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Abstract

Objective

To study the white matter connections between anterior cingulate cortex, anterior insula and

amygdala as key regions of the frontal-limbic network that have been related to meditation.

Design

Twenty experienced practitioners of Sahaja Yoga Meditation and twenty nonmeditators

matched on age, gender and education level, were scanned using Diffusion Weighted Imag-

ing, using a 3T scanner, and their white matter connectivity was compared using diffusion

tensor imaging analyses.

Results

There were five white matter fiber paths in which meditators showed a larger number of

tracts, two of them connecting the same area in both hemispheres: the left and right amyg-

dalae and the left and right anterior insula; and the other three connecting left anterior cingu-

late with the right anterior insula, the right amygdala and the left amygdala. On the other

hand, non-meditators showed larger number of tracts in two paths connecting the left ante-

rior insula with the left amygdala, and the left anterior insula with the left anterior cingulate.

Conclusions

The study shows that long-term practice of Sahaja Yoga Meditation is associated with larger

white matter tracts strengthening interhemispheric connections between limbic regions and

connections between cingulo-amygdalar and cingulo-insular brain regions related to top-

down attentional and emotional processes as well as between top-down control functions

that could potentially be related to the witness state perceived through the state of mental

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0301283 March 28, 2024 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Perez-Diaz O, Góngora D, González-Mora
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silence promoted with this meditation. On the other hand, reduced connectivity strength in

left anterior insula in the meditation group could be associated to reduced emotional pro-

cessing affecting top-down processes.

Introduction

Meditation is becoming widely popular as an alternative way to improve life quality [1–7].

There are several ways to approach the practice of meditation, each addressing distinct objec-

tives or needs. These may include enhancing consciousness, cultivating compassion and inner

peace, pursuing transcendence/ spirituality, reducing stress, or achieving self-awareness [8–13].

To achieve these goals, meditation comprehends a huge variety of practices, most of which

are based on improving attention and emotion control [13–15]. For example, focused atten-

tion meditation (FAM), involves inward reflection of observation, directing the attention on

different parts of the body, or focusing on physiological processes like breathing [15]. Other

techniques, such as open monitoring meditation (OMM), focus on the nonjudgmental obser-

vation of the mind and thoughts, or the surrendering of thoughts and emotions to enhance

present moment awareness [15]. Most meditation techniques incorporate aspects of these

methods as well as others [3, 15–18].

Sahaja Yoga Meditation (SYM) is a practice where practitioners subjectively perceive a subtle

inner body composed of the energy of meditation (Kundalini), modulating centers called chak-

ras and three energy channels, based in ancient yoga texts (a diagram with the location of the

chakras, the kundalini, and their qualities according to SYM is provided as supporting informa-

tion. See S1 File) [19, 20]. SYM allows meditators to perceive the state of their different chakras

and attain thoughtless awareness or mental silence (MS) [19, 21, 22]. MS is a profound medita-

tive state in which individuals have very few or no thoughts and are completely aware of their

surroundings and inner self. MS is a state of high efficiency, combining calmness with alertness,

where one is fully present in the here and now [21]. The phenomena related to the perception

of the subtle body and MS have enhanced our scientific interest on this meditation [22–26].

While the subjective perception of the subtle body is unique of SYM, there are connections

with other forms of meditation previously mentioned. For example, the interiorized attention

on the different chakras could be perceived as a type of FAM. The state of MS, where meditators

fully perceive each present moment with few or no thoughts, could be related with a type of

OMM. Furthermore, the specific attention in the heart chakra, related with pure love and com-

passion, may be related with compassion meditation [27]. However, this parallelism between

practices has not been studied and we have described it based on previous research [15, 28].

Research has linked different meditation types with effects on neuronal activity, larger gray

matter volume (GMV) and white matter (WM) in anterior cingulate cortex (ACC) [26, 29–32].

The ACC lies between the neocortex and the limbic system and plays a pivotal role in cognitive/

attention and emotion control, specifically the latter through the top-down regulation of the

limbic system [27, 33]. Previously, we have associated rostral ACC, extending to medial prefron-

tal cortex (PFC), with SYM based on evidence for larger GMV in this region in long-term SYM

practitioners [26]. Furthermore, this GMV effect was correlated with the depth of meditation or

depth of MS perceived during magnetic resonance imaging (MRI) scans. Additionally, positive

functional connectivity (FC) between ACC and bilateral anterior insula (AI), extending to puta-

men, correlated with the perceived depth of meditation inside the scanner [26].
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Research on different meditation practices, such as Raja Yoga meditators [34], Integrative

Body–Mind Training [29], different types of Buddhist meditations [35] or Quadrato Motor

Training meditation [36], have reported WM differences in the corpus callosum (CC) of medi-

tators. These findings align with reported GMV differences in prefrontal areas across multiple

studies of meditation (for a review see [37–39]). Furthermore, recent studies have presented

evidence on meditation having effects in some major WM tracts of the human brain. Many

have focused on the WM tracts connecting widely reported key meditation areas, such as:

Insula [40–42], Amygdala [41, 42] or ACC [29, 30, 41, 43].

