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Abstract

Objectives Many studies on various meditation types have reported regional gray matter volume changes using voxel-based
morphometric analysis of structuralMRI, but there are no studies done on structuralMRI of Rajyoga meditators. The objective of
the present study is to analyze and compare gray matter volume changes of brain regions in meditators and non-meditators and
further study the effects of meditation experience on alterations in various brain regions. These regions were then correlated and
compared to positive thought scores of participants.
Methods Forty participants in each group (closely matched for age, gender, and handedness) were selected after obtaining their
informed consent, and voxel-based morphometric analysis was carried out using their structural MRI scans.
Results On voxel-wise comparison of the brain scans, meditators were observed to have significantly higher global gray matter
volume and significant regional gray matter volume increases in the right superior frontal gyrus, left inferior orbitofrontal cortex,
left inferior parietal gyrus, left posterior cerebellum, left middle temporal gyrus, bilateral precuneus, and cuneus. Additionally,
long-term meditators particularly had significantly higher positive thinking scores compared to non-meditators. On multiple
regression analysis, gray matter volume of the left superior parietal gyrus and left inferior parietal gyrus had a positive associ-
ation, whereas the left posterior cerebellum had a negative association with hours of meditation experience. With the positive
thoughts score, a significant relationship was found in the right superior temporal gyrus in meditators.
Conclusions These findings indicate that Rajyoga meditation experience/practice enhances gray matter volume of specific brain
regions and positive thoughts.
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During the developmental process of the brain, a considerable
increase in total cerebral volume is observed between childhood
and adolescence. As age advances, cerebral volume progres-
sively declines through the second and third decades due to
synaptic pruning, white matter development, and neuronal loss
(Giedd et al., 2014; Lenroot et al., 2007;Mills &Tamnes, 2014;
Streit et al., 2004). Although there is a decline in the graymatter

(GM) of the brain as part of the normal aging process or in
pathological conditions, it is possible to conserve or increase
gray matter volume (GMV) in adulthood by developing cogni-
tive skills through proper training (Schlaug, 2015). Research
reports suggest that an increase in GMV can be achieved by
various methods like repeated stimulation of specific brain re-
gions, learning a second language, and meditation training
(Hölzel et al., 2011; May et al., 2007; Pliatsikas, 2020) .

For thousands of years, meditation has been used as a tool
to train the mind and achieve harmony between the physical,
mental, intellectual, and spiritual personalities of humans (Fox
et al., 2016). Learning meditation or meditation intervention
has been associated with morphometric changes in the brain
when compared to controls and is observed both in cross-
sectional and longitudinal imaging studies (Fox et al., 2012;
Hölzel et al., 2011; Luders et al., 2011). Studies provide evi-
dence that short- and long-term meditation practice brings
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about changes in GM of the brain, specifically increasing den-
sity in the right inferior frontal region, with larger volumes in
the orbitofrontal cortex and right hippocampus. These regions
involve in emotional regulation and response control (Dodich
et al., 2019; Luders et al., 2009). Meditation training induces
neural plasticity in the brain similar to other forms of skill
acquisition. Lazar et al. (2005) provided structural evidence
for experience-dependent plasticity in the cortical regions in
Buddhist insight meditators. Studies on different types of
meditation provide evidence that the enhanced neural plastic-
ity of GM is based on regularity and the type of meditation
technique practiced (Engen et al., 2018; Hernández et al.,
2016; Hölzel et al., 2008; Luders et al., 2009).

The effects of meditation practice on the brain were ob-
served in different brain regions, possibly because of consid-
erable heterogeneity among meditation techniques practiced.
Studies show ample evidence that meditation practice causes
structural changes in specific brain regions. These studies in-
clude findings of structural changes in the medial prefrontal
cortex (PFC) that permits understating of self and others (Frith
& Frith, 1999; McAlonan et al., 2005); superior frontal gyrus
(SFG), ventromedial and ventrolateral orbitofrontal cortices
along with inferior parietal, and superior temporal cortices
which involve attentional control and introspective perception
(Hernández et al., 2016; Hopfinger et al., 2000); precuneus/
posterior cingulate cortex (PCC) along with middle temporal
gyrus (MTG) and middle frontal gyrus that enables better
control over mind wandering and mediates happiness (Panda
et al., 2016; Sato et al., 2015); hippocampus that maintains
emotional response (Davidson et al., 2000; Luders et al.,
2013); and occipital regions such as cuneus, superior, middle,
and inferior occipital cortices that are involved in visual atten-
tion (Corbetta et al., 1998; Hopfinger et al., 2000).

