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Brain and breathing activities are closely related. However, the exact neurophysiological mechanisms
that couple the brain and breathing to stimuli in the external environment are not yet agreed upon. Our
data support that synchronization and dynamic attunement are two key mechanisms that couple local
brain activity and breathing to external periodic stimuli. First, we review the existing literature, which
provides strong evidence for the synchronization of brain and breathing in terms of coherence, cross-
frequency coupling and phase-based entrainment. Second, using EEG and breathing data, we show
that both the lungs and localized brain activity at the Cz channel attune the temporal structure of their
power spectra to the periodic structure of external auditory inputs. We highlight the role of dynamic
attunement in playing a key role in coordinating the tripartite temporal alignment of localized brain
activity, breathing and input dynamics across longer timescales like minutes. Overall, this perspective
sheds light on potential mechanisms of brain-breathing coupling and its alignment to stimuli in the

external environment.

Oscillations in breathing are linked to oscillations in neural activity'™,
arousal "%, and cognitive function*™"*, although the exact mechanisms have
not been agreed upon. Our perspective paper highlights two mechanisms in
the coupling of the brain, breathing, and external inputs from the envir-
onmental context. First, reviewing recent literature, we show that syn-
chronization is key in directly connecting brain and breathing activity across
shorter timescales from milliseconds to seconds. This includes different
facets of synchronization like coherence, cross-frequency coupling, and
entrainment. Then, using breathing and EEG data recorded in a small
sample of subjects (N = 21), we demonstrate a temporal alignment of EEG
data at the Cz electrode and breathing to the speed and variability of external
inputs across longer timescales like minutes. Specifically, the data show that
the input temporal structure manifests in corresponding temporal changes
in the power spectra of both brain and breathing leading to their increased
synchronization at specifically the intertrial interval of the task.

We describe the phenomenon of specific power spectral adaptations as
dynamic attunement which can be seen as a subset mechanism of the more
general feature of temporospatial alignment'’. Dynamic attunement, taken
in the present context, describes the adaptation of the temporal structure of
both neural and respiratory activities to the temporal structure of the input
over longer periods of time like minutes. The tight link between the temporal

structures of both brain activity at the Cz channel and breathing with one of
the external inputs suggests that the dynamics themselves (i.e., the complex
temporal properties of signals and inputs across shorter and longer time-
scales) may provide the direct connection between the brain, breathing, and
the environment.

Results
Mechanism one —synchronization of brain and breathing
Emerging evidence suggests that breathing and brain activity may be syn-
chronized with each other at relatively short timescales, for instance, at the
level of the millisecond-to-second™**'. To underscore the robustness of
these effects, we review evidence from the current literature in humans that
aligns with data first discovered in animal models. Cross-species repre-
sentation of these mechanisms is crucial as it implies the fundamental and
intrinsic nature of the coupling between activity in the brain and lungs.
Oscillations in breathing activity are coupled to oscillations in neural
activity within the same frequency range (see ref. 22 for a recent review). In
1942, Edgar Adrian was the first to show breathing-synchronous oscillations
in the local field potential of the olfactory bulb in the hedgehog™. Further
experiments have revealed that these oscillations are present in other species.
For instance, coherence between breathing and neural time series was
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demonstrated by Ito et al, 2014. The authors mounted intracranial
recording devices to the somatosensory whisker barrel cortices while
simultaneously monitoring breathing. The authors reported that oscilla-
tions in the local field potential (LFP) within the delta band (1-4 Hz) were
phase-locked to the breathing cycle™ (see ref. 25 for a review).

Research in this field has since made the jump to human models. For
instance, Herrero et al.”® used intracranial recordings and cross-spectral
analysis of resting-state breathing and brain data to demonstrate a high
degree of brain-breathing coherence across a widespread network of cortical
(i.e., prefrontal, parietal, cingulate) and limbic regions (i.e., amygdala, insula,
hippocampus) in the slow cortical potential range (ie., 0.1-1Hz). The
authors indicated that the highest peak in the neuronal power spectrum in
frequencies analyzed between 0-1 Hz occurred precisely at the breathing
rate™. Collectively, these findings suggest that the lungs and the brain couple
their activity across relatively short timescales (i.e., at the level of the second-
to-millisecond) through the synchronization of their slow wave activities
(see Fig. 1).

