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Abstract

Bodily rhythms such as respiration are increasingly acknowledged to modulate neural
oscillations underlying human action, perception, and cognition. Conversely, the link between
respiration and aperiodic brain activity — a non-oscillatory reflection of excitation-inhibition (E:I)
balance — has remained unstudied. Aiming to disentangle potential respiration-related
dynamics of periodic and aperiodic activity, we applied novel algorithms of time-resolved
parameter estimation to resting-state M/EEG data from two recording sites (N = 78).
Our findings highlight the role of respiration as a physiological influence on brain signalling.
We provide first evidence that fluctuations of aperiodic brain activity (1/f slope) are phase-
locked to the respiratory cycle which strongly suggests that spontaneous state shifts of
excitation-inhibition balance are at least partly influenced by peripheral bodily signals.
Moreover, differential temporal dynamics in their coupling to non-oscillatory and oscillatory
activity point towards a functional distinction in the way each component is related to

respiration.
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Introduction

Recent years have seen a surge in reports of respiration as a modulator of brain signalling -
at least partly through modulation of rhythmic brain activity 1. These respiration-modulated
brain oscillations (RMBOs) have been localised within a widespread network across the cortex
2 and are increasingly being linked to changes in motor function >4, cognitive processing %7,
and fundamental aspects of perception &°. One candidate mechanism by which respiration
(and other bodily signals such as the cardiac rhythm; see e.g. 1°) is thought to coordinate brain
signalling is cortical excitability, a dynamic brain state indexing neural populations’ readiness
to become activated. This proposal rests on findings from intracranial animal studies
demonstrating that respiration modulates spike rates in a variety of brain regions 13,
Moreover, one recent study ° directly investigated respiratory modulation of excitability
(measured as parieto-occipital alpha power desynchronisation) during low-level visual
perception. Alpha oscillations drive the functional inhibition of excitatory input to the visual
cortex in a feed-forward mechanism, effectively modulating the overall excitability of the
occipital network #1° In other words, the alpha rhythm in particular constitutes a profound
oscillatory influence on the balance between excitation and inhibition in visual perception, as
evident from its modulation of single-unit firing rates 6, local field potentials "¢, and
hemodynamic activity 1°2°,

Critically, brain activity is not entirely oscillatory: One can distinguish its genuinely periodic,
oscillatory component from an underlying stationary, aperiodic component typically showing a
characteristic 1/f dependence of power and frequency (meaning that lower frequencies carry
higher power 2%). In fact, 1/f slope (i.e., the dominance of low-frequency power) is by no means
just an epiphenomenon of neural power spectra, but does reflect meaningful characteristics
of brain function. Most relevantly, the ‘steepness’ of the aperiodic component has been shown
to reflect the dynamics of excitation-inhibition (E:l) balance %223, with steeper 1/f slope
indicating a stronger influence of inhibitory activity.

While sophisticated algorithms exist to disentangle periodic and aperiodic components of
neural power spectra 4, time-resolved estimations of 1/f slope in particular have proven
computationally expensive and lacked empirical validation. Consequently, the selective
dynamics linking peripheral signals (such as respiration) to periodic and aperiodic neural
activity are entirely unstudied. Meanwhile, the recent introduction of the SPRINT toolbox %
provides methodological advances that allow us to parameterize stationary and oscillatory
brain activity dynamically over time. Here, we apply these algorithms in the realm of human
body-brain interactions to test for the first time the hypothesis that 1/f slope as a marker of

excitation-inhibition balance is modulated by respiration.
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Specifically, we used concurrent resting-state M/EEG and respiratory recordings in
populations from two recording sites (Minster, Leipzig) to investigate distinct respiratory
modulations of periodic and aperiodic brain activity. Our rationale was twofold: First, we aimed
to characterise respiration phase-locked changes of aperiodic 1/f slope over parieto-occipital
cortices to corroborate previous findings of excitability changes in visual perception °. Second,
we extended the scope for a general investigation of potentially independent modulations of
aperiodic and oscillatory components within the cortical RMBO network 2. Here, we patrticularly
aimed to assess whether both components of neural signalling would be modulated by
respiration and, if so, how these modulatory dynamics would be related to one another. Our
results highlight respiration as a slow physiological modulator of both periodic and aperiodic
cortical signalling, strengthening its previous implication in the regulation of excitability states.
Furthermore, the overall pattern of findings strongly suggests differential temporal dynamics
between the coupling of both components.

Results

We computed time-resolved fits of both aperiodic (1/f) and periodic (oscillatory) components
of resting-state brain activity to disentangle their dynamics in respiration-brain coupling. A
moving-window application of the novel SPRINT algorithm 2° and the underlying specparam
procedure ?* to MEG and EEG data yielded individual time courses of slope exponents
(reflecting the steepness of the slope) and periodic spectra for a total of N = 78 participants.
Concurrent respiration recordings allowed us to extract respiratory phase vectors that
corresponded to each of the moving windows. Next, we performed binning of respiratory
phase and bin-wise averaging of corresponding 1/f slope and periodic spectra on the group
level (see Fig. 1 and Methods for details). We then used these phase-specific estimates of
slope and periodic spectra to statistically test if and how periodic and aperiodic brain activity

