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where neural excitability refers to the degree of net neural 
activity over the whole brain [2]. Neural excitability, which 
often fluctuates at infra-slow frequencies, has been shown 
to represent arousal variation. For example, the phase of 
the EEG ISA not only correlates with the amplitude fluc-
tuation of fast oscillations (> 1 Hz) [3, 4] and muscle activ-
ity [5], but also with galvanic skin responses representing 
the arousal level [6]. Moreover, studies have revealed that 
behavioral performance of the somatosensory discrimina-
tion task [4] and the occurrence of different behaviors dur-
ing playing the video game [7] vary with the phase of the 
EEG ISA.

The amplitude of the ISA oscillation is also related to 
physiological states and behavioral outcomes. The stress 
level [8] and reaction time (RT) in sensory discrimination 
tasks [9] increase as the amplitude of the ISA increases. 
Such modulation of the stress level and behavioral 

1  Introduction

Infra-slow activity (ISA) of electroencephalogram (EEG), 
referring to EEG oscillations below 0.1 Hz, has been stud-
ied since the 1950s [1]. Essentially, the EEG ISA is consid-
ered to be associated with a fluctuation in neural excitability 
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Abstract
Purpose  Meditation is renowned for its positive effects on cognitive abilities and stress reduction. It has been reported that 
the amplitude of electroencephalographic (EEG) infra-slow activity (ISA, < 0.1 Hz) is reduced as the stress level decreases. 
Consequently, we aimed to determine if EEG ISA amplitude decreases as a result of meditation practice across various 
traditions.
Methods  To this end, we analyzed an open dataset comprising EEG data acquired during meditation sessions from experi-
enced practitioners in the Vipassana tradition—which integrates elements of focused attention and open monitoring, akin to 
mindfulness meditation—and in the Himalayan Yoga and Isha Shoonya traditions, which emphasize focused attention and 
open monitoring, respectively.
Results  A general trend was observed where EEG ISA amplitude tended to decrease in experienced meditators from these 
traditions compared to novices, particularly significant in the 0.03–0.08 Hz band for Vipassana meditators. Therefore, our 
analysis focused on this ISA frequency band. Specifically, a notable decrease in EEG ISA amplitude was observed in Vipas-
sana meditators, predominantly in the left-frontal region. This reduction in EEG ISA amplitude was also accompanied by 
a decrease in phase-amplitude coupling (PAC) between the ISA phase and alpha band (8–12 Hz) amplitude, which implied 
decreased neural excitability fluctuations.
Conclusion  Our findings suggest that not only does EEG ISA amplitude decrease in experienced meditators from traditions 
that incorporate both focused attention and open monitoring, but this decrease may also signify a diminished influence of 
neural excitability fluctuations attributed to ISA.

Keywords  Amplitude reduction · EEG · Infra-slow activity · Meditation · Phase-amplitude coupling.
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performance can also be seen as the effect of mindfulness 
meditation. Studies have indicated that mindfulness medi-
tation can lower the stress level [10, 11; for a review, see 
12] and improve cognitive functions [13]. Therefore, we can 
expect that the amplitude of the ISA would be correlated 
with the meditation effect. More specifically, we can expect 
that meditation would lower the amplitude of the ISA. 
Many meditation traditions can be organized into focused 
attention and open monitoring types [14], and mindfulness 
meditation includes both types of practice [15]. Therefore, 
it is conceivable that meditation traditions that include both 
types of practice may lead to decreases in the ISA amplitude.

Regarding relations of mediation with EEG, many stud-
ies have investigated mediation-induced modulation of the 
amplitude of relatively fast EEG oscillations over 1 Hz, such 
as alpha or theta oscillations, in both experienced and nov-
ice meditators. In novice meditators, the amplitude of alpha 
oscillations increased during meditation compared to mind 
wandering, while that of theta oscillations decreased [16]. 
In contrast, the amplitude of alpha oscillations decreased 
during meditation in experienced meditators [17]. More-
over, amplitude changes in fast oscillations vary depending 
on the tradition of meditation. The amplitude of alpha oscil-
lations in experienced Vipassana meditators was found to be 
greater than that of experienced meditators in the Himala-
yan Yoga and Isha Shoonya traditions, as well as the novice 
control group [18].

