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Interconnections and global
transitions among functional states
encode activity-related dynamics
as brain topology changes after
yoga training

Sandeep Bodda®? & Shyam Diwakar2:3**

With the emphasis on sustainable health, understanding the neural dynamics associated with
sustainable practices such as widely practiced yoga has gained significant importance. In this work,
we explored the underlying neural mechanisms of yoga training by means of electroencephalogram
recordings. The EEG data was recorded before and after the yoga training of 13 participants, for a
total of 39 trials, with each trial recorded on consecutive days. The temporal analysis was performed
by means of microstates and the changes in the oscillatory rhythms were also evaluated via spectral
and statistical analysis. Spectral analysis revealed changes in the oscillatory rhythms of B,y,«,0 over
the electrode regions of 02, P8 and FC6. An analysis of the changes in the temporal microstates
revealed >65% global variance in the topographic clusters, with a significant effect on the occurrence
and time coverage parameters of the microstates before and after yoga training. This study highlights
that yoga training significantly influences microstate dynamics associated with brain regions, including
the visual network, insular cortex, and frontal gyrus, thereby potentially enhancing functions related
to attention and cognitive decisions. These findings may suggest a multinetwork neurophysiological
basis for the role of yoga in improving mental focus and adaptive decision processes.

The impact of physical exercise has been documented by studies highlighting improved health benefits related
to working memory and attention' and has an important role in preventing coronary artery disease” and other
cardiovascular diseases, managing elevated triglyceride levels, and hypertension®. Some of these physical
exercises embed themselves within traditions and have also been studied as mind-body practices, such as tai
chi*-%, hatha yoga”® and meditation’!!. Studies on these practices reported optimal training of motor functions
such as postural control'?, fall prevention'?, agility'*, muscle strength!>!¢ and better cognitive performance!”'#
among practitioners. These mind-body practices induce physiological and anatomical changes in the brain.
For example, tai chi intervention in older adults induced significant changes in cortical thickness, functional
connectivity, homogeneity of the brain, and executive network neural function* and had a strong effect on brain
plasticity, resulting in an increase in gray matter in the left middle occipital gyrus, left superior temporal gyrus
and right middle temporal gyrus and an increase in functional connectivity'®.

Traditions of yoga have been rooted in ancient Indian philosophy as a comprehensive practice focused on
harmony between the body and mind?°-%. Yoga exercises involve dynamic postures and movements that require
coordination, balance and flexibility, engaging multiple sensory and motor systems that stimulate various
regions of the brain involved in motor control**-?’. Studies have indicated that physical exercise, such as yoga,
has positive effects on several pulmonary?®, respiratory?*** and neurological disorders®"*2

A longer duration and consistent practice of yoga have been reported to enhance health markers and
cardiovascular health as well as reduce anxiety and stress®**%. Decreased levels of anxiety®, depression®® and
improved emotional well-being have also been reported in relation to the practice of complex movements.
By influencing synaptic plasticity in the brain, yoga-like techniques®” have improved working memory
functions®®*. A study also revealed enhanced coherence and symmetry among the two brain hemispheres,
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which was attributed to improved neurocognitive functions*’. Another study?' examined the neurobiological
correlates of yogic practices by imaging techniques and reported variations in gray matter volume structurally
and attributing changes to prefrontal cortex regions compared with control subjects who did not practice
such methods. A similar influence has been observed with a bilateral increase in hippocampal size following a
6-month history of yoga®?.

The long-term use of techniques such as Sahaja yoga has been associated with functional changes in
connectivity, enhancing frontal attention and the default mode network (DMN) in the resting state>. The DMN
is composed** of the medial prefrontal cortex, posterior cingulate cortex, dorsal medial prefrontal cortex, salience
network (anterior insula and anterior cingulate cortex) and angular gyrus and plays a key role in function when
an individual is at rest or is not attentionally focused on the external environment. Several of these regions** have
increased activity for internally focused thought processes®®, such as self-reflection, mind wandering and the
resting state, and reduced activity in these regions indicates increased effort in cognitive tasks such as attention
and decision making?’.