is modulated by respiration.
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Fig. 1. Synopsis of acquired data and applied methods. a, At two separate sites, we simultaneously acquired
nasal respiration as well as eyes-open, resting-state MEG (IBB, Minster) and EEG data (MPI, Leipzig) in
continuous 5-min recordings. Respiratory phase was computed using two-way interpolation (int) of the normalised
raw respiration signal (peak-to-trough, trough-to-peak; top). After preprocessing, single-sensor/-channel M/EEG
data (bottom) were subjected to the SPRINT algorithm 25. Here, using a moving-window approach (window length
=1, 75% overlap between neighbouring windows), spectral components of neural time series are estimated using
a Fast Fourier transform. These frequency-domain data are then parameterized using the specparam algorithm 2*
which yields both aperiodic and periodic components of neural activity in that time window. Repeating this
procedure along the entire recording thus yields time-resolved fits of the aperiodic 1/f slope as well as time-resolved
periodic spectra ranging from 1 - 40 Hz. b, For each time point used as a moving-window centre in the SPRINT
algorithm, we then extracted the corresponding respiratory phase. This allowed us to sort all time-resolved slope
fits and periodic spectra according to the respiratory phase at which they were computed. In keeping with previous
work 2° we finally partitioned the respiration cycle into n = 60 equidistant phase bins and computed bin-wise
averages of slope fits and periodic spectra. This approach thus yielded quasi-continuous, respiration phase-
resolved courses of both periodic and aperiodic components of brain activity for each sensor/channel within each

participant.

Respiration modulates aperiodic neural activity over posterior cortices. The first analysis
was closely connected to a recent study showing respiration phase-dependent modulations of
cortical excitability in a visual detection task °. In line with a rich literature of visual perception
studies (see ?9), increased excitability was indexed by desynchronised alpha oscillations (i.e.,
lower alpha power corresponding to higher excitability). However, changes in alpha power can
be confounded by changes in the slope of aperiodic background activity ?* - itself a widely-
used measure of cortical excitability and excitation/inhibition balance 23. Therefore, we aimed
to disambiguate the effects of respiration on periodic and aperiodic brain activity and started

by first testing the hypothesis that respiration-induced changes of excitability are reflected in
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cyclic changes of the slope of aperiodic brain activity. For both MEG (Miinster) and EEG data
(Leipzig), we set up a linear mixed-effects model (LMEM) to predict individual 1/f slopes of
parieto-occipital average power spectra by respiration phase. A null distribution of the resulting
beta weights was constructed by re-computing the LMEM based on randomised individual
respiration time series k = 5000 times. For both data sets as well as for the pooled data, the
empirical group-level beta weight for respiratory phase exceeded all null beta weights (hence,
all p <.001), strongly indicating a significant overall influence of respiratory phase on aperiodic
neural signals over posterior cortices (Fig. 2). In order to characterise the temporal dynamics
of respiration phase-locked changes in 1/f slope, we repeated the binwise slope estimation as
outlined above, but this time on randomised respiration time courses. For each participant, we
thus generated k = 5000 ‘null slope estimations’ within each phase bin which we used to
extract percentiles for the empirical group-level bin averages relative to these binwise ‘null
averages’ (shown in Fig. 2; see Methods for details). For the pooled data from both recording
sites, we observed an increased slope exponent (i.e., steeper slope indicating stronger
inhibitory activity) around the expiration-to-inspiration transition (ranging from -162° to 113°).
Conversely, the slope exponent decreased (i.e., flatter slope indicating stronger excitatory
currents) around the inspiration-to-expiration transition in phase bins centred around -46°,
between -21° and -9°, and between 3° and 46° (Fig. 2). This general pattern was highly
consistent across both single-site data sets. Significant decreases and increases of 1/f slope

for each site can be found in Table 1.
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Fig. 2. Group-level respiration-locked modulation of aperiodic 1/f slope over parieto-occipital sensors.
Within each polar plot, coloured dots show respiration phase-dependent 1/f slope exponents gained from SPRINT
computations on MEG periodic spectra over parieto-occipital sensors or channels, respectively (see Methods for
details). Respiration phase (based on double interpolation of the normalised respiratory signal, see Methods) was

extracted for a total of n = 60 phase bins covering the entire respiration cycle between subsequent inhalations.
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Concentric columns of black dots indicate null distributions of group-level mean exponent values computed for
each phase bin based on random permutations of individual respiration signals (k = 5000 iterations). Black lines
indicate the 5™ and 95" percentile of each bin’s null distribution. Slope modulations are shown for 275-channel
MEG (IBB, left), 64-channel EEG (MPI, middle), and pooled data (right). Aperiodic exponents consistently
decreased during the late phase of inspiration (blue markings) and significantly increased during the late phase of
expiration (red markings). Overall significance of respiration phase-locked modulations was assessed by means of
permutation statistics: For each data set, the combined LMEM beta weight for the phase vector norm (i.e., sqrt(sin?
+ cos?)) is shown in light blue against a distribution of null betas (k = 5000) computed on randomised slope courses

(top right corners). Insp = inspiration, exp = expiration.

