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The neural basis of the complex
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Summary Meditation is a complex mental process involving changes in cognition, sensory perception, affect,
hormones, and autonomic activity. Meditation has also become widely used in psychological and medical
practices for stress management as well as a variety of physical and mental disorders. However, until now, there
has been limited understanding of the overall biological mechanism of these practices in terms of the effects

in both the brain and body. We have previously described a rudimentary neuropsychological model to explain the
brain mechanisms underlying meditative experiences. This paper provides a substantial development by
integrating neurotransmitter systems and the results of recent brain imaging advances into the model. The
following is a review and synthesis of the current literature regarding the various neurophysiological mechanisms
and neurochemical substrates that underlie the complex processes of meditation. It is hoped that this model
will provide hypotheses for future biological and clinical studies of meditation.

© 2003 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The complex mental task of meditation is potentially one
of the most important areas of research that may be
pursued by science in the next decade. Meditation offers
a fascinating window into human consciousness, psy-
chology, and experience; the relationship between
mental states and body physiology; emotional and cog-
nitive processing; and the biological correlates of reli-
gious experience. In the past thirty years, scientists have
explored the biological effects and mechanisms of med-
itation in great detail. Initial studies measured changes in
autonomic activity such as heart rate and blood pressure,
as well as electroencephalographic (EEG) changes. More
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recent studies have explored changes in hormonal and
immunological function associated with meditation.
Studies have also explored the clinical effects of medita-
tion in both physical and psychological disorders.
Functional neuroimaging has opened a new window
into the investigation of meditative states by exploring
the neurological correlates of these experiences. Five
studies, currently available in the literature (see Table 1),
measured cerebral function during meditation tech-
niques. These neuroimaging techniques include positron
emission tomography [PET; (1-3)], single photon emis-
sion computed tomography [SPECT; (4)], and functional
magnetic resonance imaging [fMRI; (5)]. Each of these
techniques provides different advantages and disadvan-
tages in the study of meditation. Although functional MRI
has the ability of immediate anatomic correlation and has
improved resolution over SPECT, it would be very difficult
to utilize for the study of meditation because of the noise
from the machine and the problem of requiring the sub-
ject to lie prone in the machine, an atypical posture for
many forms of meditation. In fact, we attempted the use of
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Table 1 Summary of current neuroimaging studies of meditation

Study Type of Imaging Ne Measures Results Critique
meditation modality
Herzog et al. (1) Yoga PET 8 CBF 1Frontal lobe, |parietal Meditation in the scanner,
lobe limited regional analysis,
one time point
Lou et al. (2) Tantric Yoga PET 9 CBF TParietal during focus on  Subjects listened to tape
self, thippocampus, |PFC guiding the meditation,
different forms of meditation,
one time point
Newberg et al. Tibetan SPECT 8 CBF 1PFC, thalamus, brain- No cross correlation with
(4) stem,|PSPL other modalities, SPECT
offers lowest resolution,
one time point
Lazar et al. (5) Kundalini MRI 5 CBF TPFC, parietal, hippocam- Attempted to factor in MRI
pus, temporal lobe cingu-  noise to prevent distraction,
late gyrus, hypothalamus  smallest N, limited ability
to detect decreased CBF,
multiple time points
Kjaer et al. (3) Yoga Nidra PET 5 Dopamine 1Dopamine in the striatum  Subjects listened to tape

guiding the meditation,
one time point, first
neurotransmitter study

& N=number of subjects.

fMRI with one of our initial meditation subjects in order
to determine feasibility, but the subject found it extremely
difficult to carry out the meditation practice. While
PET imaging also provides better resolution than SPECT,
if one strives to make the environment relatively
distraction free to maximize the chances of having a
strong meditative experience, then it is sometimes bene-
ficial to perform these studies during non-clinical times,
which may make PET radiopharmaceuticals such as
fluorodeoxyglucose difficult to obtain. Finally, the func-
tional imaging techniques of PET and SPECT offer
the opportunity to study changes in a variety of neuro-
transmitter systems in the brain associated with medita-
tion practices. Overall, functional brain imaging
offers important techniques for studying meditation, al-
though the best approach may depend on factors related
to each technique as well as specific parameters to be
measured.