Yet, few studies have explored the relationship between 
meditation and the EEG ISA. A study analyzed the amplitude 
of the EEG ISA during meditation, but did not investigate 
how it differed between experienced and novice meditators 
[19]. Another study compared the phase synchronization of 
the EEG ISA between experienced and novice meditators, 
showing that the phase synchronization was greater in nov-
ice than experienced meditators, but did not investigate the 
amplitude of the ISA [20].

Nonetheless, it would be worthy to study changes in the 
amplitude of the ISA by meditation. Knowing the relation-
ship between meditation and the EEG ISA will extend EEG 
correlates of meditation to a wider frequency band of oscilla-
tions, enriching the neurophysiological basis of meditation. 
Also, the EEG ISA features reflecting the state of meditation 
can offer a new index to be used for the development of 
a neurofeedback system for meditation, as neurofeedback 
studies using the EEG ISA have recently increased [21–23].

Therefore, we aimed to study a relationship between 
the amplitude of the ISA and meditation experiences. We 
hypothesized that the amplitude of the ISA in experienced 
meditators would be lower than that in novice meditators. 
Reduced stress levels and improved behavioral performance 
observed in experienced meditators [10, 11, 13] are associ-
ated with decreases in the amplitude of the ISA [8, 9]. In 

addition, the amplitude of blood-oxygen-level-dependent 
(BOLD) signals, which is known to correlate with the 
amplitude of the EEG ISA [24, 25], is modified in experi-
enced meditators [26].

If, as per our hypothesis, the amplitude of the EEG ISA 
diminishes in experienced meditators, we further aimed 
to explore whether the effect of meditation on the EEG 
ISA would also be manifested in a relationship between 
the phase of the EEG ISA and neural excitability fluctua-
tions [3–6]. It has been shown that the amplitude envelop 
of the alpha oscillations can represent neural excitability 
[27–29]. Thus, we computed phase-amplitude coupling 
(PAC) between the phase of the EEG ISA and the amplitude 
envelop of the alpha oscillations. Then, we examined if PAC 
differed between experienced and novice meditators.

Here, we explored changes in the amplitude of the ISA 
in experienced meditators compared to novice meditators 
using an open EEG dataset [30]. Given that differences 
exist between meditation traditions in alpha oscillations, we 
analyzed the EEG ISAs of experienced meditators from the 
Himalayan Yoga, Vipassana, and Isha Shoonya traditions. 
The Vipassana meditation tradition in this dataset follows 
the teachings of S. N. Goenka and, like mindfulness medi-
tation, includes both focused attention and open monitor-
ing practices. Therefore, the Vipassana tradition, which 
includes both types of practices taught by S. N. Goenka, 
such as mindfulness meditation, is suitable for studying ISA 
amplitude reduction. Himalayan Yoga and Isha Shoonya 
traditions underscore different characteristics of meditation 
such as focused attention and open monitoring, respectively 
[18].

2  Materials and methods

2.1  Dataset

We utilized an open EEG dataset recorded during a medi-
tation and mind wandering experiment. Participants in 
the experiment belonged to one of the three experimen-
tal groups and one control group. Experienced meditators 
from the Himalayan Yoga (N = 24, 2 females, age: 49 ± 13 
years old), Vipassana, as taught by S. N. Goenka, (N = 19, 5 
females, age: 47 ± 15 years old), and Isha Shoonya (N = 20, 2 
females, age: 40 ± 10 years old) traditions were divided into 
the three experimental groups. The control group (N = 31, 
5 females, age: 45 ± 10 years old) consisted of individuals 
who were novice to any form of meditation. The Himala-
yan Yoga and Isha Shoonya traditions primarily emphasize 
focused attention and open monitoring, respectively. The 
Vipassana tradition, as taught by S. N. Goenka, involves the 
practice of focusing attention on the somato-sensation of the 
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body, representing a type of focused attention. It can also 
be called an open monitoring type of meditation because 
the meditator practices to see what comes to one’s mind 
at advanced stages effortlessly (Fig.  1a). Each participant 
completed two 20-minute sessions of meditation and mind 
wandering [18].

During the first 10 min of the meditation session, all par-
ticipants performed breath-focused meditation, a founda-
tional practice across all three meditation traditions. In the 
last 10  min, participants in the experimental groups were 
engaged in the specific meditation practices of their respec-
tive traditions. Participants in the control group continued 
to perform breath-focused meditation in the last 10  min 
(Fig. 1b) [18].