Relatively little is known on the brain basis of SYM or the state of MS on emotion process-

ing and neural circuits of cognitive control. In addition to the previously reported effects on

ACC, we have found that SYM induces activation of the right inferior frontal gyrus (IFG),

extending to right AI [23]. Furthermore, structural analyses showed that long-term SYM prac-

titioners present larger GMV in the right insula-IFG, as well as in the left insula and left IFG

[24]. Therefore, we observed that SYM affects ACC and AI´s function as target regions within

the fronto-limbic circuit, which could be extended to the amygdala if we consider the detection

of emotional salience and regulation, as proposed in the literature [44–47], as well as the

reported connections between amygdala and medial prefrontal regions [48–52].

In line with our findings of structural and functional changes associated with SYM in ACC

and insula [22–24, 26, 53], and the existing literature about amygdala [44–52], this study aims

to investigate the differences in WM connections among these regions between long-term

meditators of SYM and healthy controls. For this purpose, we are using diffusion weighted

imaging (DWI) an MRI modality to measure microstructural WM connectivity. This tech-

nique is based on quantifying the movement of water molecules in the brain since they are

restricted by the underlying arrangement of myelinated structures [54]. Several measures are

derived from DWI thanks to the application of mathematical models, such as the probabilistic

tractography [55], which provides an estimate of the most likely location of pathways among

gray matter regions of interest. To this end, we have selected Seeds of Interest (SOIs)–ACC, AI

and amygdala in both hemispheres–to analyze WM patterns among them and to extract the

differences between meditators and non-meditators.

Materials and methods

Participants

Forty white Caucasian, healthy volunteers, participated in this research. Twenty experts in

SYM (10 females), aged 47 ± 11 years (mean ± SD), were compared with 20 non-meditators

(11 females), aged 46 ± 12 years.

Meditators were found among the local practitioners of SYM and assistants to a SYM semi-

nar celebrated in Tenerife in January 2018. Meditators had between 5 and 33 years of experi-

ence of daily meditation practice in SYM (21.8 ± 7.3 years). They dedicated 76 ± 39 minutes to

meditation daily. See Table 1 for demographic details.

The recruitment period started with the MRI acquisition in January 15, 2018, and finished

in December 20, 2018. Prior to participation in this research, all volunteers filled in different

questionnaires to validate their individual health status. All participants informed that they

had no physical or mental illness, no history of neurological disorders, and no addiction to

drugs, alcohol or nicotine. To ensure accuracy of differences in WM tracts between meditators

and non-meditators, subjects in the control group were excluded if they engaged in any con-

templative or meditation practices.

All participants signed written informed consent form before participating in the experi-

ments. This study protocol was approved by the Human Research Ethics Committee of the
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University of La Laguna, Tenerife, Spain (approval number: CEIBA 2011–0023), to protect the

participants’ rights according to the Declaration of Helsinki and the rules of research at the

University of La Laguna.

Imaging protocol

The sample data was recorded in a 3.0T General Electric Medical system located at the Hospi-

tal’s Magnetic Resonance Service for Biomedical Research at the University of La Laguna. The

scanning protocol included a high-resolution T1-weighted MPRAGE anatomical and a series

of DWI. The anatomical volumes were consisting of a total of 196 contiguous 1mm sagittal

slices which were acquired with the following parameters: Repetition Time (TR) = 8.844 ms,

Echo Time (TE) = 1.752 ms, Field of View (FOV) = 256 × 256 mm2, in-plane resolution = 1

mm × 1 mm, flip angle = 10˚. The DWI images were acquired along 32 independent direc-

tions. The scan protocol set 64 slices spaced at 2.4 mm, with 2 mm x 2 mm in-plane resolution

and a diffusion weighting b-value of 1000 s/mm2. One reference image (b0 image) with no dif-

fusion weighting was also obtained (b = 0 s/mm2). The following parameters were used:

FOV = 128 x 128, TE = 71.7 ms, TR = 17000 ms, flip angle = 90˚.

Preprocessing and Seeds of Interest

The anatomical images were aligned automatically by the ACPCDETECT program [56] which

is a module of the Automatic Registration Toolbox. The program takes a 3D T1-weighted

structural MRI of the human brain as input and automatically detects the mid-sagittal plane,

then detects the Anterior Commissure and Posterior Commissure intersection points and

finally, detects 8 additional landmarks (the so-called Orion landmarks) on the mid-sagittal

plane. This information was used to tilt-correct the input volume into a standard orientation.

Each realigned-T1 was submitted to Freesurfer v6.0 [57], where the function recon-all per-

formed tissue classification and anatomical labeling based on Destrieux’s Atlas [58, 59]. The

anatomical labeling allowed the selection in both hemispheres of the seeds of interest (SOIs):

ACC, AI, and amygdala (Fig 1).

Diffusion tensor imaging processing

All processing steps for diffusion tensor imaging (DTI) were performed using the Functional

MRI of the Brain Software Library version 6 (http://www.fmrib.ox.ac.uk/fsl/) [60]. First, the

Table 1. Demographic characteristics of the groups.

