
r Human Brain Mapping 34:3369–3375 (2013) r

Global and Regional Alterations of Hippocampal
Anatomy in Long-Term Meditation Practitioners

Eileen Luders,1* Paul M. Thompson,1 Florian Kurth,2 Jui-Yang Hong,2

Owen R. Phillips,1 Yalin Wang,3 Boris A. Gutman,1 Yi-Yu Chou,1

Katherine L. Narr,1 and Arthur W. Toga1

1Laboratory of Neuro Imaging, Department of Neurology, UCLA School of Medicine,
Los Angeles, California

2Center for Neurobiology of Stress, Department of Medicine, UCLA School of Medicine,
Los Angeles, California

3School of Computing, Informatics, and Decision Systems Engineering,
Arizona State University, Arizona

r r

Abstract: Studies linking meditation and brain structure are still relatively sparse, but the hippocam-
pus is consistently implicated as one of the structures altered in meditation practitioners. To explore
hippocampal features in the framework of meditation, we analyzed high-resolution structural magnetic
resonance imaging data from 30 long-term meditators and 30 controls, closely matched for sex, age,
and handedness. Hippocampal formations were manually traced following established protocols. In
addition to calculating left and right hippocampal volumes (global measures), regional variations in
surface morphology were determined by measuring radial distances from the hippocampal core to
spatially matched surface points (local measures). Left and right hippocampal volumes were larger in
meditators than in controls, significantly so for the left hippocampus. The presence and direction of
this global effect was confirmed locally by mapping the exact spatial locations of the group differences.
Altogether, radial distances were larger in meditators compared to controls, with up to 15% difference.
These local effects were observed in several hippocampal regions in the left and right hemisphere
though achieved significance primarily in the left hippocampal head. Larger hippocampal dimensions
in long-term meditators may constitute part of the underlying neurological substrate for cognitive
skills, mental capacities, and/or personal traits associated with the practice of meditation. Alterna-
tively, given that meditation positively affects autonomic regulation and immune activity, altered hip-
pocampal dimensions may be one result of meditation-induced stress reduction. However, given the
cross-sectional design, the lack of individual stress measures, and the limited resolution of brain data,
the exact underlying neuronal mechanisms remain to be established. Hum Brain Mapp 34:3369–3375,
2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Research addressing the link between mindfulness prac-
tices and structural brain features is still relatively sparse,
but the anatomy of the hippocampus has been repeatedly
reported to differ between meditators and nonmeditators.
For example, a voxel-based morphometry study detected a
larger gray matter (GM) concentration in the right hippo-
campus in meditators compared to controls [Holzel et al.,
2008]. In a region-of-interest (ROI) analysis of a different
sample, meditators had larger right hippocampal volumes
than controls [Luders et al., 2009b]. These findings, based on
structural magnetic resonance imaging (MRI), are comple-
mented by outcomes from a diffusion tensor imaging (DTI)
study in an overlapping sample [Luders et al., 2011]. This
DTI study revealed larger fractional anisotropy (FA) values
in meditators in hippocampal white matter (WM) pathways,
such as the left and right uncinate fasciculus (connecting the
hippocampus with the orbito-frontal cortex) and the ventral
part of the right cingulum bundle (connecting the hippo-
campus with the cingulate gyrus). While these cross-sec-
tional studies cannot determine causal relationships, a
recent longitudinal study contrasting structural MRI scans
of novice meditators before and after an 8-week mindfulness
training program confirmed actual meditation-induced
changes in regions of the left hippocampus [Holzel et al.,
2011]. Hippocampal differences between meditators and
nonmeditators or actual changes of the hippocampus due to
meditation as revealed in structural studies are comple-
mented by outcomes from functional imaging studies. Spe-
cifically, experiments using positron emission tomography
or functional MRI (fMRI) within samples of novice or expert
meditators indicated increased brain activation (compared
to baseline) during meditation or mindfulness exercises in
left and right hippocampal and parahippocampal regions
[Engstrom et al., 2010; Holzel et al., 2007; Lazar et al., 2000;
Lou et al., 1999, 2005]. Taken together, these findings seem
to suggest that the hippocampus is crucially involved in
processes related to meditation. To further explore hippo-
campal features in the framework of meditation, we com-
bined a traditional ROI-based approach with a surface-
based anatomical technique to identify regional hippocam-
pal alterations and visualize group differences at high spa-
tial resolution. Specifically, we set out to examine whether
long-term meditation practitioners exhibit greater hippocam-
pal dimensions compared with well-matched controls.