Table 1. Respiratory phase bins with a significant decrease or increase of 1/f slope over posterior sensors.
For each recording site, we report respiratory phase bins (given as bin centres or ranges) where the group-level
average slope exponent was lower than the 5™ percentile (decrease) or higher than the 95" percentile (increase)
of the bin-specific null distribution. For more details, see main text.

slope decrease slopeincrease
[-52 -40]° [76 95]°
IBB (MEG) -9° [119 143]°
[15 21]° 156°
168°
MPI (EEG) [3 46]° [131 -162]°
[58 64]°

Respiration-locked slope modulations are wide-spread, but strongest over posterior
sensors. The first analysis demonstrated a consistent pattern of respiration-locked 1/f slope
modulations over parieto-occipital sensors: The slope of aperiodic neural activity was not
uniform over the respiratory cycle, but systematically shifted in such a way that 1/f slope was
flattened around the inspiration-to-expiration transition and steeper around the expiration-to-
inspiration transition. In the next step, we aimed to i) broaden the scope to assess respiration-
locked slope changes across all M/EEG sensors and ii) characterise both direction and
strength of these modulations across the scalp.

For each participant, single-sensor 1/f slope courses across 60 respiratory phase bins were
extracted using the pipeline described above on single-sensor time series. For each of the N
= 275 MEG sensors (Minster) and N = 64 EEG channels (Leipzig), we then repeated the
combined LMEM and permutation approach (see above). Thus, for each sensor, the percentile
of the empirical beta weight (relative to its null distribution constructed from LMEMs on
randomised respiration) indicated significance of phase-locked 1/f slope changes. Group-level

average slope courses for n = 240 significant MEG sensors (top) and n = 53 significant EEG
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channels (bottom) are shown in Fig. 3a.

To quantify whether there was a consistent shift of 1/f slope across all channels, we computed
the circular mean of single-channel slope courses. The histograms in Fig. 3a illustrate a clear
shift towards the expiration-to-inspiration transition (i.e., phase bins around % ). Supporting
our parieto-occipital findings from above, Rayleigh tests on sensor-wise circular means
corroborated that single-sensor slope courses were not uniformly shifted to arbitrary
respiratory phases, but instead showed a consistent mean direction with the steepest slope
around * 11 for both recording sites (MEG: z = 126.86, p < .001; EEG: z = 14.38, p <.001). A
topographic representation of sensor-wise circular means is shown in Fig. 3b.

a single-sensor/channel b group-level average c strength of slope shifts
slope modulation slope shift (normalised vector norm)

MEG (IBB)
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Fig. 3. Single-sensor (MEG) and channel (EEG) modulation of 1/f slope. a, Polar plots shows group-level
averages of normalised single-sensor/channel slope modulation courses over the respiration cycle. LMEM revealed
1/f slope over respiration to significantly deviate from a uniform distribution in n = 240 out of 275 MEG sensors and
n = 53 out of 64 EEG channels. Only significant MEG sensors (top) and EEG channels are shown (bottom). Polar
histograms illustrate phase directions in which single-sensor/channel slope distributions were shifted (colour-coded
according to respiration phase). b, Topographic representations of significant shifts and their phase direction for
MEG sensors (top) and EEG channels (bottom). ¢, Population statistics quantifying the strength of the slope course
shifts seen in b. For each sensor/channel, we show the vector norm of LMEM beta weights for sine and cosine of
the respiratory phase (akin to a harmonic regression approach). These vector norms were normalised using the
mean and standard deviation of the null distribution and are thus given in z values (see Methods for details). Insp

= inspiration, exp = expiration.


https://doi.org/10.1101/2022.07.14.500026
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.14.500026; this version posted July 16, 2022. The copyright holder for this preprint
(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
made available under aCC-BY-NC-ND 4.0 International license.

Finally, in line with previous approaches 27, we quantified the strength of single-sensor phase-
locked slope modulations relative to their null distributions: For each sensor, we computed z-
scored LMEM beta weights by subtracting the mean of its ‘null beta’ distribution and dividing
by the corresponding standard deviation (see Methods). In both MEG and EEG topographies,
the strongest modulations of aperiodic neural activity were indeed observed over parieto-

occipital cortices (Fig. 3c).

Periodic and aperiodic components of the RMBO network are distinctly coupled to
respiration. In a final series of analyses, we aimed to disentangle the dynamics of respiratory
coupling to periodic (i.e., oscillatory) and aperiodic (i.e., non-oscillatory) components of neural
activity. So far, no investigation of respiration-brain coupling has directly considered either
phase-locked changes of E/I balance or its distinction from oscillatory modulations. To target
this question, we computed source-localised time series from the MEG data (mapped onto n
= 230 parcels taken from the HCP atlas ?7) and defined regions of interest according to the
original RMBO network publication 2. For a total of n = 10 ROIs (consisting of n = 23 HCP
parcels), we extracted respiration phase-locked 1/f slope as well as periodic spectra with the
1/f characteristic removed. For the computation of parcel-specific courses of aperiodic slope
over respiratory phase, we followed the sensor-level approach outlined above. The periodic
component was defined as the accumulated power of oscillatory peaks (between 1 - 40 Hz)

after the 1/f slope was removed from the respective periodic spectrum.

