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Abstract

We recorded magnetoencephalography (MEG) and functional magnetic resonance imaging (fMRI) following noxious laser stim-

ulation in a Yoga Master who claims not to feel pain when meditating. As for background MEG activity, the power of alpha fre-

quency bands peaking at around 10 Hz was much increased during meditation over occipital, parietal and temporal regions, when

compared with the non-meditative state, which might mean the subject was very relaxed, though he did not fall asleep, during med-

itation. Primary pain-related cortical activities recorded from primary (SI) and secondary somatosensory cortices (SII) by MEG

were very weak or absent during meditation. As for fMRI recording, there were remarkable changes in levels of activity in the thal-

amus, SII-insula (mainly the insula) and cingulate cortex between meditation and non-meditation. Activities in all three regions were

increased during non-meditation, similar to results in normal subjects. In contrast, activities in all three regions were weaker during

meditation, and the level was lower than the baseline in the thalamus. Recent neuroimaging and electrophysiological studies have

clarified that the emotional aspect of pain perception mainly involves the insula and cingulate cortex. Though we cannot clearly

explain this unusual condition in the Yoga Master, a change of multiple regions relating to pain perception could be responsible,

since pain is a complex sensory and emotional experience.

� 2004 European Federation of Chapters of the International Association for the Study of Pain. Published by Elsevier Ltd. All
rights reserved.
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1. Introduction

It is claimed that with extensive training in the tech-

niques of Yoga, feelings of pain can be blocked out dur-

ing meditation, and some Yoga Masters have attempted
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to demonstrate this by sticking needles into their tongue

and cheek while in a meditative state. Pain processing in

humans has been investigated (see Treede et al., 1999,

2000) using neuroimaging methods such as positron

emission tomography (PET) (Talbot et al., 1991; Jones

et al., 1991; Casey et al., 1994; Craig et al., 1996; Rain-
ville et al., 1997, 1999, 2002; Xu et al., 1997; Svensson

et al., 1997; Bushnell et al., 1999; Peyron et al., 2002),

functional magnetic resonance imaging (fMRI) (Davis
Association for the Study of Pain. Published by Elsevier Ltd. All rights
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et al., 1998, 2002; Sawamoto et al., 2000; Bantick et al.,

2002; Coghill et al., 2003), and MEG (Huttunen et al.,

1986; Kakigi et al., 1995; Hari et al., 1997; Watanabe

et al., 1998; Yamasaki et al., 1999; Ploner et al., 1999;

Kanda et al., 1999; Inui et al., 2003; Nakata et al.,

2004). MEG is used to analyze background brain activ-
ity and primary cortical evoked responses generated in

mainly the SI and SII within a few hundred ms following

stimulation due to its high temporal resolution. There-

fore, one can evaluate the temporal dynamics of cortical

processing in the order of ms with MEG, but one cannot

evaluate brain rhythms or obtain detailed temporal

information on cortical activities using fMRI. In con-

trast, event-related fMRI can record blood flow changes
for at least 10 s following stimulation, and is useful for

evaluating long-term processing of pain. In addition,

fMRI can clearly detect activities located at depth such

as in the thalamus and cingulate cortex, which MEG

cannot easily detect. Therefore, by combining MEG

and fMRI, detailed temporal and spatial information

can be obtained. We recently had an opportunity to re-

cord MEG and fMRI following painful laser stimula-
tion in a Yoga Master who claims not to feel pain

during meditation and made several very interesting

findings. To our knowledge, this is the first report inves-

tigating pain processing in such a unique individual

using MEG and fMRI.
2. Methods

This study was first approved by the Ethical Commit-

tee of National Institute for Physiological Sciences,

Okazaki, Japan.

2.1. Subjects

The subject, a 65-year-old male, has been practicing
yoga for 38 years. He received the title Yoga Samrat,

indicating the highest level of proficiency, from the In-

dian Yoga Culture Federation in 1983. The San Fran-

cisco State University has been doing a cooperative

study with him for several years, and found an increase

of alpha EEG activity, a pronounced abdominal breath-

ing pattern, and no significant change of heart rate or

blood volume pulse during meditation (Arambula
et al., 2001). One surprising claim is that he does not feel

pain at all during meditation. To demonstrate this, he

sticks needles into his tongue and cheek. For this exper-

iment, he strongly concentrated on not feeling pain from

a laser stimulation, which he had never received before.