In this paper, we review existing data on the neuro-
physiology and physiology of meditation practices, and
we attempt to integrate this data into a comprehensive
neurochemical model of such practices. However, there
are many possible neurochemical changes that may oc-
cur during meditation, even though they may not occur
in every type of practice or in each individual. This model
is designed to provide a framework of the neurological
and physiological correlates of meditative experiences,
and to create a springboard for future research.

TYPES OF MEDITATION
Although there are many specific appi‘oaches to medita-

tion, we have typically divided such practices into two
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basic categories. The first category is one in which the
subjects simply attempt to clear all thought from their
sphere of attention. This form of meditation is one in
which the practitioner attempts to reach a subjective state
characterized by a sense of no space, no time, and no
thought. Further, this state is cognitively experienced as
fully integrated and unified, such that there is no sense of
a self and other. This includes practices such as those
associated with traditions such as Theravada Buddhism
(6). The second category is one in which the subjects
focus their attention on a particular object, image, phrase,
or word, and it includes practices such as transcendental
meditation and various forms of Tibetan Buddhism. This
form of meditation is designed to lead one to a subjective
experience of absorption with the object of focus. There is
another distinction in which some meditation is guided
by following along with a leader, either in person or on
tape, who is verbally directing the practitioner. Others
practice the meditation on their own volition. We might
expect that this difference between volitional and guided
meditation should also be reflected in specific differences
in cerebral activation.

Phenomenological analysis suggests that the end re-
sults of many practices of meditation are similar, al-
though these results might be described using different
characteristics depending on the culture and individual.
Therefore, it seems reasonable that while the initial
neurophysiological activation occurring during any gi-
ven practice may differ, there should eventually be a
convergence. We present a description of volitional
meditation, which will hopefully provide an overall
framework from which any given type of meditation can
be considered (see Fig. 1).
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Fig. 1 Schematic overview of the neurophysiological network possibly associated with meditative states. The circuits and activations
generally apply to both hemispheres even though they may be ascribed to only one hemisphere on the diagram below.

ACTIVATION OF THE PREFRONTAL AND
CINGULATE CORTEX

Brain imaging studies suggest that willful acts and tasks
that require sustained attention are initiated via activity
in the prefrontal cortex (PFC), particularly in the right
hemisphere (7-10). The cingulate gyrus appears to be
involved in focusing attention, probably in conjunction
with the PFC (11). Since meditation requires intense fo-
cus of attention, it seems appropriate that a model for
meditation begin with activation of the PFC, particularly
in the right hemisphere, as well as the cingulate gyrus.
This notion is supported by the increased activity ob-
served in these regions on several of the brain imaging
studies of volitional types of meditation, including those
from our laboratory (1,4,5). In our study of eight Tibetan
Buddhist meditators, subjects had an intravenous line
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placed in the arm, and were injected with a cerebral
blood flow tracer while at rest in order to acquire a
‘baseline’ image. They then meditated for approximately
1h when they were again injected with the tracer while
they continued to meditate. At the time of injection, the
tracer was fixed in the brain so that when the images
were acquired approximately 20 min later, they reflected
the cerebral blood flow during the meditation state.
Quantitative analysis demonstrated increased activity in
the PFC bilaterally (greater on the right) and the cingu-
late gyrus during meditation. Therefore, meditation ap-
pears to begin by activating the prefrontal and cingulate
cortex associated with the will or intent to clear one’s
mind of thoughts or to focus on an object. One PET
study of a guided type of meditation did not demon-
strate increased prefrontal activity. However, a recent

© 2008 Elsevier Science Ltd. All rights reserved.
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study showed decreased frontal activity during exter-
nally guided word generation compared to internal or
volitional word generation (12). Thus, prefrontal and
cingulate activation may be associated with the voli-
tional aspects of meditation.

THALAMIC ACTIVATION

Several animal studies have shown that the PFC, when
activated, innervates the reticular nucleus of the thala-
mus (13), particularly as part of a more global attentional
network (14). Such activation may be accomplished by
the PFC’s production and distribution of the excitatory
neurotransmitter glutamate, which the PFC neurons use
to communicate among themselves and to innervate
other brain structures (15). The thalamus itself governs
the flow of sensory information to cortical processing
areas via its interactions with the lateral geniculate and
lateral posterior nuclei and also likely uses the glutamate
system in order to activate neurons in other structures
(16). The lateral geniculate nucleus receives raw visual
data from the optic tract and routes it to the striate
cortex for processing (17). The lateral posterior nucleus
of the thalamus provides the posterior superior parietal
lobule (PSPL) with the sensory information it needs to
determine the body’s spatial orientation (18).