In keeping with our sensor-level analyses, we determined significance of respiration phase-
locked changes in slope and power by means of LMEMSs within each parcel of interest. Again,
each parcel’s empirical vector norm of LMEM beta weights for respiratory sine and cosine was
assessed relative to k = 500 null beta weights we extracted from LMEMs computed on
randomised respiration time series. Of the 23 parcels of interest, 18 parcels showed a
significant influence of respiration on 1/f slope. Significant phase-locked modulations of
oscillatory power (within frequencies from 1 - 40 Hz) were found for 19 parcels (see Fig. 4a).
Next, we investigated differences in temporal dynamics between respective slope and power
changes within each parcel. Specifically, we extracted the circular means of each parcel’s
slope and power courses (binned into n = 60 respiratory phase bins) to compute parcel-wise
phase differences between the two courses. In case slope and power were similarly modulated
by respiration, the mean phase difference across parcels would be (close to) zero. As shown
in the polar histogram in Fig. 4b, this was not the case. Since one potential drawback of the
circular mean is its insensitivity to multimodal distributions, we conducted a follow-up analysis

using Watson’s U? permutation statistics. This way, we tested whether slope and power


https://sciwheel.com/work/citation?ids=2798911,12155449&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1736902&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12155449&pre=&suf=&sa=0
https://doi.org/10.1101/2022.07.14.500026
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.14.500026; this version posted July 16, 2022. The copyright holder for this preprint
(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
made available under aCC-BY-NC-ND 4.0 International license.

courses of each parcel were drawn from the same distribution. For all parcels, U? tests
confirmed significant differences between the underlying distributions (all p < .001), providing
further evidence for differential modulatory dynamics of slope and power courses within the
RMBO network. Fig. 4c shows the mean absolute deviation as a descriptive measure of slope
and power modulation strengths within each ROI. Although these results are entirely
exploratory, dedicated future studies could investigate whether networks exhibit a preference
for periodic over aperiodic modulations (which appears to be the case for e.qg. the right frontal
eye field) or vice versa. Frequency band-specific oscillatory power for each parcel is illustrated
in Supplementary Fig. 1.
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Fig. 4. Source-level ROl modulation of 1/f slope and accumulated oscillatory power in the MEG. a, For each
cortical node of the RMBO network 2, we show the group-level average courses of 1/f slope exponents (left polar
plots) and accumulated spectral power after removal of the aperiodic component (1 - 40 Hz; right polar plots) over
the respiratory cycle. For ROIs comprising more than one parcel from the HCP atlas, slope and power courses are
superimposed for each individual parcel. In case the respective LMEM did not indicate significant modulation of
either slope or power within any given parcel, the corresponding time series are drawn with reduced opacity. For
significantly modulated parcels only, red and blue triangles indicate respective maxima and minima over the
respiratory cycle. b, Polar histogram shows phase differences between the circular means of slope and power
courses across parcels. The clear majority of non-zero phase differences were corroborated by Watson's U2
statistics indicating distinct temporal dynamics of slope and power modulations within each parcel (see main text).
¢, For each ROI, we show the mean absolute deviation as a descriptive measure of overall variability for normalised
slope (left) and power courses (right) over the respiratory cycle. For example, within the right frontal eye field
(orange), periodic activity appears to be modulated to a greater extent than aperiodic activity. TPJ = temporo-
parietal junction, ITG/STG = inferior/superior temporal gyrus, ANG = angular gyrus, FEF = frontal eye-field, TP =
temporal pole, SMA = supplementary motor area, OFC = orbitofrontal cortex, CUN = cuneus, LS = lingual sulcus,
ACC/PCC = anterior/posterior cingulate cortex, INS = insular cortex.
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Discussion

Our present findings highlight the role of respiration as a physiological modulator of neural
signalling. We provide first evidence that fluctuations of aperiodic brain activity are phase-
locked to the respiratory cycle which strongly suggests that spontaneous state shifts of
excitation-inhibition balance are at least partly influenced by peripheral bodily signals.
Moreover, differential temporal dynamics in their coupling to non-oscillatory and oscillatory
activity point towards a functional distinction in the way each component is related to

respiration.

Respiratory modulation of excitation-inhibition balance. While the mechanisms
underlying the 1/f characteristic of neural power spectra have yet to be fully understood 2%,
crossmodal evidence has highlighted its functional significance in several domains. Most
prominently, the steepness of the aperiodic slope (i.e., its exponent) has been shown to reflect
the balance between excitatory (E) and inhibitory (I) synaptic currents in computational 23,
pharmaceutical %, as well as optogenetic work 2°: The larger the exponent (i.e., steeper power
spectral slope), the stronger the inhibitory influence and vice versa *°. In general, constant E:|
balancing is essential to maintain neural homeostasis 3 so that the excitability within a
particular neural array remains at a critical state 32.

Facilitated by novel methodological advances, our present findings of respiration-locked
changes in E:l balance thus illuminate a previously inaccessible aspect of what is emerging
as a recurrent motif in respiration-brain coupling across species: Animal studies have shown
excitability 33 as well as spike rates 213 to covary with the respiratory cycle, prompting non-
invasive human work from our lab ° in which we linked respiratory phase to excitability of visual
cortices during low-level perception. Given that breathing is under conscious volitional control,
we adopted the theoretical perspective of predictive processing 3 to propose respiration as a
means to actively align the sampling of external sensory information with transient internal
states of increased excitability. This interpretation rests on the concept of active sensing * in
rodents which recently gained further support from a comprehensive demonstration by Karalis
and Sirota % : In a series of elaborate experiments, the authors dissected neural state
dynamics across cortical and subcortical sites in vivo. They found neocortical up and down
states during sleep and quiet rest to be modulated by respiratory phase, strongly suggesting
that breathing influences (sub-)cortical excitability in the sense of a pacemaker aligning neural
network dynamics. In line with our previous argument, the authors then conclude that this
respiratory modulation likely serves the “integration of exteroceptive and interoceptive inputs
[...] into coherent cognitive manifolds.” While the spontaneous aperiodic shifts of E:I balance

in our paradigm are not to be equated to the up and down states in quiescent animals shown
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by Karalis and Sirota 3¢, we propose that the shared observation of respiration phase-locked
state changes bears valuable insight into human respiration-brain coupling. Consequently, it
would be of particular interest to further understand the differential dynamics underlying

respiratory coupling to periodic and aperiodic brain activity.

