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Abstract
Although the systematic study of meditation is still in its infancy, research has provided evidence
for meditation-induced improvements in psychological and physiological well-being. Moreover,
meditation practice has been shown not only to benefit higher-order cognitive functions but also to
alter brain activity. Nevertheless, little is known about possible links to brain structure. Using
high-resolution MRI data of 44 subjects, we set out to examine the underlying anatomical
correlates of long-term meditation with different regional specificity (i.e., global, regional, and
local). For this purpose, we applied voxel-based morphometry in association with a recently
validated automated parcellation approach. We detected significantly larger gray matter volumes
in meditators in the right orbito-frontal cortex (as well as in the right thalamus and left inferior
temporal gyrus when co-varying for age and/or lowering applied statistical thresholds). In
addition, meditators showed significantly larger volumes of the right hippocampus. Both orbito-
frontal and hippocampal regions have been implicated in emotional regulation and response
control. Thus, larger volumes in these regions might account for meditators’ singular abilities and
habits to cultivate positive emotions, retain emotional stability, and engage in mindful behavior.
We further suggest that these regional alterations in brain structures constitute part of the
underlying neurological correlate of long-term meditation independent of a specific style and
practice. Future longitudinal analyses are necessary to establish the presence and direction of a
causal link between meditation practice and brain anatomy.
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Introduction
Although the systematic study of meditation is still in its infancy, research has shown that an
active meditation / mindfulness practice fosters attentional and emotional self-regulation, as
well as behavioral flexibility, altogether promoting well-being (Brown and Ryan, 2003).
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Moreover, findings in clinical populations suggest that meditation is effective in reducing a
number of psychological and physical symptoms, and even biological markers of disease
progression (Baer, 2003; Grossman et al., 2004; Creswell et al., 2008). These outcomes are
complemented by reports of alterations in physiological parameters and biochemical
measures as a consequence of meditation (Solberg et al., 2004; Doraiswami and Xiong,
2007). Finally, meditation practice has been demonstrated to affect higher functions of the
central nervous system, reflected in increased performances and altered brain activity (So
and Orme-Johnson, 2001; Jha et al., 2007; Srinivasan and Baijal, 2007; Doraiswami and
Xiong, 2007).

Less is known about the link between meditation and brain structure. Outcomes from cross-
sectional studies in normative samples (i.e., non-meditators) have suggested changes in
cerebral macro-structure, such as increased gray matter (GM), in response to intensive
training in a number of cognitive, sensory, and motor domains (Maguire et al., 2000; Gaser
and Schlaug, 2003; Mechelli et al., 2004). Evidences for experience-, stimulus-, and
practice-induced alterations in brain anatomy have been further substantiated through
longitudinal studies (Draganski et al., 2004; Draganski et al., 2006; May et al., 2007;
Driemeyer et al., 2008; Boyke et al., 2008). Therefore, similar effects on cerebral macro-
structure are likely as a consequence of meditation which “traditionally requires a long-term
commitment to daily practice” (Pagnoni and Cekic, 2007). One recent morphometric study
revealed altered age effects on GM volume in practitioners of Zen meditation, but did not
provide direct evidence for structural GM differences between meditators and non-
meditators (Pagnoni and Cekic, 2007). To our knowledge, there are only two studies1 that
specifically compared aspects of brain anatomy between the two groups (Lazar et al., 2005;
Holzel et al., 2008). More specifically, when examining differences in GM concentration
(Holzel et al., 2008) and cortical thickness (Lazar et al., 2005) associated with Insight
meditation (Vipassana), these analyses revealed significantly increased measurements in
meditators in the left inferior temporal gyrus, right anterior insula, right hippocampus, and
right middle / superior frontal cortex.

To further explore the associations between meditation and brain anatomy and expand the
currently rather sparse literature on this field of research, we examined high-resolution MRI
data in a well-matched sample of 22 meditators and 22 controls. We used voxel-based
morphometry (VBM; Ashburner and Friston, 2000), in combination with a recently
developed automated parcellation approach (Tu et al., 2008), to reveal possible links
between meditation and brain structure on a global, regional, and very local level. That is,
we complemented (i) overall volume measurements (total brain and GM) with (ii) volume
measurements of pre-defined (sub)cortical regions of interest (ROIs), and with (iii) voxel-
wise analyses of GM across the whole brain. Our study differs from previous analyses with
respect to the mean duration of meditation practice, which is considerably longer in the
current sample. Finally, we have included meditators who practice different styles of
meditation to capture common elements among the immense variety of meditation practices
(Doraiswami and Xiong, 2007), and thus reveal the underlying neural correlates of long-
term meditation independent of a specific practice.