He continued to meditate for more than 15 min, during

the recording of MEG and fMRI. Since we have re-

corded MEG following painful laser stimulation in more
than 60 normal subjects (Kakigi et al., 1995; Watanabe

et al., 1998; Yamasaki et al., 1999; Nakata et al., 2004),
and recorded PET and fMRI in more than 40 normal

subjects (Xu et al., 1997; Sawamoto et al., 2000, our

unpublished study), we used those data as a control.

2.2. Laser stimulation

For noxious stimulation, a Tm:YAG laser beam

(Neurolaser, BAASEL Lasertech, Germany) was ap-

plied to the dorsum of the left hand or foot. The wave-

length was 2000 nm, pulse duration was 1 ms, and spot

diameter was 6 mm. Interstimulus intervals were ran-

domly varied between 8 and 15 s, and the irradiated

points were moved slightly for each stimulus to avoid

tissue damage and habituation of the receptors. The
mean intensity was 320 mJ in normal subjects who felt

a sharp pin-prick like pain. Since the pain threshold in

this individual was relatively high, we needed a higher

intensity, �450 mJ. During meditation, the subject told

us that he did not feel pain at all. We asked him to eval-

uate the subjective strength of the pain intensity from 0

(no pain) to 10 (intolerable pain). He gave a score of 8

during non-meditation and zero during meditation.

2.3. MEG recording

MEG was recorded with a helmet-shaped 306-chan-

nel detector array (Vectorview; ELEKTA Neuromag

Yo., Helsinki), which comprises 102 identical triple sen-

sor elements, in a magnetically shielded room, but the

signals recorded from 204 gradiometers were used for
source localization in this study. Each sensor element

consists of two orthogonal planar gradiometers and

one magnetometer coupled to a multi-SQUID (Super-

conducting Quantum Interference Device). We analyzed

the background brain activity using a frequency analysis

of MEG. The period of analysis was two minutes in the

mid-period of the session (between 2 and 4 min from the

beginning of the session) during non-meditation and
meditation while the laser beam was applied to the dor-

sum of the left hand.

Laser evoked magnetic fields (LEFs) were recorded

following laser stimulation applied to the dorsum of

the left hand. Fifty signals were recorded with a band-

pass of 0.1–100 Hz and digitized at 900 Hz, and signals

with noise, blinks and eye movement were excluded

from the analysis automatically. The analysis period
was 500 ms, including 100 ms before the stimulation that

used for the baseline.

2.4. fMRI acquisition and analysis

For brain functional imaging, a single laser stimula-

tion was applied to the dorsum of the left foot, since

the hand could not be stimulated due to technical prob-
lems. One imaging session contained 40 stimuli in total,

and 300 volumes of gradient echo single-shot echo



Fig. 1. Frequency analysis of background MEG activity of the Yoga

Master over 2 min during non-meditation and meditation, while the

laser stimulus was applied. The power of the alpha wave was much

increased during meditation, indicating that the subject did not fall

asleep.
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planner imaging (EPI) were acquired with a time of rep-

etition of 2 s, time of echo of 30 ms, flip angel of 80�,
field of view of 192 mm, and matrix size of 64 · 64, in

32 transaxial slices 3 mm thick without a gap, using a

3.0-T Siemens Allegra scanner. Two imaging sessions

were performed, one for the meditative state and one
for the non-meditative state with an interval of a few

minutes.

The first 5 volumes of each session were discarded be-

cause of unsteady magnetization. The remaining data

were analyzed by statistical parametric mapping with

SPM 99 (Welcome Department of Cognitive Neurology,

London, UK) on Matlab (Mathworks, Natick, MA).

The EPI images were realigned to the first image of
the first session, and spatially smoothed with an 8 mm

full-width at half-maximum isotropic Gaussian kernel.