An increase in delta activity within the centroparietal regions*, as well as an increase in alpha activity across
frontal, central and parietal electrode regions, has been observed after yoga practice. It was also observed that
there were faster auditory reaction times with the P300 ERP after 8 weeks of yoga training. Another review-
based study® reported that the practice of yoga influences cerebral activity by reflecting changes in alpha, beta,
and theta oscillatory patterns, which subsequently augment memory retention and alleviate anxiety. A 12-week
yoga study® assessing N200 and N450 ERP components before and after yoga training across healthy controls
and type 2 diabetes patients reported improved cognitive performance through mechanisms that improved
glycemic control.

Neural activity dynamics have been analyzed by segmenting EEG time series into several clusters and
defining each cluster as stable states for a period referred to as microstates®. The microstates are thought to
reflect the functional integration and synchronization of neural networks, offering a window into the underlying
functional architecture of the brain®’. By examining changes in microstate parameters, such as duration,
frequency, and topographical characteristics, researchers can discern alterations in cognitive processing and
mental states induced by external stimuli or internal practices®*4. Microstate analysis entails the segmentation
of data into brief epochs of stable topographies, representing transient states of neural functioning®>>%¢. In
one study”’, four microstates were reported (A: orientations of the right frontal to left posterior cortical micro
zones; B: orientations of the left frontal to right posterior cortical micro zones; C: orientations of the frontal to
occipital cortical micro zones; D: orientations of the fronto-medial to occipital cortical micro zones), which were
mapped to different regions of the brain (see Table 1). Two more topographic orientations (E: left to right cortical
micro zones and F: posterior medial to frontal cortical micro zones) have been added>®. Studies have reported
that the characteristics of MS time series vary across behavioral states®, personality types and neuropsychiatric
disorders.

It is crucial to understand how sustainable practices such as yoga can contribute to health and wellness for
both individuals and communities through a better comprehension of its brain correlates, and to our knowledge,
a study of the effects of yoga on brain microstates (MSs) has never been performed yet.

In this work, to study qualitative and quantitative neural dynamics before and after yoga, we analyzed the
impact of a fifteen-minute yoga training sequence known traditionally as sun salutation postures®®%-%3 and
evaluated its impact via brain microstate analysis and EEG spectral variations. This study explores the distinct
functional connectivity changes that are regional to networks during the resting state after short-term yoga
training.

Mapped ROI Resting state mapped microstates

Left Hescl’s gyrus
Left Wernicke area
Left Insula

Left lingula gyrus

A

Cuneus

Right Insula

Right claustrum
Right frontal eye field

Precuneus
Posterior cingulate cortex (PCC) | C
Left angular gyrus

Right Inferior Parietal lobe
Right middle frontal gyrus
Right superior frontal gyrus
Right Insula

Left middle frontal gyrus
Anterior Cingulate Cortex (ACC)
PCC

Cuneus

Table 1. Resting state network map to the regions of interest; the mapping follows that proposed in®®.
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Results

Yoga training leverages global brain States in circuit regions related to microstates B and D
From the data, clustering indicated 4 topographies as the optimal number of clusters with a combined variance
of 68%. Before yoga training, GEV reported 68.5%, and 66% GEV reported after yoga. The cluster maps
representing the different orientations observed were A, B, C & D (see Fig. 1a (i)) before yoga training and B, C,
D, & E after yoga training (see Fig. 1a (ii)). Microstates B has shown a decrease of GEV 16-5% after yoga training
(see Fig. 1Db).

The microstates B (strong activation in the left and right cortices, including BA 17, 18 & right insula) and D
(strong activation in the right inferior parietal lobe & right insula (BA13)) revealed significant alterations after
yoga training (see Fig. 1c), and the parameter occurrence of the microstate B map decreased from 1.47 Hz (+
0.346) t0 0.628 Hz (+ 0.510) per second, p=0.0048. Similarly, microstate D decreased from 0.679 Hz (+ 0.443) to
0.154 Hz (+ 0.259) after yoga training, p=0.013. In this study, the temporal coverage (see Fig. 1d) of microstate
B decreased from 38.3% (+ 15.8%) to 10.5% (£ 9.5%), p value =0.0008. Microstate C (attributed to the posterior
cingulate cortex) was associated with an increase in neural activation from 25.2% (+ 14%) to 67.7% (+ 16%), p
value=<0.0001.