Most of the meditation practices that focus on their thoughts
or breathing are closed-eye meditation techniques. However,
Rajyoga meditation (RM) is an open-eye meditation technique
t augh t by the Brahma Kumar i s ’ s o rgan i za t i on
(Brahmakumaris, 2020; Ramesh et al., 2013). The details of
RM practice are described in various papers and also posted
in the Brahma Kumaris’s organization web page. Briefly, dur-
ing the practice of RM, an individual is instructed to realize
himself/herself as an eternal form of self/soul and to gaze on
the point of light, which is considered as Supreme Soul/God
Father. Also, individuals are instructed to think positively dur-
ing meditation. Thinking and feeling good/positive about the
self by pondering on virtues/positive thoughts (PT) including
peace, love, happiness, and bliss that reside in an individual are
described as positive thinking in the context of RM practice
(Gupta et al., 2011; Ramsay et al., 2010; Telles et al., 1993).
Incorporation of PT may reduce preservative behavior, modu-
late cognitive control, and provide flexible updates of working
memory (Dreisbach, 2006; Sharma et al., 2018). Despite altered
circumstances, whether it is positive or negative, the propensity

of positive thinking can influence a person’s feelings of well-
being (Diener et al., 2009). Over time, RM practice harmonizes
spiritual, mental, and physical energy to raise up the inner
strength and enhanced cognitive control in order to be more
focused to lead a stress-free, healthy, satisfied, and happy life
(Gupta et al., 2011; Ramesh et al., 2013).

Currently, neurocognitive research on RM is gaining more
attention, and a few studies have been conducted using
electrophysiological and imaging modalities. A study by
Sharma et al. (2018) in long-termRMpractitioners was observed
to show alpha and theta wave pattern in frontal and parietal areas
of the brain while maintaining meditative experience. This sug-
gests that RM practice has impact on the brain regions involved
in the management of selective and sustained attention while
dealingwith the cognitive and emotional aspects. Studies on both
the short- and long-term meditation practitioners proved their
ability to attain a stable state in meditation in a few minutes.
However, long-term practitioners, under varying external condi-
tions, can attain this state within a minute. Interestingly, these
achievementsweremadewith open-eye duringmeditationwhich
has potential applications in daily life (Nair et al., 2017).
Diffusion tensor imaging study on long-term RM practitioners
has reported an increased white matter (WM) integrity in corpus
callosum which is essential for the functional integrity between
hemispheres at the time of high attention demand (Sharma et al.,
2018). A study in RM practitioners by Panda et al. (2016) have
observed changes in the default mode network’s spatial extents
and temporal dynamics during meditation. RM practice has an
impact on GMV of reward processing regions of the brain and
helps to achieve higher happiness levels (Babu et al., 2020).
Although these studies provide evidence of the influence of
RM practice on the brain, there are no structural MRI studies
elucidating the influence of RMpractice on PT andGMVchang-
es in specific brain regions of RM practitioners.

The hypotheses of the present study are that RM practice
would cause structural alterations (GMV changes) in brain re-
gions associated with meditation experience and positive think-
ing. The objective of this studywas to elucidateGMVchanges in
different regions of the brain from structural MRI of RM practi-
tioners, analyze using voxel-based morphometric (VBM) tech-
nique, and compare the same with age, gender, and handedness
matched non-meditators (NM). Additionally, these specific brain
regions were correlated to hours ofmeditation experience and PT
scores within the group of RM practitioners.

Methods

Participants

All participants recruited for this study were provided with a
complete explanation of the study procedures, including MRI
safety precautions, and informed consent was obtained in the
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consent form prior to the study. Eighty participants, including
NM and RM practitioners (n = 40 /group), were selected for
this study. The regular RM practitioners were recruited from
Brahma Kumaris’s RM centers in the areas of Udupi and
Mangalore districts of Karnataka. The NM who volunteered
to participate in this study were recruited from the same areas
as those from where RM practitioners were recruited. The
participants with metabolic disorders, mental disorders, phys-
ical illness, addiction to drugs or alcohol, and practicing other
types of meditation were not selected for this study. All par-
ticipants were matched for age (NM (mean ± SD, 41.20 ± 7.94
years); RM practitioners (mean ± SD, 40.07 ± 7.1 years)),
gender (male and female: n = 20/group), and handedness (all
are right-handed n = 39/group, except one left-handed/group).
Among RM practitioners, the total hours of meditation were
calculated as Total hours = (hours of meditation/day) × (365
days/year) × (years of experience), and mean meditation ex-
perience was 8022.24 h (SD = 8767.69). Though the partici-
pants were matched for age, gender, and handedness, no
matching was found in the education levels of participants.
The participants who had completed school or diploma were
18 in NM and 21 in RM; holding a bachelor degree, 2 in NM
and 14 in RM; completed post-graduate, 16 in NM and 5 in
RM; and completed Ph.D., 4 in NM and none in RM. Since
education levels showed significant difference (p < 0.0001) in
this study and has a strong influence on brain morphometry,
education levels were included as a nuisance covariate for
VBM analysis (Archer et al., 2018; Boller et al., 2017).