Meditators Mean (SD) Controls Mean (SD) t(df = 38) p-value*
Volunteers N˚ 20 20

Age (years) 47.2 (11.1) 45.9 (11.9) 0.36 0.72

Age range (years) 19–63 22–63

Meditation practice (years) 21.8 ± 7.3 0

Meditation practice range (years) 5–33 0

Meditation daily practice (minutes) 76 ± 39 0

Education degree, 0 to 6 2.3 (1.8) 2.5 (1.7) -0.46 0.65

Height (cm) 169.8 (9.6) 169.0 (7.6) 0.30 0.76

Weight (Kg) 69.7 (10.2) 74.0 (15.2) -1.04 0.30

Body mass index 24.2 (3.5) 25.7 (3.9) -1.29 0.21

* p-values represent group differences between meditators and controls using two-tailed independent samples t-tests.

https://doi.org/10.1371/journal.pone.0301283.t001
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eddy current-induced distortion correction was performed, and later, we executed the proba-

bilistic tractography [55] using FMRIB’s Diffusion Toolbox to produce an estimate of the most

likely location of pathways among the SOIs of gray matter. Therefore, a local model of fiber

orientation, capable of resolving crossing fibers, was inferred from the data, followed by build-

ing up distributions on the diffusion parameters at each voxel in the individual subject’s space

by repetitive sampling, 5000 sample tracts were generated from each seed voxel.

The selected option to perform the tracking was voxel by SOI connectivity. This methodol-

ogy estimates the voxel-SOI connectivity by quantifying the connectivity values between each

voxel in a seed mask and any number of user-specified target masks. Then each SOI was used

as seed (setting the rest SOIs as targets) and the resulting connectivity matrix for each seed was

normalized dividing by the maximum value of estimated fibers for that seed.

Statistical analysis

The analysis was conducted with SPSS (IBMCorp. V.27). We ran a MANOVA analysis and

examined the estimated marginal means of the model, which were corrected for multiple com-

parisons (Bonferroni), to test the effects of meditation group on probabilistic connectivity

within pairs of SOIs. These pairs comprised six SOIs, three in the left hemisphere (Left ACC,

Left AI, Left amygdala) and three in the right hemisphere (Right ACC, Right AI, Right

amygdala).

As previously mentioned, all six SOIs were used as seeds, where the probability tracking

started to construct possible paths, while the remaining five SOIs were considered as targets

where the tracking could finish. This resulted in a total of 30 possible paths: six SOIs multiplied

by five possible target SOIs for each seed.

Results

The MANOVA analysis showed a significant multivariate model for group effect (F(30,9) =

3.795, p = 0.020).

The results of the differentiations of pathways between groups showed that there were 7

paths in which there were significant differences between meditators and controls, in 5 out of

Fig 1. Seeds of interest used for probabilistic tractography. The seeds were projected on the inflated surface of a control subject.

https://doi.org/10.1371/journal.pone.0301283.g001
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7 paths, meditators showed larger number of tracts while controls showed larger number of

tracts in 2 of the paths (see Table 2 and Fig 2).

The results show a larger connectivity in mediators relative to non-meditators in five paths,

three of them having left ACC as a target (right AI–left ACC, left amygdala–left ACC and right

amygdala–left ACC), one between left and right AI; and one between left and right amygdala.

On the other hand, controls had larger connectivity in two paths with seed in the left AI in

both cases with targets also in the left hemisphere (left AI–left ACC and left AI–left amygdala).

Four out of five paths that were larger in meditators were connecting regions across both

hemispheres: two of them connecting the same area in both sides (left amygdala–right amyg-

dala and right AI–left AI), and the other two having left ACC as Target (right AI–left ACC and

right amygdala–Left ACC); and the fifth path connected two regions of the same hemisphere

(left amygdala–left ACC).

It is interesting to note that there were no significant differences in paths connecting the

right hemisphere areas, see bottom-right 3x3 squares at Fig 2. Also interesting was that the 2

paths in which controls had larger connectivity were between left hemisphere areas departing

both from left AI, see up-left 3x3 squares at Fig 2.

Correlation analyses

No significant correlations were found within the meditation group between pathways that

significantly differed between groups and the meditators’ experience. Additional analyses were

conducted for the average time per day dedicated to meditation and the frequency of percep-

tion of MS. The only within group correlation observed was between the left AI–left ACC

pathways and the frequency of perception of MS in meditators (r (18) = -0.444, p = 0.05). How-

ever, this effect does not survive corrections for multiple comparisons and is not further

discussed.

Discussion

Our study shows that extended regular practice of SYM is associated with WM fiber connec-

tions in the fronto-limbic circuits. In expert SYM practitioners, we found enhanced connectiv-

ity between the right AI and bilateral amygdalae with the left ACC (right AI–left ACC, left

amygdala–left ACC, and right amygdala–left ACC). Additionally, increased connectivity was

observed in the interhemispheric connectivity between right and left AI and right and left

Table 2. Statistically significant results among seeds and targets.

Seed–Target *Contr. Mean *Medit. Mean **Medit.-Contr. 95% confidence interval for the

differencea
SE Sig.a

Lower Bound Upper Bound

Left amygdala–Right amygdala 0.101 0.155 0.054 0.015 0.093 0.019 0.008

Right AI–Left ACC 0.000 0.002 0.002 0.000 0.003 0.001 0.012

Left amygdala–Left ACC 0.699 0.755 0.056 0.008 0.103 0.024 0.023

Right amygdala–Left ACC 0.009 0.027 0.018 0.003 0.034 0.008 0.024

Right AI–Left AI 0.000 0.003 0.003 0.000 0.006 0.002 0.042

Left AI–Left ACC 0.561 0.469 -0.092 -0.167 -0.016 0.037 0.018

Left AI–Left amygdala 0.001 0.000 -0.001 -0.002 -4.634e-6 0.001 0.049

*Contr. Mean and Med. Mean are the normalized average of tracts of each group

**Med-Con is the subtraction of Med. Mean minus Contr. Mean to see which group has more tracts, positive when meditators have more tracts.
aAdjusted for multiple comparisons: Bonferroni

https://doi.org/10.1371/journal.pone.0301283.t002
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amygdalae. In contrast, controls showed increased connectivity in two paths originating from

the left AI, one connecting the left AI with the left amygdala (left AI–left amygdala) and the

other connecting the left AI with the left ACC (left AI–left ACC).

