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Abstract

Objectives The practice of silence is integral to some meditation traditions. Research is lacking on how silence practice
affects brain connectivity. We hypothesized that silent, retreat-based meditation practice would reduce the connection between
the language network from core cognitive networks such as the dorsal attention network (DAN) and default mode network
(DMN).

Method In a retrospective study, we analyzed resting state functional MRI (rsfMRI) data in 13 long-term Vipassana medi-
tators (LTM) (~ 11,000 average hours of lifetime meditation experience) and healthy controls (n =34) with no experience
in meditation. We also compared our results with a large-scale dataset—Human Connectome Project (n=169) (HCP). We
compared the within and across functional connectivity among the three networks and correlated meditation experience and
days spent in silence with the network connectivities.

Results We found that the meditators have decoupled functional connectivity strengths (F; 504)=10.27, p <0.01) between
the DMN and language network (M = —0.05, SD=0.19) as compared to HCP controls (M =0.14, SD=0.14). The DAN
had a negatively correlated connectivity strength with the language network in meditators (r= —0.20) as compared to both
control groups (r=0.02) and a strong inverse relation (r= —0.54) was found between DAN-language connectivity and the
number of days spent in silent retreat.

Conclusions Our study finds a potential role of silence training in changing the connectivities of three cognitive networks,
DMN, DAN, and language network, resulting in reduced thoughts during meditation and a deeper experience of meditation.
Preregistration This study is not preregistered.

Keywords Meditators - Silence - fMRI - Resting state functional connectivity - Default mode network - Language network -
Dorsal attention network

Meditation as a means of spiritual growth has been practiced
for thousands of years and in recent years has been the focus
of many cognitive neuroscience investigations. Numerous
studies have documented the effects of meditation practice
on the brain, and how these changes in turn impact myriad
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functions including enhanced cognitive and emotional func-
tioning; reduction of clinical symptoms like anxiety, depres-
sion, and PTSD; and increases in compassion (Schuman-
Olivier et al., 2020; Seppild et al. 2014; Sezer et al., 2022;
Whitfield et al., 2022; Young et al., 2018).

Meditation is associated with multiple changes in brain
functional connectivity (Sezer et al., 2021). Functional MRI
paradigms that measure intrinsic or resting state functional
connectivity do not examine the organization of brain net-
works during meditation, but can reveal effective changes
in brain connectivity associated with regular/ongoing
meditation practice. Meta-analyses have found that medi-
tation is associated with connectivity changes within net-
works related to self-referential processing, self-awareness,
and self-regulation, as well as within networks related to

@ Springer


http://orcid.org/0000-0001-7520-4188
http://crossmark.crossref.org/dialog/?doi=10.1007/s12671-024-02316-7&domain=pdf

666

Mindfulness (2024) 15:665-674

attention, executive function, and memory (Boccia et al.,
2015; Rahrig et al., 2022). In particular, the default mode
network (DMN) and the dorsal attention network (DAN) are
affected by meditation practices. The DMN is associated
with aspects of intrinsic processing such as internal menta-
tion, self-projection, autobiographical memory, planning,
and mind wandering (Buckner & Carroll, 2007; Buckner &
DiNicola, 2019), whereas the DAN is associated with exter-
nal engagement. Activity in the two networks is negatively
correlated (Fox et al., 2005).

A recent study observed that an important indicator of
brain health, the strength of negative correlations between
DMN and DAN, was greater in long-term Vipassana medi-
tators than in controls (Devaney et al., 2021). A separate
longitudinal study found that focused-attention medita-
tion increased the connectivity within DAN and between
DMN-DAN, suggesting an ability to quickly switch between
an internal mind-wandering state to an external attention
state (Zhang et al., 2021). Extensive meditation experience
is also associated with altered connectivity within the DMN
regions of the posterior cingulate cortex (PCC) and cogni-
tive control network regions of the dorsal anterior cingulate
cortex (dACC) and dorsolateral prefrontal cortex (PFC)
(Brewer et al., 2011). Additionally, the medial core part of
the DMN, PCC, and ventromedial PFC has stronger ante-
rior—posterior connectivity in long-term yoga practitioners
(Santaella et al., 2019). Meditators exhibit increased within-
network functional connectivity for the DAN and greater
across-network connectivity with DMN and salience regions
(Froeliger et al., 2012).