Procedures

Image Acquisition

Brain structural MRI scans of all the participants were obtain-
ed using a 1.5T Philips Achieva scanner with an 8 SENSE
head coil. A T1-weighted high-resolution 3D image was ac-
quired by using turbo field echo (TFE) sequence repetition
time (TR) 7 ms, echo time (TE) 3.703 ms, flip angle 8°, voxel
resolution 1×1×1 mm3

, and field of view (FOV) 256 mm
which yielded 175 slices encompassing the whole brain. All
the images were examined by an experienced radiologist for
any space-occupying lesion or visible artifact. None of the
data were excluded, as there was no space-occupying lesion
or visible artifacts in any of the scans collected for the study.

Image Preprocessing

The underlying specific regional changes in the GMV of the
brain can be more accurately detected and gauged by using
VBM analysis, an advanced neuroimaging analytical tech-
nique that measures voxel-wise changes of regional volume
differences (Ashburner & Friston, 2000) in structural MRI by
statistically comparing between regions of the brain of

participants from NM and RM groups. In this study, the
VBM analytical method is applied using CAT12 (computa-
tional anatomical toolbox—version 12.6) (http://dbm.neuro.
uni-jena.de/cat/) installed in the SPM12 (statistical
parametric mapping—version 12) software (ftp://ftp.fil.ion.
ucl.ac.uk/spm), and MATLAB software is used as a
common platform for these software.

By using MRIConvert version 2.1.0 (https://lcni.uoregon.
edu/downloads/mriconvert), all the DICOM images were
converted into the NIfTi format. A manual reorientation of
all the images was done by fixing the anterior commissure
of the brain as the origin to match with the reference
template provided in the SPM canonical template. All the
preprocessing steps were carried out using the CAT12
software tool as described in the VBM manual (http://www.
neuro.uni-jena.de/cat12/CAT12-Manual.pdf) and as
explained in detail in VBM studies (Agroskin et al., 2014;
Babu et al., 2020; Raschle et al., 2018; Tang et al., 2012).
Further, a sample homogeneity test was conducted for all the
preprocessed data, and all images were carefully inspected for
image quality. Since the overall quality of all the images was
good, all the images were included in the analysis.

Further, values were generated using the estimate option in
the CAT12 software tool for volumes of GM, WM, cerebro-
spinal fluid (CSF), and total intracranial volume (TIV) from
each image. GMVs of 122 brain regions were extracted for
each participant, based on automated anatomical labeling
(AAL) atlas, during preprocessing steps by using the CAT12
tool in the expert mode. For VBM statistical analysis, an 8-
mm full width at half maximum (FWHM) isotropic Gaussian
kernel was used to smooth all the preprocessed images.

Generation of Masks

Using the WFU-Pickatlas tool (http://fmri.wfubmc.edu/
software/pickatlas), the 3D sphere masks were generated.
The differences between GMVs of 122 brain regions of NM
and RM practitioners were obtained using the AAL atlas and
analyzed statistically. On comparison of these regions
between NM and RM practitioners, the regions that showed
a significant difference (p < 0.05) and a trend toward
significant difference (p < 0.1) after adjusted for TIV and
age were selected for generating the spherical region of
interest (ROI) masks as shown in Table S1 (Supplementary
Materials). In addition, since RM is an open-eye meditation
technique, cuneus, a primary occipital region, was also con-
sidered for creating a spherical bilateral union mask, and the
radius was centered at x, y, and z coordinates ±12, −80, and 26
(Hauswald et al., 2015). Totally 15 bilateral union masks for
different regions were created. The size of the mask was 8 mm
for all the regions except the orbitofrontal cortex (OFC) and
cerebellum. Considering the larger size of these regions and
the numbers of studies reported in different types of
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meditation, a larger mask (16 mm) was chosen for OFC and
cerebellum. The masks created by theWFU-Pickatlas tool had
2 mm voxel dimensions by default, which is different from the
VBM output images which have 1.5-mm voxel dimensions.
Therefore, to achieve the same voxel dimensions, all the gen-
erated ROI masks were registered with a normalized image
from VBM output as a reference image by applying the co-
register (re-slice) option available in SPM12.

