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Fig. 1. Anatomy of the RMBO network?!. a, At rest, previous work has shown sites of respiratory modulation which directly map onto
canonical resting-state networks (default mode network, dorsal attention network, saliency network) as well as the respiratory control
network (RCN). b, Spheres in the glass brain mark peak locations of (sub-)cortical nodes of the RMBO network (coloured according to

\hierarchical clustering).

respiration modulates oscillatory!* and non-

oscillatory activity>® in the human brain
neural modulation translates into breathing-
related changes in cognitive and perceptual

processes’?

candidate mechanism: excitability
o excitability

signatures

vary  across

rodent!® and human?! respiration

-

Is respiration actively used to
adjust excitability/arousal states?

If so, what are the mechanisms
behind this adjustment?
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Fig. 2. Human respiration-brain coupling. a, During nasal breathing, airflow triggers mechanoreceptors connected to the olfactory bulb and initiates infraslow neural oscillations coupled to the respiratory rhythm. Through
phase-amplitude coupling, these slow oscillations drive higher-frequency oscillations and are propagated to upstream areas. b, Exemplary refitting of the psychometric function over respiration phase during a visual near-
threshold detection task. c, Posterior alpha suppression for hit vs missed target stimuli. d, Lowered perceptual threshold (i.e., higher sensitivity) during inspiration. e, LMEM weights for threshold ~ respiration phase + alpha
power | ID. f, Instantaneous group-level correlation between individual alpha and PsychF threshold courses. Inset shows correlation within the significant time window. Adapted from 1.
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Fig. 3. Respiration modulates
perceptual  sensitivity and
arousal states. a, Participants
detected brief visual stimuli
presented on either side of the
screen while fixating the centre.
Stimulus detection was facilitated
by spatial (C) and/or temporal (T)
cues. b, Pairwise comparisons
revealed significantly higher hit
rates for C+T+ and C+T-
compared to C-T-. c, Lower
threshold for trials presented
during inspiration, indicating
higher  perceptual sensitivity
during this phase. Polar inset
shows that perceptual facilitation
was driven by maximally
predictable  targets (C+TH).
Dashed line signifies group - level
mean threshold. d, During resting
state, participants were breathing
significantly faster through their
nose than through their mouth
(p = .009). Nasal breathing during
the task was significantly faster
than nasal breathing at rest
(p < .001). e, Respiration was
actively adjusted for highly
predictable targets so that they
would be perceived during high-
sensitivity inspiration periods. f,
Group-level correlation of
respiratory adaptation with task
performance. The more strongly
participants adapted their
frequency during the task, the
better their performance. A strong
circular-linear correlation
between rest-to-task changes in
respiration rate and preferred
phase  suggests respiratory
adaptation in favour of
behavioural facilitation. g, When
controlling for the presence or
absence of temporal cues, spatial
cues elicited robust increases in
pupil diameter. Pupil diameter at
target onset was  strongly
correlated with respiration phase.
Independently of temporal cues,
spatially cued trials on average
lead to significantly larger pupil
diameter during fixation. h, On
the individual level, the more
strongly pupil diameter changed
(maxdelta) when a spatial cue
was present, the lower the
stimulus contrast required to
achieve the target hit rate.

Fig. 4. Alpha and beta
modulations reflect distinct
behavioural dimensions of
predictability. a, Power spectra
for hits vs misses with visible
posterior alpha peak. Top inset
shows pupil increase for hits vs
misses across conditions. Bottom
inset shows negative correlation
between prestimulus alpha power
and pupil diameter. b, Full
topography of t-values for alpha
power (7-13 Hz) extracted from
hit vs miss trials [ - 1600 0] ms
prestimulus. Markers indicate
sensors with significant alpha
band differences. c, Posterior avg
TFR shows clear prestimulus
alpha suppression for hit vs miss
trials. Time course of this
suppression effect superimposed
in bold; pupil traces for hit and
miss trials closely follow the
alpha modulation. d, Top: Pre-
stimulus alpha frequency
modulation over visual cortices
induced by spatial cueing (all
trials mapped onto the right
hemifield). Bottom: Topography
of significant alpha suppression.
e, Top: Prestimulus beta
modulation over sensorimotor
cortices for timed vs untimed
trials. Bottom: Topography of
significant beta suppression. f,
Individual alpha power for cued
vs uncued targets and beta
power for timed vs untimed
targets. We observed lower alpha
power for uncued vs cued targets
and lower beta power for untimed
vs timed targets.

