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Abstract
Background  Unilateral nostril breathing (UNB) has a history linked to ancient yogic traditions where it is believed 
to affect both physical and mental states however the mechanism(s) by which this technique potentially influences 
brain electrical activity remains poorly explored.

Methods  In this pilot study we investigated the influence of pressurised device-regulated UNB on brain functional 
network activity in healthy awake individuals to test its suitability for later use in hypothesis-driven clinical trials. 
Baseline bilateral EEG data were acquired, and then dominant/nondominant nostril UNB protocols were used to 
assess changes in brain network functional connectivity signal coherence, and phase lag index.

Results  Changes in functional connectivity were detected only when comparing right to left UNB, with the following 
networks demonstrating changes: the Default Mode Network which included reduced alpha and increased beta 
wave activity; the Salience Network, which included increased gamma wave activity; the Auditory Network, which 
included increased gamma and delta wave activity; and the Left Brain Region, which included reduced delta wave 
activity.

Conclusions  This study revealed that device-regulated pressurised left/right UNB changed brain FC in awake healthy 
individuals in several brain networks. Nasal cycle dominance was found to play no role in UNB influencing brain FC; 
rather, nasal morphology (left/right side) seems to be the controlling factor. Further investigations are needed to 
verify our results and apply them to clinical populations.
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Introduction
There is growing evidence suggesting that respiration 
goes beyond gas exchange, with nasal breathing directly 
influencing cerebral rhythmic activity, sensory, affective, 
and cognitive functions [1–3]. During nasal breathing, 
respiration-linked olfactory bulb activity creates respi-
ratory-modulated infraslow neural oscillations (ISNOs), 
ranging in frequency from 0.01 to 0.5 Hz [4, 5]. Both 
animal [6] and human studies [7] have shown that these 
nasal respiratory elicited ISNOs, which are strongly 
linked to the inspiratory phase of breathing [4], sweep 
across the brain and modulate higher neural oscilla-
tions in the delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 
Hz), beta (14–30 Hz), and gamma (30–50 Hz) ranges 
through cross-frequency phase amplitude coupling [8]. 
This amplitude modulated coupling facilitates informa-
tion transfer across large-scale brain functional net-
works by improving coherence between communicating 
brain regions and suggests that the excitability of corti-
cal networks, and hence human behavioural and task 
performance, is tightly linked to nasal breathing. Com-
pared with mouth breathing, nasal breathing has been 
shown to enhance memory both during the awake-state 
[9] and after the sleep state [10]. During sleep, the inter-
play between nasal respiration-modulated ISNOs and 
sleep spindle complexes is thought to act as a pacemaker 
for sleep rhythms and memory consolidation [10]. With 
ISNOs being phase coupled to nasal breathing-elicited 
stimulation of airflow mechanoreceptors within the nose 
[11], it is not surprising that ISNO activity is significantly 
reduced or absent during mouth breathing, or when 
olfactory bulb neurons are pharmacologically suppressed 
[7, 12].

Nasal breathing has also been shown to modulate sen-
sorimotor, cognitive, and emotional processes [7, 13], as 
well as the neural correlates of consciousness [14]. Given 
that nasal respiratory-coupled ISNOs are now consid-
ered critical for synchronizing information processing 
and network interactions across the brain during cogni-
tive functioning [2, 13, 15], it is not surprising that oral 
breathing has been implicated in attention and learning 
impairment [16], poor sleep quality [17], and poor aca-
demic performance [18, 19].

It has been suggested that changes in brain functional 
connectivity (FC) across distinct brain networks might be 
a mechanism of neurological dysfunction and impaired 
cognitive performance [20, 21]. Abnormal FC has been 
reported in many neuropathological conditions includ-
ing attention deficit hyperactivity disorder [22], posttrau-
matic stress disorder [23], schizophrenia [24], migraine 
[25], epilepsy [26], major depression [27], anxiety [28, 
29], insomnia [30], and chronic pain [31].