Therefore, it appears that the right and left AI showed opposite patterns of connectivity

with the ACC in SYM experts. Furthermore, increased connectivity within the fronto-limbic

circuit shows that SYM may involve the ACC as well as inter-hemispheric patterns, while

showing reduced connectivity from left AI. Interestingly, this pattern of opposite connectivity

robustness relative to controls in different fronto-limbic structures may be related to top-

down emotion regulation in expert SYM [44–46].

Meditators showed larger structural connectivity pathways connecting the left and right

amygdalae with the left ACC (left amygdala–left ACC and right amygdala–left ACC). Based on

previous evidence from functional [31, 61] and structural [29, 42, 62] meditation research, we

hypothesize that the observed effect is related to the top-down inhibitory regulation from ACC

towards amygdala [63–65]. The modulation of the ACC over amygdala reactivity is a key factor

in emotional self-regulation [66]. Furthermore, there is evidence that the harmonious interac-

tion between amygdala and ACC appears important for cultivating good feelings, while the

negative correlation between these regions plays a significant role in extinguishing negative

feelings [67].

This could be related to the state of MS, thought to enhance the meditator‘s capacity to

observe their feelings from a meta-cognitive, detached witness state, which could be a key to

regulate and control their emotions [68, 69]. Additionally, in rumination related to one’s feel-

ings, the amygdala is more active during thinking and more deactivated during the feeling

condition [70]. Therefore, through emotion-introspection, a process which has been shown to

deactivate the amygdala [70], and presumably through an automatic emotion regulation [71,

72], this state of MS may promote increased WM connectivity between the ACC and the

amygdala and could be a key to enhanced emotional control and regulation effects associated

to meditation practice.

Fig 2. Pseudo color F-value among all seeds and targets, significant (p<0.05, Bonferroni corrected) are those 2

paths framed in white squares where controls have more tracts and framed in red squares the 5 paths where

meditators have more tracts.

https://doi.org/10.1371/journal.pone.0301283.g002
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In addition, our findings align with studies of other meditation techniques that showed dif-

ferences in the WM tracts between ACC and amygdala [29, 42], which were suggested to

reflect the reappraisal of emotions through the top-down modulation of the amygdala by the

ACC and prefrontal areas [61, 62]. Furthermore, increased FC between left amygdala and dor-

sal ACC was found during emotion processing in experts of loving-kindness meditation

(Theravada tradition), which was attributed as part of the downregulation of the fear response

[67]. Similarly, mindfulness meditation appears to be associated with increased connectivity in

ACC regions during emotion regulation related to self-control [73].

Several studies show that a malfunction in the ACC–amygdala connectivity could be associ-

ated with anxiety, depression, bipolar disorder and other personality disorders. For instance,

in patients with anxiety disorders, threatening images promote greater reactivity in both the

amygdala and the ACC, suggesting increased effort required to regulate fear arousal [74].

Brain anatomy studies have shown an important bidirectional connectivity path between the

amygdala and PFC areas [75, 76], including the ACC, that is deteriorated in anxiety [66] and

bipolar disorder [77]. Therefore, interrupting the flow of negative thoughts appears to be an

important paradigm to achieve, aiming to ameliorate the deterioration associated with these

mental issues. Moreover, increased activity of the ACC associated with meditation has been

suggested as a potential tool for treatment of addictions that are associated with a deficiency of

fronto-limbic self-control [73].

The connections from the left AI (left AI–left ACC and left AI–left amygdala), where con-

trols had more tracts than meditators, may be linked to previous effects observed on reward

processing and interference inhibition in meditators [25, 78]. These effects were related to the

left AI role in decision-making processes and anticipation of negative outcomes. Previous find-

ings, such as reduced interference inhibition during the Simon task and reduced FC between

left insula and mid-cingulate in SYM practitioners [25], have been associated to faster conflict

resolution following meditation training [79–81]. Additionally, during incentive anticipation,

meditators exhibited reduced FC between right caudate and bilateral AI [78]. Hence, we could

hypothesize that SYM training may influence structural WM connections in a way that

improves emotional regulation and cognitive control during decision making and reward

processing.