When excited, the reticular nucleus secretes the in-
hibitory neurotransmitter y-aminobutyric acid (GABA)
onto the lateral posterior and geniculate nuclei, cutting
off input to the PSPL and visual centers in proportion to
the reticular activation (19). During meditation, due to
the increased activity in the PFC, particularly in the right
hemisphere, there should be a concomitant increase in
the activity in the reticular nucleus of the thalamus.
While brain imaging studies of meditation have not yet
had the resolution to distinguish the reticular nuclei, our
recent SPECT study did demonstrate a general increase
in thalamic activity that was proportional to the activity
levels in the PFC. This finding is consistent with, but
does not confirm, the specific interaction between the
PFC and the reticular nuclei. If the activation of the right
PFC causes activity to increase in the reticular nucleus
during meditation, the result may be a decrease in sen-

sory input entering into the PSPL. Several studies have
demonstrated an increase in serum GABA during medi-
tation (see Table 2 for an overview of neurochemical
changes during meditation), possibly reflecting in-
creased central GABA activity (20). This functional de-
afferentation related to increased GABA would mean
that fewer distracting outside stimuli would arrive at the
visual cortex and PSPL enhancing the sense of focus.

It should also be noted that the dopaminergic system,
via the basal ganglia, is believed to participate in regu-
lating the glutamatergic system and the interactions
between the prefrontal cortex and subcortical structures.
A recent PET study utilizing 11C-Raclopride to measure
the dopaminergic tone during Yoga Nidra meditation
demonstrated a significant increase in dopamine levels
during the meditation practice (3). The experimenters
hypothesized that this increase may be associated with
the gating of cortical-subcortical interactions, leading to
an overall decrease in readiness for action that is asso-
ciated with this particular type of meditation. Future
studies will be necessary to elaborate on the role of do-
pamine during meditative practices, as well as on the
interactions between dopamine and other neurotrans-
mitter systems.

PSPL DEAFFERENTATION

The PSPL is heavily involved in the analysis and inte-
gration of higher-order visual, auditory, and somaes-
thetic information (21). It is also involved in a complex
attentional network that includes the PFC and thalamus
(22). Through the reception of auditory and visual input
from the thalamus, the PSPL is able to help generate a
three-dimensional image of the body in space, provide a
sense of spatial coordinates in which the body is ori-
ented, help distinguish between objects, and exert in-
fluences in regard to objects that may be directly grasped
and manipulated (23,24). These functions of the PSPL
may be critical for distinguishing between the self and
the external world. It should be noted that a recent study
has suggested that the superior temporal lobe may play a
more important role than the parietal lobe in body spatial
representation, although this has not been confirmed by

Table 2 Neurochemically related changes in serum concentration observed during meditation techniques and the central nervous system

structures typically involved in their production

Neurochemical Observed change

CNS structure

Arginine vasopressin Increased (48)
GABA Increased (20)

Melatonin Increased (74)
Serotonin Increased (38)
Cortisol Decreased (38,43)
Norepinephrine Decreased (38,39)
B-Endorphin

Rhythm changed; levels unaltered (52)

Supraoptic nucleus

Thalamus, other inhibitory structures
Pineal gland

Dorsal raphe

Paraventricular nucleus

Locus ceruleus

Arcuate nucleus

© 2003 Elsevier Science Ltd. All rights reserved.
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other reports (25). However, the actual relationship be-
tween the parietal and temporal lobes, in terms of spatial
representation, remains to be fully elucidated.

Regardless, we propose that deafferentation of these
orienting areas of the brain is an important concept in
the physiology of meditation. If, for example, deaffer-
entation of the PSPL via the reticular nucleus’s GABA-
ergic occurs, an individual may begin to lose his or her
usual ability to spatially define the self and help to orient
the self. Such a notion is supported by clinical findings in
patients with parietal lobe damage who have difficulty
orienting themselves. The effects of meditation are likely
to be more selective, and instead of destroying the sense
of self, they alter the perception of the self. Deafferen-
tation of the PSPL has also been supported by two im-
aging studies demonstrating decreased activity in this
region during intense meditation (1,4). Further, our
SPECT study showed a significant correlation between
increasing activity in the thalamus and decreasing ac-
tivity in the PSPL.