Normal nasal airflow is cerebrally regulated, with the 
ultradian rhythm of periodic change in nasal airflow bias 

between each side of the nose termed ‘the nasal cycle’. 
Here the side of the nose passing the greater airflow is 
termed ‘dominant’ and the other side ‘nondominant’ 
[32]. Multiple purpose(s) of the nasal cycle in regulat-
ing nasal air conditioning [33, 34] and brain activity [35] 
continue to be postulated and the role nasal airflow plays 
in influencing brain activity remains controversial. In 
particular, research on the influence of unilateral nostril 
breathing (UNB) on cognitive performance is inconsis-
tent; some studies have reported this breathing technique 
influences cognitive performance [36–38] whereas oth-
ers have reported that it has no effect [32, 39]. Despite 
this, a recent electroencephalographic (EEG) study of 
brain activity during UNB using cluster-based permuta-
tion tests revealed significant reductions in EEG spec-
tral power across all bands during left-sided UNB, and 
all bands except delta for right-sided UNB vs. dual nos-
tril breathing [40]. While this finding suggests that UNB 
could modify brain FC, and potentially mitigate many 
undesirable neuropathological conditions, the influence 
of UNB on brain activity remains poorly explored.

We are unaware of any other EEG studies in the cur-
rent literature investigating how UNB affects neural 
network FC. Given the previously reported interplay 
between nasal breathing-elicited ISNOs and brain-state, 
and reports of the nasal cycle influencing cerebral activ-
ity, our research tests for any association between UNB 
and changes in FC across multiple brain networks and 
frequencies. This investigation used device-applied pres-
surised UNB to: (1) determine whether UNB changes 
brain network FC in healthy individuals; and (2) compare 
any changes in FC between left/right and dominant/non-
dominant UNB.

Materials and methods
Ethics approval and participant recruitment
This EEG study followed the Declaration of Helsinki and 
was approved by the AUT Ethics Committee (AUTEC, 
approval number 14/02). The participant exclusion cri-
teria included recent upper-airway or sinus infection; a 
history of mental illness; presence of a respiratory condi-
tion or allergy; and current smokers or ex-smokers of less 
than five years. Thirty participants (n = 19 females, n = 11 
males), ranging in age from 20 to 53 years, were recruited, 
with all participants providing written informed consent 
before study commencement.

Nasal breathing protocol
All participants received the same pressurised UNB pro-
tocol, delivered by a new type of nasal continuous positive 
airway pressure (n-CPAP) device, called the Rest-Activ-
ity-Cycler (RACer), developed at the Auckland University 
of Technology. This device delivers pressurised ambi-
ent air to the spontaneously nasal breathing participant, 
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with internasal airflow apportioned so that almost all the 
air passes exclusively through one nostril. Independent 
control of each nostril airflow is facilitated by a divider 
in the mask, enabling two separate pneumatic pathways 
to deliver different air flows to each side of the nose. For 
each participant, the side of the nose passing the domi-
nant airflow was recorded prior to the nasal mask being 
fitted to determine their endogenous nasal cycle status at 
the commencement of data collection.

This study used the same sequence of regulated UNB 
during data collection described in more detail by Niazi, 
et al. [40]. To prevent confounding by face muscle arti-
facts, each participant wore goggles onto which the nasal 
breathing interface was mounted, and an initial 3-minute 
period was used to quantify baseline EEG activity cor-
responding to the participants’ natural nasal breathing 
state. Here, the nasal mask was on but not pneumatically 
connected to the RACer system, and the participants 
breathed ambient air. After baseline data collection, the 
RACer device was activated to deliver a preset program 
of UNB control commencing with 90% of participants’ 
tidal airflow passing through their dominant nostril at a 
maximal pressure of 8 cmH2O. After 10-minutes of dom-
inant-side UNB, the RACer system swaped sides of the 
nose to deliver 90% tidal airflow to the nondominant side 
of the nose for a further 10-minute period. Across partic-
ipants, this served to randomize the order of the sides of 
the nose (left or right) initially experiencing UNB states.