Differential dynamics of respiration-brain coupling. Investigating the respiration phase-
locked changes in aperiodic vs periodic activity inevitably entails the more general distinction
of 1/f and genuine oscillations per se and how previous works have addressed one or the
other. To iterate, neural oscillations are narrowband, rhythmic components embedded within
a background of broadband, aperiodic activity which itself does not require any underlying
rhythmicity 3%, So far, studies of breath-brain interactions have neglected aperiodic 1/f
entirely and instead focussed on the coupling of respiratory and neural rhythms, most likely
for one of two reasons: First, the field simply lacked a validated approach for time-resolved
parameterization of aperiodic activity. Second, the proposed mechanism underlying
respiration-brain coupling in both animal and human studies critically relies on oscillatory
entrainment to the breathing rhythm. In short, the nasal airstream entrains neural activity within
the olfactory tract via mechanoreceptors, after which the phase of this infraslow rhythm is
coupled to the amplitude of faster oscillations 312, This propagation through phase-amplitude
coupling % has largely been quantified by measures of coupling strength such as the
modulation index (Ml #%). In order to determine coupling significance within a given frequency
band, the empirical Ml is evaluated relative to a null distribution constructed from Ml
computations based on a randomised respiratory time series. While this procedure effectively
removes the 1/f characteristic from the statistical comparison to facilitate the evaluation of
oscillatory coupling, it also regards the aperiodic signal as uninformative noise and prohibits
any conclusion with regard to non-oscillatory modulations. In contrast, the approach presented
here allows us to directly compare periodic and aperiodic modulations within neural networks,
which reveals striking similarities as well as intriguing distinctions between both components.
With regard to aperiodic activity, two main findings from our sensor-level analyses stood out:
One, the vast majority of MEG sensors and EEG channels showed significant modulation of
1/f slope, indicating a global, systematic coupling of aperiodic activity and respiratory phase.
Two, in both data sets, we observed a consistent shift of 1/f slope towards + 11 with strongest
modulations localised over posterior sensors. A spatial heterogeneity of aperiodic changes
has previously been reported 2442, with strongest slope exponents found over posterior
cortices. Such a posterior-to-anterior gradient conceivably increases parieto-occipital SNR,
which could facilitate the detection of respiration phase-locked changes. As for the pattern of
preferred respiratory phase around + 1, He and colleagues ** demonstrated a rich temporal

organisation of aperiodic (or ‘scale-free’) brain activity in ECoG recordings from epilepsy
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patients: Extending the concept of hierarchically nested oscillations 44, the authors showed
nested frequencies in aperiodic activity during quiet wakefulness; in other words, coupling of
low-frequency phase to high-frequency amplitude of 1/f slope. Intriguingly, the preferred phase
clustered around phases 0 and £ T, i.e., peaks and troughs of low-frequency fluctuations.
Moreover, after Laplacian transform, preferred phase consistently clustered around + 1 2.
Therefore, these results closely relate to our present findings in two ways: First, the phase-
amplitude coupling shown for scale-free activity precisely resembles the preferred phase of
both MEG and EEG sensor-level modulations. Second, we previously proposed slow bodily
rhythms (such as respiration) as a low-frequency extension of nested oscillations °. Overall,
these results strongly suggest that the principles of body-brain coupling not only apply to
oscillatory, but similarly to aperiodic brain activity as well. Fittingly, the aperiodic modulation
pattern reliably showed flatter slopes (i.e., increased excitation) towards the end of inspiration
as well as steeper slopes (i.e., more inhibition) towards the end of expiration (see Fig. 2 and
3). These aperiodic shifts of E:l state further corroborate previous findings of increased
excitability during inspiration ° and improved cognitive performance for stimuli presented
during the inspiratory phase .

If the proposed functional mechanisms of respiration-brain coupling were indeed to be
extended to include aperiodic brain activity, respiratory modulations of 1/f slope should be
flexibly adapted during cognitive or perceptual tasks to facilitate performance. A study by
Waschke and colleagues ?? recently provided convincing evidence that the aperiodic
component itself not only captured task-relevant attentional changes in E:l balance, but also
covaried with individual behavioural performance. Critically, the authors used anaesthetics to
distinguish between oscillatory (i.e., increased band-specific power) and non-oscillatory,
aperiodic changes in EEG spectra. In a similar vein, Donoghue et al. ?* stressed the
importance of disentangling periodic and aperiodic changes in neural activity in order to
recognise their potentially distinct contributions to observed effects.