HIPPOCAMPAL AND AMYGDALAR ACTIVATION

In addition to the complex cortical-thalamic activity,
meditation might also be expected to alter activity in the
limbic system, especially since stimulation of limbic
structures is associated with experiences similar to those
described during meditation (26,27). The hippocampus
acts to modulate and moderate cortical arousal and re-
sponsiveness via rich and extensive interconnections
with the prefrontal cortex, other neocortical areas, the
amygdala, and the hypothalamus (28). Hippocampal
stimulation has been shown to diminish cortical re-
sponsiveness and arousal; however, if cortical arousal is
initially at a low level, then hippocampal stimulation
tends to augment cortical activity (29). The ability of the
hippocampus to stimulate or inhibit neuronal activity in
other structures likely relies upon the glutamate and
GABA systems, respectively (16). The partial deafferen-
tation of the right PSPL during meditation may result in
stimulation of the right hippocampus because of the
inverse modulation of the hippocampus in relation to
cortical activity. If, in addition, there is simultaneous
direct stimulation of the right hippocampus via the
thalamus (as part of the known attentional network) and
mediated by glutamate, then a powerful recruitment of
stimulation of the right hippocampus occurs. Right
hippocampal activity may ultimately enhance the stim-
ulatory function of the PFC on the thalamus via the
nucleus accumbens, which gates the neural input from
the PFC to the thalamus via the neuromodulatory effects
of dopamine (30,31).

The hippocampus greatly influences the amygdala,
such that they complement and interact in the genera-
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tion of attention, emotion, and certain types of imagery
(28). It seems as though much of the prefrontal modu-
lation of emotion is via the hippocampus and its con-
nections with the amygdala (32). Because of this
reciprocal interaction between the amygdala and hip-
pocampus, the activation of the right hippocampus
likely stimulates the right lateral amygdala as well. The
results of the fMRI study by Lazar et al. {5) support this
notion of increased activity in the regions of the amyg-
dala and hippocampus during meditation.

HYPOTHALAMIC AND AUTONOMIC NERVOUS
SYSTEM CHANGES

The hypothalamus is extensively interconnected with
the limbic system. Stimulation of the right lateral
amygdala has been shown to result in stimulation of the
ventromedial portion of the hypothalamus with a sub-
sequent stimulation of the peripheral parasympathetic
system (33). Increased parasympathetic activity should
be associated with the subjective sensation first of re-
laxation and, eventually, of a more profound quiescence.
Activation of the parasympathetic system would also
cause a reduction in heart rate and respiratory rate. All of
these physiological responses have been observed dur-
ing meditation (34).

Typically, when an individual’s breathing and heart
rate slow down, the paragigantocellular nucleus of the
medulla ceases to innervate the locus ceruleus (LC) of
the pons. The LC produces and distributes norepineph-
rine (NE) (35). NE is a neuromodulator that increases the
susceptibility of brain regions to sensory input by am-
plifying strong stimuli, while simultaneously gating out
weaker activations and cellular ‘noise’ that fall below the
activation threshold (36). Decreased stimulation of the
LC results in a decrease in the level of NE (37). The
breakdown products of catecholamines such as NE and
epinephrine have generally been found to be reduced in
the urine and plasma during meditation (38,39). Al-
though this may simply reflect the systemic change in
autonomic balance, the changes are not inconsistent
with a cerebral decrease in NE levels as well. During a
meditative practice, the reduced firing of the paragig-
antocellular nucleus probably cuts back its innervation
of the locus ceruleus, which densely and specifically
supplies the PSPL and the lateral posterior nucleus with
NE (35). Thus, a reduction in NE would decrease the
impact of sensory input on the PSPL, contributing to its
deafferentation.