Given the direct coupling of breathing and brain activity in the same
frequency range, a logical progression is to ask whether breathing’s slow
frequency activity is also related to the activity of the brain in faster fre-
quency ranges. In the context of breathing, it has been demonstrated that
different breathing speeds (slow or fast) yield vastly different mental effects.
For instance, periods of slow breathing have been demonstrated to promote
feelings of general wellbeing”’ > while periods of faster breathing tend to
increase feelings of anxiety”” . The coupling of breathing speeds to a wide
range of mental effects suggests that characteristics of the breathing wave-
form may be directly coupled to a multitude of frequencies in the brain™".

To examine the relationships between two oscillators at different
speeds, researchers analyze how the phase of the slower oscillator relates to
the phase, frequency, or amplitude of faster ones™ ™. Ito et al.** provided
evidence using mice for cross-frequency coupling between breathing and
brain time series. The authors demonstrated that the amplitude of local field
potentials in the gamma frequency band (30 + Hz) changes in tandem with
the breathing phase with bursts of activity occurring during the early part of
breathing exhalation. Using similar cross-frequency models, Tort et al,
2021 showed that breathing rate strongly correlates with the neural peak
frequency and amplitude of gamma oscillations (30+ Hz). The phase
locking of breathing to higher-order frequency ranges in the brain has also
been shown in work by Cavelli et al., 2018 who demonstrated in cats that the
beginning of exhalation was associated with bursts of gamma activity within
a widespread network of regions (i.e., olfactory bulb, prefrontal cortex, and
parietal cortex; see ref. 41 and see Fig. 1).

Cross-frequency coupling between breathing and brain activity has
been replicated in humans. For instance, Herrero et al.” reported bursts of
neural gamma activity in the hippocampus tended to occur during the early
part of the breathing exhalation. Cross-frequency coupling between
breathing and neuronal time series extends beyond the gamma band. For
example, Kluger and Gross' used magnetoencephalography (MEG) resting
state brain data from human participants while breathing was simulta-
neously recorded—their goal was to investigate whether breathing in the
frequency range of 0.1-0.3 Hz is related to the amplitudes of neuronal
activity in the 2-150 Hz frequency range. Kluger and Gross’s results indicate
the relationship between breathing and neural oscillations is significant
across all commonly measured neural frequency ranges (i.e., delta, alpha,
beta, and gamma) and is widely distributed across the brain. Collectively,
these findings indicate that the brain and breathing coordinate their activ-
ities at relatively short timescales using synchronization as indexed by
coherence and cross-frequency coupling.

Mechanism two —the dynamic attunement of brain and breathing
to external input streams in a small dataset

The relationship between breathing and brain signals interacts across all
frequencies (0-30+ Hz; see section 2.0). This leads us to wonder if external
factors including their specific frequencies can influence the patterns of
brain-breathing coupling for instance previously demonstrated with
auditory™” and visual stimuli***’. The influence of external factors on
bodily rhythms has been described as ‘alignment’ which, roughly, refers to
how the brain’s neural activity or the lungs’ respiratory activity adapts their
temporal structure to one of the external input streams like their power
spectra, speed and variability"’.

Alignment between systems and stimuli operates on multiple time-
scales, from shorter to longer ones"’. Presupposing a very short timescale, a
single external event can lead to a synchronized change in the wavelength
and phase angle of an oscillating system at the moment the event occurs.
However, without repeated input, the system will return to its intrinsic
oscillatory activity, a process known as “resetting”*. Resetting has been
observed in the brain and breathing in response to a variety of stimuli,
including sensory, cognitive, and somatic stimuli*"* (for a recent review see
ref. 47). The alignment to a sequence of rhythmic stimuli (i.e., at a slightly
longer timescale) is described as entrainment. Entrainment is described as
when neural activity synchronizes its wavelength and phase with the timing
of external stimuli®® (see Fig. 2). Entrainment, therefore, may indicate that
dynamical features of the input itself may play a key role in shaping the
activity within bodily oscillators such as the lungs or brain'****. In essence,

Fig. 1 | Illustration of brain-breathing synchro- A
nization at shorter timescales. Panels (A) and (B)
illustrate coherence between brain and breathing

activity in the same frequency range as demon-

strated by Ito et al. and Herrero et al.”**. Panels (A)

and (C) illustrate cross-frequency coupling between

faster frequency activity of the brain and breathing.
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Fig. 2 | Illustration of entrainment. Entrainment results in stable wavelength,
phase, and amplitude synchronization through a series of rhythmic phase resets. As

entrainment is measured across a sequence of multiple external inputs, entrainment
links breathing and brain activity to external inputs on a longer timescale than a
phase reset.

by examining the dynamic changes between bodily signal temporal char-
acteristics (i.e., in the power spectra) and the corresponding attributes of the
inputs like their respective frequency ranges, we can gain insight into the
system’s overall adaptability and flexibility toward the inputs’ dynamics.