In the present data, the preferred phase differences between source-level periodic and
aperiodic modulations within the RMBO network show at least partly distinguishable dynamics
between both components. This means that, e.g. within the SMA, maximum oscillatory power
occurs at a different respiratory phase than the steepest slope of the aperiodic component
(see Fig. 4), suggesting a more complex influence of respiration on neural signalling than
previously assumed. As these phase differences raise fundamental questions for future
research, we can only speculate as to what causes them. One hypothesis is that both periodic
and aperiodic modulations are in fact similarly coupled to respiratory phase, yet we observe
their effects at different phases due to different timings of their respective mechanisms. For
example, as discussed by Donoghue et al. ?, release (and reuptake) of excitatory and

inhibitory neurotransmitters like AMPA and GABA are known to contribute to the continuous
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E:l balance reflected in aperiodic brain activity. Conceivably, such higher-order fluctuations
take place on a different time scale than e.g. oscillatory coupling to single-cycle respiratory
phase, even if - hypothetically - changes on both levels were triggered by the same respiratory
event, e.g. inspiration onset. A second hypothesis would be that periodic and aperiodic
changes reflect modulation of two different respiration-related pathways: As outlined above,
while the respiratory rhythm itself is generated in the brain stem “°, oscillatory changes are
assumed to be induced by mechanosensory stimulation from the nasal airstream during
inspiration and expiration. In their predictive coding model of respiratory interoception, Allen
and colleagues “¢ recently proposed a deep control circuit of respiratory nuclei within the
brainstem to monitor ascending breath-by-breath dynamics sent via the vagus nerve. These
signals are thought to serve the longer-term maintenance of homeostatic parameters like
respiratory frequency and CO: levels. Therefore, it could be the case that respiration-related
changes in 1/f slope and oscillatory power reflect independent and/or additive feedforward and
feedback signals from anatomically separate pathways. Going forward, dedicated follow-up

studies are required to target the interplay of both components in greater detail.

Clinical implications and future directions. The present findings open multiple avenues for
future research, of which we want to briefly sketch two main directions. First, mechanistic
advances could be made in a replicative study which includes a contrast of nasal vs oral
respiration. The absence of phase-amplitude coupling driven by nasal airstreams during oral
breathing could conceivably reveal to what extent aperiodic changes rely on and/or interact
with oscillatory changes. As outlined above, it would further be highly instructive to
complement existing evidence of task-related 1/f slope changes 224’ by investigating their link
to respiration in behavioural cognitive or perceptual paradigms.

A second line of research should focus on potential translational applications of respiration-
brain coupling. While others have made a convincing case for studying respiratory involvement
in clinical contexts before (for an excellent review, see ), the results presented here
demonstrate a novel link between bodily signals and aperiodic neural activity. Importantly,
changes in 1/f slope itself - an indicator of E:l imbalance - have been implicated in neurological
and psychiatric disorders like Alzheimer’s disease *°, schizophrenia *°, autism spectrum
disorder 1, and epilepsy *2. Linking these known neural alterations to peripheral signals could

provide substantial insight into body-brain interactions in health and disease.
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Methods

Participants and data acquisition (MUnster). Forty right-handed volunteers (21 women, age
25.1 + 2.7 y (mean + SD)) participated in the study. All participants reported having no
respiratory or neurological disease and gave written informed consent prior to all experimental
procedures. The study was approved by the local ethics committee of the University of
Minster (approval 1D2018-068-f-S). Participants were seated upright in a magnetically
shielded room while we simultaneously recorded 5 minutes of MEG and respiratory data. MEG
data was acquired using a 275 channel whole-head system (OMEGA 275, VSM Medtech Ltd.,
Vancouver, Canada) at a sampling frequency of 600 Hz. During recording, participants were
to keep their eyes on a fixation cross centred on a projector screen placed in front of them. To
minimise head movement, participants’ heads were stabilised with cotton pads inside the MEG
helmet.

Participants were instructed to breathe naturally through their nose while the respiratory signal
was measured as thoracic circumference by means of a respiration belt transducer (BIOPAC
Systems, Goleta, USA) placed around their chest. Continuous monitoring via video ensured
participants were breathing through their nose instead of their mouth. Individual respiration
time courses were visually inspected for irregular breathing patterns such as breath holds or

unusual breathing frequencies, but no such artefacts were detected.

Participants and data acquisition (Leipzig). Thirty-eight healthy volunteers (18 female, age
27.1 + 4.0 y (mean = SD)) were recruited from the database of the Max Planck Institute for
Human Cognitive and Brain Sciences, Leipzig, Germany. Participants reported no history or
current neurological or psychological condition. The study was approved by the Ethical
Committee of the University of Leipzig’s Medical Faculty (No. 462-15-28082020). All
participants provided written informed consent and received financial compensation for their
participation in the study. Participants were seated upright in an EEG booth while 5 minutes

of EEG and respiration were recorded. EEG was recorded from 62 scalp positions distributed
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over both hemispheres according to the international 10-10 system, using a commercial EEG
acquisition system (ActiCap Snap, BrainAmp; Brain Products). The mid-frontal electrode
(FCz) was used as the reference and a mid-frontal electrode placed on the middle part of the
forehead (between FP1 and FP2) as ground. Electrode TP9 was used to measure ECG and
electrode TP10 captured eye movements. Electrode impedance was kept below 10 kQ for all
channels. EEG was sampled with a rate of 2.5 kHz and online bandpass-filtered between
0.015 - 1000 Hz. Participants were instructed to keep their eyes open and fixate a cross on
the screen in front of them to avoid excess eye movements. Participants were instructed to
breathe naturally while respiration was measured with a respiration belt transducer (BIOPAC
Systems, Goleta, USA) placed around the chest.