Data collection
The Participants were instructed to pay attention to a 
silent film during EEG data acquisition and were advised 
that there would be a short test following the scan. This 
strategy removed the participants’ focus from their 
breathing pattern and style to control for potential con-
founding variable that focus on, or mindfulness of, their 
breathing that might influence brain activity [41]. The 
use of long air hoses enabled the RACer device to be 
sited outside the soundproof and electrically shielded test 
environment.

EEG data acquisition
Cortical electrical activity was recorded at a sampling 
rate of 500  Hz via a 64-channel (10–20 system) EEG 
using NuAMPs (Compumedics Neuroscan, Inc., Char-
lotte, NC, USA). True electrode locations were co-regis-
tered to each participants’ anatomy The ground electrode 
was placed next to Cz, and all impedances were kept 
below 5kΩ.

EEG data preprocessing
Preprocessing offline was performed via scripts devel-
oped in MATLAB version 2015b (The MathWorks, 
Inc., Natick, MA, USA.) and functions from toolboxes 

EEGLAB version 14.1.1 [42], ERPLAB version 6.1.4 [43], 
and FieldTrip version 20,180,912 [44]. This processing 
pipeline has been used previously by the research group 
[40] for resting-state EEG and evoked potentials [45, 
46]. The removal of signals unrelated to brain activity, 
such as eye blinks, muscle activity and noise from chan-
nels and mains, and EEG data analysis, are described in 
detail Niazi, et al. [40]. After preprocessing, the EEG data 
were imported into Brainstorm in MATLAB R2021b for 
source reconstruction.

Data analysis
Sensor signals are complex mixtures from multiple brain 
regions, leading to overlapping signals and volume con-
duction at the sensor level [47], making it difficult to link 
EEG dynamics to specific anatomical regions. Therefore, 
this study looked at source reconstruction to link breath-
ing-elicited changes to specific anatomical regions.

EEG source reconstruction
Using advanced mathematical models and algorithms, 
source reconstruction provides a comprehensive under-
standing of brain activity by identifying specific regions 
and networks involved in tasks or behaviors [48]. EEG 
source reconstruction was performed via Brainstorm 
in MATLAB R2022a (the detailed method is provided 
in supplementary material S1). Source reconstruction 
estimates the location and activity of underlying neu-
ral sources on the basis of measurements from multiple 
sensors or electrodes to provide a more comprehensive 
understanding of brain activity by identifying specific 
regions and networks involved in tasks (more details 
can also be found at Ref. [49]). Functional connectivity 
was then assessed by grouping high-resolution sources 
according to the Desikan Killiani atlas, which defines 68 
regions of interest (ROIs) on the cortex surface, as shown 
in Fig. 1, enabling source estimation [50].

The time series data within each ROI were averaged to 
form a [ROIs x time] matrix. To prevent activity cancel-
lation, accurately estimate brain activity, and understand 
brain region connectivity, the sign of dipoles with oppo-
site directions was flipped before averaging. After the 
atlas was defined, we examined the FC between these 
ROIs to determine the effect of UNB on the brain.

After the source reconstruction, the data were divided 
into narrow-band signals via a 4th-order Butterworth 
filter before phase lag index (PLI) computation, which 
extracted specific frequency bands: delta (0.5–4  Hz), 
theta (4–8  Hz), alpha (7.5–12.5  Hz), beta (12.5–30  Hz), 
and gamma (30–40  Hz). PLI was computed between 
every reconstructed EEG source signal pair, resulting in 
PLI values ranging from zero (no connectivity) to one 
(maximum connectivity). PLI data were stored in a con-
nectivity matrix of dimension ROI x ROI (68 × 68) with 
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zeros along the diagonal, giving a symmetric square 
matrix corresponding to the number of sources within 
the Desikan Killiani atlas. These matrices were generated 
for three conditions: (1) baseline, (2) dominant nostril 
breathing, and (3) nondominant nostril breathing within 
each frequency band. We then used nonparametric clus-
ter-based permutations to find significant source pairs 
when we compared the abovementioned conditions.