The breathing rhythm has the remarkable capacity to adapt to different
environmental contexts over shorter and longer timescales. For example,
during the physical act of running fast, breathing also becomes fast™.
Coupling between breathing and rhythmic inputs has also been shown in
more complex situations, for instance when listening to music, dancing, or
playing an instrument****>>. Here the coupling occurs over longer timescales
lasting several minutes if not longer. The observed alignment of the
breathing waveform and various internal and external rhythms raises
the question of the neural mechanisms that enable the alignment of the
lungs and brain to the environmental context over longer timescales.
To distinguish such alignment on a longer timescale from the ones oper-
ating on shorter timescales (ie., synchronization), we coin the term
‘dynamic attunement.’

Together, the remarkable adaptability and flexibility of both brain and
breathing to their respective environmental context seem to operate over
different timescales. These may include shorter ones as in phase reset in
response to single stimuli, intermediate ones like in entrainment of the phase
in response to multiple repeated stimuli, and longer timescales operating
across several minutes if not hours (see ref. 54 in fMRI). Our focus here is on
the last one, the longer timescales, namely dynamic attunement. The main
question is how both the brain and lungs adapt the temporal structure of
their activities to that of the inputs over longer periods. We now present
breathing and EEG data supporting exactly this coupling of the brain,
breathing, and inputs over a longer timescale, that is, dynamic attunement.

Twenty-one participants (N = 21) underwent 5 min of resting state and
a go/no-go task where they were asked to respond to auditory inputs by
pressing a key (see supplemental material for full details about the methods).
Breathing data acquired using a pneumatic belt at the level of the diaphragm,
and EEG activity at the Cz channel, due to its relevance for auditory
processing™, were compared during rest and task states to quantify local
brain-breathing coupling and its dynamic attunement to external stimuli.
As indicated above, dynamic attunement refers to the adaptation of the
temporal structures of both neural and respiratory activities to one of the
inputs themselves over longer periods like multiple minutes entailing
alignment over a longer timescale (as distinguished from the shorter
timescales of entrainment and even shorter of a “reset”).

Using EEG data from the Cz electrode and corresponding breathing
data, we explore how localized neural activity may align with breathing in
response to rhythmic stimuli. Our data showed that both breathing and
neural signals were dynamically attuned to the temporal structure of the
external stimuli by both showing power spectra peaks in exactly that

frequency range in which the external stimuli were presented. Accordingly,
the findings support localized brain-breathing attunement to the longer-
term temporal structure of the external stimuli as evidenced by specific
changes in their power spectrum (PSD). This is supported by increases in
the amount of coherence between breathing and EEG time series at the Cz
electrode during the task relative to the resting state.

To quantify the effect of the task on breathing at the group level, we
compared traditional breathing signal metrics such as breathing rate
(breaths per minute; bpm), variability (standard deviation of the breath-to-
breath intervals in milliseconds; SDBBI) and phase lengths (inspiration and
expiration in seconds; s) between rest and task conditions. Significant
changes in these signal characteristics would indicate adaptations of the
breathing rhythm to the external input.

There was a significant increase in breaths per minute during the task
(M =20.28, SD = 3.55) as compared to the resting state with a large effect
size. (M =14.34, SD=3.91; (z=3.841, p =<0.001, matched rank biserial
correlation = 0.957). Consequently, significant reductions in inspiration
phase lengths were also observed during the task (M =1.14, SD=0.27) as
compared to the resting state with a large effect size (M =1.83, SD =0.74,
z=—3.841, p<0.001, matched rank biserial correlation=—0.957). In a
similar fashion, expiration phase lengths significantly decreased during the
task (M =1.73, SD = 0.31) as compared to resting conditions with a large
effect size (M = 2.59, SD = 0.85, z = —3.702, p < 0.001, matched rank biserial
correlation = —0.922); see Fig. 3).