The core part of the DMN is more associated with con-
strained thoughts, whereas the medial temporal lobe part of
the DMN, which overlaps with the language network (Lipkin
et al., 2022), is related to spontaneous thought. The language
network—which spans regions within the temporal, lateral
frontal, and medial cortices—is associated with the process-
ing, production, and comprehension of language (Fedorenko
etal., 2011). The DMN couples both with the language and
control networks (Gordon et al., 2020) and can be associ-
ated with hierarchical predictions of prolonged timescales
(Heilbron et al., 2022; Margulies et al., 2016).

Ancient meditation traditions had deep insights into the
functioning of the mind and its various faculties. Ancient
Yogic texts highlight the role of various meditative prac-
tices in reducing “oscillations of the mind” which could
putatively be interpreted as changes in large-scale cognitive
networks like the DMN. Patanjali’s Yoga sutras mention
five modulations or oscillations of the mind when it either
engages with the world through perception, inference and
written knowledge (pramana), or rests during sleep (nidra)
or engages in memory (smriti), imagination (vikalpa), or
wrong perception (viparyaya) (Shankar, 2022; Tripathi &
Bharadwaj, 2021; Vivekananda, 2010). Yoga is defined
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as the state in which the mind is not engaged in the five
modulations. In such a state, if a thought begins to arise,
the meditator resists engaging with the thought, which typi-
cally leads to it petering out. Thus, there is typically little
discursive thought during meditation, particularly during
deep meditation states such as jhana or samadhi. Patan-
jali elucidates imagination as “Shabd artha gyan anupati
vastu shunya vikalpa” which translates to “imagination is
the knowledge about an inexistent object through compre-
hension of language” (Shankar, 2022; Vivekananda, 2010).
Patanjali explicitly considers imagination as a modulation
of the mind that links with language. Pramana, smriti, and
viparyaya also involve various large-scale brain networks
like the DMN, DAN, and language. Thus, we hypothesized
that silence training, which is practiced extensively across
spiritual traditions, reduces these oscillations in the mind
and can result in lower connectivity between the language
network and DAN/DMN.

Here, we focused on brain changes associated with exten-
sive silent meditation practice. Specifically, we hypothesized
that the language network will be less connected with the
DAN and DMN in individuals who have participated in
numerous silent Vipassana meditation retreats, relative to
controls without any meditation practice. We compared
resting state functional connectivity between the language
network and the core subsystem of the DMN and the DAN
between long-term meditators who have spent hundreds of
days in silence with demographically matched controls with
minimal meditation experience, and also with subjects from
the Human Connectome Project (HCP).

Method
Participants

The Vipassana Meditation Cohort (VMC) dataset
included 16 experienced meditators (11 males, mean
age =34.33 years) out of which 13 (9 males) had resting
state data. Subjects were recruited using word of mouth from
a local Vipassana center in Massachusetts. The subjects had
on average 7 years of meditation experience, with an average
estimated 8311 hr of meditation (range = 1300-50,000 hr)
along with 291 + 86 days (range =25-319) spent on silent
retreats. The average weekly time dedicated to meditation
was 843 +230 (range 540-1560) min spread over 14 +4 ses-
sions (range 9-26) ranging between 55 and 65 min. The data
were collected for a prior study (Devaney et al., 2021) inves-
tigating differences in attentional processes between medita-
tors and non-meditators. Age, gender, and expertise-matched
controls were recruited (16 total, 11 males) from which eight
subjects (five males) had resting state data that was used in
the current manuscript. Since prior research has shown that
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recruitment based on expertise can result in differences in
task performance (Boot et al., 2011), the expertise-matched
controls were included on the basis of a “sham expertise”
to control for meditators who were explicitly recruited for
their meditation expertise. Potential participants initially
were asked to self-rate their abilities on a broad range of
tasks including athletic abilities, swimming, driving, etc.,
and subsequently were told that they were being invited to
participate because of their specific “expertise” in a field
for which they highly rated their own abilities (for details
see Devaney et al., 2021). We included an additional 26 (11
male, mean age =29.21 years) control subjects (CNT data-
set) from the Boston University community to overcome the
attrition in the sham expertise control group and improve
statistical robustness. Overall, we had a total of 34 controls
(16 males, mean age=31.54 years). All subjects in the VMC
and CNT groups were right-handed. The study was con-
ducted in accordance with the Declaration of Helsinki. The
Institutional Review Board of the University approved the
study and informed consent was obtained from all subjects
who were financially compensated ($75/hr).