Using a general linear model, a weighting coefficient

was calculated for a regressor of the stimulus. Statistical

inference was first evaluated in terms of change in activ-

ity in response to the laser stimulus during non-medita-

tion and meditation compared to the baseline period

(before the stimulus) of each session. The resulting set
of voxel values constituted a statistical parametric map

(SPM) of the t statistics (SPM{t}). The threshold for

SPM{t} was set at P < 0.001 without correction for mul-

tiple comparisons. The resulting set of significant voxels

was superimposed onto each high-resolution anatomical

image. Time course data on the signals at the voxel with

maximal significance in the thalamus, SII-insula, and

cingulate cortex (see Section 3) in the non-meditative
state were averaged across all the trials time-locked to

the onset of each stimulus and plotted using the preced-

ing two sample points as the baseline.
3. Results

3.1. Background brain activity

We recorded background brain activity using a fre-

quency analysis of MEG during both meditation and

non-meditation. The power of alpha wave activity peak-

ing at around 10 Hz showed a marked increase during

meditation when compared with that during non-medi-

tation (Fig. 1). During the experiment, the subject did

not show any MEG change indicating that he fell into
a sleep. These findings indicated that the condition of

the brain during meditation was definitely different from

that in non-meditation, the subject probably being very

relaxed during meditation even while receiving noxious

laser stimulation, but remaining awake. These findings

were compatible with a previous study using EEG

(Arambula et al., 2001), though they were recorded

without applying noxious stimulation.
Regarding LEFs, we first show common findings in

normal subjects (see Nakata et al., 2004). Clear re-
sponses were recorded in three regions; SI contralat-

eral to the stimulation and SII or SII-insula in

bilateral hemispheres (Fig. 2). Peak latencies were be-

tween 170 and 200 ms following stimulation. Findings

were generally compatible with previous studies

(Ploner et al., 1999; Kanda et al., 1999). That is, the

latency of the contralateral SI and SII showed no sig-

nificant difference, indicating that the two sites were
activated simultaneously. However, the peak latency

of SII ipsilateral to the stimulation was significantly

longer than that of the contralateral SI and SII, prob-

ably due to the time taken to pass through the corpus

callosum.

Findings in the present study were as follows:

1. During non-meditation, the subject felt a painful pin-
prick sensation, a score of 8 on a scale of 0–10, and

the automatic flexion reflex was sometimes observed.

LEFs showed questionable and unreliable low-ampli-

tude SI and SII responses, which were much smaller

than normal (Fig. 2).

2. During meditation, the subject claimed to feel no

pain, a score of zero, or a light touch-like feeling.

LEFs showed similar findings to those obtained dur-
ing non-meditation (Fig. 2).

Since MEG showed questionable and unreliable low-

amplitude responses during both non-meditation and

meditation, we could not measure the peak latency

and amplitude or conduct a source analysis for them.



Fig. 3. Areas of the brain with transiently increased activity

following laser stimulation during non-meditation (left) and medi-

tation (right). Maps of t scores for the regions where activity was

significantly increased from the baseline period during each state

(p < 0.05 with a correction for multiple comparisons) are shown in

a standard anatomical space (Talairach and Tournoux, 1988)

viewed from the right side (upper), the top (middle), and the back

(lower) of the brain. Maps are illustrated using a gray scale, with

the lower t score represented in light gray and the higher ones in

dark gray.

Fig. 2. Laser-evoked magnetic fields (LEFs) in a normal subject and

the Yoga Master following noxious YAG laser stimulation applied to

the dorsum of the left hand. The three regions shown by A, B and C

were always activated in normal subjects. Enlarged waveforms

recorded at A, B and C are shown on the right. Their dipoles were

estimated to lie in the SI contralateral to, SII contralateral to, and SII

ipsilateral to the site of stimulation for A, B and C, respectively.

However, in the Yoga Master, they were questionable and unreliable

with a low-amplitude during both non-meditation and meditation.
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As for the fMRI study, we compared the regions of

the brain with a significant increase of signal in response

to the laser stimulus relative to the baseline period in

each condition (Fig. 3 and Table 1). Many regions

showed a significant increase in blood oxygen level

dependent (BOLD) signals, and several regions such as
some areas in the frontal gyrus showed a decrease of

activities during meditation. However, the most remark-

able difference between the non-meditative and medita-

tive state was that there was little or no increase of

BOLD signals in the following three regions, the thala-

mus (mainly the dorsomedial nucleus), SII-insula

(mainly the insula) and cingulate cortex in meditative

state. These three regions are often activated in PET
and fMRI studies following painful laser stimulation

(i.e., Xu et al., 1997; Svensson et al., 1997; Sawamoto

et al., 2000) and are frequently focused on in human

pain perception (Rainville et al., 1997; Hofbauer et al.,

2001). Therefore, we focused on signal changes of these

three regions between the non-meditative and meditative

state. In addition, the superior frontal gyrus (BA8) in

both hemispheres and the right superior parietal gyrus
(BA7) were significantly activated during meditation

compared with non-meditation. These regions may play

some role in maintaining the meditative state. This find-

ing is interesting but cannot be discussed in detail, since
it is from one subject under specialized conditions while

a painful laser beam is applied.