Given the correspondence in the temporal structure of breathing with
that of the external input streams, we next investigated the effects of the task
on breathing variability. If the breathing is indeed modulated by the dura-
tions of the external tones’ intertrial intervals, one would expect a decrease in
breathing variability during task states. To quantify the effect of the task on
breathing variability, we compared the average variability of the breath-to-
breath intervals between rest and task conditions. Results indicated a sig-
nificant reduction in the standard deviation of the breath-to-breath intervals
during the task (M = 551.35, SD = 302.44) as compared to the resting state
(M =1429.78, SD =781.27); z=—3.597, p <0.001, matched rank biserial
correlation = -0.896; see Fig. 3). Collectively, an increase in breathing
speed and a simultaneous reduction in its variability indicates a
temporally organizational effect of the task’s periodic structure on the
breathing rhythm.

It is worth noting that inspiration and expiration phase lengths
approached the intertrial interval of the task (1.3 s; see Fig. 3 and Fig. 4). To
illustrate the alignment of inspiration and expiration phase lengths to the
intertrial interval of the task, we have included a visualization of the changes
in the distribution of inspiration and expiration times across participants for
each condition. Results indicate that participants’ inspiration and expiration
phases approach 1.3 seconds in length during the task state (see Fig. 4).

In addition, F-tests revealed significant decreases in intersubject
variability in the SDBBI (F(20,21)=6.67, p < 0.001), inspiration
(F(20,21) = 7.43,p <0.001), and expiration times (F(20,21) = 7.46,p < 0.001)
were observed in the task as compared to the rest conditions (see Figs. 3, 4).
A decrease in the overall distance between subjects during the task com-
pared to rest conditions further supports the temporal alignment of
breathing to the external input.

We next raised the question of direct temporal correspondence of the
breathing rhythm during the task state by investigating whether the inter-
trial interval of the task is directly reflected in an analogous temporal
structure in the breathing pattern, e.g., in its power spectrum. For that, we
recalculated the 1.3s intertrial intervals as a frequency amounting to
0.769 Hz. To quantify the adaptation of specific temporal characteristics, we
compared the size of the power peak at exactly the stimulus presentation
frequency (1.3 s =0.769 Hz) in the breathing power spectrum between rest
and task conditions. Results indicated a significant increase in the power
peak at 0.769 Hz during the task (M = 0.029, SD = 0.077) as compared to the
resting state (M =0.002, SD =0.002; z=3.389, p<0.001, matched rank
biserial correlation =0.844). This large effect size indicates a substantial
difference between the two conditions.

Communications Biology | (2024)7:938



https://doi.org/10.1038/s42003-024-06642-3

Article

>

Rate (breaths/min)

P
m
w
~

Task

Variance (SD) breathing rate

Rest

v
|

p <0.001

w »
| |

Inspiration Length (s) O
N

1
Task

p <0.001

£
1]
c
21
2
©
£
=
o
2
1
o
c
©
5
>

Fig. 3 | Breathing metrics were collected during rest and task conditions (N = 21).
Results indicate an overall faster (A) and less variable (B) breathing rhythm in the
task relative to the resting state. In (C, D), the black dotted line indicates the exact
intertrial interval of the task condition (1.3 seconds). Inspiration (C) and expiration
times (D) tended to align themselves with these timings. Statistical measures above
bar plots indicate results from F-tests. Results indicate significant decreases in the
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group variance of the SDBBI, inspiration, and expiration phase lengths during the
task compared to resting conditions. A lower amount of intersubject variability
during task states indicates that the breathing rhythm shapes itself to match the
temporal structure of the external input. SDBBI = standard deviation of the breath-
to-breath intervals. Error bars represent the 95% confidence interval.

Together, reductions in breathing variability and increases in
the breathing power spectrum at exactly the stimulus presentation’s
frequency indicate an overall dynamic attunement of the breathing’s
temporal structure to the temporal structure of the external stimuli (ie.,
input dynamics).

Given the tight link between breathing and brain activity, one may
expect these systems to adapt similarly in their responses to external stimuli.
To quantify if the brain adopts specific temporal characteristics of the task,

we compared the size of the power peak at exactly the stimulus presentation
frequency (1.3 seconds/0.769 Hz) in the neuronal power spectrum at the Cz
channel between rest and task conditions.