In this study, we focused on data from the last 10 min 
of meditation sessions, assuming that participants would 
become immersed in the task. All participants kept their 
eyes closed during the entire meditation and wandering ses-
sions. We analyzed 64-channel DC-EEG data (ActiveTwo, 
Biosemi, Netherlands) recorded in the dataset. The refer-
ence channel was located on the right mastoid, and data 
were recorded at a sampling rate of 1,024  Hz. This data-
set is publicly available at: https://openneuro.org/datasets/
ds003969/versions/1.0.0 [30].

2.2  EEG preprocessing

We began the EEG analysis by removing the bad chan-
nels indicated in the dataset notes. As EEG in this dataset 
was recorded with the participants’ eyes closed, we did 
not consider eye-blink artifacts. Ocular-motor and muscle 
activity artifacts are known to occur in frequency ranges 
above 20  Hz [31, 32], which is distant from the ISA fre-
quency band (< 0.1 Hz) Nonetheless, we removed potential 
artifacts by median filtering EEG signals with a 1-second 
window size to reduce artifacts. Because artifacts in the 
ISA frequency band are not well known, when analyzing 
time-domain amplitudes, we used the time-domain median, 
which is robust to outliers, instead of the time-domain mean, 
to avoid biasing the results due to potential artifacts.

For EEG signals in fast frequency bands (> 1  Hz), we 
removed artifacts through three steps: firstly, bandpass fil-
tering was performed using a finite impulse response (FIR) 
filter with a Hamming window at 1–40 Hz (or 60–110 Hz); 
secondly, median filtering was applied with a 1/16-second 
window size to reduce artifacts (for 1–40 Hz band-passed 
data); and finally, we used the Artifact Subspace Recon-
struction method implemented in the EEGLAB toolbox 
(using “EEG = clean_asr( EEG, 20 )” [33]), to remove other 
remaining artifacts. EEG data were downsampled to 512 Hz 
during these three steps.

We applied the surface Laplacian filtering to EEG sig-
nals to reduce the effect of volume conduction. The Current 

Fig. 1  Participants and behavioral task. (a) Participants from three 
meditation traditions. The Himalayan Yoga and Isha Shoonya tra-
ditions primarily emphasize focused attention and open monitor-
ing, respectively. Vipassana meditation, as taught by S. N. Goenka, 
involves the practice of focusing attention on the somato-sensation of 
the body, representing a type of focused attention. It can also be called 

an open monitoring type of meditation because the meditator practices 
to see what comes to one’s mind at advanced stages effortlessly. For 
more information, see, Braboszcz et al. [18]. (b) Meditation task. In 
this study, we focused on data from the last 10 min of meditation ses-
sions, assuming that participants would become immersed in the task
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(60–110 Hz) oscillations was also analyzed. EEG data were 
downsampled to 8 Hz and bandpass filtered using a FIR fil-
ter with a Hamming window at 0.03–0.08 Hz. The resulting 
infra-slow signals were Hilbert transformed to estimate the 
phase of the ISA. To compute PAC, the phases of the ISA 
were divided into eight intervals: [-π,-3π/4], [-3π/4,-2π/4], 
[-2π/4,-π/4], [-π/4,0], [0,π/4], [π/4,2π/4], [2π/4,3π/4], and 
[3π/4,π] radian. The amplitude envelope of the alpha and 
theta oscillations was calculated using Hilbert transform as 
described above. Then, we collected the values of the ampli-
tude envelope of the alpha and theta oscillations correspond-
ing to each ISA phase interval and averaged all the collected 
values in each phase interval. The averaged amplitudes 
were then normalized to make the sum of the amplitudes 
over eight intervals equal to one, similar to a probability dis-
tribution. PAC was quantified using the modulation index 
(MI) based on the Kullback–Leibler divergence between the 
normalized average amplitudes and the uniform distribution 
[39]. The statistical significance of the PAC was verified by 
calculating the MI of 1,000 surrogate data obtained by ran-
domly shuffling the phases of the ISA.

2.4  Statistical tests

In this study, we used the one-tailed Wilcoxon rank-sum 
test to compare the outcomes of the EEG data analysis (see 
Sect. 2.3) between the experimental and the control groups. 
Utilizing the Wilcoxon rank-sum test eliminates the need 
to assume that the data follow a specific distribution. The 
decision to utilize a one-tailed statistical test was driven 
by our hypothesis that the ISA amplitude would decrease, 
supported by preliminary observations of a tendency of 
ISA amplitude reduction (Fig.  2a). To tackle the issue of 
multiple comparisons, we used a false discovery rate (FDR) 
corrected p-value of 0.05 over 64 channels. A one-tailed 
permutation test was used to determine the statistical sig-
nificance of the Modulation Index (MI) in Phase-Amplitude 
Coupling (PAC). In this instance, we applied an FDR-cor-
rected p-value of 0.05 across participants in the experimen-
tal groups.