1Another study, that was only published after the current analyses were completed (Vestergaard-Poulsen et al., 2008), revealed
increased GM density in meditators in the lower brain stem, the left superior and inferior frontal gyri, in the left fusiform gyrus, and
the left and right anterior lobes of the cerebellum.
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Materials and Methods
Subjects

A total of 25 active meditation practitioners were accrued through referrals and
advertisements in various meditation venues. Three individuals showed macroscopic
cerebral abnormalities without clinical significance and were excluded from the study. Our
final sample included 22 active meditation practitioners and 22 controls from the
International Consortium for Brain Mapping (ICBM) database of normal adults
(http://www.loni.ucla.edu/ICBM/Databases/), matched for gender and age. There were 9
men and 13 women in each group. Age ranged between 30 and 71 years (meditators mean
age: 53.00 years [SD: 11.54]; controls mean age: 53.09 years [SD: 11.38]). The maximum
allowed age difference within a matched pair was one year. The level of education in
meditators and controls was comparable (meditators / controls): 36% / 36% above college
level; 45% / 54% college level; 14% / 9% below college level. All subjects were right-
handed, except one control subject who was left-handed, where handedness was determined
based on self-reports of hand preference for selected activities. All subjects were required to
be free of any neurological disorders and gave informed consent according to institutional
guidelines (Institutional Review Board of the University of Los Angeles, California
[UCLA]).

Years of meditation practice ranged between five and 46 years (mean: 24.18 years [SD:
12.36]), where styles included Zazen, Samatha, Vipassana, and others. Although long-time
practices can vary greatly (over time and with respect to the mental exercises performed),
more than half of all meditators indicated deep concentration as being an essential part of
their practice (63%). About a third of them engaged control of breath (36%), visualization
(32%), as well as attention to external and internal stimuli / events (32%). Other elements,
however less frequently indicated, included withdrawal of sensory perceptions (14%) and
letting go of thoughts (18%). The length of formal meditation ranged from 10 to 90 minutes
each session, with the majority of meditators (59%) having sessions daily.

Image Acquisition
Brain images were acquired on a 1.5-T MRI system (Siemens Sonata) using a 3D T1-
weighted sequence (MPRAGE) with the following parameters: TR = 1900 ms; TE = 4.38
ms; flip angle = 15°; 160 contiguous 1 mm sagittal slices; FOV = 256 mm × 256 mm2;
matrix size = 256 × 256, voxel size = 1.0 × 1.0 × 1.0 mm.

Voxel-based GM Volume Analysis (Local Approach)
Data were processed and examined using the SPM5 software (Wellcome Department of
Imaging Neuroscience Group, London, UK; http://www.fil.ion.ucl.ac.uk/spm), where we
applied VBM standard routines and default parameters implemented in the VBM5 toolbox
(http://dbm.neuro.uni-jena.de/vbm.html). Images were bias field corrected, tissue classified,
and registered using linear (12-parameter affine) and non-linear transformations (warping),
within the same generative model (Ashburner and Friston, 2005). Subsequently, analyses
were performed on GM segments, which were multiplied by the non-linear components
derived from the normalization matrix in order to preserve actual GM values locally
(modulated GM volumes). Importantly, GM segments were not multiplied by the linear
components of the registration in order to account for individual differences in brain
orientation, alignment, and size globally. Finally, the modulated GM volumes were
smoothed with a Gaussian kernel of 14 mm full width at half maximum (FWHM). These
smoothed modulated GM volumes are hereafter referred to as GM to simplify matters.
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Voxel-wise GM differences between active meditators and controls were examined using
independent-sample t-tests. In order to avoid possible edge effects between different tissue
types, we excluded all voxels with GM values of less than 0.1 (absolute threshold masking).
Statistical outcomes were corrected using small volume corrections, applying a 60 mm
diameter of a sphere, and family-wise error (FWE) corrections for multiple comparisons.
Significant outcomes were restricted to clusters exceeding 693 voxels (spatial extent
threshold), in order to decrease the risk of detecting spurious effects due to noise. This
spatial extent threshold corresponds to the expected number of voxels per cluster, calculated
according to the theory of Gaussian random fields.