Results indicated a significant increase in the power peak during the
task (see Fig. 5; M = 0.480, SD = 0.367) as compared to the resting state with
alarge effect size (M = 0.016, SD = 0.031; z = 4.015, p < 0.001, matched rank
biserial correlation =1.00). To investigate this phenomenon further, we
computed several additional analyses. First, we checked if the total power
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condition and panels (C) and (D) represent task conditions across participants
(N =21). Black dotted lines represent the intertrial interval of 1.3 s (0.769 Hz).
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Results indicate that participants’ inspiration and expiration times group themselves

around the intertrial interval of the task (1.3 s). Error bars represent the 95% con-
fidence interval.

between rest and task changed. Indeed, the task state increased the total
power for breathing with a large effect size (z = -2.242, p = 0.024, matched
rank biserial correlation = 0.558) and brain (z = —3.458, p < 0.001, matched
rank biserial correlation = 0.861) significantly. In this case, is the power peak
observed during the task of relevance or could it stem simply from a general
increase in power? To answer this question, we computed the ratio between
the peak and the total power. Again, we can observe a clear increase in the
ratio from rest to tasks in breathing (z = —2.597, p < 0.001, matched rank
biserial correlation = —0.896) and brain with large effect sizes (z = —4.015,
P <0.001, matched rank biserial correlation = 1).

To make sure that the power increase observed during the task state is
not due to increased motor activity, motor artifacts in all EEG recordings
were removed via independent component analysis prior to analyses (see
supplemental section 2.1.4 for details on data acquisition and preproces-
sing). Then, we plotted the response times for each subject over the total
duration of the Go-NoGo task. We observed a high inter- and intra-subject
variability in response times which do not add up to one specific frequency
(see supplemental figure S1 for detailed results). These results suggest that
the power peak increase at 0.769 Hz observed during the task in both the
brain and breathing is likely to be induced by the dynamic attunement of the
Cz channel and breathing to the temporal structure of the task rather than
being related to some unspecific factor.

Finally, we investigated if the difference in the peak between rest and task
is solely related to an increase in the mean or also via an increased intersubject
variability. The F-test to compare two variances is significant for breathing
(F(20,21) =1001.5, p <.001) and EEG (F(20,21) = 146.5, p <0.001), showing a
higher intersubject variance of the peak during the task than rest.

We observe a statistically significant increase in the power spectra of
both neural and respiratory activity at exactly the stimulus presentation
frequency of the task. As both the Cz channel and breathing show this

periodicity power peak at 0.769 Hz, we hypothesize that a higher degree of
synchrony might exist between the Cz channel and breathing in the task
than in the rest. To test for this, we computed the coherence between
breathing and the Cz channel. A higher degree of coherence would indicate a
higher degree of synchronization. Indeed, in Fig. 6, we observe a higher
coherence at 0.769 Hz in the task (M =0.256, SD = 0.150); than in rest
(M =0.098, SD = 0.097) with a large effect size (z = 3.08, p = 0.001, matched
rank biserial correlation = 0.766).

Finally, we calculated phase-amplitude coupling via the modulation
index between breathing and the Cz channel using a previously validated
approach’®”. The breathing activity was filtered between 0.5-1 Hz, which is
exactly the range including the task’s frequency. The neural activity was
filtered between 1-4.5 Hz (a higher frequency was not possible due to the
low sampling rate of the breathing data—see Methods). A higher mod-
ulation index was found in the task (M = 0.458, SD =0.253) than in rest
(M=0.318, SD=0.200) with a large effect size (t (20)=2.27, p=0.034,
d=0.495; z=2.033, p =0.042, matched rank biserial correlation = 0.506)
which suggests a higher degree of phase amplitude coupling between
breathing and the brain during the task compared to the rest. Scaled values
for the modulation index are presented in Fig. 6b and raw values can be
found in the supplemental information (see supplemental information for a
link to the Figshare repository).

Together, our analysis shows evidence of mutually shared informa-
tion on breathing and localized brain activity patterns including their
modulation by the external task periodicity. Hence, it may be the case that
neural and respiratory systems adapt the dynamics of their activity
in similar ways to the dynamics of inputs in their environment. This
suggests that dynamics may provide the direct connection between
the brain, breathing and environment over longer timescales, so-called
“dynamic attunement”.
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Fig. 5 | Visualization of dynamic attunement.