We compared the resting state connectivity metrics with
subjects from the Human Connectome Project (HCP) dataset
(Van Essen et al., 2013, db.humanconnectome.org) which
consisted of 169 healthy subjects (104 females) in the age
range 22-35 (exact ages were restricted in the HCP dataset)
who had data collected for resting state and seven cogni-
tive tasks as detailed in Barch et al. (2013) and Van Essen
et al. (2012). The handedness was also restricted for the HCP
subjects but about 10% of the subjects were left-handed as
mentioned elsewhere (Ruck & Schoenemann, 2021).

Procedure

VMC and CNT dataset was acquired on a 3-T Siemens Tim
Trio using a 32-channel Siemens head coil. T1-weighted
(MPRAGE) high-resolution data (TR =6.6 ms, TE=2.9 ms,
flip angle =8°, voxel size=1.0x1.0x 1.3 mm) were
acquired for each participant along with gradient echo EPI
sequences (TR=2600 ms, TE=30 ms, flip angle =90°,
voxel size=3.0x3.0x 3.1 mm, 42 slices, whole brain cov-
erage) for the resting state data that consisted of two runs
of 6 min each (278 time points). The resting state data were
collected with a fixation cross on the screen and the subjects
were asked to fixate on the cross and not do anything in
particular, including explicit instructions not to meditate.
The Human Connectome Project (HCP) resting state
data were acquired on a 3-T Siemens Connectom scanner
with high-resolution T1 (voxel size=1.0x1.0x 1.3 mm)
and T2 data. Resting state data were acquired using gradi-
ent echo EPI sequences (TR =720 ms, multiband factor=3,
voxel size =2 mm isotropic, 72 slices, total 1200 TRs per
run) collected across two fMRI scanning days which were

interspersed with other MRI data. Across the four runs, data
were normalized and concatenated resulting in 4800 total
volumes.

We used Freesurfer (http://surfer.nmr.mgh.harvard.edu/)
for cortical reconstruction and volumetric segmentation of
the T1 data. More details about the technical methods can be
found in prior publications (Dale et al., 1999; Fischl & Dale,
2000; Fischl et al., 1999, 2002, 2004; Jovicich et al., 2006;
Power et al., 2012; Ségonne et al., 2004). For the resting
state data, we performed slice time correction, motion cor-
rection, and volumetric spatial smoothing with an FWHM of
1.5 mm followed by intensity normalization and boundary-
based registration to the subject’s own high-resolution ana-
tomical data. We then used six motion parameters (reduced
to three singular value decomposition—based eigenvectors)
as nuisance regressors for motion correction of the resting
state data which was followed by ventricular and white mat-
ter regression. Time points with excessive motion above a
threshold of 0.5 mm were removed and replaced using linear
interpolation. We then performed bandpass filtering between
0.01 and 0.08 Hz, followed by smoothing global mean gray
matter signal regression.

The HCP dataset was preprocessed using the minimal
preprocessing pipeline (Glasser et al., 2013) that incorpo-
rated Freesurfer-based surface registration to the CIFTT sur-
face (32 k grayordinate format). The preprocessing incorpo-
rated artifact correction, gradient non-linearity correction,
motion correction and EPI distortion correction, temporal
denoising, and bandpass filtering between 0.01 and 0.08 Hz.
Structural and functional images were registered from the
native subject space to the MNI space which was followed
by cortical segmentation in the native surface mesh using
the Freesurfer pipeline. The data were registered from the
native to 168 k to 32 k vertices surface CIFTI format. We
finally applied a spatial smoothing of 2-mm FWHM at the
surface level.