Supplemental Voxel-based GM Volume Analysis (Local Approach): Co-varying for Age
Although meditators and controls were carefully matched for age, we conducted an
additional VBM analysis comparing meditators against controls (as described above), while
co-varying for age. Again, we excluded all voxels with GM values of less than 0.1 (absolute
threshold masking). Since these analyses were exploratory, we abstained from applying
corrections for multiple comparisons (i.e., outcomes are presented as uncorrected findings at
p<0.001) and applied an extent threshold of k=279 (corresponding to the expected number
of voxels per cluster, re-calculated according to the new adjusted model).

Total Brain and GM Volume Analysis (Global Approach)
Using the tissue-classified partitions from the VBM analysis (i.e., GM, white matter [WM],
and cerebrospinal fluid [CSF]), overall volumes were determined in cm3 as the sum of
voxels representing GM+WM+CSF (total brain volume) or GM only (total GM volume).
Both (a) total brain volumes and (b) total GM volumes were compared between meditators
and control subjects using independent-sample t-tests.

Parcellated Volume Analysis (Regional Approach)
To optimize the automated structure parcellation, we applied a whole new series of
preprocessing steps to all raw images. Specifically, image volumes were skull-stripped
(Smith, 2002), bias-corrected (Shattuck et al., 2001), and registered to the ICBM-452 (Warp
5) atlas (http://www.loni.ucla.edu/ICBM/Downloads/Downloads_452T1.shtml) using affine
parameter transformations (Woods et al., 1998).

Cortical and subcortical structures were then parcellated using a validated hybrid
discriminative / generative model, as detailed elsewhere (Tu et al., 2008). Briefly, low-level
information (i.e., signal intensity and local geometric properties) are used to determine the
probability that a voxel belongs to a given structure. High-level information (i.e., global
shape information), in connection with local smoothness constraints, are used to enforce the
connectivity of each structure and its shape regularity. The applied hybrid model integrates
both low- and high-level information into a unified system to reveal a gridface structure
(voxel-wise labeling) which explicitly represents the three-dimensional topology of a
particular region.

We automatically generated labels for the following regions: (1) left inferior temporal gyrus;
(2) right insula; (3) right hippocampus; (4) right superior frontal gyrus; and (5) right middle
frontal gyrus. These regions were selected based on outcomes of the two existing
morphometric studies comparing brain anatomy between meditators and non-meditators
(Lazar et al., 2005; Holzel et al., 2008)1. Brain size-adjusted (i.e., scaled) volumes of these
cortical and subcortical structures were determined in cm3 as the sum of voxels belonging to
a particular label, followed by comparing regional volume measures between meditators and
controls using independent-sample t-tests.
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Relationships between local GM and Number of Meditation Years
Finally, in order to compare our findings with others in the literature indicating positive
correlations between meditation experience and brain structure, we also set out to examine
whether there is an effect of the duration of meditation practice (measured in years) on local
GM. For this purpose, we conducted two different analyses: First, we examined voxel-wise
correlations between local GM and the number of meditation years in a regression analysis.
However, we also speculated that possible positive correlations between meditation
experience and GM are likely to be modulated and/or canceled out by changes in brain
structure that are shown to occur with age (i.e., older subjects have the longest meditation
history but are more prone to brain atrophy (Sowell et al., 2003)). Unlike previous studies,
the current study used a sample with a large age range (30–71 years), where 68 percent of all
meditators were older than 50 years. Given that the trajectory of age effects varies
considerably across different brain regions (Sowell et al., 2003), simply integrating age as a
co-variate in the statistical model is likely to further bias outcomes.