MRI acquisition and co-registration (Minster). For MEG source localisation, we obtained
high-resolution structural magnetic resonance imaging (MRI) scans in a 3T Magnetom Prisma
scanner (Siemens, Erlangen, Germany). Anatomical images were acquired using a standard
Siemens 3D T1-weighted whole-brain MPRAGE imaging sequence (1x1x1 mm voxel size,
TR = 2,130ms, TE = 3.51 ms, 256 x 256 mm field of view, 192 sagittal slices). MRI
measurement was conducted in supine position to reduce head movements, and gadolinium
markers were placed at the nasion as well as left and right distal outer ear canal positions for
landmark-based co-registration of MEG and MRI coordinate systems. Data preprocessing was
performed using Fieldtrip % running in MATLAB R2021a (The Mathworks, Natick, USA).
Individual raw MEG data were visually inspected for jump artefacts and bad channels, but
neither were detected. Both MEG and respiration data were resampled to 300 Hz prior to
further analyses.

Co-registration of structural T1 MRIs to the MEG coordinate system was done for each
participant by initial identification of three anatomical landmarks (nasion, left and right pre-
auricular points) in their individual MRI. Using the implemented segmentation algorithms in
Fieldtrip and SPM12, individual head models were constructed from anatomical MRIs. A
solution of the forward model was computed using the realistically-shaped single-shell volume
conductor model > with a 5 mm grid defined in the Human Connectome Project (HCP)

template brain 27 after linear transformation to the individual MRI.

Respiratory preprocessing (both sites). To obtain continuous respiration phase angles, we
used Matlab’s findpeaks function (with minimal peak prominence set to 1) to identify time
points of peak inspiration (peaks) and peak expiration (troughs) in the normalised respiration
time course. Phase angles were linearly interpolated from trough to peak (-1 to 0) and peak
to trough (0 to 1) in order to yield respiration cycles centred around peak inspiration (i.e.,
phase 0).
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Head movement correction (Minster). In order to rule out head movement as a potential
confound in our analyses, we used a correction method established by Stolk and colleagues
%5, This method uses the accurate online head movement tracking that is performed by our
acquisition system during MEG recordings. This leads to six continuous signals (temporally
aligned with the MEG signal) that represent the X, y, and z coordinates of the head centre (Hj,
Hy, H;) and the three rotation angles (Hy, He, Ho) 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 and single-voxel time courses, respectively, removing signal
components that can be explained by translation or rotation of the head with respect to the
MEG sensors.

Respiration-locked computations of 1/f slope and oscillatory power. Our first aim was to
further investigate excitability changes over posterior cortices we previously reported °. To this
end, we defined parieto-occipital regions of interest for movement-corrected MEG (k = 41
sensors) as well as EEG data (k = 17 channels). The average time series within these ROls
were entered into the SPRINT algorithm 2° with default parameter settings. In short, SPRINT
is based on the specparam algorithm 2* 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 (see below for details).

SPRINT thus yielded time series of both aperiodic (i.e., 1/f exponent) and periodic signals (i.e.,
oscillatory power) 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).
Following previous work 2, we then partitioned the entire respiratory cycle (-1 to 1) into n =
60 equidistant phase bins. Moving along the respiration cycle in increments of Aw = 1/30, we
collected all SPRINT outputs (i.e., slope fits and periodic spectra) computed at a respiration
angle of w = 1/10. At this point, we computed individual bin-wise averages of 1/f slope
exponents and periodic spectra, yielding quasi-continuous ‘phase courses’ of aperiodic and
periodic neural signals for each participant. The methodological approach is illustrated in Fig.
1.

For the single-sensor analyses shown in Fig. 3, SPRINT computed 1/f slope fits based on the

time series of individual channels. For the source-level MEG analyses shown in Fig. 4 and 5,
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SPRINT computed 1/f slope fits and periodic spectra based on the source-localised time series

on individual parcels from the HCP atlas.

Statistical analysis of sensor-level 1/f slope modulation. As a first analysis of respiration
phase-locked changes in 1/f slope, we computed the following linear mixed-effects model
(LMEM):

SEj=Bo + (Suj + B1) * SiNresp + (Sz, + B2) * COSresp + € (1)

For each participant j, the model predicted individual slope exponents (resulting from SPRINT
computations, see above) as a combination of the intercept (Bo), fixed effects of respiratory
sine and cosine (B182), and an error term (e; ~N(0,6?)). In line with previous work °, resulting
beta weights for sine and cosine of the respiratory signal were combined in a respiratory phase

vector norm, i.e.

v=\B+ 53 2)

For significance testing, we computed k = 5000 random iterations of the LMEM by shuffling
bin-wise 1/f slope fits on the individual level. This way, any meaningful relations between 1/f
slope and respiratory phase were removed. For each of these iterations, we once again
computed the phase vector norm from the resulting beta weights, yielding a random
distribution of k = 5000 ‘null vector norms’. Significance of the empirical vector norm was
determined by its percentile relative to this null distribution.

As shown in Fig. 2, for the ROI analyses, LMEMs were computed on ROIl-average sensor-
level data from each site individually (Minster, Leipzig) as well as on the pooled data from
both sites. For the single-sensor analyses shown in Fig. 3, LMEMs were computed on single

MEG sensors (Munster) and EEG channels (Leipzig), respectively.