Measures

We extracted the language network from the Schaefer ROIs
using the definitions of the language network as defined by
Federenko and colleagues (Lipkin et al., 2022). We limited
our analysis to the left lateral representation of the lan-
guage network because most of the subjects in the analyses
were right-handed and the extent of the network in the lan-
guage atlas for the right hemisphere was limited. We took
the core subsystem of the default mode network (Christoff
et al., 2016) without the dorsal inferior parietal lobule to
avoid overlap with some parts of the language network. We
extracted the dorsal attention network using the Schaefer
200 parcel cortical atlas (Schaefer et al., 2017) and the
17-network Yeo parcellation definition (Yeo et al., 2011).
We computed the seed-to-seed resting state functional
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connectivity (rsFC) analysis by taking an average of all the
vertices within a seed across time and then taking Pearson
correlations across the seeds (Finn et al., 2015; Rosenberg
et al., 2015).

Data Analyses

To compare the seed-seed rsFC measure, both within and
across networks, between the meditator (VMC) and non-
meditator groups (CNT and HCP), we Fisher z-transformed
the correlation coefficients between the networks within
a participant and then used the two-way ANOVA method
followed by Tukey’s HSD post hoc analysis to statistically
analyze the correlation strengths across groups. We used the
implementation of ANOVA from the statsmodels toolbox
(Seabold & Perktold, 2010) which utilizes the Scipy Python
toolbox (Virtanen et al., 2020). We also reported adjusted
p-values for the post-hoc analyses.

We computed the difference between the edge connectiv-
ity (Faskowitz et al., 2020) of language and DMN, DMN and
DAN, and DAN and language edges across the meditator
and control groups to analyze how the effect of silence and
meditation training impacts the networks and the relation-
ship among them.

The HCP dataset also included a language task where
subjects listened to 20-25-s stories and responded to yes/
no questions after the story block ended. We correlated the
accuracy and reaction time in the language task with the
connectivities between DMN, DAN, and language regions.

Results

We analyzed the seed-based connectivity between the core
DMN (cDMN) and language network (Fig. 1). We computed
the correlation strength between the networks within an indi-
vidual subject, Fisher z-transformed them, and used a two-
way ANOVA to compare the network strengths across the
groups and found that cDMN-language connectivity strength
differed (Fp 504,=12.28, p<0.01) across the groups. Tukey’s
post hoc analysis found differences between CNT (M =0.06,
SD=0.13) and HCP (M =0.14, SD=0.14) groups (adjusted
p=0.03) and also between the HCP and VMC (M =-0.05,
SD=0.19) groups (adjusted p =0.001). The HCP group had
stronger rsFC correlation strengths as compared to the two
other groups.

Analyzing the cDMN and DAN network connec-
tivity (Fig. 2), we found that the three groups differed
(F2.204y=69.63, p<0.01) with post hoc differences between
CNT (M =-0.08, SD=0.2) and HCP (M =-0.37, SD=0.1)
groups (adjusted p=0.001) and HCP and VMC (M =-0.15,
SD =0.10) groups (adjusted p=0.001) with the HCP group
having stronger inverse correlation strengths as compared
to VMC and CNT. Here, inverse correlations signify an
opposing activity in the networks wherein when the BOLD
activity in one network increases, it decreases in the other
network.

The resting state functional connectivity between the
DAN and language network was negatively correlated
for the VMC (M =-0.2, SD=0.15) group but not for the
HCP (M=0.02, SD=0.13) and CNT (M =0.03, SD=0.18)
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Fig.1 Network definitions and cDMN-language connectivity analy-
sis. a) We extracted the averaged time series from eyes-open resting
state data in the subjects for the lateral part of the left hemispheric
language network as defined in Lipkin et al. (2022) and correlated it
to the medial part of the core DMN. We performed Pearson correla-
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tion to estimate the functional connectivity of the two networks. b)
We plotted the cDMN-language network connectivity for the three
datasets (Vipassana meditation cohort, VMC; controls, CNT; Human
Connectome Project controls, HCP). *Statistical significance with
p<0.05
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Fig.2 Functional connectivity among the networks across groups.
Analyzing the functional connectivity in core DMN, DAN, and lan-
guage network for the three groups (Vipassana meditation cohort,
VMC; controls, CNT; Human Connectome Project controls, HCP).
The cDMN-DAN connectivity was low for the meditators compared
to HCP. The control groups had near zero DAN and language net-
work whereas they were negatively correlated for the meditators.
*Statistical significance with p <0.05