Thus, we decided to take the alternative approach of splitting the meditation groups based on
years of meditation experience, and compared the two groups of meditators against two age-
matched control groups using a 2×2 ANOVA. More specifically, one meditation group
(Sample A) included individuals with less than 20 years of meditation experience (n=13)
and the second meditation group (Sample B) included individuals with more than 20 years
of meditation experience (n=9). The separation of these two groups was based on plotting
the number of meditation years, where the clustering of the data revealed the 20 years-
marker as the main separator between data clouds. The two control groups (Sample A /
Sample B) included n=13 / n=9 subjects, respectively. This analysis strategy allowed for the
additional examination of interactions between group status (Meditators / Controls) and
mediation experience (Sample A / Sample B).

For both approaches, in correspondence with the original VBM analysis (described above),
we excluded all voxels with GM values of less than 0.1 and corrected statistical outcomes
using small volume corrections as well as family-wise error (FWE) corrections for multiple
comparisons.

Results
Local GM Volumes

We detected one large cluster of significantly increased GM in meditators compared to
controls in the right orbito-frontal cortex (Figure 1, left panel). More specifically, this cluster
is located at the border between inferior and middle frontal gyrus (orbital sections) and in
approximate distance to Brodmann areas (BA) 11, 12 and 47. Details with respect to cluster
size (number of voxels), significance (p) and MNI coordinates (x; y; z) are provided in
Table 1. A box plot illustrating the group difference (in percent) at the peak voxel with GM
parameter estimates normalized to zero is provided in Supplemental Figure 1

Of note, when we abstained from applying the specified spatial extent threshold and from
applying corrections for multiple comparisons, we detected two additional clusters of
increased GM in meditators. One was located in the right thalamus (Table 1 and Figure 1,
middle panel). The other one was observed in the left inferior temporal gyrus (Table 1 and
Figure 1, right panel). There were no regions where controls had significantly more GM
than meditators.
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Local GM Volumes: Co-varying for Age
When controlling for age, we detected the same difference cluster in the right orbito-frontal
cortex as described above, albeit cluster dimensions were diminished (Table 1 and Figure 2,
left panel). Similarly, we observed a cluster of significantly increased GM in meditators
compared to controls in the right thalamus (Table 1 and Figure 2, middle panel). However,
cluster dimensions were increased compared to the outcomes without co-varying for age.
When we lowered the applied spatial extent threshold down to 200 voxels, we also detected
increased GM in meditators in the left inferior temporal gyrus (Table 1 and Figure 2, right
panel), albeit cluster dimensions were diminished. There were no regions where controls had
significantly more GM than meditators.

When we abstained from applying the specified spatial extent thresholds altogether, there
were two additional regions of increased GM in meditators. They were located in
approximate distance of the paracentral lobes in the left and right hemisphere (Table 1 and
Supplemental Figure 2).

Global and Regional Volumes
Meditators and controls did not differ with respect to total brain volume (p=0.98) and total
GM volume (p=0.52), or any of the following ROI volumes: left inferior temporal gyrus
(p=0.70); right insula (p=0.75); right superior frontal gyrus (p=0.10); and right middle
frontal gyrus (p=0.14). However, meditators showed significantly larger volumes of the
right hippocampus (p=0.01). There was no region where controls had significantly larger
ROI volumes than meditators. Group-specific means and standard deviations of all
morphological measures are shown in Table 2.

Relationships between local GM and Number of Meditation Years
Significant correlations between local GM and number of meditation years were absent.
Similarly, there was no significant main effect of meditation experience (Sample A versus
Sample B). Finally, there was no significant interaction between group status (Meditators /
Controls) and meditation experience (Sample A / Sample B). Of note, significant main
effects of group status (Meditators versus Controls) correspond to outcomes based on local
GM volumes examined via independent sample t-tests (see above).

Discussion
We applied VBM in association with an automated parcellation approach to complement
measurements of voxel-specific GM across the whole brain with measurements of structure-
specific volumes in predefined regions. In agreement with previous studies, the present
analyses revealed significantly larger cerebral measurements in meditators compared to
controls. More specifically, we detected significantly increased GM in the right orbito-
frontal cortex (as well as in the right thalamus and left inferior temporal lobe when co-
varying for age and/or lowering applied statistical thresholds), and also significantly larger
volumes of the right hippocampus. In addition, we observed increased GM in two clusters of
the left and right paracentral lobe. However, given that these latter mentioned regions were
not evident without co-varying for age even when statistical thresholds were lowered (k=0;
p<0.001), we will abstain from commenting on these clusters, but provide them as
preliminary findings as a potential reference for future studies.