Nonparametric cluster-based permutation
We implemented a nonparametric cluster-based permu-
tation test to address the multiple comparison problem 
and maintain control over the familywise error rate [51]. 
Through a within-subject design, this analysis compared 
the computed PLI values across the adjacency matri-
ces across three conditions (baseline vs. nondominant 
UNB, baseline vs. dominant UNB, and nondominant 
UNB vs. dominant UNB) within each defined network. 
The nonparametric cluster-based permutation analysis 
was executed via the FieldTrip toolbox (developed by 
the Donders Institute for Brain, Cognition, and Behav-
iour, Nijmegen, Netherlands). Cluster-level statistics 
were computed for each paired comparison (baseline 
vs. nondominant UNB, baseline vs. dominant UNB, and 
nondominant UNB vs. dominant UNB). The maximum 
cluster-level statistic was used as the critical t-value for 
identifying significant clusters. To establish a null distri-
bution, we performed 5000 permutations by randomly 
reassigning the condition labels for each comparison. 
Cluster-level statistics were then recalculated for each 

permutation, representing the expected distribution of 
outcomes under the null hypothesis of no FC differences 
between conditions.

The p-value for each detected cluster was determined 
by calculating the proportion of permutations where the 
cluster-level statistic exceeded (either positively or nega-
tively, depending on the direction) the observed cluster-
level statistic. A significant positive cluster (+ cluster) 
represented enhanced FC, whereas a significant negative 
cluster (-cluster) indicated reduced FC in one condition. 
This statistical approach enabled us to identify neural 
regions where FC exhibited significant changes between 
conditions, revealing how UNB modulates brain network 
dynamics. The findings were visualized on the cortical 
surface via EEGNET version 1 [52].

EEG functional connectivity analysis
All EEG participant data were analysed, and sixty seconds 
of clean resting-state EEG data used for the baseline that 
was compared to dominant/nondominant and left/right 
UNB states to determine effect changes for each breath-
ing condition. Analysis was performed on the following 
brain networks: default mode network (DMN), dorsal 
attention network (DAN), salience network (SAN), audi-
tory network (AUD), visual network (VIS), whole left-
brain region (LBR) and whole right brain region (RBR). 
Three levels of comparison were performed for both the 
dominant/nondominant and left/right UNB states to 
determine whether changes in FC were elicited by UNB, 
as shown by Table 1. The purpose of this approach is to 

Fig. 1  Desikan Killiani atlas in brainstorm (MATLAB R2022a) defining 68 regions of interest on the cortex surface
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identify whether nasal functional status (nasal cycle) or 
morphology (left/right), or both influence the results.

Functional connectivity was calculated to estimate the 
effects of lateralization, with the nonmirrored continuous 
channel data and dominance, and the data mirrored in 
the sagittal plane for participants with left nostril domi-
nance. The use of both mirrored and nonmirrored data 
serves to check whether the patterns observed in the data 
are consistent across both representations. If both meth-
ods (mirrored and nonmirrored) yield the same outcome, 
then the findings are robust and not biased by the side 
being measured. Since the data analysis yielded the same 
outcome regardless of mirrored data, the Results section 
illustrates only the findings calculated from the nonmir-
rored data.

Spatio-spectral analysis was used to determine left and 
right UNB-elicited changes in brain FC across each of 
the neural networks under consideration via two types of 
analysis. Coherence in oscillations (amplitude and phase) 
between communicating regions was used to index the 
coupling of signalling between brain regions across dif-
ferent frequency bands [53] for the two different UNB 
states. The PLI was also used to measure asymmetry of 
brain signalling across different frequency bands [54] 
between each of the two different UNB states and base-
line data to quantify the average phase difference distri-
bution elicited by left and right UNB. PLI is less sensitive 
to volume conduction, and spurious zero-lag correlations 
between EEG signals [55]. Differences between UNB 
states were quantified via Cohen’s d which calculates the 
standardized difference of means obtained during left 
and right UNB [56].

Data presentation
Brain regions of interest were visualized at the corti-
cal level with FC between regions determined via EEG-
NET, an open-source tool for analysing and visualizing 
the EEG connectome. Regions of interest within specific 
functional networks are identified by coloured circles 
with changes in FC presented using coloured lines to 
indicate an increase or reduction.

