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Meditation is a conscious mental process that induces a set of
integrated physiologic changes termed the relaxation response.
Functional magnetic resonance imaging (fMRI) was used to
identify and characterize the brain regions that are active
during a simple form of meditation. Signi®cant ( p , 10ÿ7 ) signal
increases were observed in the group-averaged data in the
dorsolateral prefrontal and parietal cortices, hippocampus/
parahippocampus, temporal lobe, pregenual anterior cingulate

cortex, striatum, and pre- and post-central gyri during meditation. Global fMRI signal decreases were also noted, although
these were probably secondary to cardiorespiratory changes
that often accompany meditation. The results indicate that the
practice of meditation activates neural structures involved in
attention and control of the autonomic nervous system.
NeuroReport 11:1581±1585 & 2000 Lippincott Williams &
Wilkins.
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INTRODUCTION

Meditation (observing the breath and passively ignoring
everyday thoughts) is one technique that induces a set of
integrated physiological changes termed the relaxation
response and is effective as a complementary treatment for
many diseases [1±5]. Despite the successful use of relaxation response-based treatments, few studies have addressed the neurobiological underpinnings of meditation.
The practice of meditation induces a hypometabolic state
characterized by decreases in many physiological measures
[6±8] as well as by changes in EEG pattern [7±9]. These
EEG changes are different from those associated with sleep
[6±10], and suggest that while subjects are deeply relaxed
and have decreased peripheral activity, they are engaged
in an active mental state requiring intense neural activity.
This is in agreement with subjective reports of experienced
meditators [11,12].
Functional neuroimaging techniques offer an opportunity to observe changes in regional brain activity and blood
¯ow during meditation. A recent PET study comparing
four different forms of meditation found that the inferior
frontal, fusiform, occipital and postcentral gyri all had
increased activity during a pooled average of meditative
states relative to a control condition [13]. Other studies

0959-4965 & Lippincott Williams & Wilkins

have reported increases in cerebral blood ¯ow to frontal
cortex during transcendental and yoga meditation practice
[14,15], in accordance with reports of increased frontal
alpha activity seen with EEG [6,7].
In this study we sought to apply the powerful imaging
capabilities of high ®eld strength fMRI to identify foci of
activity that are modulated by a very simple form of
meditation. Concomitant measures of cardiorespiratory
activity were also recorded in two subjects to determine
whether changes in these measures could potentially in¯uence the fMRI data. We hypothesized that neural structures
that have a role in attention and arousal would be
activated during meditation (which requires focusing attention on breathing and repeating a particular phrase),
and that the fully developed relaxation response would
differ from the early (induction) stage of meditation.