Measures

Thought Pattern Questionnaire (TPQ)

TPQ, a cognitive scale, was constructed and designed to mea-
sure PT score. The TPQ consists of 28 items, scored based on
5 points Likert scale, with a response format ranging from
“strongly agree” to “strongly disagree.” The total PT score
can be obtained by adding all the scores of individual items.
Reliability analysis of the TPQwas performed earlier in a pilot
study (see Supplementary Materials S2 for more details on
TPQ). The individual PT score obtained by RM practitioners
was further correlated to hours of meditation experience and
the brain regions of their structural MRI.

Data Analyses

The basic statistical model, full factorial design, was selected
from the CAT12 toolbox for a t-test to elucidate the voxel-
wise GMV changes in structural MRI of NM and RM practi-
tioners. The confounding effect, which is inherent due to the
variable size of the head/brain, age, and education level, was
removed by considering age, TIV, and levels of education as a
nuisance covariate. To prevent edge effect along the bound-
aries of GM and WM, an absolute threshold masking with a
value of 0.1 was used. Tomeasure group differences for NM>
RMpractitioners (1 −1) and for RM practitioners > NM (−1 1)
t-contrasts were used. For voxel-wise comparison, a
threshold-free cluster enhancement (TFCE) method with
5000 permutations was applied (Smith and Nichols, 2009)
by using the TFCE software (http://dbm.neuro.uni-jena.de/
tfce/) version 185. It is a non-parametric statistic that inte-
grates the focal effects of large voxel height and cluster size
in the data obtained by using the VBM method. Though the
TFCE analysis requires minimum or no smoothing (Li et al.,
2017), smoothed images with an 8-mm kernel size were used
in the present study, which is similar to the previous VBM
studies (Babu et al., 2020; Raschle et al., 2018). The small
volume correction (SVC) option was utilized in TFCE analy-
sis to find out the GMV changes in the selected ROIs.

Additionally, multiple regression analysis was applied
using hours of meditation experience and PT scores of RM
practitioners as independent variables, respectively. Since a
significant positive association (p = 0.024) between hours of

meditation experience and PT scores of meditators was ob-
tained, this analysis was performed separately to evade
multicollinearity issues. The confounding effect of age, TIV,
and education levels were eliminated by entering these vari-
ables as nuisance covariates. To find out positive and negative
correlations, t-contrasts (1) and (−1) were used, and SVC was
applied using ROI masks in TFCE analysis. The resultant
SPM statistical maps from the TFCE analyses were consid-
ered as significant at a threshold value of p < 0.05, corrected
for family-wise error (FWE). A single-subject representative
image in SPM was overlaid with the statistical map to report
the results.

To find out the group differences for global GM, WM,
and CSF volumes, the ANCOVA method was applied
using SPSS software version 22 in a multivariate model
adjusted for TIV and age. For group differences in TIV, a
univariate model, with age of the participant as a nuisance
covariate, was used. A t-test was applied to compare PT
scores of NM and RM practitioners. A bivariate correla-
tion analysis was performed to find out the association
between the hours of meditation experience and PT score.
The mean meditation experience of RM practitioners was
8022.24 h (SD = 8767.69) which was not normally dis-
tributed. A normalized mean hour of experience was cal-
culated, and the normalized mean hours of experience was
3.64 (SD = 0.52) and Spearman’s rho value was reported
from the correlation analysis. Further, the GMV of brain
regions that were identified as significant in multiple re-
gression analysis were extracted based on the AAL atlas
and were correlated with PT score as well as hours of
meditation experience adjusted for TIV and age.
Additionally, based on the median hours (3741 h) of med-
itation experience, RM practitioners were categorized into
short-term (n = 20) and long-term (n = 20) meditators for
comparison of extracted regional GMV between these two
categories of RM practitioners. Results are reported with
significance at the 5% alpha level.

Results

Comparison of Global Brain Volume

In comparison with TIV between NM and RM, no significant
difference (F (1, 77) = 1.43, p = 0.24, adjusted for Bonferroni
correction) was observed between the groups by univariate
analysis. However, in multivariate analysis, global GM,
WM, and CSF volumes between NM and RM practitioners,
a significant increase (F (3, 74) = 4.44, p = 0.038, adjusted for
Bonferroni correction) was observed only in global GMV in
RM practitioners (mean ± SD: 563 ± 70) than NM (mean ±
SD: 548.99 ± 56.71), as shown in Fig. 1.
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Voxel-Wise Comparison Analyses

SVC method was first applied using ROI masks, and a sig-
nificantly higher GMV was observed in the following re-
gions, right SFG, left inferior OFC, left inferior parietal
gyrus (IPG), bilateral precuneus, bilateral cuneus, and left
posterior cerebellum, in RM practitioners when compared
to the same in NM (Fig. 2A). The whole-brain voxel-wise
comparison between NM and RM groups revealed a signif-
icantly higher GMV in the left MTG (Fig. 2B) in RM prac-
titioners. The details of MNI coordinates, voxel size of the
cluster, and p-value for identified brain regions are provided
in Table 1.