Increased GM within the Orbito-Frontal Cortex
Structural associations with meditation in (pre)frontal regions have been reported
previously, albeit data lack consistency with respect to the exact location. For example,
Lazar and colleagues (2005) detected an increased cortical thickness in the middle and
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superior frontal gyrus in meditators compared to non-meditators. Holzel and colleagues
(2008) observed meditation effects in the medial orbito-frontal cortex when establishing
positive correlations between the cumulated hours of meditation and GM concentration. The
current study revealed increased GM in meditators within an orbito-frontal region, located
more inferiorly (compared to Lazar et al.) and more laterally (compared to Holzel et al.) than
previous findings. Notwithstanding, the orbital effects detected by Holzel and colleagues are
in approximate spatial correspondence with current outcomes along the y and z axes (peak
x; y; z: 1; 45; −16 [Holzel et al., 2008] versus 28; 41; −3 [current study]). An even higher
spatial correspondence with the location of the current cluster was revealed when examining
functional correlates of mindfulness via functional MRI (fMRI) (Creswell et al., 2007). The
authors reported that dispositional mindfulness was positively associated with activation in
the right ventrolateral prefrontal cortex (peak x; y; z: 38; 44; 0 [Creswell et al., 2007]).
Finally, Newberg and colleagues (2001) used single photon emission computed tomography
(SPECT) and detected an increased regional cerebral blood flow during meditation in the
inferior and orbital frontal cortices (no coordinates provided).

As summarized elsewhere (Davidson et al., 2000), a number of functional, behavioral, and
lesion studies have provided evidence that the orbito-frontal cortex is closely linked with
emotion. According to Quirk and Beer (2006), several analyses detected activation in orbito-
frontal regions in association with suppressing or reappraising negative emotional stimuli
and with suppressing the influence of negative emotional stimuli on subsequent behavior.
Thus, the currently observed increased GM in the orbito-frontal cortex in active meditation
practitioners might reflect meditators’ outstanding abilities linked to emotional self-
regulation and behavioral flexibility (Brown and Ryan, 2003). Further support for the
assumption that increased GM in the orbito-frontal cortex might be associated with less
habitual or automatic functioning comes from studying the neurobiological basis of the
framing effect (Tversky and Kahneman, 1981). It was demonstrated that individuals who
were less susceptible to the framing effect (i.e., showed more consistency across decisions,
regardless of the manner in which available choices are presented) had significantly
enhanced activities in the right orbito-frontal cortex (DeMartino et al., 2006). Interestingly,
the spatial correspondence of that cluster (peak x; y; z: 24; 30; −10) was noticeably similar
to the observed cluster in the current study (peak x; y; z: 28; 41; −3). Thus, meditators might
posses the underlying neuronal correlates that allow disengagement from automatic thoughts
and habits, and therefore permit the consideration of options that would be more congruent
with needs and values (Brown and Ryan, 2003). The specific nature of these underlying
correlates (e.g., possibly enhanced neuropil, neuronal size, number, and density, size, and/or
a particular wiring pattern of neuronal connections in meditators) remains to be established
in future studies.

Increased GM within the Thalamus and Inferior Temporal Gyrus
When controlling for age and/or lowering applied statistical thresholds, we detected not only
group effects in the already discussed right orbito-frontal cortex, but also in the right
thalamus, as well as in the left inferior temporal gyrus. Given the exploratory nature of this
supplemental analysis2, the observed findings of increased thalamic and inferior temporal
GM clearly require further investigation. Nevertheless, meditation-associated effects in the
thalamus (Lou et al., 1999; Newberg et al., 2001; Newberg and Iversen, 2003; Lutz et al.,

2Because meditators and controls were closely matched for age, additionally co-varying for age when comparing groups might result
in an over-correction for possible modulating influences of age. This issue is further complicated by the potential neuroprotective
effects of meditation which were suggested to diminish the ‘normal’ age-related decline of GM in active meditators (Pagnoni and
Cekic, 2007). Although group effects in the right thalamus and left inferior temporal gyrus also became evident without co-varying for
age, these findings neither survived corrections for multiple comparisons nor the specified extent thresholds.

