., Pearson, T., Frenguelli, B.G., Staley, K.J., and Masino, S.A. 

(2005). Adenosine and ATP link PCO2 to cortical excitability via pH. Neuron 48, 1011–

1023. 

32. Salvati, K.A., Souza, G.M.P.R., Lu, A.C., Ritger, M.L., Guyenet, P., Abbott, S.B., and 

Beenhakker, M.P. (2022). Respiratory alkalosis provokes spike-wave discharges in 

seizure-prone rats. eLife 11. 

33. Kluger, D.S., and Gross, J. (2020). Depth and phase of respiration modulate cortico-

muscular communication. Neuroimage 222, 117272. 

34. Xu, F., Uh, J., Brier, M.R., Hart, J., Yezhuvath, U.S., Gu, H., Yang, Y., and Lu, H. (2011). 

The influence of carbon dioxide on brain activity and metabolism in conscious humans. J. 

Cereb. Blood Flow Metab. 31, 58–67. 

35. Ito, J., Roy, S., Liu, Y., Cao, Y., Fletcher, M., Lu, L., Boughter, J.D., Grün, S., and Heck, 

D.H. (2014). Whisker barrel cortex delta oscillations and gamma power in the awake 

mouse are linked to respiration. Nat. Commun. 5, 3572. 

36. Zelano, C., Jiang, H., Zhou, G., Arora, N., Schuele, S., Rosenow, J., and Gottfried, J.A. 

(2016). Nasal respiration entrains human limbic oscillations and modulates cognitive 

function. J. Neurosci. 36, 12448–12467. 

37. Baud, M.O., Kleen, J.K., Mirro, E.A., Andrechak, J.C., King-Stephens, D., Chang, E.F., 

and Rao, V.R. (2018). Multi-day rhythms modulate seizure risk in epilepsy. Nat. Commun. 

9, 88. 

38. Stolk, A., Todorovic, A., Schoffelen, J.-M., and Oostenveld, R. (2013). Online and offline 

tools for head movement compensation in MEG. Neuroimage 68, 39–48. 

39. Theiler, J., Eubank, S., Longtin, A., Galdrikian, B., and Doyne Farmer, J. (1992). Testing 

for nonlinearity in time series: the method of surrogate data. Physica D: Nonlinear 

Phenomena 58, 77–94. 

40. Berens, P. (2009). circstat : a MATLAB toolbox for circular statistics. J. Stat. Softw. 31. 

 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/10090013
https://sciwheel.com/work/bibliography/13825083
https://sciwheel.com/work/bibliography/13825083
https://sciwheel.com/work/bibliography/13825083
https://sciwheel.com/work/bibliography/13825083
https://sciwheel.com/work/bibliography/10195839
https://sciwheel.com/work/bibliography/10195839
https://sciwheel.com/work/bibliography/10195839
https://sciwheel.com/work/bibliography/10195839
https://sciwheel.com/work/bibliography/10195839
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/15193350
https://sciwheel.com/work/bibliography/2979961
https://sciwheel.com/work/bibliography/2979961
https://sciwheel.com/work/bibliography/2979961
https://sciwheel.com/work/bibliography/8666108
https://sciwheel.com/work/bibliography/8666108
https://sciwheel.com/work/bibliography/8666108
https://sciwheel.com/work/bibliography/8666108
https://sciwheel.com/work/bibliography/8666108
https://sciwheel.com/work/bibliography/1519506
https://sciwheel.com/work/bibliography/1519506
https://sciwheel.com/work/bibliography/1519506
https://sciwheel.com/work/bibliography/1519506
https://sciwheel.com/work/bibliography/1519506
https://sciwheel.com/work/bibliography/12713060
https://sciwheel.com/work/bibliography/12713060
https://sciwheel.com/work/bibliography/12713060
https://sciwheel.com/work/bibliography/12713060
https://sciwheel.com/work/bibliography/12713060
https://sciwheel.com/work/bibliography/9512568
https://sciwheel.com/work/bibliography/9512568
https://sciwheel.com/work/bibliography/9512568
https://sciwheel.com/work/bibliography/9512568
https://sciwheel.com/work/bibliography/4798504
https://sciwheel.com/work/bibliography/4798504
https://sciwheel.com/work/bibliography/4798504
https://sciwheel.com/work/bibliography/4798504
https://sciwheel.com/work/bibliography/4798504
https://sciwheel.com/work/bibliography/3434309
https://sciwheel.com/work/bibliography/3434309
https://sciwheel.com/work/bibliography/3434309
https://sciwheel.com/work/bibliography/3434309
https://sciwheel.com/work/bibliography/3434309
https://sciwheel.com/work/bibliography/2798911
https://sciwheel.com/work/bibliography/2798911
https://sciwheel.com/work/bibliography/2798911
https://sciwheel.com/work/bibliography/2798911
https://sciwheel.com/work/bibliography/2798911
https://sciwheel.com/work/bibliography/4761556
https://sciwheel.com/work/bibliography/4761556
https://sciwheel.com/work/bibliography/4761556
https://sciwheel.com/work/bibliography/4761556
https://sciwheel.com/work/bibliography/6049603
https://sciwheel.com/work/bibliography/6049603
https://sciwheel.com/work/bibliography/6049603
https://sciwheel.com/work/bibliography/6049603
https://sciwheel.com/work/bibliography/4895677
https://sciwheel.com/work/bibliography/4895677
https://sciwheel.com/work/bibliography/4895677
https://sciwheel.com/work/bibliography/4895677
https://sciwheel.com/work/bibliography/4895677
https://sciwheel.com/work/bibliography/3055346
https://sciwheel.com/work/bibliography/3055346
https://sciwheel.com/work/bibliography/3055346
https://sciwheel.com/work/bibliography/3055346
https://sciwheel.com/work/bibliography/3055346
https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/


Acknowledgements 

The authors would like to thank Karin Wilken, Ute Trompeter, and Hildegard Deitermann for 

their assistance during data collection. DSK is supported by the IMF (KL 1 2 22 01) and the 

DFG (KL 3580/1-1). CS is supported by the DFG (GR 2024/11 -1.) JG is supported by the 

DFG (GR 2024/11-1, GR 2024/12-1). TE, MBH, and CHW are supported by the Bundes-

ministerium für Gesundheit (BMG) as project ZMI1-2521FSB006, under the frame of ERA 

PerMed as project ERAPERMED2020-227, and by the DFG (WO 1425/10-1). We 

acknowledge support from the Open Access Publication Fund of the University of Münster. 

 

 

Author contributions statement 

Conceptualisation, DSK; Methodology, DSK, JG; Investigation, TE, TW; Data Curation, TE, 

KU; Formal Analysis, DSK; Writing – Original Draft, DSK, CS, KU, TW, JG, CHW; Writing – 

Review & Editing, DSK, TE, CS, MBH, MS, KU, TW, JW, JG, CHW; Visualisation, DSK, TE, 

CHW; Funding Acquisition, DSK, JG, CHW.  

 

Competing interests statement 

The authors declare no competing interests. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555061doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.28.555061
http://creativecommons.org/licenses/by-nc/4.0/