The locus ceruleus would also deliver less NE to the
hypothalamic paraventricular nucleus. The paraventric-
ular nucleus of the hypothalamus typically secretes
corticotropin-releasing hormone (CRH) in response to
innervation by NE from the locus ceruleus (40). This

© 2003 Elsevier Science Ltd. All rights reserved.
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CRH stimulates the anterior pituitary to release adreno-
corticotropic hormone (ACTH) (41). ACTH, in turn,
stimulates the adrenal cortex to produce cortisol, one of
the body’s stress hormones (42). Decreasing NE from the
locus ceruleus during meditation would likely decrease
the production of CRH by the paraventricular nucleus,
which would ultimately decrease cortisol levels. Most
studies have found that urine and plasma cortisol levels
are decreased during meditation (38,43,44).

The drop in blood pressure associated with para-
sympathetic activity during meditation practices would
be expected to relax the arterial baroreceptors leading
the caudal ventral medulla to decrease its GABAergic
inhibition of the supraoptic nucleus of the hypothala-
mus. This lack of inhibition can provoke the supraoptic
nucleus to release the vasoconstrictor arginine vaso-
pressin (AVP), thereby tightening the arteries and re-
turning blood pressure to its normal level (45). AVP has
also been shown to contribute to the general mainte-
nance of positive affect (46), to decrease self-perceived
fatigue and arousal, and to significantly improve the
consolidation of new memories and learning (47). In
fact, plasma AVP has been shown to increase dramati-
cally during meditation (48). The sharp increase in AVP
should result in a decreased subjective feeling of fatigue
and an increased sense of arousal. It could also help to
enhance the meditator's memory of his experience,
perhaps explaining the subjective phenomenon that
meditative experiences are remembered and described
in very vivid terms.

PFC EFFECTS ON OTHER NEUROCHEMICAL
SYSTEMS

As a meditation practice continues, there should be
continued activity in the PFC associated with the indi-
vidual’s persistent will to focus attention. In general, as
PFC activity increases, it produces ever-increasing levels
of free synaptic glutamate in the brain. Increased gluta-
mate can stimulate the hypothalamic arcuate nucleus to
release p-endorphin (49). p-endorphin (BE) is an opioid
produced primarily by the arcuate nucleus of the medial
hypothalamus and distributed to the brain’s subcortical
areas (50). BE is known to depress respiration, reduce
fear, reduce pain, and produce sensations of joy and
euphoria (51). That such effects have been described
during meditation may implicate some degree of BE re-
lease related to the increased PFC activity. Meditation
has been found to disrupt diurnal rhythms of BE and
ACTH (52). However, it is likely that BE is not the sole
mediator in such experiences during meditation because
simply taking morphine-related substances does not
produce equivalent experiences as in meditation and
one very limited study demonstrated that blocking the

© 2003 Elsevier Science Ltd. All rights reserved.

opiate receptors with naloxone did not affect the expe-
rience or EEG associated with meditation (53).

Glutamate activates N-methyl-nD-aspartate receptors
(NMDAr), but excess glutamate can kill these neurons
through excitotoxic processes (54). We propose that if
glutamate levels approach excitotoxic concentrations
during intense states of meditation, the brain might limit
its production of N-acetylated-o-linked-acidic dipepti-
dase, the enzyme responsible for converting the en-
dogenous NMDATr antagonist N-acetylaspartylglutamate
(NAAG) into glutamate (55). The resultant increase in
NAAG would protect cells from excitotoxic damage.
There is an important side effect, however, since the
NMDAr inhibitor, NAAG, is functionally analogous to
the disassociative hallucinogens ketamine, phencycli-
dine, and nitrous oxide (56). These NMDAr antagonists
produce a variety of states that may be characterized as
either schizophrenomimetic or mystical, such as out-of-
body and near-death experiences (57).

AUTONOMIC-CORTICAL ACTIVITY

In the early 1970s, Gellhom and Kiely developed a
model, based almost exclusively on autonomic nervous
system (ANS) activity, of the physiological processes
involved in meditation. Although the model was some-
what limited, it indicated the importance of the ANS
during such experiences (58). These authors suggested
that intense stimulation of either the sympathetic or
parasympathetic system, if continued, could ultimately
result in simultaneous discharge of both systems (what
might be considered a ‘breakthrough’ of the other sys-
tem). Several studies have demonstrated predominant
parasympathetic activity during meditation associated
with decreased heart rate and blood pressure, decreased
respiratory rate, and decreased oxygen metabolism
(34,43,59). However, a recent study of two separate
meditative techniques suggested a mutual activation of
parasympathetic and sympathetic systems by demon-
strating an increase in the variability of heart rate during
meditation (60). The increased variation in heart rate
was hypothesized to reflect activation of both arms of
the autonomic nervous system. This notion is consistent
with recent developments in the study of autonomic
interactions (61) and also fits the characteristic descrip-
tion of meditative states in which there is a sense of
overwhelming calmness as well as significant alertness.