2.5  Declaration of generative AI and AI-assisted 
technologies in the writing process

During the preparation of this work the authors used Google 
Translate and ChatGPT in order to improve readability and 
language. After using this tool/service, the authors reviewed 
and edited the texts as needed and take a full responsibility 
for the contents of the publication.

Source Density (CSD) Toolbox [34–36] was utilized to 
apply the surface Laplacian filtering to EEG data. We set 
the filtering parameters, m = 4 and λ = 10− 5, similar to other 
EEG oscillation studies [37, 38].

2.3  EEG analysis

Using EEG signals at each channel after preprocessing 
above, we analyzed EEG signals in three ways to estimate: 
(1) the amplitude of the ISA via the fast Fourier transform 
(FFT); (2) the amplitude of the ISA via the bandpass fil-
tering (0.03–0.08 Hz); and (3) PAC between the phase of 
the ISA (0.03–0.08 Hz) and the amplitude envelope of the 
alpha and high gamma oscillations. First, we employed FFT 
to measure the amplitude of the ISA. EEG signals were 
downsampled to 8  Hz before applying the FFT. The rea-
son for downsampling to 8  Hz was to obtain a sufficient 
number of data samples per cycle (> 80, for the EEG ampli-
tude and phase analyses) even at the fastest frequency of 
ISA (0.1  Hz), while also ensuring rapid data processing. 
Then, we created a time window with a 100-second width 
randomly placed within the period of interest (i.e., the last 
10 min of the sessions) and applied the FFT to EEG sig-
nals in this window. The amplitude at each frequency in the 
infra-slow band (0.01–0.1 Hz) was then measured by tak-
ing the absolute value of the FFT results. We repeated this 
procedure 1,000 times and took the median amplitude. Due 
to the utilization of extended time windows with uniformly 
distributed random starting points, our data sampling for 
FFT resulted in overlaps across time windows, which con-
sequently led to more frequent sampling of data in cen-
tral time segments. However, we opted for this approach 
since we assumed that the ISA amplitude would now vary 
substantially throughout the 10-minute meditation period. 
This approach is akin to assessing the ISA amplitude via a 
moving window with regular intervals of 0.5 s, albeit with 
the introduction of variability in the starting points of the 
windows. As such, this approach essentially highlights the 
concept of random sampling in the estimation of the ISA 
amplitude.

Next, we employed bandpass filtering to measure the 
amplitude of the ISA. EEG data were downsampled to 8 Hz 
and bandpass filtered using a FIR filter with a Hamming 
window at 0.03–0.08  Hz. This infra-slow frequency band 
was determined empirically by assessing the amplitude 
of the ISA above (see Sect. 3.1). The resulting infra-slow 
signals were Hilbert transformed to estimate the amplitude 
envelope of the ISA (0.03–0.08 Hz). We took absolute value 
to the Hilbert transformed ISA data and took the median 
amplitude envelope.

Lastly, PAC between the phase of the ISA and the ampli-
tude envelope of the alpha (8–12  Hz) and high gamma 
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small or absent (Fig. 2b). Therefore, in the following analy-
ses, the ISA frequency band was defined as 0.03–0.08 Hz.

We assessed the difference in the amplitude of the EEG 
ISA between the experimental groups and the control group 
on the selected ISA frequency band (0.03–0.08 Hz). In the 
group of Vipassana meditators, the amplitude of the ISA at 
a frequency band of 0.03–0.08 Hz in the left frontal region 
during meditation was lower than in the control group (One 
tailed Wilcoxon rank-sum test, FDR-corrected p < 0.05) 
(Fig. 3). The group of Vipassana meditators showed lower 
amplitudes of the ISA at 13 out of 64 EEG channels at 0.03–
0.08 Hz than the control group (One tailed Wilcoxon rank-
sum test, FDR-corrected p < 0.05) (Fig. 4). In the group of 
Himalayan Yoga and Isha Shoonya meditators, none of the 
EEG channels showed a significant difference in the ampli-
tude of the ISA compared to the control group during medi-
tation (One tailed Wilcoxon rank-sum test, FDR-corrected 
p < 0.05) (Fig. 3).