Results
At the beginning of testing, 12 participants were left nos-
tril dominant, and 18 participants were right nostril dom-
inant. No significant changes in FC were detected when 
dominant (dominant UNB minus baseline) and non-
dominant (nondominant UNB minus baseline) breathing 
states were compared. When comparing changes in left 
(left UNB minus baseline) to changes in right (right UNB 
minus baseline) nasal breathing states, represented as 
(L-B)-(R-B), frequency-specific decreases and increases 
in FC occurred in several brain regions comprising dif-
ferent functional brain networks. Only statistically sig-
nificant changes in the EEG results are reported in detail 
within the following sections.

Alpha frequency connectivity
Only the default mode network (DMN) showed signifi-
cant changes within the alpha band, as demonstrated by 
decreases in alpha frequency connectivity across several 
brain regions between left to right UNB states. Figure 2 
presents the DMN regions, shown in blue circles, where 
FC was significantly different (t (DF) = -12.247, p = 0.005), 
along with a significant reduction in the brain signalling 
PLI, shown by the dark blue lines linking the DMN brain 
regions.

Significant changes in FC between brain regions and 
effect size were also detected in the alpha frequency band 
when comparing left to right nostril stimulation to base-
line (re: Table  2). While no significant change in coher-
ence was found, a comparison of significant changes in 
the PLI during right and left UNB is given in Table 2.

Table 1  Three levels of comparison were undertaken for 
both the dominant/nondominant and left/right UNB States to 
determine the FC changes elicited by UNB

Dominant/non-dominant 
UNB

Left/right 
UNB

Level 1 comparison (D-B) Dominant UNB minus 
baseline

(L-B) Left UNB 
minus baseline

Level 2 comparison (N-B) Non-dominant minus 
baseline

(R-B) Right UNB 
minus baseline

Level 3 comparison (D-B)-(N-B) (L-B)-(R-B)

Fig. 2  Alpha functional connectivity between default mode network 
(DMN) brain regions. Visualization of the networks in the cortex revealed 
that FC occurred between regions of the brain during left and right UNB 
stimulation (L-B)-(R-B). Here, the blue shaded regions denote the DMN. The 
blue dots in the cortex visualization mark the brain regions that showed 
significant differences. The blue lines connecting the dots visualize the 
reduction in FC occurring between these brain regions during the two 
breathing states. Acronyms: R LOF (right lateral orbitofrontal), R PCC (right 
posterior cingulate cortex), L PCC (left posterior cingulate cortex), L MOF 
(left medial orbitofrontal), R MOF (right medial orbitofrontal), and L ParaH 
(left parahippocampal)
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Beta frequency connectivity
Only the DMN also showed significant connectivity 
changes in the beta band. Increased beta FC occurred 
within the DMN when comparing left to right UNB stim-
ulation across several brain regions, which formed one 
cluster in the nonparametric cluster-based permutation 
test. Figure  3 presents the DMN brain regions, shown 
by red circles, whose FC was significantly increased (t 
(DF) = 12.652, p = 0.005), and with a significant increase 
in the PLI, presented as red lines.

Significant increases in FC between brain regions 
occurred between left and right UNB stimulation in the 
beta frequency band. The effect sizes for these changes 
across brain regions are presented in Table 3. While no 
significant change in signal coherence was found, com-
parisons of significant changes in the PLI during right 
and left UNB are also provided.

Gamma frequency connectivity
The salience network (SAN) and the auditory network 
(AUD) both showed significant changes within the 

Table 2  Changes in alpha wave functional connectivity 
between default mode network brain regions

Cluster 
(p = 0.0080)

Effect size 
(Cohen’s 
d)

PLI during 
Right UNB

PLI during 
Left UNB

Alpha 
- DMN
Left vs. 
Right UNB
(L-B)-(R-B)

R LOF – R PCC − 0.1239 0.0073
(+/−  0.0384)

0.0413
(+/−  0.0906)

R LOF – L PCC − 0.1257 0.0069
(+/−  0.0366)

0.0406
(+/−  0.0892)