The findings in the three specific regions, the thala-

mus, SII-insula and cingulate cortex, can be summarized

as follows:

1. During meditation, BOLD signals showed no signifi-

cant increase of activity in any of the regions (Fig.
3(b)). The difference between meditation and non-

meditation was significant in all the three regions

(Figs. 4 and 5).

2. Time course data of the voxels showing the most sig-

nificant increases in signal in each region during both

meditation and non-meditation are shown in Fig. 6.

The data were obtained from the voxel showing max-

imal significance of increased activity in each region.
These voxels were defined based on the data obtained

during non-meditation. The coordinates of these vox-

els are as follows: SII-insula [x y z] = �56, �24, 22;

statistical t value = 9.09, thalamus [x y z] = �8,

�12, 16; t = 7.22, and Cingulate cortex [x y z] = 2,

�2, 40; t = 6.51. During non-meditation, there was

a gradual increase with a peak at 6 s after stimulation

and then a gradual decrease in all three regions. By
contrast, during meditation, there was a gradual

decrease with a peak at 6 s after stimulation in the

thalamus, though the change did not reach the signif-



Table 1

Regions of the brain with significantly increased signal relative to the baseline period during non-meditation and meditation

t-Value Talairach coordinates Brain regions

x y z

During non-meditation

11.99 �10 �28 76 Foot region in the left SM1

10.76 �56 �24 22 Left SII-insula

8.83 �44 10 �8 Left anterior insula

8.35 46 12 �4 Right anterior insula

7.80 60 �24 14 Right SII-insula

7.68 50 16 20 Right inferior frontal gyrus (BA45)

7.22 �8 �12 16 Left thalamus

7.18 6 �8 2 Right thalamus

6.98 50 0 50 Right precentral gyrus

6.98 48 42 14 Right middle frontal gyrus (BA46)

6.51 2 �2 40 Cingulate cortex (BA24/32)

6.40 �54 6 26 Left inferior frontal gyrus (BA44)

During meditation

11.71 �10 �34 74 Foot region in the left SM1

11.46 42 �68 50 Right superior parietal lobule (BA7)

8.80 20 �48 74 Right superior parietal lobule (BA7)

8.67 10 36 54 Right superior frontal gyrus (BA8)

8.41 �14 28 56 Left superior frontal gyrus (BA8)

7.55 48 38 14 Right middle frontal gyrus (BA46)

7.02 �6 �32 �10 Left tectum mesencephali

6.71 10 �32 �8 Right tectum mesencephali

Many regions are activated in both states, but a remarkable difference is the absence of activities in the thalamus, SII-insula, anterior insula and

cingulate cortex and some areas in the frontal gyrus during meditation. By contrast, superior and inferior frontal gyri were activated only during

meditation.

SM1: primary sensorimotor cortex.

Fig. 4. fMRI findings during non-meditation and meditation in the

Yoga Master following noxious YAG laser stimulation applied to the

dorsum of the left foot. The thalamus (1), SII-insula (2) and cingulate

cortex (3) were analyzed. During non-meditation, activities in all three

regions were significantly increased, but during meditation, no

activation was identified in any of the regions.

Fig. 5. The difference between the meditative state and non-meditative

state was significant using the general linear model in all three regions,

the thalamus, SII-insula and cingulate cortex. Central sulcus and

Sylvian fissure are shown in the figure.
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icant level. In contrast, there was a gradual increase

with a peak at 6 s in the SII-insula and cingulate cor-

tex, though the degree of this increase was approxi-
mately 20% (SII-insula) and 40% (cingulate cortex)

of that for non-meditation, but it did not reach the

predetermined statistical threshold.