MATERIALS AND METHODS

Subjects

Our study included 30 meditators and 30 control subjects.
Brain scans for the control sample were obtained from the
ICBM database of normal adults (http://www.loni.ucla.
edu/ICBM/Databases/), and criteria for subject screening
and eligibility are detailed elsewhere [Mazziotta et al., 2009].
In contrast, all image data as well as subject-specific informa-

tion for the meditation sample was newly acquired. The
recruitment procedure was initiated by distributing study
flyers at meditation centers, by postings on center-specific
email lists, or by word of mouth through meditators who
had already participated in our study. Interested subjects
contacted the laboratory and were subsequently prescreened
for eligibility via e-mail or phone. Subjects who met study
inclusion criteria were scheduled for a single 2-h appoint-
ment on the UCLA campus. The final composition of the
meditation sample (n ¼ 30) determined the selection of the
ICBM control subjects (n ¼ 30). That is, within the image
database of controls, we aimed to find the closest fit for each
meditator with respect to sex, handedness, and age (the max-
imum allowed age difference within a sex-matched pair was
2 years). The two resulting samples (meditators/controls)
each contained 15 men and 15 women, consisting of 28 right-
handers and two left-handers (both left-handers were men).
Handedness was determined based on self-reported prefer-
ence for selected activities (writing, throwing, holding, open-
ing, etc.) using a modified version of the Edinburgh
Inventory [Oldfield, 1971]. Age ranged from 24 to 64 years,
where 47.3 years was the mean age for meditators as well as
for controls (standard deviation: � 11.7 and 11.8, respec-
tively). Meditators and controls were relatively similar with
respect to race, with 22 meditators (73.3%) and 25 controls
(83.3%) reporting that they were Caucasian. The remaining
eight meditators (MED) and five controls (CTL) indicated to
be African American (2 MED/3 CTL), Asian American (5
MED/1 CTL), as well as African American and Asian Ameri-
can (1 MED). One control subject did not provide informa-
tion on race. As 26 meditators (86.7%) and also 26 controls
had, at least, some college experience, both groups were also
comparable with respect to their educational background.
However, the level of education seemed to be slightly higher
in meditators than in controls (i.e., high school degree: 4
MED/7 CTL; bachelor’s degree: 12 MED/16 CTL; master’s
degree: 14 MED/7 CTL). Within the meditation sample,
years of meditation practice ranged from 5 to 46 years (mean
� SD: 20.2� 12.2 years). Information on subject-specific prac-
tice amount and meditation style is provided elsewhere
[Luders et al., 2012]. All subjects were required to be free of
any neurological disorders and gave informed consent
according to institutional guidelines (the study was
approved by the Institutional Review Board of the University
of California, Los Angeles, CA). Subjects constituting the cur-
rent sample (n ¼ 60) partly overlap with samples of n ¼ 44
(53.33%), n¼ 54 (78.33%), and n¼ 60 (100%) whose MRI data
were analyzed in prior studies addressing the effects of med-
itation on voxelwise GM and ROI-specific volumes [Luders
et al., 2009b], tract-specific FA [Luders et al., 2011], and ana-
tomical features of the corpus callosum [Luders et al., 2012].

Image Acquisition and Processing

MRI data from all subjects (i.e., controls and meditators)
was acquired on the same 1.5T Siemens Sonata scanner
(Erlangen, Germany) using an eight-channel head coil and a