Participants

« N =30 healthy volunteers
¢« 159,259+33y

1 Perceptual sensitivity and arousal

Data acquisition

Procedure

« 275-sensor whole-head MEG .
e respiration + eye tracking .
e continuous head motion tracking .
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Fig. 5. Respiration governs
sensory sampling through
modulations of neural network
activity. a, Source-level time
series of prestimulus activity
were extracted from RMBO
nodes of interest. Respiratory
phase was extracted at target
onset. b, Circular-linear
correlation for respiration phase
and single-trial power for each
ROIl. ¢, Exemplary phase-
resolved power spectra extracted
from V1/2. Inset in the bottom
panel illustrates the percentage
change in alpha and beta. d,
Statistics on ROIl-wise power
spectra  for unpredictable vs
predictable targets. e, Example
of refitting the psychometric
function across the whole data
set. f, We performed a subject-
level linear regression between
respiration phase and frequency-
specific power on all trials. This
resulted in coefficient spectra.
To link these phase-locked
oscillatory changes to behaviour,
regression weights were
correlated with threshold. We
show ROIl-wise statistics for the
correlation between phase-locked
power changes and perceptual
sensitivity. g, Same analysis, but
now for a subject-level regression
performed separately for
predictable and unpredictable
targets. We show group-level
correlations of individual
regression coefficient spectra
differences (C-T- minus C+T+)
with the respective difference of
the psychometric function
threshold. Group correlation of
respiration-locked ACC beta
oscillations and perceptual
sensitivity differentiated between
predictable and unpredictable
trials. Inset shows stronger beta
correlation for  predictable vs
unpredictable trials.

Fig. 6. Phase-driven changes in
RMBO network connectivity
shape context-dependent per-
ceptual processing. a,
Multivariate  source-level time
series of prestimulus activity
were extracted for each condition
from each ROI to compute
pairwise  multivariate, phase-
resolved Granger causality (GC).
b, Exemplary GC spectra for
insula and TPJ across respiratory
phase at target onset. ¢, Directed
asymmetry index (DAI) of GC
spectra between insula and TPJ.
d, First-level regression of GC
and respiration phase yielded
significant respiratory modulation
of broadband connectivity. e,
Exemplary grand-average
regression weight spectra
between insula and TPJ.
f, Regression weight spectra for
INS — TPJ were converted to
directed asymmetry index (DAI)
spectra. g, Cluster-corrected
statistics of regression weight
spectra for all pairwise ROI
[C+T+ vs C-T-]. h, Significant
effect of stimulus predictability on
alpha-band DAI between TPJ
and V1/2. i, Correlations between
the DAI interaction of respiration
phase and condition and the
perceptual threshold difference
between the two conditions
revealed a consistent alpha-band
modulation in the INS-SMA
connection.

i, Negative correlation between
C+T+ vs C-T- differences in
threshold and DAI from the
respiratory regression on GC,
respectively. k, Condition-wise
correlations between thresholds
and DAI of the GC regression
weight, extracted for alpha-band
asymmetry between insula and
SMA at 8 Hz .
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Task

5-min resting state (nasal, oral) « single-interval, 3AFC visual spatial detection task
6 task runs (self-paced) « central fixation followed by spatial and/or temporal cueing
mean run duration 452 + 28 s * response: indicate lateralized perception

3 Respiratory modulation of RMBO network activity
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Discussion

« respiration governs the interplay of cortical arousal and excitability states for the benefit of perceptual processing

« participants showed greater perceptual sensitivity for near-threshold stimuli presented during inspiration and adjusted

their respiratory pattern accordingly in predictable contexts

« connectivity changes in insular cortex, ACC/PCC, TPJ, and motor areas are linked to perceptual changes and flexibly

adjusted to contextual information
« respiratory predictive processing %13 implements active sensing 14

o respiration-modulated changes in alpha activity temporally preceded shifts in pupil dilation, indicating that

arousal neuromodulation is primed in neural circuits and affects perceptual precision 1°

o decreases In beta power were correlated with increased behavioural performance irrespective of predictability, in
line with previous accounts of beta oscillations as a reflection of inhibitory states impairing stimulus detection in

visual 1° and auditory modalities 1/

o In predictive processing, ongoing beta activity has been proposed as a correlate of prior beliefs in motor
control schemes 18 reflecting precision weighting of sensory prediction errors prior to/following a movement 1°

* respiration phase-resolved GC analysis revealed SMA and V1/2 as partners of insular and temporoparietal hubs

« alpha-band connectivity changes likely index top-down propagation of internal predictive models
« this cognitive control could be implemented by behaviourally relevant travelling waves in the posterior-to-anterior

direction 2°
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