After yoga training, microstate C increased in duration (see Fig. le) from 187 ms (SD * 71) to 563 ms
(SD # 311), p=0.0096. Tukey’s multiple comparison analysis revealed a difference between the occurrence of
microstates and time coverage (see Table S2 with p values).

Microstate transition probabilities attenuated after yoga training

In this study, we observed the transition probabilities before and after yoga training and found a decrease in
the probability of a transition from one MS to another (see supplementary data Table S6 for the percentage of
observed transitions). The t test results revealed a significant decrease in the transition probability for microstate
B asanode [B >0D t (13)=2.98, p value=0.011] to the microstate D transition after yoga training (see Fig. 2).
Similarly, we observed a significant decrease in the number of network transitions with microstate D as a node
[D>0Bt(13)=3.58, p value =0.003] after yoga training (see supplementary data Table S7 for other t test results).

Diminished variance across temporal activity after yoga training

The temporal variability across microstate B networks after yoga was lower than that across relaxed state networks
before yoga (p =0.0022). However, the temporal variability of microstate C networks after yoga was greater than
that before yoga training (p=0.0010) (see Fig. 3a). Similarly, we observed a decrease in temporal variability
across microstate D networks after yoga (p=0.0022). However, spatial variability (Fig. 3b) was not observed.

Reduced B and y activity observed after yoga training

The spectral values over different frequency ranges (for data, see Table 2) before and after yoga training were
analyzed (see Fig. 4a and b for comparisons). We observed an increase in alpha rhythms in the occipital area
(see Fig. 4b) and a decrease in beta rhythms in the frontal regions after yoga training. The study revealed a
comparable reduction in activity within the gamma frequency spectrum after yoga training. Furthermore, the
relative percentage was estimated across 0, a, B, and y oscillations (see Fig. 4c). The relative percentage difference
after yoga training indicated a decrease in 0, a, B, and y oscillations in the F7 and F3 regions (see Fig. 4c).
However, we observed increases in the a, §, and y oscillations in AF3 and AF4. Additionally, we observed an
increase in 0 oscillations for the FC5, T7, P7, P8, and T8 regions. The FC6 region also indicated an increase in
all oscillatory rhythms (see Fig. 4c). f and y decreased in percentage after yoga in electrode regions F3, FC5, T7,
and P7.

There was a statistically significant difference before and after yoga training across electrodes O2, P8 and
FC6. The ANOVA findings revealed significant differences in the O2 electrode region (p value 0.044). The
nonparametric Wilcoxon test (W) and Mann-Whitney test (U) revealed that the P8 (p value: 0.047, 0.041) and
FC6 (p value: 0.0006, 0.007) regions significantly differed after yoga training (see Table 3 for further values).

Discussion

The present study aims to highlight qualitative and quantitative neural dynamics before and after yoga training.
The spectral data revealed that the electrode regions of O2, P8 and FC6 were significant for all the frequency
oscillatory rhythms. The P8 electrode region is highly likely localized to regions of the inferior lateral occipital
cortex, superior lateral occipital cortex, and angular gyrus (ANG)%; these regions are more involved in object
recognition, processing visual stimuli, and interconnect with attentional control and memory. The FC6 electrode
region is also highly likely localized to regions of the pre- and postcentral gyri, which are known as the primary
somatosensory cortex involved in controlling different bodily movements, and the middle frontal gyrus involved
in cognitive functions related to executive control, working memory, attention, and decision-making.

According to previous studies, increased a rhythms in the occipital region indicate the deceleration of
cerebral problems and mental stress®. Indeed, EEG-based feedback can be used for training to control alpha
band activity, which helps reduce stress levels and mental health®. Practicing yoga may thus help increase a
band activity, as we observed significant changes in the mean values. The observed decrease in p oscillations after
yoga training may be indicative of alertness, attention and cognitive processing improvements®. Studies have
also indicated that increased B activity is correlated with anxiety disorders?®°.