Luders et al. Page 7

Neuroimage. Author manuscript; available in PMC 2011 October 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2008) and in the temporal lobe (Lou et al., 1999; Lazar et al., 2000; Holzel et al., 2007;
Holzel et al., 2008) have been reported in prior studies.

In particular, Newberg and colleages (2001) detected an increased regional cerebral blood
flow during meditation in the right thalamus. In a subsequent review on the neural basis of
meditation, they comment on the potential role of the thalamus as a regulator of the flow of
sensory information. They suggest, for example, that an increase in thalamic activation
during meditation might result in a decrease of sensory input entering the posterior superior
parietal lobule which, in turn, might lead to an enhanced sense of focus (Newberg and
Iversen, 2003). The latter is often attained during the state of meditation, and is also known
as a characteristic trait in active meditation practitioners.

With respect to the observed effect in the left inferior temporal gyrus, there is a striking
spatial correspondence between the location of the current cluster (peak x; y; z: −45; −8;
−28) and a cluster in a previous VBM analysis that showed a trend towards significance
(peak x; y; z: −49; −9; −28) when comparing meditators against matched non-meditators
(Holzel et al., 2008). Furthermore, in that study, the mean value of GM in the left inferior
temporal gyrus was positively correlated with the amount of meditation training. Altogether,
this emphasizes the relevance of the inferior temporal gyrus in the process of meditating,
and/or the experience of a mindful state, and possibly also feelings of “deep pleasure and
insights into the unity of all reality”, as further discussed by Holzel and colleagues (2008).

Larger Volumes of the Hippocampus
We observed significantly enlarged hippocampal volumes in the right hemisphere in
meditators, which is in good agreement with the increased GM concentration in the right
hippocampus in meditators, as reported by Holzel and colleagues (2008). Moreover,
functional studies using positron emission tomography (PET) or fMRI revealed increased
brain activation during meditation or mindfulness of breathing in hippocampal and
parahippocampal regions (Lou et al., 1999; Lazar et al., 2000; Holzel et al., 2007).

Davidson and colleagues propose an active role of the hippocampus in emotional responding
(2000). They hypothesize that individuals who habitually fail to regulate their affective
responses in a context-sensitive fashion may have a functional impairment of the
hippocampus. Thus, it is likely that the observed larger hippocampal volumes may account
for meditators’ singular abilities and habits to cultivate positive emotions, retain emotional
stability, and engage in mindful behavior. Aside from its involvement in emotional
processes, the hippocampus has also been shown as relevant for attentional processes and
“certain types of imagery”, as summarized by Newberg and Iversen (2003). Thus, the
observed increased hippocampal volumes in meditators might be partly driven by subjects of
the current sample who pay attention to external and internal stimuli / events and who
engage visualization. Finally, the hippocampus has also been suggested to modulate cortical
arousal and responsiveness via rich and extensive interconnections with the prefrontal cortex
and in close interaction with the thalamus (Newberg and Iversen, 2003). Our observation of
larger right hippocampal volumes together with increased voxel-wise GM in the right
orbito-frontal cortex and in the right thalamus is in striking agreement with this postulate.
Future analysis using fMRI, possibly in combination with diffusion tensor imaging (DTI),
may further elucidate the functional interplay between these three regions and provide
unique clues with respect to the fine architecture of their inter-regional connections in
meditators.
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Lack of Findings in Previously Reported Regions
We did not detect group differences in some regions previously reported to show
associations between meditation practice and brain structure. That is, we did not identify any
effects within the right anterior insula or in right middle and superior frontal regions
corresponding to Brodmann areas (BA) 9 and 10, as observed by Lazar and colleagues
(2005). Nevertheless, the investigated morphological substrates in both studies differed
considerably, and although cortical thickness (Lazar et al., 2005) and local GM volume
(current study) are likely to be somewhat related (Narr et al., 2005), they may reflect
different aspects on a micro-anatomical level. In further support of this assumption, an
independent VBM study (Holzel et al., 2008), measuring GM concentration, also failed to
replicate effects in BA 9/10. However, in correspondence with Lazar et al. (2005), the VBM
study by Holzel et al. (2008) revealed group differences in the anterior insula, though the
detected cluster was very small (i.e., k=22). These undersized cluster dimensions might
explain the lack of finding in the anterior insula in the current study. Moreover, it is possible
that analyzing local GM concentration (Holzel et al., 2008) will reveal different outcomes
than analyzing local GM volumes (current study). More specifically, while GM
concentration is based on images where GM values are locally altered due to non-linear
normalization effects, GM volumes are based on images without such local volume
alterations (i.e., the actual amount of local GM is preserved due to multiplying GM
segments by the non-linear components of the normalization matrix).