A Power spectrum of respiration and EEG signals
averaged across participants (N = 21). For the
breathing, we observe an overall shift from slower to
faster frequencies in task versus resting state con-
ditions. A zoom-in to the light blue shaded area for
each subject can be found in the supplemental
material. B In both breathing and brain, a larger
peak is found at the rate of stimulus presentation
(0.769 Hz, exact frequency indicated by red dotted
line) during the task indicating the presence of task-
dependent entrainment (i.e., task periodicity).

C Total PSD and peak to total PSD ratio for
breathing and brain. PSD = power spectral density.
Error bars represent the 95% confidence interval.
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Discussion

Using existing literature in combination with our data set, our investi-

Our main aim of this work was to assess the mechanisms that couple gations have revealed two potential mechanisms (i.e., synchronization and
breathing and brain activity to the external environment over shorterand ~ dynamic attunement) in the coordination of brain activity at the
longer timescales. In addition, we sought to investigate whether their ~Cz channel and breathing with the environment across shorter and
activities are coordinated with the input dynamics of external stimuli. longer timescales.
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Fig. 6 | Breathing-brain coupling is shaped by the external environment. Syn-
chronization of brain and local breathing to the external temporal stimulus pattern
(N'=21). A Increases in brain-breathing coupling during task conditions are indi-
cated by the increase in coherence at precisely the intertrial interval of the task (i.e.,
0.769 Hz). B Synchronization of the breathing activity with faster frequencies in the
brain. Increases in brain-breathing coupling during task conditions are further

supported by increases in the modulation index. Higher degrees of coherence and
modulation indices between breathing and the Cz channel during task conditions
suggest that the external task dynamics impact the brain-breathing coupling rela-
tionship. Error bars represent the 95% confidence interval.

First, reviewing the literature, we reveal that the lungs and brain exhibit
high degrees of coherence in the 0-1 Hz frequency band (see refs. 17,22 for
recent reviews). In addition, breathing (0.1-0.3 Hz) shows a high degree of
phase-amplitude coupling with faster frequencies in the brain for instance in
the gamma band (see refs. 25,39 for reviews). We next asked the question of
whether external factors can influence the patterns of brain-breathing
coupling for instance as seen with music*’. Our review of the data shows that
the breathing and brain rhythms adapt their activities to the temporal
structure of the external input. This can occur over shorter timescales as in
phase reset in response to single stimuli as well as over slightly longer
timescales with repeated external stimuli for instance as seen in the case of
entrainment”’. Together, these findings support that the brain and breathing
may couple their activity together across shorter timescales using various
facets of synchronization.

Our first mechanism, namely synchronization, facilitates alignment
of the brain and breathing over shorter timescales at the level of the
millisecond to a few seconds™******"**, This, as we would say, reflects the
alignment of the brain and breathing at a relatively short timescale, that is,
the time point of their mutual synchronization with external stimuli. As
described in the previous paragraph, with repeated input the data show
that synchronization of brain and breathing can also occur across different
timescales for instance seen in the case of entrainment”. The coordination
of brain and breathing within and across multiple timescales suggests a
key role of synchronization in the temporal alignment of brain and
breathing over shorter timescales (i.e., milliseconds to several seconds).

This suggests that their rhythmic activity does not occur in isolation but,
rather, may be intrinsically connected.

We have so far focused on brain-breathing-environmental coupling at
shorter timescales like milliseconds to seconds while leaving open the
question of how the brain, breathing, and environmental coordination
extend over longer durations like minutes or longer™. Our data show that
participants’ physiological rhythms adopt specific temporal characteristics
after several minutes of task engagement. Notably, spectral analysis of
breathing and brain activity at the Cz channel demonstrates a significant
increase in power peak precisely aligned with the intertrial interval of the
task (1.35/0.769 Hz; see Fig. 5 and Supplemental Fig. S2 for individual
subject results). The existence of a trilateral relationship in the temporal
structures of localized brain activity, breathing, and the external inputs is
further supported by the observed higher amounts of coherence between the
Cz channel and breathing at 0.769 Hz during the task as compared to the
resting state (see Fig. 6). The temporal alignment of neural signals and
breathing after undergoing several minutes of the task suggests dynamic
attunement facilitates coordination of the brain, breathing, and environ-
ment across longer timescales like minutes or potentially even longer.