In this study, lower gamma oscillations in the frequency range of 30-60 Hz were reported. Associated
with complex tasks and observed when the brain is actively engaged during the states of concentration and
heightened focus, the decrease in gamma activity after yoga training could implicate the default mode network:
dorsal attention may modify mental attention and the focus mechanism that contributes to how mental fatigue
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Fig. 1. Spatial configuration of MSs and analysis of temporal parameters. (a) Topographic plots of the MSs.
(i) Data from before yoga training show cluster maps of A, B, C & D, and (ii) data from after yoga training
reveal cluster maps of B, C, D & E. Estimated GEV (b), occurrence (c), time coverage (d), and mean duration
(e) from four MSs before and after yoga training. Maps B & D decreased in frequency after yoga training from
1.47 Hz (£ 0.346) to 0.628 Hz (+ 0.510) (p=0.048). (Gray color indicates pre-yoga, and orange color indicates
post-yoga). The decreased occurrence of MSs may suggest enhanced attention and focus after yoga training
among subjects.
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Fig. 2. Transition probabilities before (gray color) and after (orange color) yoga training (p values of

0.0332 (*), 0.0021 (**), 0.0002 (***)). The decreased probability of transition (from B >0D t (13)=2.98, p
value =0.011) was not significant (to 3% after yoga training). The transition may implicate changes in network
activity from visual to salience network regions.

stress may be handled. The increased a oscillations and decreased  and y oscillations may suggest that yoga
training contributes to functional integration in the frontal and parietal networks and may be key in improving
mental performance®®.

Although the microstate analysis was performed at the level of sensors, the results showed divergent temporal
microstates profiles and transition patterns for the sensor regions pertaining to pre and post yoga training data.
Studies®®> have already correlated localization of specific EEG microstates to particular brain regions and in the
context of such mapping, this study suggests significant post-yoga training changes in microstates B and D and
can be attributed to the regions of right superior and middle frontal gyrus, right superior and inferior parietal
lobule, right insula, claustrum, right frontal eye field and cuneus regions.

Microstates B and D had shown decreases across occurrences and time coverages after yoga training.
Microstates B and D has been known to involve visual networks including the right and left occipital cortex and
right insular cortex and suggesting that fontal and left frontal to right posterior networks exhibited more activity
after yoga training. Transition probability and decreased temporal variability related to microstates B and D
may suggest that performing Surya namaskar (the yoga practice) correlated to a reduction in neural activity
in the regions. The observations from our studies may suggest that there could be an engagement of default
mode networks (DMN) attributing changes previously reported as microstates B, C, D and could have links
to cognitive processing. The probable transitions from microstates B to D may also imply a change across the
visual network to the saliency network®. The increased occurrence of stable microstates orientations through
left frontal to right posterior and frontal to occipital orientations is more prevalent after yoga training.

Short-term yoga training has shown relaxing effects and increased focused attention in other studies®’°. Our
study on brain activity effects of short-term yoga training reinforce the idea that it could be useful for promoting
health and quality of life.

Conclusion

In this study, we analyzed the impact of sustainable short-term yoga practice on global MSs along with the
spectral changes in EEG recordings. Our pilot study strongly suggested that performing yoga exercises (Surya
namaskar) for daily health may result in short-term variations across the network regions of attention and
dominance in visual areas such as the frontal eye field or insular region and the frontal gyrus, which may be
interpreted as functions related to attention, cognitive decisions and sensory processing. A longitudinal study
with a larger sample size and a longer duration might be critical to evaluate how these networks change across
time and across individuals with different age groups.
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Fig. 3. Functional connectivity networks assessed before and after yoga training. (a) The temporal variability
of microstate B decreased from 0.994 to 0.985, and that of microstates C & D decreased from 0.99 to 0.96. (b)
The spatial variability for microstate classes B, C, & D did not indicate any major differences. The box plot left
of each pair shows variability before yoga training, and the box plot on the right of each pair shows variability
after yoga training (** indicates a significant difference with p <0.05, *** indicates a significant difference with

p<0.001).
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Table 2. Mean spectral values across the brain regions for all the frequency ranges.

Methods

Thirty participants aged 20-54 years with a mean age of 42.3 years were recruited for this study, and only data
from 13 participants (mean = 34.76 years, 3 trials/subject, 4 male, 9 female; for data, see Table S1) were considered
due to impedance errors, sample loss rate and lack of synchrony across electrodes caused by drift noise in the
remaining subjects. The study was reviewed and approved by the Institutional Ethics Committee (IEC), Amrita
Vishwa Vidyapeetham and were carried out in accordance with their guidelines and regulations. All the subjects
involved in the study were informed prior to the objective of data acquisition, and signed informed consent was
obtained from all the participants before the protocol was administered. EEG signals were acquired from the
subjects via a 14-electrode device (EMOTIV EPOC+) with a sampling rate of 128 Hz.