On the other hand, meditators had better connectivity between right AI and left ACC and

between right AI and left AI. This expands upon our previous findings, where the activity of

right AI was associated with the establishment of MS [23]. Furthermore, the right AI appeared

to be functionally more connected with ACC in association with deeper MS experienced inside

the MRI scanner [26]. Moreover, the right AI was found to be more activated and structurally

larger in individuals after 4 weeks of meditation training [53], as well as structurally larger in

long-term SYM [24]. Therefore, our results align with the attributed role of this area in inner

awareness or interoception and as a pivotal region of the brain’s attention systems [82–85]. It

is interesting to remark the asymmetric results obtained from both AI, where meditators had

more connections on the pathways departing from the right AI (right AI–left ACC and right

AI–left AI) while controls had more connections when seeding the left AI (left AI–left ACC

and left AI–left amygdala). This is probably related to the functions of the right AI previously

indicated (inner awareness or interoception) [82–85], which are more demanded by practi-

tioners of SYM in their regular practice of meditation. It is also important to notice that right

AI, at both functional and structural levels, has been linked with more brain areas than the left

AI [85–87]. Additionally, it has been suggested that the right insula serves as a crucial node

between the central executive/attentional network and the default mode network [85, 88–90],

which may play an important role in meditators of SYM practicing MS. On the other hand,

the left AI functions are related with language tasks, like speech production or inner speech
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[91, 92]. These functions depict the left AI as an area that is probably recruited to a smaller

extent by a less or non-thinking brain, such as those of meditators of SYM (for a review of the

structural and functional asymmetry of the AI see [85, 93]).

Insular effects have been observed across different types of meditation. DTI research in

expert meditators of Buddhist and Zen traditions, revealed increased fractional anisotropy in

the bilateral insula when comparing meditators to controls [42]. Other types of meditation,

mostly mindfulness meditation, have shown consistent gray matter effects over the right insula

[38, 41, 62, 94, 95], which was associated with increased awareness of internal states [94, 95]

and the integration of bottom-up interoceptive signals with top-down predictions [42, 96] pos-

sibly promoting awareness in the meditative state.

Some important limitations in our study are the use of SOIs, which limits the analysis of

possible areas that could be involved in meditation. However, we have focused on a set of a pri-
ori important SOIs based on our previous studies, but new studies are needed to continue

depicting the differences in WM tracts associated with cognitive and emotion control and reg-

ulation in SYM. On the other hand, this restriction enhanced the statistical power of our

results. Additionally, the observed results may not be attributed to meditation practice exclu-

sively, since other uncontrolled differences between groups, such as variations in diet, physical

activity, or exposure to harmful pollutants, could also occur. The ideal study design would be a

longitudinal randomized controlled trial which is, however, not feasible in cross-sectional

studies that investigate the long-term effects of meditation practice on brain structure such as

this one. Furthermore, the interpretation of our results is limited by the nature of DTI, which

does not provide evidence for directionality. Future research could be enhanced by comple-

menting similar analyses with recent developments such as laminar fMRI [97] to provide

directionality.

Conclusions

This is the first brain morphometry characterization of WM tracts associated with long-term

practice of SYM. We show that long-term SYM meditators compared with non-meditators

have significantly larger structural connectivity in five fiber tracts linking interhemispheric

connections between right and left amygdalae and AI, and between left ACC with both amyg-

dalae and right AI, which are related in the literature with top-down attention and emotion

self-regulation. Enhancement of these connections could be linked with the witness state per-

ceived during MS in SYM. On the other hand, the two tracts with higher connectivity in con-

trols both linking left AI with left ACC and with left amygdala could be linked with reduced

emotional influence over top-down control.
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Connectivity in Anterior Cingulate Cortex are Associated with the State of Mental Silence During Sahaja

Yoga Meditation. Neuroscience. 2018; 371: 395–406. https://doi.org/10.1016/j.neuroscience.2017.12.

017 PMID: 29275207

27. Lutz A, Brefczynski-Lewis J, Johnstone T, Davidson RJ. Regulation of the neural circuitry of emotion by

compassion meditation: effects of meditative expertise. PLoS One. 2008;3. https://doi.org/10.1371/

journal.pone.0001897 PMID: 18365029

28. Lutz A, Jha AP, Dunne JD, Saron CD. Investigating the phenomenological matrix of mindfulness-related

practices from a neurocognitive perspective. American Psychologist. 2015; 70: 632–658. https://doi.

org/10.1037/a0039585 PMID: 26436313

29. Tang YY, Lu Q, Geng X, Stein EA, Yang Y, Posner MI. Short-term meditation induces white matter

changes in the anterior cingulate. Proc Natl Acad Sci U S A. 2010; 107: 15649. https://doi.org/10.1073/

pnas.1011043107 PMID: 20713717

30. Xue S, Tang YY, Posner MI. Short-term meditation increases network efficiency of the anterior cingulate

cortex. Neuroreport. 2011; 22: 570–574. https://doi.org/10.1097/WNR.0b013e328348c750 PMID:

21691234

31. Hölzel BK, Ott U, Hempel H, Hackl A, Wolf K, Stark R, et al. Differential engagement of anterior cingu-

late and adjacent medial frontal cortex in adept meditators and non-meditators. Neurosci Lett. 2007;

421: 16–21. https://doi.org/10.1016/j.neulet.2007.04.074 PMID: 17548160

32. Nakata H, Sakamoto K, Kakigi R. Meditation reduces pain-related neural activity in the anterior cingu-

late cortex, insula, secondary somatosensory cortex, and thalamus. Frontiers in Psychology. Frontiers;