L MOF – L PCC − 0.1884 0.0069
(+/−  0.0367)

0.0607
(+/−  0.1094)

R MOF – L PCC − 0.1451 0.0093
(+/−  0.0494)

0.0506
(+/−  0.0995)

L PHC – L PCC − 0.1259 0.0182
(+/−  0.0669)

0.0563
(+/−  0.1147)

L PHC – R PCC − 0.1366 0.0185
(+/−  0.0686)

0.0612
(+/−  0.1106)

The results for right UNB stimulation, left UNB stimulation and effect size 
(Cohen’s d) for the significant cluster within the alpha band

See Fig. 2 for acronyms

Table 3  Changes in beta wave functional connectivity between 
default mode network brain regions

Cluster 
(p = 0.0188)

Effect size 
(Cohen’s 
d)

PLI during
Right UNB

PLI during
Left UNB

Beta 
- DMN
Left vs. 
Right UNB
(L-B)-(R-B)

L LOF – L PCC 0.1418 0.0291
(+/−  0.0572)

0.0084
(+/−  0.0312)

R LOF – L PCC 0.1510 0.0324
(+/−  0.0578)

0.0097
(+/−  0.0356)

R LOF – R PCC 0.1538 0.0403
(+/−  0.0599)

0.0148
(+/−  0.0438)

L MOF – R PCC 0.1541 0.0329
(+/−  0.0584)

0.0092
(+/−  0.0339)

L MOF – L PCC 0.1353 0.0395
(+/−  0.0592)

0.0188
(+/−  0.0472)

L MOF – R PCH – 0.0172
(+/−  0.0432)

0

The results for right stimulation, left stimulation and effect size (Cohen’s d) for 
the significant cluster within the beta band

See Fig. 3 for acronyms

Fig. 3  Changes in beta functional connectivity between default mode network (DMN) brain regions. Visualization of the networks in the cortex showing 
FC between brain regions between right and left UNB stimulation (L-B)-(R-B). Here, the red shaded circular regions denote DMN regions that showed 
significant differences. The red lines connecting these circles visualize the increase in FC occurring between these brain regions between the two breath-
ing states. Acronyms: L PCC (left posterior cingulate cortex), R PCC (right posterior cingulate cortex), L MOF (left medial orbitofrontal), L LOF (left lateral 
orbitofrontal), R LOF (right lateral orbitofrontal), and L ParaH (left parahippocampal)
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gamma band where FC increased between left and right 
UNB stimulation. For the SAN regions, as shown by the 
orange circles in Fig.  4, one cluster’s FC significantly 
increased, as shown by the orange lines, (t(DF) = 6.3866, 
p = 0.005). For AUD regions, shown by the purple circles 
in Fig. 4, FC in the gamma frequency band also increased, 
as shown by the orange lines, between left and right UNB 
stimulation across several brain regions, forming a single 
cluster (t(DF) = 2.1754, p = 0.005).

Table 4 presents the FC values for the SAN and AUD 
brain regions, separately highlighting significant changes 
observed between left and right UNB stimulation in the 
gamma frequency band, as well as the effect size of these 

changes between brain regions. While no significant 
change in signal coherence was identified, a comparison 
of the significant changes in the PLI during right and left 
UNB is also provided.

Delta frequency connectivity
The auditory network (AUD) and left-brain region (LBR) 
showed significant changes within the delta band. FC 
in the delta frequency increased from right to left UNB 
stimulation in several AUD and LBR regions, forming a 
single cluster in the nonparametric cluster-based per-
mutation test (t(DF) = 1.9040, p = 0.005) and (t = 9.2808, 
p = 0.005) respectively. The AUD brain regions with sig-
nificantly different FC are highlighted in purple in Fig. 5, 
and experienced increased coherency, indicated by red 
lines. LBR regions, indicated by green circles, experi-
enced reduced delta frequency coherency, indicated by 
blue lines.

Table  5 presents the FC values for the AUD and LBR 
separately, showing significant changes in the effect size 
of these changes between left and right UNB stimulation 
in the alpha frequency band. While no significant change 
in the PLI was observed, a comparison of the significant 
changes in signal coherence from left to right UNB was 
also included.