r Luders et al. r

r 3370 r



T1-weighted sequence (magnetization prepared rapid acqui-
sition gradient echo) with the following parameters: repeti-
tion time ¼ 1900 ms, echo time ¼ 4.38 ms, flip angle ¼ 15�,
160 contiguous 1 mm sagittal slices, field of view: 256 mm �
256 mm, matrix: 256 � 256, voxel dimensions: 1.0 � 1.0 � 1.0
mm. Automated radio-frequency bias field corrections were
applied to correct image volumes for intensity drifts caused
by magnetic field inhomogeneities [Shattuck et al., 2001]. In
addition, all images volumes were placed into a standard
space using automated six-parameter rigid-body transforma-
tions [Woods et al., 1998]. The hippocampus was labeled
manually by one rater (JY.H.) in contiguous coronal brain
sections using BrainSuite [Shattuck and Leahy, 2002] and
guided by well-established protocols (http://users.loni.
ucla.edu/�narr/protocol.php?q¼hippotrace). To determine
intrarater reliability, the hippocampus was labeled twice in
five randomly selected brains revealing intraclass correla-
tions for hippocampus volume of rI ¼ 0.95. In addition, the
hippocampus was labeled five times, by the same rater,
within one randomly selected brain revealing a volumetric
overlap of 85% for all labels. The overlap was defined as the
volume of the intersection of the five labels, divided by the
mean volume of these labels, multiplied by 100. Finally, to
get a sense for the overall reliability, we investigated the associ-
ation between hippocampal measures resulting from manual
and automated procedures. For this purpose, we additionally
generated left and right hippocampal labels for all 60 subjects
using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/).
Pearson correlations between hippocampal volumes obtained
manually (BrainSuite) and automatically (FreeSurfer) revealed
significant (P < 0.001) positive correlations for the left (r ¼
0.78) and right hippocampus (r ¼ 0.59). These outcomes are in
close agreement with prior validation studies, where correla-
tions between manual and automated hippocampal segmenta-
tions varied from r¼ 0.80 to r¼ 0.61 [Cherbuin et al., 2009].

Total Brain Volume Measures

To establish whether meditators and controls differed in
total brain volume (TBV), all image volumes were tissue-
classified into GM, WM, and cerebrospinal fluid (CSF)
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and the
VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html),
as described elsewhere [Luders et al., 2009a]. Tissue vol-
umes were determined based on the respective tissue-clas-
sified partitions (i.e., GM, WM, and CSF) in native space.
TBV was calculated (in ml) by adding GM, WM, and CSF
volumes and statistically compared between meditators
and controls. Meditators and controls did not differ signifi-
cantly with respect to TBV [meditators (mean � SD): 1446
� 130 ml; controls (mean � SD): 1438 � 130 ml].

Hippocampus Measures

Global measures

After manually labeling the hippocampus (as described
above), global left and right hippocampal volumes were

established (in mm3) based on the number of voxels con-
stituting the hippocampus labels.

Local measures

To obtain regionally specific information, the manually
derived hippocampal labels were first converted into
three-dimensional (3D) shape representations of the left
and right hippocampus. Then, precisely following the
outer contours of the 3D shapes, we automatically gener-
ated 3D parametric surface meshes [Thompson et al., 1996;
Thompson et al., 2004]. These hippocampal meshes resem-
ble a gridded surface of equally spaced points, where the
array of these points is standardized across all subjects
establishing a point-by-point correspondence. For each
hippocampal mesh, a medial curve was defined along the
long axis of the hippocampus. The radial distances (in
mm) from this medial axis to each surface point constitute
the local descriptors of hippocampal morphology. Global
and local hippocampus measures were compared between
meditators (n ¼ 30) and controls (n ¼ 30) using independ-
ent sample t-tests. As a safeguard against type I error, in
global group comparisons, Bonferroni corrections were
applied using a threshold of P � 0.025 (to account for the
bilateral hippocampus volumes). To explore differential
effects across the hippocampal surface, the exact locations
of significant group differences were mapped using uncor-
rected thresholds at P � 0.05.

RESULTS

When comparing global hippocampal measures in medi-
tators versus controls, mean left and right hippocampal
volumes were larger in meditators (Table I). The group
effect of the left hippocampus (7.2% larger in meditators)
remained significant after Bonferroni correction (P ¼
0.003).

When using the mesh-based approach to characterize
effects locally, we detected larger radial distances in medi-
tators compared with controls with up to 15% difference
(green–yellow–orange clusters in Fig. 1). Although larger
radial distances also occurred in controls compared to
meditators, they were only evident in some small and iso-
lated clusters, such as at the very top of the hippocampal
head and close to the end of the tail (cyan–blue–purple
clusters in Fig. 1). Moreover, while larger radial distances

TABLE I. Hippocampal volumes in mm3 (mean 6 SD)

Hippocampus
Meditators

(n ¼ 30)
Controls
(n ¼ 30)

Mean
difference

Right 3584.63 � 402.86 3465.83 � 535.20 118.8
Left 3521.47 � 330.62 3269.40 � 295.67 252.1**

**Significant at the 0.01 level.
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in controls did not reach statistical significance (maps not
shown), larger radial distances in meditators were highly
significant in several hippocampal subregions (Fig. 2),
with most pronounced effects in the head of the left
hippocampus.