Fig. 6. Time course of activities in the thalamus, SII-insula and

cingulate cortex during both non-meditation and meditation in the

Yoga Master following noxious YAG laser stimulation applied to the

dorsum of the left foot. Activities in all three regions were weaker

during meditation, and the level was lower than the baseline in the

thalamus. Error bars indicate the standard deviation of trials.
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4. Discussion

Since this is the first study to analyze MEG and fMRI

findings in an individual who claims not to feel pain

while meditating, we cannot refer to previous findings.

There have been EEG reports for subjects who had prac-

ticed yoga for several years, but their findings were not

consistent, that is, increased alpha or theta EEG activity

(Kasamatsu and Hirai, 1966; Kasamatsu et al., 1957;

Herbert and Lehmann, 1977; Becker and Shapiro,
1981). There have been a few PET studies on subjects

in a meditative state (Herzog et al., 1990–1991; Lou

et al., 1999; Kjaer et al., 2002), but their findings were

not consistent either. The inconsistency is probably due

to a large inter-individual difference caused by how long

and how intensely they practiced yoga. Actually, experts

in yoga meditation such as the subject in this study are

rarely available to researchers (Arambula et al., 2001).
In addition, these previous studies did not include an

individual who claimed not to feel pain while meditating

and, of course, PET was recorded without applying pain.

The findings of LEF during non-meditation (ques-

tionable and unreliable SI and SII responses) were inter-

esting but quite unexpected. Since fMRI activity was

increased in the thalamus, SII-insula and cingulate cor-

tex during non-meditation, ascending signals should
reach the SI and SII. Though it is difficult or impossible

to explain this particular phenomenon, we now have one

hypothesis that the neuronal activities in the SI and SII

for the early processing of pain (within 200 ms following

stimulation) have gradually been attenuated by long-

term training in Yoga, resulting in a kind of plasticity,

and so the responses evoked by painful stimulation are

smaller in amplitude causing a low signal-to-noise ratio,
though this is mere speculation. Since we applied a

stronger stimulus well above the pain threshold of this

subject, the stimulus intensity could not be the main

cause. The age of the subject, 65 years, also might ex-

plain the reduced neuronal activities, but no such

marked reduction was identified in our previous

experiences.
During meditation, the primary responses in the SI

and SII recorded by LEFs were small. Activity levels

in the SII-insula and cingulate cortex determined by

fMRI were slightly increased, but did not reach the sig-

nificant level during meditation. These findings were

compatible with the subjective report of no pain at all
during meditation. Interestingly and surprisingly, fMRI

activity in the thalamus was decreased, peaking at 6 s,

though the degree of change was not significant. There

are three main possibilities for this particular finding.

The first possibility is that inhibition took place below

the thalamus and signals did not reach the thalamus.

As for the effects of attentional tasks on nociceptive

brain activity, Bushnell et al. (1984) demonstrated that
magnitudes of thermal responses of trigeminothalamic

neurons of monkeys were modulated by attentional

state. Therefore, the decreased activity in the thalamus

during meditation in the present study may be a result

of the inhibitory action of meditation-induced brain

activity on spinal nociceptive neurons. The spinal cord

receives projections from various cortical regions relat-

ing to nociception, including the anterior cingulate cor-
tex (Biber et al., 1978; Dum and Strick, 1991; He et al.,

1995). The second possibility is that some particular

event took place in the thalamus, which caused extensive

inhibition of subsequent pain processing, so activities in

the SI, SII-insula and cingulate cortex were very weak or

absent.

We may have to consider a third possibility caused by

a specific psychological endogenous mechanism, since it
is well known that the degree of pain perception is much

affected by attention/distraction. In particular, hypnosis

should be considered. Recently, there have been several

neuroimaging studies to elucidate the underlying mech-

anisms of hypnosis (Rainville et al., 1999; Hofbauer

et al., 2001; Faymonville et al., 2003). Rainville et al.