3  Results

3.1  Reduced amplitude of EEG infra-slow activity in 
experienced meditators of the vipassana tradition

First, we observed that the amplitudes of the EEG ISA in 
experienced meditators were lower than those of novices 
(Fig. 2a). Such lowered amplitudes of the EEG ISA were 
observed in experienced meditators of all three traditions 
during meditation. Therefore, in order to select an ISA fre-
quency band in which the ISA amplitude is significantly 
lower, the ratio of EEG channels in which the ISA amplitude 
of experienced meditators is significantly lower than that of 
novices was calculated for each frequency (One tailed Wil-
coxon rank-sum test, FDR-corrected p < 0.05). As a result, it 
was confirmed that the ISA amplitude of experienced medi-
tators who practiced Vipassana was significantly lowered 
in 1–10% of channels at 0.03–0.08 Hz (Fig. 2b). In other 
experimental groups, this significant reduction was very 

Fig. 2  Infra-slow activity (ISA) 
frequency band selection for 
reduced electroencephalogram 
(EEG) ISA in experienced medi-
tators. (a) Reduced EEG ISA 
observed in experienced medita-
tors during meditation. Left: 
channel F7. Right: all channels. 
(b) Percentage of EEG chan-
nels with significantly reduced 
amplitude relative to controls 
(novices) (One tailed Wilcoxon 
rank-sum test, FDR-corrected 
p < 0.05). Note that the signifi-
cance reductions were observed 
in 0.03–0.08 Hz band of Vipas-
sana meditators
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the left frontal region during meditation (One tailed Wil-
coxon rank-sum test, FDR-corrected p < 0.05) (Fig. 4). On 
the other hand, significant differences in PAC were barely 
presented between the Himalayan Yoga meditators (3 out of 
64 EEG channels) or Isha Shoonya meditators (0 out of 64 
EEG channels) group and the control group during medi-
tation (One tailed Wilcoxon rank-sum test, FDR-corrected 
p < 0.05) (Fig. 4).

As for high gamma oscillations, significant differences in 
PAC were not presented between an experimental and the 
control group during meditation (Himalayan Yoga medita-
tors: 0 out of 64 EEG channels; Vipassana meditators: 0 out 
of 64 EEG channels; Isha Shoonya meditators: 0 out of 64 
EEG channels) (One tailed Wilcoxon rank-sum test, FDR-
corrected p < 0.05) (Fig. 4).

4  Discussion

Previous research has revealed that the amplitude of fast 
EEG oscillations (> 1  Hz) was reduced in experienced 
meditators [16–18]. In contrast, how the amplitude of EEG 
ISA (< 0.1  Hz) would be altered in experienced medita-
tors is largely unknown. In this study, we investigated the 
amplitude of EEG ISA in experienced meditators of vari-
ous types, including the Himalayan Yoga, Vipassana, and 
Isha Shoonya traditions. We found the lowered amplitude 
of EEG ISA in Vipassana meditators, as taught by S. N. 
Goenka, compared to the novice group (Figs. 2 and 3). Spe-
cifically, the amplitude of EEG ISA (0.03–0.08 Hz) over left 
frontal region was reduced during meditation in Vipassana 
meditators. Also, no apparent reduction of the amplitude of 
EEG ISA was found in Himalayan Yoga and Isha Shoonya 

3.2  Reduced coupling between the phase of infra-
slow activity and amplitude of alpha oscillations in 
experienced meditators of the vipassana tradition

We examined phase-amplitude coupling (PAC) between the 
phase of the ISA and the amplitude envelope of the alpha 
(8–12 Hz) and high gamma (60–110 Hz) oscillations. The 
reason for using these frequency bands is that in a previ-
ous study using the same dataset as the current study, the 
alpha and high-gamma frequency bands showed differences 
between experienced and novice meditators [18]. The infra-
slow frequency band was determined as 0.03–0.08 Hz, in 
which the amplitudes of the ISA were most significantly dif-
ferent between experienced and novice meditators (Fig. 3).

We first verified whether the PAC outcomes in the data-
set analyzed in this study were significantly different from 
the chance level, as demonstrated in previous studies [3, 4]. 
As for alpha oscillations, during meditation, PAC was sig-
nificantly stronger than the chance level in 84.73%, 79.36%, 
78.45%, and 84.77% of participants from the Himalayan 
Yoga, Vipassana, Isha Shoonya, and control groups, respec-
tively (Permutation test, FDR-corrected p < 0.05). As for 
high gamma oscillations, during meditation, PAC was sig-
nificantly stronger than the chance level in 46.32%, 41.80%, 
46.05%, and 51.41% of participants from the Himalayan 
Yoga, Vipassana, Isha Shoonya, and control groups, respec-
tively (Permutation test, FDR-corrected p < 0.05).