2014. p. 1489. https://doi.org/10.3389/fpsyg.2014.01489 PMID: 25566158

33. Ochsner KN, Gross JJ. The cognitive control of emotion. Trends Cogn Sci. 2005; 9: 242–249. https://

doi.org/10.1016/j.tics.2005.03.010 PMID: 15866151

34. Sharma K, Trivedi R, Chandra S, Kaur P, Kumar P, Singh K, et al. Enhanced White Matter Integrity in

Corpus Callosum of Long-Term Brahmakumaris Rajayoga Meditators. Brain Connect. 2018; 8: 49–55.

https://doi.org/10.1089/brain.2017.0524 PMID: 29065696

PLOS ONE White Matter Structural Connectivity in Sahaja Yoga Meditators

PLOS ONE | https://doi.org/10.1371/journal.pone.0301283 March 28, 2024 11 / 14

https://doi.org/10.1016/j.neubiorev.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/27032724
https://doi.org/10.1038/nrn3916
http://www.ncbi.nlm.nih.gov/pubmed/25783612
https://doi.org/10.1016/j.tics.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18329323
https://doi.org/10.3389/fpsyg.2019.02276
http://www.ncbi.nlm.nih.gov/pubmed/31681085
https://doi.org/10.3389/fpsyg.2015.00915
http://www.ncbi.nlm.nih.gov/pubmed/26191024
https://doi.org/10.1111/j.1467-9744.2009.01035.x
https://doi.org/10.1111/J.1465-5922.1985.T01-1-00379.X
https://doi.org/10.1111/J.1465-5922.1985.T01-1-00379.X
https://doi.org/10.1515/jcim-2016-0163
http://www.ncbi.nlm.nih.gov/pubmed/29847314
https://doi.org/10.1371/journal.pone.0237552
http://www.ncbi.nlm.nih.gov/pubmed/33370272
https://doi.org/10.1089/acm.2013.0450
http://www.ncbi.nlm.nih.gov/pubmed/25671603
https://doi.org/10.1371/journal.pone.0150757
http://www.ncbi.nlm.nih.gov/pubmed/26938433
https://doi.org/10.3389/fnhum.2021.614882
https://doi.org/10.3389/fnhum.2021.614882
http://www.ncbi.nlm.nih.gov/pubmed/33796013
https://doi.org/10.1016/j.neuroscience.2017.12.017
https://doi.org/10.1016/j.neuroscience.2017.12.017
http://www.ncbi.nlm.nih.gov/pubmed/29275207
https://doi.org/10.1371/journal.pone.0001897
https://doi.org/10.1371/journal.pone.0001897
http://www.ncbi.nlm.nih.gov/pubmed/18365029
https://doi.org/10.1037/a0039585
https://doi.org/10.1037/a0039585
http://www.ncbi.nlm.nih.gov/pubmed/26436313
https://doi.org/10.1073/pnas.1011043107
https://doi.org/10.1073/pnas.1011043107
http://www.ncbi.nlm.nih.gov/pubmed/20713717
https://doi.org/10.1097/WNR.0b013e328348c750
http://www.ncbi.nlm.nih.gov/pubmed/21691234
https://doi.org/10.1016/j.neulet.2007.04.074
http://www.ncbi.nlm.nih.gov/pubmed/17548160
https://doi.org/10.3389/fpsyg.2014.01489
http://www.ncbi.nlm.nih.gov/pubmed/25566158
https://doi.org/10.1016/j.tics.2005.03.010
https://doi.org/10.1016/j.tics.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15866151
https://doi.org/10.1089/brain.2017.0524
http://www.ncbi.nlm.nih.gov/pubmed/29065696
https://doi.org/10.1371/journal.pone.0301283


35. Luders E, Clark K, Narr KL, Toga AW. Enhanced Brain Connectivity in Long-term Meditation Practition-

ers. Neuroimage. 2011; 57: 1308. https://doi.org/10.1016/j.neuroimage.2011.05.075 PMID: 21664467

36. Piervincenzi C, Ben-Soussan TD, Mauro F, Mallio CA, Errante Y, Quattrocchi CC, et al. White Matter

Microstructural Changes Following Quadrato Motor Training: A Longitudinal Study. Front Hum Neu-

rosci. 2017;11. https://doi.org/10.3389/FNHUM.2017.00590 PMID: 29270117

37. Fox K, Nijeboer S, Dixon ML, Floman JL, Ellamil M, Rumak SP, et al. Is meditation associated with

altered brain structure? A systematic review and meta-analysis of morphometric neuroimaging in medi-

tation practitioners. Neurosci Biobehav Rev. 2014; 43: 48–73. https://doi.org/10.1016/j.neubiorev.2014.