In order to determine statistical significance of dynamic changes of 1/f slope over the
respiratory cycle (see Fig. 2), we implemented a permutation approach as follows: For each
participant, we kept the (window centre) time points from the SPRINT computation as
described above. We then shuffled the respiration time course and extracted the (now
randomised) 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
equidistant phase bins covering one entire respiratory cycle (-1 to 1) and computed the bin-

wise average slope fit to yield a ‘null time series’ of 1/f slope over (randomised) respiration
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phase. For each participant, this procedure was repeated 5000 times and resulted in a null
distribution of 5000 iterations x 60 phase bins. We then computed the group-level average null
distribution of 1/f slope for each of the 60 phase bins which allowed us to extract the percentiles
of empirical bin-wise group means relative to these null distributions. As illustrated in Fig. 2,
empirical group-level means were deemed significant if they exceeded the 95" percentile (or

fell below the 5" percentile) of the null distribution.

For single-sensor slope analyses (Fig. 3) as well as single-parcel analyses of 1/f slope and
periodic spectra (Fig. 4), we used the circstat toolbox for Matlab °¢ to compute the circular
means of group-level average slope (and power) courses over the respiratory cycle. In the
absence of meaningful slope modulation by respiratory phase, a polar illustration of the binned
slope estimates would be a uniform circle. In contrast, any phase-locked slope changes would
be represented as shifts or peaks within the polar representation. Albeit not for all distributions,
the circular mean provides at least some indication with regard to the direction of such shifts
(see below for alternative measures we applied on the source level). Therefore, we used it to
characterise the consistency of slope modulations across the whole scalp both within

MEG/EEG data as well as across both modalities and recording sites (see Fig. 3).

In addition to potential shifts of slope courses, we quantified the strength of respiration-related
slope modulations. To this end, we computed z scores from sensor-specific LMEM beta
weights of the respiratory phase vector norm (see above for details) by subtracting the mean

of its null distribution and dividing by the corresponding standard deviation:

v—
7 = Hy(null) (3)
Oy(null)

with v being the vector norm of beta weights for respiratory sine and cosine (see Eq. 2). This
way, empirical LMEM beta weights for the respiratory phase vector are given in units of

standard deviation relative to their null distribution.

Source reconstruction. Source reconstruction was performed using the linearly constrained
minimum variance (LCMV) beamformer approach %’ with the lambda regularisation parameter
set to 5%. This approach estimates a spatial filter for each location of the 5 mm grid along the
direction yielding maximum power. A single broadband LCMV beamformer was used to

estimate voxel-level activities across all frequencies.
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ROI-based analyses of source-level 1/f slope and oscillatory power. For the investigation
of source-level modulations of 1/f slope and periodic spectra, we first extracted neural time
series from a total of n = 230 cortical parcels from the HCP atlas ?’. In order to ground our
analyses in previous findings, we then focussed our analyses on those parcels representing
the cortical nodes of the RMBO network 2. This network has been demonstrated to show
respiration-modulated brain oscillations (RMBOs) during resting state, which is why it was
particularly well-suited to investigate potentially distinct dynamics of periodic and aperiodic
modulations. As some RMBO nodes comprised bilateral or wider-spread anatomical sites, a
total of N = 10 ROIs consisting of n = 23 parcels were used for source-level analyses (see Fig.
4). For the average time series within these parcels, we applied the SPRINT analysis
described above to yield both 1/f slope exponents and oscillatory power across the respiratory
cycle. For the latter, SPRINT computed periodic spectra between 1 - 40 Hz with the aperiodic
component removed, i.e., solely the power of the periodic neural signal. Just as with the 1/f
exponents, we sorted all periodic spectra with respect to the corresponding respiratory phase
to yield individual bin-average periodic spectra for n = 60 phase bins. These spectra thus
reflect, for each phase of the respiratory cycle, the extent of ‘true’ oscillatory activity remaining
after the underlying 1/f characteristic is removed. In a first step, we quantified the amount of
oscillatory activity by computing the accumulated sum over all frequencies (illustrated in Fig.
4). For frequency band-specific power courses, we then computed accumulated power for
each canonical band separately (delta: 2 - 4 Hz, theta: 4 - 8 Hz, alpha: 8 - 13 Hz, low beta: 13
- 30 Hz, high beta: 30 - 40 Hz).

Next, we aimed to investigate potentially distinct respiration phase-locked dynamics of periodic
and aperiodic modulations. Therefore, for each HCP parcel, we implemented Watson’s U?
tests with k = 5000 random permutations (watsons_U2_perm_test function °8 for Matlab) to
test the null hypothesis that the group-level average vectors of slope and power were drawn
from the same distribution. We chose the U2 test as an additional measure as it is sensitive
towards multimodal distributions %°, which is not the case for the circular mean alone. For the
sake of comparability, however, we also computed phase differences between each parcel’s
circular means of slope and power courses: If 1/f slope and oscillatory power were similarly
modulated by respiration, their respective courses over respiratory phase would not differ and
the phase difference between their circular means would be (close to) zero. In contrast,
systematically different distributions of slope and power would suggest differential dynamics

in their respective modulation by respiratory phase.

Finally, we characterised the strength of slope and power modulations for each HCP parcel

by means of their respective mean absolute deviation. This dispersion measure quantifies the
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degree to which (absolute) slope and phase values varied around zero (i.e., the mean of

normalised slope and power courses).
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Supplementary Fig. 1. Source-level ROl modulation of band-specific oscillatory power in the MEG. For each
cortical node of the RMBO network, we show the group-level average courses of band-specific spectral power after
removal of the aperiodic component over the respiratory cycle. For ROIs comprising more than one parcel from
the HCP atlas, power courses are shown for each individual parcel. In case the band-specific LMEM did not indicate
significant modulation of the periodic component within any given parcel, the corresponding power series are left
blank.
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