MATERIALS AND METHODS

Subjects: Informed consent was obtained as per Massachusetts General Hospital Human Research Committee
guidelines. Five right-handed subjects (four male) aged
22±45 participated. None had a history of psychiatric
disease. Each had practiced Kundalini meditation daily for
at least 4 years.
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Meditation protocol: Subjects performed a simple form of
Kundalini meditation in which they passively observed
their breathing and silently repeated the phrase `sat nam'
during inhalations and `wahe guru' during exhalations.
During the control state they silently generated a random
list of animals and did not observe their breathing. Two
12 min meditation epochs were preceded by a 6 min control
epoch during each 42 min scan (Fig. 1d). Four subjects
underwent two scans during a single session, while the
®fth subject was scanned only once. An audio tape of the
of the sound of the scanner was provided to each subject
prior to their scan, as well as a written description of the
experiment. They were instructed to practice the mantra
with the tape until they could comfortably achieve a
meditative state, despite the beeping sound of the scanner.
On the day of the scan, the subjects were reminded of the
experimental design before entering the scanner. During
the scans verbal prompts were used to indicate the transition between each epoch.
Functional MRI data acquisition and analysis Functional
MRI techniques used by the MGH NMR Center were
employed, and have been extensively described [16±18].
Sixteen 7 mm gradient echo functional slices (TR  6 s,
TE  30 ms) were collected using a quadrature head coil in
a General Electric 3 T scanner. Head stabilization was
achieved using either a small plastic bite bar or foam
pillow padding.
For group analysis, functional scan data and corresponding anatomical scan data was transformed into Talairach
space [19], and then globally normalized and averaged
across subjects.
Meditation is a dynamic process that gradually leads to
a meditative state. Therefore two analyses were performed
in order to characterize regional fMRI responses more
completely. The primary analysis contrasted the meditation
and control periods in the group-averaged data. Activity
during the last 6 min of each meditation period was compared to the 6 min control periods (120 time points total
per condition per scan). The second analysis (late vs early
meditation) compared steady-state meditation (the last
2 min of both meditation periods) with meditation induction (the ®rst 2 min of both meditation periods). An
automated region-de®ning algorithm was used on
smoothed Kolmogorov±Smirnov (KS) statistical maps
[20,21] (effective resolution of 8.1 mm2 FWHM). Statistical
signi®cance was conservatively de®ned as p , 10ÿ7 in
order to correct for multiple comparisons. For both analyses, regions of interest were de®ned as clusters of > 3
voxels with p , 10ÿ7 in the group averaged data, and
signi®cantly activated in at least three subjects.
Physiological measures: Heart rate, respiration rate, endtidal CO2 , O2 saturation levels, and ECG measures were
recorded throughout each scanning session in two subjects
[18].

RESULTS

Functional MRI signal increases during meditation: The
primary group analysis compared meditation epochs with
control epochs. Signi®cant increases were found during
meditation in putamen, midbrain, pregenual anterior cin-
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gulate cortex and hippocampal/parahippocampal formation (Fig. 1a; Table 1). Signi®cant activation was also
observed in the septum, caudate, amygdala and hypothalamus in at least three subjects. However, these foci lay too
close to areas of potential susceptibility artifacts to be
accurately localized and quanti®ed, given our scanning
parameters, and so they were not included in Table 1.
The second analysis (late vs early meditation) identi®ed
multiple foci of activation within prefrontal, parietal and
temporal cortices, as well as in the precentral and postcentral gyri, and hippocampal/parahippocampal formation
(Table 1). Activity was also observed in the amygdala,
hypothalamus and septum, but proximity to areas of
susceptibility artifacts again precluded inclusion in Table 1.
Finally, the ®rst scan from each subject (n  5) was
averaged together, as were the second scans (n  4). The
two statistical analyses described above were performed
on each data set, and the results were compared. Although
there was no consistent difference between the two data
sets when the meditation vs control contrast is used, the
late vs early meditation contrast revealed a more robust
response during Scan 2 (Table 1; Fig. 1b). The increased
pattern of activity was consistent across all measures:
during the second scan a greater number of activation foci,
a larger percent signal change, and a higher proportion of
individuals with signi®cant changes in these regions were
observed (Fig. 1b; Table 1).
Global signal decreases and changes in cardiorespiratory
measures: Two subjects underwent physiological monitoring during scanning. One subject displayed large decreases in respiration rate and end tidal volume C02 , and
increases in heart rate and blood oxygen saturation levels
during meditation, which returned to baseline at the end of
the meditation periods (Fig. 1d). This same subject also
displayed large global signal decreases in the fMRI signal
during the meditation periods (on the order of p , 10ÿ30 ),
as did the three subjects whose physiology was not
monitored (Fig. 1c). In contrast, the changes in cardiorespiratory function of the other monitored subject were not
as pronounced, and this subject did not display large
global fMRI signal decreases during meditation.