Association of GMV Changes in RM Practitioners with
the Duration of Meditation Experience

A significant positive association was found in left superior and
inferior parietal regions, as well as a significant negative corre-
lation in the left posterior cerebellum with hours of meditation
experience, as shown in Fig. 3a. No significant positive or
negative association with hours of meditation experience was
observed for whole-brain voxel-wise correlations. Table 2 gives
the details of voxel size in a cluster, MNI coordinates, and p-
value for identified brain regions. On correlating the extracted
regional GMV of the left superior parietal gyrus (SPG) with
hours of meditation experience, a significant positive correla-
tion was observed (R = 0.47, p = 0.007) as shown in Fig. 3b. On
comparing the extracted regional GMV of left SPG between
short- and long-term RM practitioners, a higher GMV was
found in long-term RM practitioners, whereas for GMV of left
IPG and left posterior cerebellum, a higher GMVwas observed
in short-term RM practitioners as shown in Fig. 3c.

Analysis of TPQ

RM practitioners were observed to have significantly (t =
4.22, df = 78, p = 0.0001) higher PT score (mean ± SD 117
± 14.80), compared to NM (mean ± SD 102.78 ± 16.39).
Further on correlation analysis, PT score with normalized
hours of meditation experience, a significant positive associ-
ation (Spearman’s rho = 0.356, p = 0.024) was found as
shown in Fig. 4a. On comparing PT score between short-
and long-term RM practitioners, long-term RM practitioners
had significantly (t = 2.27, df = 38, p = 0.029) higher PT score
(mean ± SD 122.55 ± 14.66) than short-term practitioners
(mean ± SD: 112.45 ± 13.26) as shown in Fig. 4b. On the
voxel-wise correlation of PT score with brain regions, a sig-
nificant positive association was found (Table 3) only with
superior temporal gyrus (STG) and not for other ROIs, as
shown in Fig. 5a. No significant positive or negative associa-
tion with PT score was observed for whole-brain voxel-wise
correlations. On correlation analysis with meditation experi-
ence and comparison analysis between short- and long-term
practitioners with extracted regional GMV of STG, no signif-
icant results were observed as shown in Fig. 5b, c.

Discussion

The present study provides initial evidence on the association
between PT score and morphometric changes analyzed by
VBM method in various brain regions of RM practitioners.
Themean TIV is found to be increased in the RM practitioners
group, although it is not significant in this study. A significant
increase in the mean global GMV was found in the RM prac-
titioners group when compared to that of NM. Other medita-
tion studies report a significant change in GMV of specific
regions of the brain in meditators when compared with con-
trol. However, very few studies report a significant increase in
global GMV. Hernández et al. (2016) found a larger global
GMV in Sahaja Yoga meditation practitioners compared with
that of NM, and it was predominantly on the right hemispheric
brain areas. On comparing the hemispheric differences
between meditators and control, Kurth et al. (2015) reported
that the cluster-specific GMV was significantly more in the
left hemisphere than the right. Although cluster-specific in-
creased GMV on the left hemisphere in RM practitioners
was identified, the specific hemispheric global GMV changes
were not analyzed in the present study. In this study, a voxel-
wise comparison using the SVC method was applied first, as
shown in Fig. 2A, B and Table 1. Accordingly, using this
method, a significantly higher GMVwas observed in the brain
regions including the right SFG, left inferior OFC, left IPG,
bilateral precuneus, bilateral cuneus, and left posterior cere-
bellum, as well as a significant increase in GMV of left MTG
by voxel-wise comparison of whole-brain was observed.
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Fig. 2 (A) Representative sMRI image, showing significant (FWE TFCE
corrected p < 0.05, df=75) GMV increase after applying SVC in the (a)
right superior frontal gyrus, (b) left inferior orbitofrontal cortex, (c) left
inferior parietal gyrus, (d) bilateral precuneus, (e) bilateral cuneus, and (f)
left posterior cerebellum in RM practitioners. (B) Representative sMRI

image for whole-brain voxel-wise comparison showing significant (FWE
TFCE corrected p < 0.05, df=75) increases in GMV in the left middle
temporal gyrus in RM practitioners. TFCE, threshold-free cluster en-
hancement; SVC, small volume correction. Color bar indicates TFCE
values