groups. Group differences were statistically significant
(F2204y=10.27, p<0.01) with post hoc differences between
VMC and HCP groups (adjusted p <0.001) and CNT and
VMC groups (adjusted p=0.001). We correlated the time
spent in silent retreats with the connectivity changes. Prior to
computing statistics, we removed the outliers (two standard
deviations away from the mean time period spent in silence;
one subject with the most amount of silence practice at
843 days was removed). DAN-language connectivity (Fig. 3)
showed a trending negative correlation with the number of
days spent in silent retreat (r(11)=-0.54, p =0.06), which
did not reach statistical significance. Weaker correlations
with meditation experience were found for cDMN con-
nectivity with other networks: cDMN-DAN (r(11)=0.17,
p=0.57) and cDMN-language (r(11)=0.27, p=0.39),
which were not statistically significant.

The HCP dataset included a language task and we cor-
related the accuracy of the task with the functional connec-
tivity among the various networks to determine if there are
behavioral differences with change in network connectivity
measures in the healthy subjects. We did not find significant
correlations (p >0.11) between responses to language tasks
(accuracy, reaction time) and DMN-language connectivity.
Since, we did not collect language-based behavioral meas-
ures for the meditator and control datasets, we cannot deter-
mine if silence practice can result in discernable behavioral
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Fig.3 Relationship between network connectivity and meditation
experience. We found a negatively correlated relationship between
days spent in silent retreat with connectivity between DAN and lan-
guage network connectivity (r(11)=-0.54, p=0.06). We excluded
the most experienced meditator with 895 days in silent retreat. The
more experienced participants had a tendency toward stronger nega-
tively correlated language network and DAN

changes in language processing. Further research would be
required to find behavioral measures that can change with
the practice of silence and meditation. We summarize net-
work connectivity differences between the two groups in
Fig. 4; controls exhibit positive correlation between DAN
and language networks, no correlation between DAN and
language networks, and inverse correlations between the
DAN and DMN, whereas in meditators the language net-
work is decoupled from the DMN and more negatively cor-
related with the DAN.

Discussion

We found that in long-term meditators who have extensive
experience with silent meditation retreats, the language
network decouples from the core DMN and is negatively
correlated with the DAN. Our study was retrospective, so
we could not investigate a causal link between silence train-
ing and the decoupling of the language network. However,
these correlational findings are noteworthy and deserve
future investigation. The behavioral effects of language
network decoupling on the efficacy of meditation practice
are another point for future investigations. Specifically, the
reduced influence of the language network on the core DMN
and DAN may assist a meditation practitioner in attaining
and/or maintaining deeper states of meditation.

Long-term meditators experience changes in their DMN
connectivity (Boccia et al., 2015; Brewer et al., 2011) and
our findings add to that literature. The DMN is active in self-
projection scenarios like thinking about the past or the future
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Fig.4 Summarizing network effects. Possible effects of silence and
meditation training on resting state functional connectivity on medita-
tors. The green arrow indicates a positive relationship, whereas the
red arrow represents an inversely correlated relationship between the
networks. The cDMN and DAN are negatively correlated in the two