DISCUSSION

The data indicate that meditation activates neural structures involved in attention (frontal and parietal cortex) and
arousal/autonomic control (pregenual anterior cingulate,
amygdala, midbrain and hypothalamus). In addition,
signi®cant activation was identi®ed in the putamen,
precentral and postcentral gyri and hippocampus/parahippocampus in a majority of subjects, suggesting these
structures may also contribute to the meditative state.
Extended practice of meditation enhances activation in
many structures subserving meditation, as shown in the
late vs early and scan 1 vs scan 2 analyses. Furthermore,
these fMRI signal increases were robust: not only were
they easily detected in individuals, they were able to
overcome what is most likely a strong cardiorespiratorydriven global decrease in BOLD fMRI signal.
The BOLD fMRI technique is by de®nition sensitive to
cardiorespiratory changes, and the fMRI signal was seen to
vary with measured physiological changes. Importantly,
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Fig. 1. Group-averaged pseudocolor KS statistical maps superimposed on a high-resolution coronal anatomical map. The distance in millimeters from
the anterior commissure is indicated. (a) Meditation vs control. (b) Late vs early meditation. (c) Global fMRI signal decreases (Subject 4) during
meditation as compared to control task. (d)Changes in cardiorespiratory measures and global fMRI signal in Subject 4.
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Table 1. Activation during meditation.
Anatomical region

Group average
Vol
(mm3 )

Mediatation vs control
Anterior cingulum (BA24a/b)
Basal ganglia (putamen)
Midbrain
Midbrain
Parahippocampal gyrus (BA35)
Late vs early
Superior frontal gyrus (BA8)
Middle frontal gyrus (BA9)
Medial frontal gyrus (BA10)
Parietal lobule (BA7)
Superior parietal lobule (BA7)
Superior parietal lobule (BA7)
Superior parietal lobule (BA7)
Superior and inferior parietal lobule
(BA7 and 40)
Inferior parietal lobule (BA40)
Superior temporal gyrus(BA 39)
Middle temporal gyrus (BA 21)
Parahippocampal gyrus (BA 35)
Precentral gyrus (BA4)
Postcentral gyrus (BA3)
Paracentral lobule (BA6)

Average run 1

Coordinates

Average run 2

Max. Vox.
p-value

Prop.
Indiv.

p-value

% signal
change

Prop.
Indiv.

p-value

% signal
change

Prop.
Indiv.

9.6 3 10ÿ30
2.4 3 10ÿ21
3.4 3 10ÿ12
4.3 3 10ÿ29
1.2 3 10ÿ17

3.7
1.4
2.8
3.0
1.3

60
80
100
60
80

1.1 3 10ÿ18
7.7 3 10ÿ10
1.9 3 10ÿ22
1.3 3 10ÿ12
9.2 3 10ÿ25

3.1
1.5
4.4
2.6
1.7

50
50
100
75
50

R/L

A/P

S/I

207
177
477
639
108

6
28
0
ÿ15
ÿ25

33
ÿ15
ÿ12
ÿ15
ÿ24

0
ÿ6
ÿ9
ÿ15
ÿ15

4 3 10ÿ33
1.4 3 10ÿ26
1.0 3 10ÿ31
4.7 3 10ÿ31
2.1 3 10ÿ32

80
80
100
80
80

27
27
126
63
90
54
81
27

ÿ6
ÿ40
12
ÿ21
ÿ21
ÿ31
ÿ28
40

24
30
48
ÿ48
ÿ63
ÿ57
ÿ54
ÿ60

50
37
9
53
53
53
43
46

1.5 3 10ÿ9
2.4 3 10ÿ8
3.0 3 10ÿ12
7.4 3 10ÿ11
2.4 3 10ÿ8
3.3 3 10ÿ10
2.7 3 10ÿ15
3.0 3 10ÿ17

60
80
80
60
80
80
60
80

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.2
0.5
0.7
0.2
0.3
0.0
0.3
0.2

0
0
60
20
20
40
40
80

1.7 3 10ÿ14
1.0 3 10ÿ13
2.7 3 10ÿ15
3.0 3 10ÿ12
1.0 3 10ÿ13
4.2 3 10ÿ16
4.2 3 10ÿ16
5.6 3 10ÿ13