Theta frequency connectivity
No significant changes in FC were found in any brain 
region in the theta band.

Table 4  Changes in gamma wave functional connectivity 
between salience and audible network brain regions

1 cluster 
(p = 0.0324)

Effect size 
(Cohen’s 
d)

PLI during 
Right UNB

PLI during 
Left UNB

Gamma - SAN
Left vs. Right 
UNB
(L-B)-(R-B)

R rMFG – L 
SMAR

0.1403 0.0294
(+/−  0.0575)

0.0101
(+/−  0.0376)

R rMFG – R 
SMAR

0.2042 0.0483
(+/−  0.0664)

0.0208
(+/−  0.0525)

L SMAR – R 
SMAR

0.3013 0.0548
(+/v 0.0696)

0.0146
(+/−  0.0429)

Gamma -AUD
Left vs. Right 
UNB
(L-B)-(R-B)

1 cluster 
(p = 0.0004)

- - -

L STG – R 
STG

0.4882 0.0991
(+/−  0.2169)

0.0176
(+/−  0.0933)

The results of right UNB, left UNB, and effect size (Cohen’s d) for the significant 
cluster within the gamma band

See Fig. 4 for acronyms

Fig. 4  Changes in gamma functional connectivity between salience network (SAN) and audible network (AUD) brain regions. Visualization of the net-
works in the cortex shows the differences in FC occurring between these regions within the brain between right and left UNB stimulation (L-B)-(R-B). Here, 
the orange and purple shaded circles denote regions within the SAN and AUD respectively. Both of these networks experienced increases in gamma 
frequency FC, shown by orange lines, between left and right UNB stimulation between the two breathing states. Acronyms: R rMFG (right rostral middle 
frontal), L SMAR (left supramarginal), and R SMAR (right supramarginal)
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Discussion
Frequency and network specific changes
Our study revealed significant changes in FC across 
different brain frequencies when comparing right to 
left UNB with baseline data subtraction; however, we 
observed no significant change when comparing left or 
right UNB to the baseline state. This latter finding sug-
gests that the participants’ natural breathing state did not 
influence the results.

No significant changes in FC were found when domi-
nant/nondominant UNB was compared with baseline 

data subtraction to the right to left UNB with baseline 
data subtraction, suggesting that nasal morphology 
(left/right) and not nasal cycle status regulates UNB FC 
results. Additionally, this finding demonstrated that the 
silent film had no influence on the results given that 
participants demonstrated different nasal cycle statuses 
(12 left dominant and 18 right dominant) at the com-
mencement of synchronized data collection and film 
observation.

Changes in DMN FC coherence in both alpha and 
beta frequencies have previously been reported in suf-
ferers of, anxiety [28], chronic pain [31], and attention-
hyperactivity disorders [22]. Our findings of reduced 
alpha and increased beta FC imply the potential for left 
UNB to beneficially modify attentional and self-sensory-
motor processing functions [57] of these individuals. On 
the other hand, right UNB could benefit patients with 
Schizophrenia given that this breathing strategy results 
in reduced DMN delta and increased alpha brain activ-
ity [24]. This latter suggestion is supported by a previous 
study reporting the use of right UNB to successfully treat 
hallucinations in an adult schizophrenic patient [58].

The SAN is involved in detecting and filtering salient 
stimuli, task switching, and recruiting other divergent 
functional networks by contributing to a variety of com-
plex functions that influence our actions, emotions, and 
reactions [59]. While synchronization of gamma waves 
within the SAN is crucial for multisensory integration 
and information transmission [60], elevated gamma 
activity within this network is associated with insomnia 

Table 5  Changes in delta wave functional connectivity between 
left brain region and audible network brain regions

1 cluster 
(p = 0.0248)

Effect size 
(Cohen’s 
d)

Coherence 
during 
Right UNB

Coherence 
during 
Left UNB

Delta - LBR
Left vs. Right 
UNB
(L-B)-(R-B)

L pOPER – L 
ENT

− 0.1032 0.1786 
(+/−  0.3166)