The temporal alignment of brain activity at the Cz channel and
breathing with external inputs over shorter and longer timescales suggests a
potential bridge between the body and the environment. Such intricate
temporal coordination may play a pivotal role in navigating complex
environmental contexts over shorter and more extended periods of time,
influencing behavioral outcomes (see Fig. 7). Our data support that
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Fig. 7 | Summary of findings. Overall, our findings support two dynamic
mechanisms of brain-breathing alignment. First, we show that the lungs and
brain synchronize their activity with one another over shorter timescales like
milliseconds or seconds as evidenced by coherence, cross-frequency coupling,

and entrainment. Second, operating over longer timescales of minutes if not
hours, our empirical data suggest that the temporal structure of the environmental
inputs shapes the temporal structure of the activities within both lungs and

brain activity at the Cz channel. This is indicated by the frequency-specific adap-
tations in their power spectrums to the exact frequency of the intertrial interval of

activities like in their power spectra to the specific temporal characteristics of the
external environmental inputs. Brain-breathing dynamic attunement is further
supported by the increase in coherence between the lungs and brain at 0.769 Hz
during the task which indicates their common alignment to a shared third party (i.e.,
the input dynamics). Hence, the observed increases in the amounts of synchrony
between the lung and local brain activity during task states, coupled with the
increases in their power peak at the exact intertrial interval of the task, suggest
that there is a threefold alignment of neural activity, breathing and environment

through their timing with dynamics being shared among them as their “common
259,60

the task (i.e., dynamic attunement). Dynamic attunement describes a form of currency
alignment in which the lungs and brain adapt the temporal structure of their
dynamical features are shared among localized brain activity, breathing,and ~Conclusion

environmental stimuli. This allows crossing their internal-external divide by
dynamics as their shared feature (i.e., as their “common currency”*®).

While these data offer valuable insights, the modest sample size in the
empirical section of the paper may limit the generalizability of our findings.
In addition, we focused on neural activity at the Cz electrode due to its
implication in auditory processing™. This approach captures localized brain
responses that may not be reflective of broader neural dynamics across the
entire brain. This limitation restricts our ability to generalize findings to
other brain regions and functions. Moreover, while we have provided an
overview of the interactions between breathing and local brain activity in
response to external auditory inputs, a key feature missing in this work is a
link to behavioral outcomes. Future investigations should aim to bridge the
gap between the described neurophysiological mechanisms and observed
behavior by comparing how the input (the stimulus) directly relates to the
output (the behavior) as mediated by what is in between (the physiology).

More specifically, future studies should employ methods that relate
how the dynamics of the behavior, e.g., the output, directly relate to the
dynamics of the stimulus, e.g., the input, as mediated by the dynamics of the
body’s physiology in a given frequency range, e.g., brain and breathing. The
elucidation of these techniques may provide key insights into the exact
mechanisms by which neurophysiological features of brain breathing cou-
pling are related to behavior.

In conclusion, combining review and empirical data, we demonstrate two
potential mechanisms operationalized across different timescales, in coor-
dinating local brain activity at the Cz electrode and breathing as well as their
alignment to external inputs. The first mechanism, operating on shorter
timescales from milliseconds to seconds, concerns the synchronization of
the brain and breathing in terms of coherence, cross-frequency coupling and
entrainment. The second mechanism operates over longer timescales from
several minutes or potentially even longer and thereby refers to what we
describe as dynamic attunement.

Together, these observations attribute a key role of dynamical prop-
erties in directly connecting three systems (i.e., brain, lungs and the envir-
onment) that, in their timescales, are thought to be very different. Hence,
albeit tentatively, we suppose that dynamics are shared by the brain,
breathing and environment across shorter and longer timescales providing
their “common currency”””. Our findings enhance the understanding of
brain-breathing coupling in response to external inputs framing their
mechanisms including their potential relevance for behavior in terms of
“Spatiotemporal Neuroscience””®

Finally, if linked to behavior and cognition in the future, the
mechanisms of brain-breathing environment coupling could carry major
clinical implications for mental and cognitive disorders where the subjects’
alignment to their respective environmental contexts is severely
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compromised”'. Hence, our proposed view of brain-breathing-environment
coupling in terms of dynamics featured by and operating across different
timescales may allow for novel diagnostic and therapeutic opportunities in
the future.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw dataset used for analysis during the current study is available from
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sitory https://doi.org/10.6084/m9.figshare.25429780.v3
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