In this study, the advantage of using consumer grade 14 electrode device was the portability which facilitated
data acquisition across subjects. Additionally, its ease of use and minimal setup requirements made it appropriate
for non-clinical studies or EEG-based behavioral assessments with large participant samples. However, there
were certain limitations compared to high density EEG systems. A 14-electrode device provided significantly
lower spatial resolution and had lower sensitivity in data acquisition. Despite these limitations, we determined
that for the current microstate analysis on some protocols, these consumer grade devices provided a reliable and
faster method to collect valid data”! 73,

In this study, the computational analysis of all 39 recording trials from 13 subjects was performed via Python
(3.11.4), the MNE library (1.5.0)74, NumPy (1.25.2)”°, Matplotlib (3.7.1)7® and SciPy (1.11.2)’” on an Apple
computer.

Study design

The participants performed yoga training, which involved a set of dynamic postures, including breath control,
beginning in the late 1920, as described earlier®’. The data were acquired by asking the subjects to close their
eyes and relax before yoga training and after yoga training; each subject was asked to perform dynamic postures,
which included four rounds of Surya namaskar asanas for a duration of fifteen minutes. After yoga training, the
subject was asked to rest for 2 min, and later, the EEG data were acquired by asking the subject to close his or
her eyes and relax. In this study, we recorded the data for 2 min and 40 s before and after yoga (see Fig. 5 for the
schematic study design). For each subject, the trials were conducted on consecutive days. We limited this work
to an experimental group alone, although the studies’>~®! reported that, compared with the control group (for
example, those that do not practice yoga), in this work, we included only the subjects who practice short-term
yoga and compared them before and after practice.

Artifact correction & signal processing
The raw data were extracted for 2 min 40 s, and within that data, 2 min of EEG data were considered for the
analysis by filtering out the initial 20 s and the last 20 s. Offline data analysis was performed via custom-made
python scripts imported into the ‘mne’ package’ (see Fig. 6a for noise removed preprocessed data). The data
were high-pass filtered to minimize drift, and the reference mean was subtracted. Then, the data were detrended,
and a band stop filter was used to remove line noise at 50 Hz.

A bandpass filter was used with overlap- add FIR based non-casual band pass filter in the frequency range
of 1-50 Hz to obtain the spectral information, for microstates another band pass filtering was applied in range
of 1 -20 Hz* To remove the EMG or EOG artifacts from the data, we used independent component analysis
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Fig. 4. Relative power spectral density before and after yoga training (a & b). Frequency domain power
topography plots before and after yoga training averaged across all the participants. The power from 5
frequency bins (0-4;4-8; 8-13;13-30;30-45 Hz) before yoga training and after yoga training was averaged over
2 s. The activity distribution before and after yoga clearly differed in the frequency ranges of a, p and y. (c) The
relative percentage changes observed before and after yoga training decreased in the frontal regions at the a,f,
and y frequencies.

Column

Electrodes | U H w F

02 0.059961 | 0.059229 | 0.013897 | 0.044382
P8 0.041028 | 0.040496 | 0.047266 | 0.458955
FCé 0.007338 | 0.007221 | 0.000684 | 0.109015

Table 3. Significance (p value) of the changes observed across multiple tests: the nonparametric
Mann-Whitney test (U), the Kruskal-Wallis test (H), the nonparametric Wilcoxon test (W) and the ANOVA
(F).

(ICA). Spatial filtering was performed via the python package ‘Pycrostates'®. In this work, the signal processing
methods were based on a previous study”>.