Table 1 Brain regions showing
significant changes in GMV in
RM practitioners compared to the
same in NM

Regions Side Coordinates# Voxels@ p-value*

x y z

Voxel-wise comparison using small volume correction
Superior frontal gyrus Right 16 62 8 280 0.005
Inferior orbitofrontal cortex Left −38 42 −16 45 0.037
Precuneus Right 10 −58 27 264 0.011

Left −14 −57 32 112 0.019
Inferior parietal gyrus Left −44 −42 45 253 0.005
Cuneus Right 14 −78 24 188 0.002

Left −14 −81 28 359 0.004
Posterior cerebellum Left −42 −70 −32 46 0.037
Voxel-wise comparison of whole brain
Middle temporal gyrus Left −51 −62 3 794 0.021

*FWE TFCE corrected; # peak coordinates in MNI space; @ number of voxels in a cluster
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As mentioned, increased GMV observed in the right SFG, a
part of the PFC, is a region of the brain typically involved in
monitoring attention and self-regulation (Tang et al., 2015).
Additionally, PFC has been implicated in several studies, as an
important area for sustained and selective attention as well as
maintaining meditation (Cabeza & Nyberg, 2000; Hernández
et al., 2016; Lutz et al., 2008; Newberg & Iversen, 2003). A

study on Brain Wave Vibration meditators showed structural
differences in both gray and white matters, particularly in the
frontal cortex that is necessary for attention and emotional regu-
lation (Kang et al., 2013). The superior frontal cortex, along with
the inferior parietal and superior temporal cortices, is also in-
volved in involuntary attentional control (Hopfinger et al.,
2000). PFC activation is individually distributed and very much
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perior parietal gyrus, whereas in short-term RM practitioners, higher
GMV observed in the left inferior parietal gyrus and posterior cerebellum.
Color bar indicates TFCE values. TFCE, threshold-free cluster enhance-
ment; SVC, small volume correction
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dependent on both the experience and the practice of Silent
Mantra meditation (Engstrom et al., 2010). In a functional MRI
study of experienced Adept Meditators, greater activation was
observed in the medial PFC along with anterior cingulate cortex
that is involved in emotional regulation in presence of distracting
events (Hölzel et al., 2007). The medial PFC, along with the
superior temporal sulcus, is associated with the theory of mind
(Den et al., 2005). Generally, the neural circuit of various pre-
frontal regions and subcortical limbic structures implies emotion-
al self-regulation. Thinking positively and experiencing happi-
ness support the development of the brain by generating and
reinforcing new synapses, mainly in PFC which serves as the
integration center for mind and brain functions (Susan, 2011).
Findings in the current study appear in agreement with prior
evidence indicating that RM practice may help in enhancing
voluntary regulation of attention, behavior, and emotional self-
regulation.

Further, in RM practitioners, a significantly higher GMV
was observed in the left inferior OFC when compared with
NM. This region involves in emotional regulation and is as-
sociated with reward and punishment. OFC, along with the
hippocampus and ventral tegmental areas, involves in the re-
ward and motivational process. Learning and adjusting one’s
behavior in response to a task mainly depends on the function
of OFC (Quirk & Beer, 2006; Wikenheiser & Schoenbaum,
2016). Increased GMV in OFC was observed in a meditation
study suggested that meditators can disengage automatically

generated thoughts and habits by enhancing emotional self-
regulation (Luders et al., 2009). Thus, practicing RM may
help motivate the learners to overcome the automatic thought
process and maintain emotional self-regulation.

Moreover, a significant increase in the bilateral precuneus
was also observed in RM practitioners. Functionally
precuneus plays a vital role in self-awareness and attention
(Kurth et al., 2014). In a functional study on a group of mod-
erately experienced Silent mantra meditators, increased acti-
vation on the right precuneus along with other regions was
found during meditation (Engstrom et al., 2010). A functional
MRI study by Hernández et al. (2018) observed an increased
activity in the bilateral precuneus regions [after removal of
covariates] while maintaining mental silence. Yang et al.
(2016) reported increased activity of the right precuneus dur-
ing mindfulness meditation. A questionnaire-based study re-
vealed a positive association between the subjective happiness
score and GMV in the right precuneus, which indicates that
this region plays a role in mediating subjective happiness by
integrating the emotional and cognitive components of happi-
ness (Sato et al., 2015). The striking finding in this study of a
significant increase in GMV of the bilateral precuneus in RM
practitioners suggests that RM practice may help to enhance
self-awareness, attention, and happiness.