Having confirmed that PAC outcomes were significant in 
many participants (especially, alpha oscillations), we com-
pared PAC outcomes between the experimental and control 
groups. As for alpha oscillations, PAC was significantly 
weaker in the group of Vipassana meditators than in the 
control group at 22 out of 64 EEG channels encompassing 

Fig. 3  Amplitude changes of ISA at 0.03–0.08 Hz. The amplitude change represents the shift in amplitude from the control group to each experi-
mental group during meditation. Black dots indicate statistically significant channels (One tailed Wilcoxon rank-sum test, FDR-corrected p < 0.05)
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oscillations compared to training that focuses on only one 
of these aspects [18]. This suggests that neural systems may 
respond differently depending on the type of training. Con-
sequently, the observed reduction in ISA amplitude during 
meditation among experienced meditators (Fig. 3) could be 
associated with the beneficial effects of meditation practices 
that integrate both focused attention and open monitoring.

PAC between the phase of ISA and the amplitude of fast 
oscillations differed between meditation traditions (Fig. 4). 
In Vipassana meditators, both the amplitude of the ISA 
and PAC between the ISA phase and the alpha amplitude 
decreased during meditation. But in Himalayan Yoga and 
Isha Shoonya meditators, the amplitude of ISA, and PAC 
between the ISA phase and the alpha amplitude were barely 
changed during meditation. We speculate that the PAC 
between the ISA and alpha oscillations changed in Vipas-
sana meditators, because alpha oscillations are reported to 
be modulated only in Vipassana meditators among the 3 
traditions [18]. This suggests that changes associated with 
alpha oscillations may be related to meditation traditions 
that include both focused attention and open monitoring 
practices, for example, the Vipassana meditation, as taught 
by S. N. Goenka. In previous studies using the same dataset 
as this study, high gamma activity did not differ by medita-
tion tradition [18]. In this study, there were no changes in 
the coupling between the ISA phase and high gamma ampli-
tude across all meditation traditions, supporting the idea that 
ISA-related changes may be associated only with medita-
tion traditions that include both focused attention and open 
monitoring practices.

meditators. Therefore, the reduction of the amplitude of 
EEG ISA by meditation may vary with meditation traditions 
in terms of practice and brain region.

ISA represents intrinsic neural excitability fluctuations 
[3–6], and the correlation between behavior and ISA inten-
sifies when behavioral performance diminishes [4, 7]. This 
suggests that a state heavily influenced by fluctuations unre-
lated to task performance is not conducive to effective task 
execution. A condition characterized by a high ISA ampli-
tude may indicate that the impact of intrinsic neural excit-
ability fluctuations is significant. This interpretation aligns 
with existing research findings [9], which suggest improved 
behavioral performance when the ISA amplitude is reduced. 
Thus, the reduced ISA amplitude (Fig. 3) can be perceived 
as beneficial for the meditation task, mitigating the influ-
ence of intrinsic neural excitability fluctuations that are not 
related to task performance.

Decreased ISA amplitudes are known to reflect posi-
tive effects with mindfulness meditation, including stress 
reduction [10–11; for a review, see 12] and enhancement 
of cognitive abilities [8, 9, 13]. Mindfulness meditation 
encompasses both focused attention and open monitoring 
practices [15]. Such a meditation category also includes 
Vipassana meditation as taught by S. N. Goenka in addition 
to mindfulness meditation. In this study, the reduction in ISA 
amplitude was primarily observed in the Vipassana medita-
tion condition, suggesting that the combination of focused 
attention and open monitoring might be essential for reduc-
ing ISA amplitude. Training of both focused attention and 
open monitoring reportedly increases the amplitude of alpha 

Fig. 4  Changes in phase-ampli-
tude coupling (PAC) of alpha 
and high gamma oscillations. 
The phase originated from the 
ISA of 0.03–0.08 Hz, while the 
amplitude came from the alpha 
(8–12 Hz) and high gamma 
(60–110 Hz) oscillations. The 
figure shows changes from the 
control group to each experi-
mental group during meditation. 
Black dots indicate statistically 
significant channels (One tailed 
Wilcoxon rank-sum test, FDR-
corrected p < 0.05)
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