Temporal dynamics of microstates

The measure of global field power (GFP) computes spatial variance, quantifying the amount of activity across
all electrodes at a given point in time and quantifying the strength of the global electric field on the scalp®! (see
Eq. (1)). GFP was estimated (Fig. 6b) for each individual trial, and microstate clusters were modeled for different
n numbers of clusters (n=4, n=5, n=6, n=38). From the maxima peaks of the GFP, the clustering algorithm
k-means® was applied (using the ‘Pycrostates’ python package). For each subject and for each condition before
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Fig. 5. Yoga training study design. The study design comprised a total duration of 22 min and 20 s and was
divided into distinct phases. The initial phase consisted of prerecording (blue color) with the eyes closed,
lasting 2 min and 40 s, which captured baseline measurements prior to yoga training. Following this,
participants engaged in a 15-minute session of yoga training (green color), a series of 12 postures performed in
a flowing sequence as in pictorial representation. After the training, there was a 2-minute break (gray color) to
allow the participants to rest. Finally, a post-yoga recording (pink color) of 2 min and 40 s was conducted with
the participants’ eyes closed. This process was repeated for all 39 trials (3 trials each on 13 subjects).

training, k-means was repeated, varying from 4-8 clusters (see Fig. 6¢) for workflow). The optimal number of
clusters (see Fig. 6d) was chosen separately for each condition on the basis of the global explained variance®®>’
(GEV) in this study; the data indicated 4 clusters, with the maximum GEV measuring the percentage of data
variance in a given state of microstate®>. The topographies of the microstate maps were obtained for each
participant and averaged over n trials.

GFP = \/E f{(vl (t)[; Vinean (t))Q 0

where global field power (GFP) is a measure of the root of the mean squared potential differences at all electrode
regions K (i.e., V, (¢)) from the mean of potentials across electrodes (i.e., V, . (1)), and t is the time point.

To obtain the MS parameters, the global maps were fitted back to the original data, and the original data were
segmented on the basis of the MS labels. The microstate parameters®”>*8687 were estimated from the topographies.
The “mean duration” is defined as the duration of each microstate, i.e., the mean length of time during which
a given microstate remains stable®'; the time coverage of a microstate is the fraction of total recording time in
which the microstate is dominant; and the ‘occurrence’ or ‘frequency of occurrence’ of each microstate is the
average number of times per second the microstate becomes dominant during the recording period°!%%. We have
also evaluated microstate syntax">” which refers to the characteristic sequence and temporal dynamics of short
stable (microstate) patterns of global brain activity that lasts for few hundred milliseconds before transition to
another state.

Spatiotemporal variability of functional networks based on EEG MSs

The study employed segmented microstate windows in the microstate sequences to estimate the functional
connectivity computed via the phase lag index as in a previous study (see Eq. (2))%. Phase-lag synchronization
estimations were computed between the range, with 0 indicating no connectivity and 1 indicating pro
connectivity. The variabilities of the brain regions both temporally and spatially from the functional networks
were estimated on the basis of an earlier recent study®.

PLLy (i) = | 7sign [A ¢ ()]7 )

where PLI_(i, j) indicates the functional connectivity for electrode channels i and j within the m™ MS window
(see Eq. 1), Ag(t) is the instantaneous phase difference between two signals at time t, sign is the signum function,
and (-) denotes the average over time at the m" MS window.

Spectral estimation

The spectral frequencies were labeled 6 (4-7 Hz) , a (7-13 Hz), B (13-30 Hz), and y(30-50 Hz) estimated using
a multi-taper power spectral density(PSD) methods’"»2. The PSDs were compared between the pre- and post-
yoga training states as percentage changes.

Statistical analysis

A two-way repeated measure of ANOVA?? analysis along with Tukey’s’ post hoc pairwise comparisons were
used to compare the significant differences in the microstate topography maps and the spectral oscillations
across the electrode regions before and after sun salutation yoga training. Independent t-test®® was used for the
temporal and spatial variability across the microstates and among the transition probabilities of microstates
before and after sun salutation yoga training. Multiple non parametric tests of Mann-Whitney(U)%, Kruskal-
Wallis test(H)*”and Wilcoxon test®® were performed and compared along with repeated measures of ANOVA
(F). The statistical tests were performed using the tool GraphPad prism®.
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Fig. 6. Illustration of global field power and microstate analysis for yoga training data. (a) Noise-removed
preprocessed data. (b) Estimated global field power (GFP) across brain topologies. (c) The peaks of the GFP
are used for clustering via algorithms such as k-means, typically from n=4 to n=8. (d) Fitting the cluster maps
to the original data. (e) Microstates segmented from a trial in an epoch for a period of 1 s (x-axis is time in
seconds).

Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are
available from the corresponding author upon reasonable request. Please write to the contact author shyam@
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