0.7
2.1
0.9
1.2
1.3
1.9
1.2
1.6

75
100
75
75
75
100
75
100

72
72
225
90
45
72
189

ÿ34
59
59
ÿ28
46
ÿ25
ÿ6

ÿ36
ÿ60
ÿ57
ÿ21
ÿ12
ÿ39
ÿ33

43
28
3
ÿ12
53
62
65

9.2 3 10ÿ8
3.4 3 10ÿ10
3.0 3 10ÿ12
1.5 3 10ÿ9
7.4 3 10ÿ11
3.0 3 10ÿ12
4.2 3 10ÿ16

60
80
80
80
60
60
60

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.2
0.8
0.5
0.5
0.4
0.4
0.6

20
40
20
60
20
0
20

1.7 3 10ÿ14
6.1 3 10ÿ9
2.7 3 10ÿ15
6.1 3 10ÿ9
5.6 3 10ÿ13
6.1 3 10ÿ17
4.2 3 10ÿ16

0.7
2.0
2.2
1.5
2.2
1.5
1.6

75
75
100
75
75
75
50

Stereotactic coordinates are reported for local maxima meeting threshold criteria (3 contiguous voxels with p , 10ÿ7 in the group-averaged data). Coordinates are expressed in mm from the anterior commissure, with x . 0
corresponding to right hemisphere, y . 0 corresponding to anterior and z . 0 corresponding to superior [19]. Cytoarchitectonic areas are indicated after the named structure in parentheses. The group averaged max. vox. was
then used to determine the p-value and percent signal change from the averaged ®rst (n  5) or second (n  4) scans.
Proportion individuals indicates the percentage of subjects with an activation ( p , 10ÿ7 ) within 1 voxel of the activated region as de®ned in the group averaged scan. Only foci with signi®cant activation in at least three subjects
are included in the table.
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several observations indicate that changes in cardiorespiratory function were not responsible for the fMRI signal
increases measured here. First, the signal increases were
regionally speci®c, not global in nature. Second, the foci of
activation identi®ed here are consistent with those described by the PET study of Lou et al., which did not ®nd
changes in global cerebral blood ¯ow [13]. Third, while the
two individuals monitored here displayed different cardiorespiratory changes during meditation, both subjects displayed similar patterns of activation.
During meditation subjects focus attention primarily on
their breathing, usually on diaphragm movement or the
physical sensations in the nostrils. This is a challenging
task requiring constant vigilance so that the mind does not
wander. Therefore we hypothesized that neural structures
involved in attention would be recruited by meditation,
and indeed, lateral prefrontal and parietal regions (wellestablished components of distributed attentional networks
[22]) were strongly activated during meditation. The activation in limbic regions probably modulates autonomic
output [23]. Future experiments will examine the role of
these structures more directly.
Although our results are largely consistent with those of
Lou et al. [13], there are a few discrepancies. Speci®cally,
both studies identi®ed regions that were absent in the
other when making a meditation vs control contrast. These
differences in results can be attributed to substantial
differences in styles of meditation and experimental paradigms. For example, Lou et al. pooled (and separately
compared) four different forms of Yoga Nidra meditation,
none of which were similar to the meditation style used in
the present study. Also, the control states in the two
studies were not comparable; subjects in the present study
were given a task that was similar to the mantra, while
subjects in the Lou et al. study listened to a tape of verbal
instructions, but performed no task.
Some structures display increasing fMRI signal
throughout the meditation epochs, as evidenced by the
late vs early statistical paradigm. In addition, more brain
regions achieved statistical signi®cance in the second scan
than in the ®rst scan with this comparison. These ®ndings suggest that neural activity during meditation is
dynamic, slowly evolving during practice. This is in
agreement with the self-reports of experienced meditators, who report that subtle changes in the subjective

state continue to occur throughout the duration of
meditation practice [11,12].
This study demonstrates that fMRI is useful for studying
the changes in brain activity that occur during the practice
of meditation. Elucidation of the biological basis of meditation will shed new light on cognitive and emotional brain
processing systems elicited by the relaxation response, and
hopefully lead to greater acceptance of the relaxation
response as a complement to other medical treatments.
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