Other sources for discrepancies between findings may include sample characteristics in
general, and aspects of meditation in particular; different meditation styles, for example,
involve different mental exercises and thus may recruit different neural networks (Lazar et
al., 2005; Holzel et al., 2008). Our study included not only practitioners of Vipassana (as in
previous studies) but a conglomerate of different styles, including Vipassana but also Zazen,
Samatha and others. This might have captured the underlying neuronal correlates of
common elements (rather than specific elements inherent to certain styles) among the
immense variety of meditation practices. In addition, the mean duration of meditation
practice, was almost three-times as long compared to previous studies (24.2 years versus 8.6
years / 9.1 years), which may constitute a possible source for diverging findings per se, but
also might have affected study outcomes via interacting with the higher mean age in the
current study (~53 years versus ~34 years / ~37 years).

Summary and Outlook
We suggest that the observed regionally increased GM volumes in meditators constitute part
of the underlying neurological correlate of long-term meditation independent of a specific
style and practice. There were no differences between meditators and controls with respect
to global cerebral measurements (i.e., total brain and GM volumes), suggesting that links
between meditation and brain anatomy exist on a relatively small scale.

Obviously, the outcomes of the current study do not provide any indicators for a causal
relationship between the long-term practice of meditation and brain structures. On the one
hand, the observed increased regional volumes in meditators might constitute an innate
extreme or specific pattern of normal anatomical variability, which may have drawn an
individual to meditation and/or helped maintain an ongoing practice. On the other hand, it is
possible that actively meditating over an extended period has altered specific brain regions
routinely engaged in the activity of meditating. In support of the latter assumption, the
human hippocampus was demonstrated to retain its ability to generate neurons throughout
life (Eriksson et al., 1998), where regular practice may improve the rate of adult
neurogenesis and foster the preservation of newly generated neurons (Gage, 2002). Thus, it
is possible that the detected enlarged hippocampal volumes in meditators constitute practice-
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induced alterations, perhaps due to neurogenesis and/or other processes on the micro-
anatomical level (e.g., dendritic branching; synaptogenesis; angiogenesis). These latter
mentioned processes might also have provided the foundation for the larger GM volumes in
meditators in the orbito-frontal cortex (and possibly in the thalamus and inferior temporal
lobe). A wealth of evidence for structural plasticity in frontal and hippocampal regions due
to environmental enrichment comes from research on animals (Davidson et al., 2000;
Diamond, 2001; Kempermann et al., 2002). More specific evidence for use-dependent
regional growth in hippocampal and frontal regions in humans has been provided in recent
longitudinal designs using VBM (Draganski et al., 2004; Draganski et al., 2006; Boyke et
al., 2008). The authors reported that only a few months of practicing how to juggle or
learning for a medical exam appeared to have induced increased regional GM. Surprisingly,
outcomes from follow-up analyses suggested that “the qualitative change (i.e. learning of a
new task) is more critical for the brain to change its structure than continued training of an
already-learned task” (Driemeyer et al., 2008).