0.2939
(+/−  0.3284)

L pOPER – L 
FP

− 0.1245 0.0189 
(+/−  0.1002)

0.1572
(+/−  0.2798)

L pORB - L 
ENT

− 0.0768 0.0869 
(+/−  0.2173)

0.1677
(+/−  0.2714)

L pORB – L 
FP

− 0.1244 0.0985 
(+/−  0.2492)

0.2323
(+/−  0.3220)

Delta - AUD
Left vs. Right 
UNB
(L-B)-(R-B)

L STG – R STG 0.3326 0.1071 
(+/−  0.2346)

0.0414
(+/−  0.1523)

The results of right UNB stimulation, left UNB stimulation, and effect size 
(Cohen’s d) for the significant cluster within the delta band

See Fig. 5 for acronyms

Fig. 5  Changes in delta functional connectivity between auditory network (AUD) and left brain region (LBR). Visualization of the networks in the cortex 
shows the differences in FC occurring between the regions within the brain between right and left UNB stimulation (L-B)-(R-B). Here, the purple circles 
represent the AUD brain regions with significantly different FC that experienced increased coherence, as indicated by the red line. LBR regions, indicated 
by green circles, experienced reduced delta frequency coherency, indicated by blue lines. .Acronyms: R STG (right superior temporal), L STG (left superior 
temporal), L ENT (left entorhinal), L FP (left frontal pole), L pORB (left parsorbitalis), and L pOPER (left parsopercularis)
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[30], depression [27], and PTSD [61]. Our finding that 
the right UNB suppressed gamma FC within this net-
work suggests that this breathing strategy could be used 
to mediate these neuropathological states.

Despite quiet study conditions, increased FC activity 
was found to occur within the AN network in the gamma 
and delta frequencies, suggesting that left UNB could 
upregulate auditory perceptions [62].

The LBR controls many functions, including speech 
implementation, analytical tasks and sleep, with delta 
waves associated with deep sleep states [63]. During 
sleep, particularly non-REM (NREM) slow-wave sleep 
(stages 3–4 NREM), the left hemisphere in particular 
exhibits high delta activity [64]. During normal sleep, 
nasal cycle airflow bias presents as a regular exchange 
between left and right-sided nasal airflow dominance 
during NREM and REM sleep, respectively [65]. Our 
findings that brain delta activity increases within the AN 
but decreases within the left brain during left and right 
UNB suggests that nasal airflow regulation could be asso-
ciated with the dynamics of nasal air flow/sleep-stage 
interplay; however, this topic remains poorly understood 
and further investigation is needed.

The purpose of this pilot study was to investigate 
whether device-regulated pressurised UNB could influ-
ence brain FC in healthy individuals. Our findings sug-
gest that this breathing strategy changes FC in some 
brain networks but only with left/right UNB techniques 
rather than with reference to dominant/nondominant 
nasal cycle status. Our results suggest that left/right UNB 
can modulate abnormal brain FC to potentially treat vari-
ous neuropathological states however, this topic remains 
poorly understood and further study is needed.

Study limitations
This pilot study sought to identify whether specific 
changes in FC within specific brain functional networks 
could be elicited by UNB. While our results demon-
strate the potential of UNB as a breathing neurotherapy, 
there is much more research required into this topic. For 
example, it is not known if the healthy awake participants 
in this investigation demonstrate the same FC responses 
to UNB stimuli compared to a cohort experiencing one 
of the neuropathological states described earlier. We also 
acknowledge that this exploratory study does not investi-
gate the mechanisms by which UNB affects brain FC or 
examine any specific FC neuropathological state in detail. 
Despite these limitations, our findings support the need 
for future research into the potential of using UNB as a 
breathing neurotherapy.

Conclusions
Device-regulated pressurised left/right UNB changes 
brain FC in awake healthy individuals at some frequen-
cies in some brain networks. Nasal cycle dominance 
plays no role in UNB influencing brain FC, rather, nasal 
morphology (left/right side) seems to be the controlling 
factor. Further investigations are needed to verify our 
results and apply them to clinical populations.
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