03.016 PMID: 24705269

38. Pernet CR, Belov N, Delorme A, Zammit A. Mindfulness related changes in grey matter: a systematic

review and meta-analysis. Brain Imaging Behav. 2021; 15: 2720–2730. https://doi.org/10.1007/s11682-

021-00453-4 PMID: 33624219

39. Boccia M, Piccardi L, Guariglia P. The Meditative Mind: A Comprehensive Meta-Analysis of MRI Stud-

ies. Biomed Res Int. 2015;2015. https://doi.org/10.1155/2015/419808 PMID: 26146618

40. Villemure C,Čeko M, Cotton VA, Bushnell MC. Insular Cortex Mediates Increased Pain Tolerance in

Yoga Practitioners. Cerebral Cortex (New York, NY). 2014; 24: 2732. https://doi.org/10.1093/cercor/

bht124 PMID: 23696275

41. Luders E, Cherbuin N. Searching for the philosopher’s stone: promising links between meditation and

brain preservation. Ann N Y Acad Sci. 2016; 1373: 38–44. https://doi.org/10.1111/nyas.13082 PMID:

27187107

42. Laneri D, Schuster V, Dietsche B, Jansen A, Ott U, Sommer J. Effects of Long-Term Mindfulness Medi-

tation on Brain’s White Matter Microstructure and its Aging. Front Aging Neurosci. 2015; 7: 254. https://

doi.org/10.3389/fnagi.2015.00254 PMID: 26834624

43. Posner MI, Tang YY, Lynch G. Mechanisms of white matter change induced by meditation training.

Front Psychol. 2014; 5: 27. https://doi.org/10.3389/fpsyg.2014.01220 PMID: 25386155

44. LeDoux JE. Emotion Circuits in the Brain. Annu Rev Neurosci. 2000; 23: 155–184. https://doi.org/10.

1146/annurev.neuro.23.1.155 PMID: 10845062

45. Menon V. Large-scale brain networks and psychopathology: a unifying triple network model. Trends

Cogn Sci. 2011; 15: 483–506. https://doi.org/10.1016/j.tics.2011.08.003 PMID: 21908230

46. Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of emotion perception I: the neural basis of

normal emotion perception. Biol Psychiatry. 2003; 54: 504–514. https://doi.org/10.1016/s0006-3223

(03)00168-9 PMID: 12946879

47. Buhle JT, Silvers JA, Wage TD, Lopez R, Onyemekwu C, Kober H, et al. Cognitive Reappraisal of Emo-

tion: A Meta-Analysis of Human Neuroimaging Studies. Cerebral Cortex (New York, NY). 2014; 24:

2981. https://doi.org/10.1093/cercor/bht154 PMID: 23765157

48. Price JL, Drevets WC. Neurocircuitry of Mood Disorders. Neuropsychopharmacology. 2010; 35: 192.

https://doi.org/10.1038/npp.2009.104 PMID: 19693001

49. Shenhav A, Botvinick MM, Cohen JD. The expected value of control: An integrative theory of anterior

cingulate cortex function. Neuron. 2013; 79: 217. https://doi.org/10.1016/j.neuron.2013.07.007 PMID:

23889930

50. Szekely A, Silton RL, Heller W, Miller GA, Mohanty A. Differential functional connectivity of rostral ante-

rior cingulate cortex during emotional interference. Soc Cogn Affect Neurosci. 2017; 12: 476. https://doi.

org/10.1093/scan/nsw137 PMID: 27998997

51. Mohanty A, Engels AS, Herrington JD, Heller W, Ringo Ho MH, Banich MT, et al. Differential engage-

ment of anterior cingulate cortex subdivisions for cognitive and emotional function. Psychophysiology.

2007; 44: 343–351. https://doi.org/10.1111/j.1469-8986.2007.00515.x PMID: 17433093

52. Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior cingulate cortex to behaviour. Brain. 1995;

118: 279–306. https://doi.org/10.1093/brain/118.1.279 PMID: 7895011

53. Dodich A, Zollo M, Crespi C, Cappa SF, Laureiro Martinez D, Falini A, et al. Short-term Sahaja Yoga

meditation training modulates brain structure and spontaneous activity in the executive control network.

Brain Behav. 2019; 9: 1–11. https://doi.org/10.1002/brb3.1159 PMID: 30485713

54. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko N, et al. Diffusion tensor imaging: con-

cepts and applications. J Magn Reson Imaging. 2001; 13: 534–546. https://doi.org/10.1002/jmri.1076

PMID: 11276097

55. Behrens TEJ, Berg HJ, Jbabdi S, Rushworth MFS, Woolrich MW. Probabilistic diffusion tractography

with multiple fibre orientations: What can we gain? Neuroimage. 2007; 34: 144–155. https://doi.org/10.