Though the outcomes of these previous studies are intriguing, one can not reliably
extrapolate findings and conclusions to individuals who have pursued an ongoing practice of
meditation that lasted over decades. Importantly, Holzel and colleagues (2008) detected a
positive correlation between regional GM concentration and the cumulated hours of
meditation training in the medial orbito-frontal cortex, which might provide a hint that
meditation can induce changes in brain structure. However, the findings of the current
correlation analysis indicated a lack of significant relationships between local GM and the
number of meditation years. Although these results might be explained by confounding age
effects (i.e., older subjects have more years / hours of meditation practice but are more prone
to brain atrophy), we also did not reveal a significant interaction between group status and
meditation experience in the 2×2 ANOVA, which accounted for possible age-effects.
However, we suggest being cautious in interpreting the lack of significant relationships,
given that the mean duration of meditation practice in the current study was 24.18 years
(compared to 8.60 years in Holzel et al., 2008). It is likely that only the first few years of
meditation are crucial in inducing GM changes (Driemeyer et al., 2008), and that these
changes then stabilize. Due to the distribution of meditation experience in our sample, there
was no group with only little experience (i.e., even Sample A had up to 20 years of practice)
and possibly relationships between GM and meditation experience might have been
overseen. In strong support of this assumption, Vestergaard-Poulsen and colleagues (2008)
also did not detect any significant changes in GM density as a function of total practice
hours in a group of long-term meditators with 14–31 years of meditation experience.
Clearly, longitudinal studies will be necessary to determine whether structural differences in
meditators constitute adaptations to short-term or long-term meditation, or whether they are
actually inherent prerequisites for the beginning and continuation of their practice.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Larger GM volumes in meditators
Views of the right orbito-frontal cortex (left panel; p<0.04FEW-corr), right thalamus (middle
panel; p<0.0005uncorr), and left inferior temporal gyrus (right panel; p<0.0005uncorr), where
GM is larger in meditators compared to controls. The color intensity represents T-statistic
values at the voxel level. The results are visualized on the mean image derived from the 44
T1-weighted scans of the subjects analyzed, and presented in neurological convention (right
is right).
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Figure 2. Larger GM volumes in meditators (co-varied for age)
Views of the right orbito-frontal cortex (left panel; p<0.0001uncorr), right thalamus (middle
panel; p<0.0003uncorr), and left inferior temporal gyrus (right panel; p<0.0003uncorr), where
GM is larger in meditators compared to controls. The color intensity represents T-statistic
values at the voxel level. The results are visualized on the mean image derived from the 44
T1-weighted scans of the subjects analyzed, and presented in neurological convention (right
is right).
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Table 1

Regions of increased gray matter in meditators (local approach)

Region Cluster Size
(# of voxels)

Significance
(p)

MNI coordinates
(x; y; z)

Without co-varying for age

      Right Orbito-frontal Cortex 1668 0.04* 28; 41; −3

      Left Inferior Temporal Lobe 230 0.0005+ −45; −8; −28

      Right Thalamus 150 0.0005+ 18; −24; 11

When co-varying for age

      Right Orbito-frontal Cortex 745 0.0001+ 28; 41; −3

      Left Inferior Temporal Lobe 203 0.0003+ −45; −8; −28

      Right Thalamus 549 0.0003+ 21; −22; 14

      Left Paracentral Lobe 175 0.0004+ −12; −9; 54

      Right Paracentral Lobe 192 0.0005+ 22; −23; 48

*
Corrected for multiple comparisons using family-wise error (FWE) and small volume corrections

+
Uncorrected for multiple comparisons
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Table 2

Morphological measurements (global and regional approach)

Meditators (n=22) Controls (n=22)

Global Volume Measures: Mean [SD]

      (a) Total Brain Volume 1774.17 cm3 [210.54] 1732.97 cm3 [211.34]

      (b) Total GM Volume 653.14 cm3 [90.75] 652.53 cm3 [80.94]

Regional Volume Measures: Mean [SD]

      (1) Left Inferior Temporal Gyrus 21.54 cm3 [1.22] 21.38 cm3 [1.42]

      (2) Right Insula 7.34 cm3 [0.60] 7.28 cm3 [0.53]

      (3) Right Hippocampus* 3.73 cm3 [0.21] 3.53 cm3 [0.29]

      (4) Right Superior Frontal Gyrus 57.31 cm3 [1.49] 58.17 cm3 [1.85]

      (5) Right Middle Frontal Gyrus 57.80 cm3 [1.58] 58.50 cm3 [1.49]

SD: standard deviation

*
Significant: p<0.01
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