(1999) recorded background EEG activity and regional

cerebral blood flow (rCBF) changes during hypnosis
by PET. Their results supported a state theory of hypno-

sis, in which occipital increases in rCBF and delta EEG

activity reflect the alteration of consciousness associated

with decreased arousal and possible facilitation of visual

imagery. Faymonville et al. (2003), using PET, found

that the activity in the anterior cingulate cortex covaried

with the hypnosis-induced reduction of affective and

sensory responses to noxious thermal stimulation. They
also reported that a hypnotic state, compared to normal

alertness, significantly enhanced the functional modula-

tion between the mid-cingulate cortex and a large neural

network encompassing the bilateral insula, pregenual

anterior cingulate cortex, pre-supplementary motor

area, right prefrontal cortex, striatum, thalamus and

brainstem, and suggested a critical role for the mid-cin-

gulate cortex in the modulation of a large cortical and
subcortical network underlying its influence on sensory,

affective, cognitive and behavioral aspects of nocicep-
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tion, in the specific context of hypnosis (Faymonville

et al., 2003). Since the main change of background

MEG (in the present study) and EEG activity (Aram-

bula et al., 2001) during meditation in the Yoga Master

was in the power of the alpha frequency bands which

was much increased, the condition of the brain during
meditation seems very different from that during hypno-

sis (Rainville et al., 1999). However, if the cingulate cor-

tex played a critical role in the modulation of a cortical

and subcortical network during both hypnosis and med-

itation, a decrease of activity in the SII-insula and thal-

amus might be caused by a change of activity in the

cingulate cortex, that is, an endogenous change.

One has to consider the anatomical background to
the network on pain perception to evaluate the present

results. Signals evoked by noxious stimuli applied to

the skin ascend through the spinothalamic tract to reach

the thalamic nuclei, including the ventroposterior lateral

(VPL), ventroposterior inferior (VPI) and mediodorsal

(MD) nucleus. From the VPL and VPI nuclei, the infor-

mation reaches the SI (Nelson and Kaas, 1981) and SII

(Jones and Powell, 1970; Friedman and Murray, 1986),
while the cingulate cortex receives its main inputs from

the MD nucleus (Vogt et al., 1987). The insular cortex

receives inputs from several thalamic nuclei including

the VPI and basal ventromedial (VMb) nuclei (Fried-

man and Murray, 1986). In addition to the direct inputs

from the thalamus, the SII and cingulate cortex receive

dense afferents from the SI (Vogt and Pandya, 1978;

Friedman et al., 1986) and insula (Mesulam and Muf-
son, 1982; Vogt and Pandya, 1987), respectively. In

addition, to support our hypothesis, anatomical studies

of animals have shown projections from the cingulate

cortex to the insula (Pandya et al., 1981; Jasmin et al.,

2004) and MD (Yeterian and Pandya, 1988). Recent

studies have shown that the thalamic relay neurons re-

ceive substantial numbers of inputs from the cerebral

cortex, and that feedback from the cortex plays a crucial
role in shaping thalamic responses (for review, see Alitto

and Usrey, 2003 or Jones, 2002). The insular cortex re-

ceives inputs from several thalamic nuclei including the

VPI, basal ventromedial (VMb) (Friedman and Murray,

1986) and posterior part of the ventromedial (VMpo)

nuclei (Craig et al., 1994), although the significance of

the VMpo is still controversial (Willis et al., 2002; Grazi-

ano and Jones, 2004; Lenz et al., 2004; Craig, 2004).
Therefore, modulation of thalamic activity by behav-

iorally relevant tasks in previous studies may be a result

of such feedback mechanisms. For example, O�Connor
et al. (2002) demonstrated that attentional task demands

could significantly modify lateral geniculate nucleus

(LGN) activity in humans. Although less is known

regarding such feedback mechanisms in nociceptive tha-

lamic neurons, it seems reasonable to speculate that such
mechanisms might cause this particular phenomenon in

the Yoga Master.
In conclusion, the findings of this study strongly sug-

gest that the subject, a Master of Yoga, really did not

feel pain during meditation. We now hypothesize that

extensive training in the techniques of Yoga meditation

caused such an extreme psychological change. Changes

in the thalamus may be the cause of this particular ef-
fect, but modulation below the thalamus or cerebral

cortex, particularly, the cingulate cortex, may also

change the activity of the thalamus. It is impossible to

conclude what happens in the brain of the Yoga Master

during meditation given that we still do not know why

a change in mental state affects pain perception, but

this is an interesting and important issue related to

the underlying mechanisms for pain perception in
humans.
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