or thinking about others. The DMN integrates these pro-
cesses into a cohesive narrative (Buckner & Carroll, 2007)
which spans long timescales (Heilbron et al., 2022; Mar-
gulies et al., 2016), whereas recent studies of the language
network have shown that it is limited to short-timescale
information processing such as next word or sentence pre-
diction (Caucheteux & King, 2022; Schrimpf et al., 2021).
As time spent in silence changes language activity, its con-
nectivity with DMN would decouple resulting in a reduction
of spontaneous imaginative thoughts and more stability in
meditation. There could be a possible reduction in the hier-
archical predictive processing engaged by these large-scale
networks as some studies have suggested (Kirk et al., 2019;
Lutz et al., 2019; Pagnoni, 2019) and can disengage antici-
patory processing and the modulations of the mind, thus
allowing the practitioner to be more present and mindful in
the now (Laukkonen & Slagter, 2021). These effects could
be beneficial to allow the practitioner to go into deeper states
of meditation like samadhi (Tripathi & Bharadwaj, 2021)
and jhana (Dennison, 2019; Hagerty et al., 2013). Silence
and meditation may offer the advantage of diminishing sam-
skaras, as suggested by Srinivasan (2013). In Buddhist and
Vedic traditions, samskaras are considered to be the accu-
mulated imprints of memories and emotions on the body,
which shape our physical and mental habits. These habitual
patterns could be correlated with the predictive patterns of
the brain. Through regular periods of silence and medita-
tion, a practitioner deliberately withdraws from external
stimuli, potentially allowing the brain to reconfigure these
established patterns and reduce the various modulations of
the mind. This process could effectively lessen the influ-
ence of previous experiences on current thoughts and behav-
iors, granting the individual greater autonomy and volition
in the present, unencumbered by historical imprints. This
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groups. The cDMN and language network are positively correlated in
controls and uncorrelated in meditators, whereas the DAN and lan-
guage network are inversely correlated in meditators and decoupled
in the control groups

hypothesis is supported by evidence suggesting that medita-
tion can alleviate the impact of traumatic memories, as seen
in studies on post-traumatic stress disorder (PTSD) (Seppéla
et al. 2014). Srinivasan (2013) posits that liberation from
samskaras correlates with an increased sense of freedom,
relaxation, and presence in the moment.

The DAN is associated with external attention, and
engaging and demanding tasks (Fox et al., 2005). DAN
dysfunction is associated with ADHD and attention deficits
(McCarthy et al., 2013). DMN and DAN have a dynamic
relationship which is usually anti-correlated such that
demanding tasks drive the DAN and suppress the DMN (Fox
et al., 2005; Greicius & Menon, 2004) but can vary through-
out the day based on cognitive state, mood, and arousal lev-
els (Dixon et al., 2017). We found a relationship between
the number of days spent in silent retreats and the degree of
DAN-language inverse connectivity. The negative associa-
tion of the DAN with the language network in long-term
meditators in the current study could suggest a reduction in
spontaneous thoughts which shifts the external attention to
internal stimuli (e.g., interoceptive processes, consciousness
itself). Multiple studies have shown that meditation changes
functional connectivity within the DAN and across DAN-
DMN (Fialoke et al., 2023; Devaney et al., 2021; Froeliger
et al., 2012). The mental training in ignoring distractions
associated with meditation helps strengthen the DAN in
practitioners (Zhang et al., 2021) and improves performance
in attention tasks (Kozasa et al., 2012). The degree to which
the long-term meditators are able to suppress spontaneous
thoughts, the better they are at maintaining attention on their
chosen object of attention. Many spiritual practices involve
attention to the breath or some external point (focused
attention) that could benefit from having a negatively cor-
related DAN-language network, allowing for better sustained
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attention which could result in a more effective meditation
without a large degree of internal distractions.

We observed that the more days spent in silence, the more
negatively correlated the DAN-language regions (although
the test did not cross statistical significance possibly due to
the lower number of long-term meditators in the study). The
DAN-language correlation for the most experienced medi-
tator in our cohort with 895 days spent in silence resem-
bled that of the least experienced subjects which is in line
with earlier studies which show an inverted U-shaped curve
between brain activation and experience, possibly due to
long-term synaptic plasticity reducing the amount of energy
required to sustain a mental process (Brefczynski-Lewis
et al., 2007). With a larger number of long-term meditators
with 500-900 days of silent retreat experience, we may have
been able to see a cleaner U-shaped curve between network
connectivity and experience. We also found weak correla-
tions between meditation experience and cDMN-DAN and
cDMN-language connectivity strengths, which again would
benefit from more participants in the study.