Additionally, a significant increase in the left IPG in RM
practitioners was observed when compared with NM. A sig-
nificant positive association of the left SPG and IPG with
hours of meditation experience was also observed in the RM
group. These regions play an essential role in the perception of

Table 2 Correlation of meditation experience in RM with hours of
meditation practice

Regions Side Coordinates# Voxels@ p-value*

x y z

Positively correlated

Superior parietal gyrus Left −28 −60 68 263 0.000

Inferior parietal gyrus Left −51 −40 39 135 0.029

Negatively correlated

Posterior cerebellum Left −45 −45 −40 352 0.014

*FWE TFCE corrected; # peak coordinates in MNI space; @ number of
voxels in a cluster
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Fig. 4 a Correlation of PT score
with normalized hours of
meditation experience. b Box plot
showing comparison of PT score
with meditation experience
among RM practitioners. Long-
term RM practitioners had signif-
icant PT score (p = 0.029) than
short-term RM practitioners. PT,
positive thoughts. RM, Rajyoga
meditation

Table 3 Correlation of brain regions with positive thinking score in RM
practitioners

Regions Side Coordinates# Voxels@ p-value*

x y z

Positively correlated

Superior temporal gyrus Right 46 −45 22 213 0.007

Negatively correlated—No negative correlation

*FWE TFCE corrected; # peak coordinates in MNI space; @ number of
voxels in a cluster
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emotion and interpretation of sensory information. Also, these
regions help to maintain body image and spatiality with re-
spect to the environment (Bermudez et al., 2017; Singh-Curry
& Husain, 2009). Studies show that the IPG, along with the
SPG and STG, involves in voluntary attentional control that is
selectively activated by cues (Ding et al., 2015; Hopfinger
et al., 2000). Increased GMV in these regions suggests that
these regions help to regulate voluntary attention control while
maintaining environmental awareness in RM practitioners.

GMV of left MTG showed a significant increase in RM
practitioners when compared to the same in NM, indicating
that RM practice helps in gaining attentional control. Similar
findings, with higher GMV in the left middle and inferior
temporal gyrus, were found by Leung et al. (2013) in
loving-kindness meditation experts. A study on Brain Wave
Vibration practitioners with average of 41 months of medita-
tion experience showed that they have significantly increased
cortical thickness in the bilateral middle and inferior temporal
gyrus (Kang et al., 2013) and a VBM study on Sahaja Yoga
meditation reported a larger GM volume in bilateral inferior
temporal gyrus (Hernández et al., 2016). Panda et al. (2016)
have reported a higher activity in left MTG along with right
MFG in RM practitioners during meditation. These regions
typically involve in greater attentional control.

A significant increase in GMV in the bilateral cuneus (a part
of the occipital region) was also observed in RM practitioners.
Other mediation studies have also identified GM changes in the
respective cuneal areas that are responsible for the primary vi-
sual perception (Luders et al., 2012; Pickut et al., 2013). Luders
et al. (2012) have reported an increased gyrification on the left
parietooccipital and right cuneus in meditators. Study on Brain
Wave Vibration practitioners also showed a significantly in-
creased cortical thickness and fractional anisotropic values in
the cuneus in comparison with controls (Kang et al., 2013). The

cuneus involves shifting and maintaining visual attention
(Corbetta et al., 1998; Hopfinger et al., 2000; Luders et al.,
2012). Since RM is an open-eye meditation practice in which
meditators focus their visual attention on the point of light, the
observation of a significantly higher GMV in the bilateral
cuneus is similar to previous studies as explained.

Additionally, a significantly higher GMV was observed in
the left posterior cerebellum when compared with that of the
control. An in-depth analysis of the cerebellum by recent re-
search studies indicate its role in cognition and behavior, in
addition to traditionally known functions of the cerebellum in
the coordination of voluntary movements, gait, posture,
speech, and motor functions. Particularly the posterior lobe
of the cerebellum subserves the functions of cognition and
emotion. A lesion in the posterior lobe causes cerebellar
cognitive-affective syndrome (Rapoport et al., 2000;
Schmahmann, 2019). The study on mindfulness-based stress
reduction has identified a significant increase in GM concen-
tration in the cerebellum along with the PCC and
temporoparietal junction which are involved in learning,
memory processes, emotion regulation, self-referential pro-
cessing, and perspective-taking (understanding the concept
from an alternate point of view) (Hölzel et al., 2011). Thus,
the findings on RM practitioners in this study indicate that the
posterior cerebellum is also associated with cognitive learn-
ing, thinking positively during RM practice. But, on compar-
ing the GMV changes in cerebellum of RM practitioners
based on their duration of Rajyoga meditation experience, a
significant negative correlation of the left posterior cerebellum
was observed. This negative correlation was particularly
higher in short-term RM practitioners when compared to
long-term RM practitioners. This may be due to an increase
in cerebellar neural plasticity during short-term periods of RM
training. But in long-term RM training, there is a decline in the
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Fig. 5 a Representative sMRI image after applying SVC showing
significant (FWE TFCE corrected p < 0.05, df=35) positive correlation
of PT scores with the right superior temporal gyrus in RM practitioners. b
Scatter plot did not show any significant correlation with extracted
regional GMV of right superior temporal gyrus. c Among meditators,