DISCUSSION

This is the first study conducted within a relatively large
sample of meditators and well-matched controls, where
global measures (hippocampal volumes) were comple-
mented with refined local measures (radial hippocampal
distances from surface to central core). Our study revealed
robust group differences with larger hippocampal dimen-
sions in meditators compared to controls. Links between
meditation and hippocampal anatomy have been previ-
ously observed, both in independent [Holzel et al., 2008]
and overlapping samples [Luders et al., 2009b] containing

fewer subjects1 and using different methodological
approaches2. Of note, aside from constituting a more
powerful statistical design due to the enlarged sample
size, the current study expands our initial study [Luders

Figure 1.

Hippocampal differences (in percent). The color bar encodes

the magnitude of the group difference (%). Hippocampal maps

illustrate larger radial distances in meditators (green–yellow–or-

ange) and in controls (cyan–blue–purple). Group differences of

less than 5% are not differentiated by group and shown in gray.

Maps on the left display views of the left hippocampus (from the

top; left; bottom); maps on the right display views of the right

hippocampus (from the top; right; bottom). [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2.

Significant hippocampal differences. The color bar encodes the sig-

nificance of the group difference (P). Hippocampal maps illustrate

significantly larger radial distances in meditators (P � 0.05, uncor-

rected) compared with controls. Hippocampal regions in gray indi-

cate where no significant group differences were observed (P >
0.05). Maps on the left display views of the left hippocampus (from

the top; left; bottom); maps on the right display views of the right

hippocampus (from the top; right; bottom). [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

1However, not all subjects from our prior study were included in the
current study. Specifically, to minimize the potential impact of age-
related brain atrophy, we excluded three meditators aged 69, 69, and
71 years from the current analysis, and we recruited new subjects
such that the current sample of 30 meditators included 19 meditators
from the original sample.

2In our prior study, we conducted a voxel-based gray matter analysis
in combination with a hypothesis-driven ROI volumetric analysis.
ROIs were defined a priori based on published findings. Since, at
that point, the left hippocampus was not implicated in prior studies,
it was not defined as an ROI. Thus, only right hippocampal volumes
were examined and reported to be significantly larger in meditators.
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et al., 2009b] in at least two ways: It not only includes the
right as well as the left hippocampus in the volumetric
ROI analysis (global measures) but also maps differential
effects across the hippocampal surface in 3D (local meas-
ures). Global hippocampal effects (i.e., larger hippocampal
volumes in meditators) were confirmed locally when
inspecting the significance profiles, where the hippocam-
pal boundaries in meditators (especially the boundaries of
the left hippocampus) protrude outward more than in con-
trols. In close agreement with these observations, a recent
longitudinal study [Holzel et al., 2011] detected significant
increases of hippocampal GM in the left hemisphere when
comparing brains of novice meditators before and after an
8-week mindfulness training program.

Possible Functional Implications

The larger hippocampal dimensions in meditators, as
detected in our study, might be related to increased hippo-
campal activity during meditation, as observed in func-
tional imaging studies [Engstrom et al., 2010; Holzel et al.,
2007; Lazar et al., 2000; Lou et al., 1999, 2005].

The hippocampus is a key structure for memory proc-
esses, where increasing evidence suggests hippocampal
involvement not only in long-term memory but also in
working memory [Bergmann et al., 2012]. Memory consoli-
dation has been previously discussed as a possible under-
lying mechanism for increased hippocampal activity
during meditation [Engstrom et al., 2010]. Similarly, mem-
ory consolidation (and/or memory retrieval) might be
linked to hippocampal structure, where larger hippocam-
pal dimensions could be advantageous. Our current find-
ings might thus account for previously observed positive
effects of meditation practices on memory performance,
such as an increased specificity of autobiographical mem-
ory or an enhanced capacity of working memory [Chiesa
et al., 2011; Heeren et al., 2009; Kozhevnikov et al., 2009;
Williams et al., 2000]. With particular relevance to possible
links between meditation and working memory, it was
also suggested that, during meditation, an attentional shift
(from external matters to internal states) occurs ‘‘according
to a previously established rule kept in working memory’’
[Baerentsen et al., 2010]. Nevertheless, further research is
needed, not only to determine the exact mechanisms of
memory consolidation and/or retrieval during meditation
but also the specific components of memory affected.