We found an inverse correlation between the core
DMN-DAN connectivity in both meditators and controls.
Our group previously demonstrated that when consider-
ing the entire DMN, the inverse correlation with the DAN
is stronger in meditators than in controls (Devaney et al.,
2021). It is important to note that in that study, the full
DMN was defined as one of seven cortical networks (Yeo
et al., 2011), which encompass not only the core medial
DMN regions analyzed here (defined from the 17-network
parcellation of Yeo et al. (2011)) but also key portions of
the language network. This early parcellation map included
the language network into the DMN. Our present analysis
more finely dissects the DMN and indicates that decoupling
of the language network with both DAN and core DMN is
a key driver of the effects earlier reported with the coarser
network definitions.

The language network is juxtaposed alongside the higher-
order association networks across the brain and its deac-
tivation during the periods of silence could help decrease
activity in the closely connected DMN regions (Du et al.,
2023). The language network is differentiated into two dis-
tinct pathways: production and comprehension streams. In
the current study, we did not have sufficient data to separate
out the finer details of the language network but the practice
of silence can have divergent influences on language produc-
tion and comprehension. Further research would be needed
to determine if silence practice can result in any language
deficits or improvements.

The key insight behind the paper was inspired by Patan-
jali’s Yoga Sutras’ definition of the various modulations of
the mind and how the process of imagination (vikalpa) could
be linked to the activity and the connectivity of the language
region and DMN. The intrinsic processing-centered DMN

gets decoupled with the language network, thus pointing to
areduction in spontaneous imaginative thoughts or vikalpa.
Smriti (memory) can be associated with the hippocampus-
centered episodic projection memory subsystem which is
connected with a subnetwork of DMN (Zheng et al., 2021;
Du et al., 2023) and the practice of silence can reduce the
time spent on past memories allowing the practitioner to
be more in the present. Recent research on the self-pro-
jection parts of the DMN suggests that the same network
is involved in both thinking about the past and the future
(DiNicola et al., 2020), what the authors now call the scene
construction network. The language network and the DMN
are tightly juxtaposed and can function together in some of
these mental modulations. The pramana (proof) modulation
could engage the language network along with the DAN and
get more negatively correlated in long-term meditators with
extensive silence practice, and probably be linked to reduced
mind oscillations. The modulations of the mind elucidated
by Patanjali describe an interesting model of mental states
and can help us quantify the progress related to various
meditative practices based on time spent on these mental
modulations. We would need further research to find func-
tional activity and connectivity-based measures associated
with the Patanjalian mental model.

Limitations and Future Research

While the present findings are intriguing, it is important to
acknowledge the key limitations of this work. Our study
lacked behavioral or imaging data on language tasks to
assess language functionality. Also, as noted above, the ret-
rospective nature of this study did not permit us to inves-
tigate the causal influence of silence practice on language
network decoupling. We had a limited number of expert
meditators in the study due to recruitment challenges which
resulted in non-statistically significant correlations between
network connectivity and meditation experience. An
expanded study with a larger number of expert meditators
could help overcome this issue. One of the major limitations
of the study was a gender imbalance among the participants.
We used a snowball sampling approach for recruitment and
it resulted in more male experienced meditators as a part of
the study. In future studies, we will carefully balance across
genders during recruitment and also control for handedness
as hand dominance affects the lateralization of the language
region (Knecht et al., 2000).

Another line of future research would be to determine
if the decoupling of the language network is a continuous
or sudden process or does it take at least some number of
silent retreats before connectivity changes. One could col-
lect language-based imaging data on meditators and ana-
lyze the change in the word prediction response with the
practice of meditation. One line of research could involve
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neuromodulating the language network using tDCS, tACS,
or TMS during meditation and observing responses in the
various signatures of meditation with EEMEG. We could also
see changes in DMN-based connectivity with neuromodula-
tion methods possibly at the alpha and beta rhythms as ear-
lier studies (Cheng et al., 2022; Marino et al., 2019; Tripathi
& Somers, 2023) have suggested a relationship between the
two modalities.
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