short-term RM practitioners had a higher GMV in the right superior
temporal gyrus than long-term RM practitioners. Color bar indicates
TFCE values. RM, Rajyoga meditation; PT, positive thoughts; TFCE,
threshold-free cluster enhancement; SVC, small volume correction
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neural plasticity of the left cerebellum. It is possibly similar to
the changes observed in studies reported on juggler learners
where a reduction in the regional GMV after an initial increase
in the same region was observed (Boyke et al., 2008;
Driemeyer et al., 2008). Thus, RM practice may also regulate
the cognitive process via left posterior cerebellum.

A significant positive correlation between PT score and hours
of meditation experience was observed in this study, with a
highermean score in long-term than short-termRMpractitioners.
It has been observed that mindfulness training influences the
positive affect of individuals (Jung et al., 2010; Patel et al.,
2018). Additionally, a significant positive association between
PT scores and GMV of the right STG in RM practitioners was
also observed. Similarly, Lazer et al. (2005) have observed an
increased cortical thickness in the left STG in meditators. The
studies on patients with schizophrenia, characterized by auditory
hallucination and thought-related disorders, have identified a sig-
nificant decrease in the bilateral posterior STG and a positive
correlation between thought disorder and decreased GMV in
the right anterior STG (Holinger et al., 1999). This indicates that
the decreased GMV changes in right STG correlate to thought
disorders, whereas an increase inGMV in the same region in RM
practitioners is observed to be correlated to higher PT scores. A
similar finding in the temporal region indicates that a long-term
practice of RM enhances positive thought process and may help
to overcome thought related disorders such as schizophrenia and
schizoaffective disorders.

Thus, this study provides the initial evidence of the influence
of RM practice on GMV changes in specific brain regions that
are associated with PT processes. The overall increase in the
global GMV in RM provides evidence of meditation-induced
neural plasticity in regions that process regulation of self-aware-
ness, behavior, automatic thought process, and visual attention.
Thus, the practice of RM enhances GMV changes and PT
process, a prerequisite for enhancing happiness and well-being.

Limitations and Future Research

Among the regional GMV extracted using AAL atlas, shown in
Table S1 (Supplementary Materials), statistically significant (p
< 0.05) increase in GMVwas observed in the right superior and
middle OFC, bilateral recti, right Heschl gyrus, and bilateral
inferior occipital gyri in RM practitioners when compared with
NM. However, there were no significant differences in these
regions either with the voxel-wise comparison with SVC or
with whole-brain analysis between RM practitioners and NM.
Though a significant difference was not observed in the right
SFG in the extracted regional GMV, as shown in Table S1
(Supplementary Materials), a significant difference was found
in VBM analysis between RM practitioners and NM. A similar
trend was observed in correlation and comparative analysis
from the extracted regional GMV among meditators, as shown
in Figs. 3b, c and 5b, c. This discrepancymay be due to the size

of the cluster or height of the voxels in these regions which is
possibly not sufficient to show a significant difference. This
discrepancy may be avoided by increasing the sample size of
the study. Additionally, a significant increase (p < 0.05) in
extracted GMV in the left anterior cingulate gyrus was ob-
served in NM, but not with the voxel-wise analysis of both
the groups. Though the education levels of the participants were
added as a covariate, the hippocampus and amygdala regions
did not show any significant differences in both the groups. The
levels of education of the participants have a direct or indirect
influence on these regions (Kang et al., 2018; Piras et al., 2011;
Tang et al., 2017). Thus, the levels of education have a strong
confounding effect in brain image analysis. Although both the
groups are matched for age, gender, and handedness, the edu-
cation levels were not matched in the present study.More cross-
sectional studies with greater sample size and matching for
education levels of participants along with other covariables
may help to provide stronger evidence of the neural plasticity
observed in specific brain regions, particularly associated with
PT processes in RM practitioners. Additionally, interventional
or follow-up studies with a large sample size may provide
stronger confirmative evidence and could also overcome the
confounding effect of education level on these findings.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12671-021-01630-8.
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