It is also possible that the observed hippocampal altera-
tions in long-term meditators are not at all linked to mem-
ory, but to other mental skills associated with the practice
of meditation, such as high levels of awareness, attention,
and focus. Larger hippocampal dimensions may similarly
account for meditators’ habits and abilities to engage in
mindfulness behavior, cultivate positive emotions, and
retain emotional stability. Davidson et al. [2000], for exam-
ple, have proposed an active role of the hippocampus in
emotional responding. They suggest, ‘‘individuals who

habitually fail to regulate their affective responses in a
context-sensitive fashion may have a functional impair-
ment of the hippocampus.’’ None of these hypotheses can
be tested without actual behavioral measures, so the out-
comes of our study revealing increased hippocampal
dimensions in active meditators may motivate research
combining imaging and behavioral data.

Possible Underlying Mechanisms

Engaging the brain in intense cognitive processes during
meditation (i.e., efforts to exercise awareness, attention,
concentration, focus, etc.) might directly affect the hippo-
campus. That is, actively meditating (especially regularly
meditating over many years) may induce changes of hip-
pocampal anatomy, particularly in the left hemisphere.
Training-induced structural changes of the hippocampus
have been repeatedly reported using structural MRI data
in subjects unselected for meditation [Boyke et al., 2008;
Draganski et al., 2006; Pereira et al., 2007]. Even more
importantly, practice-induced changes of hippocampal
morphology have been demonstrated in the framework of
meditation, as detailed above [Holzel et al., 2011], provid-
ing strong support for a causal role of meditation. Macro-
scopic hippocampal changes become evident due to
underlying microscopic events, such as synaptogenesis,
angiogenesis, and/or dendritic branching. Another poten-
tial mechanism is the actual generation of new hippocam-
pal neurons (neurogenesis). Although neurogenesis was
initially thought to occur only during embryonic and early
postnatal development, a large body of evidence now con-
firms that new neurons are generated throughout life from
neural progenitor cells within specific brain regions,
including the hippocampus [Elder et al., 2006; Eriksson,
2003; Eriksson et al., 1998; Gage, 2002].

Alternatively (or as a complementary mechanism), medi-
tation might shape hippocampal anatomy indirectly via
altering (i.e., positively affecting) autonomic regulation and
immune activity [Cysarz and Bussing, 2005; Davidson et al.,
2003; Kubota et al., 2001]. As summarized elsewhere [Sala
et al., 2004], the hippocampus plays a major role in stress
regulation, ‘‘but is itself highly sensitive to neurotoxic
effects of repeated stressful episodes.’’ For example, loss of
hippocampal neurons or disturbances in hippocampal neu-
rogenesis due to stress (and stress-induced cortisol neuro-
toxicity) has been reported in various psychiatric disorders
that are related to stressful events (e.g., anxiety disorder,
depressive disorder, or posttraumatic stress disorder). Med-
itation and mindfulness-based techniques are highly effec-
tive in stress reduction, both in terms of subjectively
perceived stress as well as objectively measured biomarkers
of stress [Holzel et al., 2010; Jensen et al., 2011; Jung et al.,
2010, 2011; Mohan et al., 2011]. Thus, the increased hippo-
campal dimensions in meditation practitioners might con-
stitute an indirect consequence of meditation (i.e., the result
of meditation-induced stress-reduction).
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On a related note, meditation practices might be accom-
panied by certain lifestyle choices (e.g., related to diet,
smoking, alcohol consumption, physical exercise, recrea-
tional activities) which themselves may have secondary
consequences (e.g., related to sleep, mental stimulation,
physical and mental health). All of those variables (either
alone or in combination with each other) may contribute
to observable changes in hippocampal structure. While
none of these aforementioned variables has been tested in
the current study, it is important to acknowledge their
potential impact on the observed group differences. Future
studies may significantly advance this field of research by
capturing possible discriminating features between medi-
tators and controls (aside from the actual practice of medi-
tation) and either statistically controlling for these
potential moderator variables or using them as inclusion/
exclusion or matching criteria during subject selection.

Finally, a different hippocampal anatomy may constitute
an innate brain feature that draws an individual toward
meditation and/or helps continuing a regular and long-
term practice. As our study is cross-sectional, it is impossi-
ble to tease apart the relative contributions of nature and
nurture. Any conclusions with respect to the determinants
of the observed group differences remain speculative, and
further research, preferably incorporating longitudinal
designs, is needed.
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