1016/j.neuroimage.2006.09.018 PMID: 17070705

PLOS ONE White Matter Structural Connectivity in Sahaja Yoga Meditators

PLOS ONE | https://doi.org/10.1371/journal.pone.0301283 March 28, 2024 12 / 14

https://doi.org/10.1016/j.neuroimage.2011.05.075
http://www.ncbi.nlm.nih.gov/pubmed/21664467
https://doi.org/10.3389/FNHUM.2017.00590
http://www.ncbi.nlm.nih.gov/pubmed/29270117
https://doi.org/10.1016/j.neubiorev.2014.03.016
https://doi.org/10.1016/j.neubiorev.2014.03.016
http://www.ncbi.nlm.nih.gov/pubmed/24705269
https://doi.org/10.1007/s11682-021-00453-4
https://doi.org/10.1007/s11682-021-00453-4
http://www.ncbi.nlm.nih.gov/pubmed/33624219
https://doi.org/10.1155/2015/419808
http://www.ncbi.nlm.nih.gov/pubmed/26146618
https://doi.org/10.1093/cercor/bht124
https://doi.org/10.1093/cercor/bht124
http://www.ncbi.nlm.nih.gov/pubmed/23696275
https://doi.org/10.1111/nyas.13082
http://www.ncbi.nlm.nih.gov/pubmed/27187107
https://doi.org/10.3389/fnagi.2015.00254
https://doi.org/10.3389/fnagi.2015.00254
http://www.ncbi.nlm.nih.gov/pubmed/26834624
https://doi.org/10.3389/fpsyg.2014.01220
http://www.ncbi.nlm.nih.gov/pubmed/25386155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
http://www.ncbi.nlm.nih.gov/pubmed/10845062
https://doi.org/10.1016/j.tics.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21908230
https://doi.org/10.1016/s0006-3223(03)00168-9
https://doi.org/10.1016/s0006-3223(03)00168-9
http://www.ncbi.nlm.nih.gov/pubmed/12946879
https://doi.org/10.1093/cercor/bht154
http://www.ncbi.nlm.nih.gov/pubmed/23765157
https://doi.org/10.1038/npp.2009.104
http://www.ncbi.nlm.nih.gov/pubmed/19693001
https://doi.org/10.1016/j.neuron.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23889930
https://doi.org/10.1093/scan/nsw137
https://doi.org/10.1093/scan/nsw137
http://www.ncbi.nlm.nih.gov/pubmed/27998997
https://doi.org/10.1111/j.1469-8986.2007.00515.x
http://www.ncbi.nlm.nih.gov/pubmed/17433093
https://doi.org/10.1093/brain/118.1.279
http://www.ncbi.nlm.nih.gov/pubmed/7895011
https://doi.org/10.1002/brb3.1159
http://www.ncbi.nlm.nih.gov/pubmed/30485713
https://doi.org/10.1002/jmri.1076
http://www.ncbi.nlm.nih.gov/pubmed/11276097
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1016/j.neuroimage.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17070705
https://doi.org/10.1371/journal.pone.0301283


56. Ardekani BA, Bachman AH. Model-based automatic detection of the anterior and posterior commis-

sures on MRI scans. Neuroimage. 2009; 46: 677–682. https://doi.org/10.1016/j.neuroimage.2009.02.

030 PMID: 19264138

57. Fischl B. FreeSurfer. Neuroimage. 2012; 62: 774–781. https://doi.org/10.1016/j.neuroimage.2012.01.

021 PMID: 22248573

58. Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human cortical gyri and sulci using

standard anatomical nomenclature. Neuroimage. 2010; 53: 1–15. https://doi.org/10.1016/j.neuroimage.

2010.06.010 PMID: 20547229

59. Fischl B, Van Der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat DH, et al. Automatically parcel-

lating the human cerebral cortex. Cereb Cortex. 2004; 14: 11–22. https://doi.org/10.1093/cercor/

bhg087 PMID: 14654453

60. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al.

Advances in functional and structural MR image analysis and implementation as FSL. Neuroimage.

2004; 23 Suppl 1. https://doi.org/10.1016/J.NEUROIMAGE.2004.07.051 PMID: 15501092

61. Creswell JD, Way BM, Eisenberger NI, Lieberman MD. Neural correlates of dispositional mindfulness

during affect labeling. Psychosom Med. 2007; 69: 560–565. https://doi.org/10.1097/PSY.

0b013e3180f6171f PMID: 17634566

62. Murakami H, Nakao T, Matsunaga M, Kasuya Y, Shinoda J, Yamada J, et al. The Structure of Mindful

Brain. PLoS One. 2012; 7: e46377. https://doi.org/10.1371/journal.pone.0046377 PMID: 23029500

63. Taylor AG, Goehler LE, Galper DI, Innes KE, Bourguignon C. Top-Down and Bottom-Up Mechanisms

in Mind-Body Medicine: Development of an Integrative Framework for Psychophysiological Research.

Explore (NY). 2010; 6: 29. https://doi.org/10.1016/j.explore.2009.10.004 PMID: 20129310

64. Volkow ND, Michaelides M, Baler R. The Neuroscience of Drug Reward and Addiction. Physiol Rev.

2019; 99: 2115–2140. https://doi.org/10.1152/physrev.00014.2018 PMID: 31507244

65. Goldin PR, McRae K, Ramel W, Gross JJ. The Neural Bases of Emotion Regulation: Reappraisal and

Suppression of Negative Emotion. Biol Psychiatry. 2008; 63: 577–586. https://doi.org/10.1016/j.

biopsych.2007.05.031 PMID: 17888411

66. Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Luan Phan K. Amygdala-frontal connectivity during emo-

tion regulation. Soc Cogn Affect Neurosci. 2007; 2: 303–312. https://doi.org/10.1093/scan/nsm029

PMID: 18985136

67. Leung MK, Chan CCH, Yin J, Lee CF, So KF, Lee TMC. Enhanced amygdala-cortical functional con-

nectivity in meditators. Neurosci Lett. 2015; 590: 106–110. https://doi.org/10.1016/j.neulet.2015.01.052

PMID: 25623035

68. Aftanas LI, Golocheikine SA. Impact of regular meditation practice on EEG activity at rest and during

evoked negative emotions. Int J Neurosci. 2005; 115: 893–909. https://doi.org/10.1080/

00207450590897969 PMID: 16019582

69. Manocha R, Black D, Wilson L. Quality of life and functional health status of long-term meditators. Evi-

dence-based Complementary and Alternative Medicine. 2012;2012. https://doi.org/10.1155/2012/

350674 PMID: 22611427
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