It should be noted that based upon current data, it is
not clear if one hemisphere would exclusively initiate
the neurological sequence of events over the other. This
model presents the activity beginning in the right
hemisphere, although other practices may activate the
left first and some may be bilateral. Furthermore, it may
be that the breakthrough of activity in the autonomic

Medical Hypotheses (2003) 61(2), 282-291
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nervous system may help with the stimulation of brain
structures in both hemispheres. The other point about
the model as presented is that all of the changes could
occur in both hemispheres even though some events are
associated with only one of the hemispheres in the
model presented.

OTHER NEUROTRANSMITTER ACTIVITY

Activation of the autonomic nervous system can result
in intense stimulation of structures in the lateral hypo-
thalamus and median forebrain bundle, which are
known to produce both ecstatic and blissful feelings
when directly stimulated (62). Stimulation of the lateral
hypothalamus can also result in changes in serotonergic
activity. In fact, several studies have shown that after
meditation, the breakdown products of serotonin (5-HT)
in urine are significantly increased, suggesting an overall
elevation in (5-HT) during meditation (38). Serotonin is a
neuromodulator that densely supplies the visual centers
of the temporal lobe. Within the temporal lobe, it
strongly influences the flow of visual associations gen-
erated by this area (35). The cells of the dorsal raphe
produce and distribute 5-HT when innervated by the
lateral hypothalamus (63) and also when activated by
the prefrontal cortex (64). Moderately increased levels of
5-HT appear to correlate with positive affect, while low
5-HT often signifies depression (65). This relationship
has clearly been demonstrated with regards to the effects
of the selective serotonin reuptake inhibitor medications
which are widely used for the treatment of depression.
When cortical 5-HT, receptors (especially in the tempo-
ral lobes) are activated, however, the stimulation can
result in a hallucinogenic effect. Tryptamine psychedel-
ics such as psylocybin and LSD seem to take advantage
of this mechanism to produce their extraordinary visual
experiences (66). These visual hallucinations seem to
occur because 5-HT inhibits the lateral geniculate nu-
cleus, greatly reducing the amount of visual information
that can pass through (67,68). If combined with reticular
nucleus inhibition of the lateral geniculate, 5-HT may
increase the fluidity of temporal visual associations in
the absence of sensory input, possibly resulting in in-
ternally generated imagery that has been described
during certain meditative states.

Increased 5-HT levels can affect several other neuro-
chemical systems. An increase in serotonin has an effect
on dopamine suggesting a link between the serotonergic
and dopaminergic systems that may enhance the feel-
ings of euphoria (69) that are frequently described dur-
ing meditative states. Serotonin, in conjunction with the
increased glutamate, has been shown to stimulate the
nucleus basalis to release acetylcholine (ACh). ACh has
important modulatory influences throughout the cortex
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(70,71). For example, increased acetylcholine in the
frontal lobes has been shown to augment the attentional
system, and in the parietal lobes it tends to enhance
orienting without altering sensory input (22). While no
studies have evaluated the role of acetylcholine in
meditation, it appears that this neurotransmitter may
enhance the attentional component as well as the ori-
enting response in the face of progressive deafferenta-
tion of sensory input into the parietal lobes during
meditation. Increased serotonin, combined with lateral
hypothalamic innervation of the pineal gland, may lead
the latter to increase production of the neurohormone
melatonin (MT) from the conversion of 5-HT (72). Mel-
atonin has been shown to depress the central nervous
system and reduce pain sensitivity (73). During medita-
tion, blood plasma MT has been found to increase
sharply (74), which may contribute to the feelings of
calmness and decreased awareness of pain (75). Under
circumstances of heightened activation, pineal enzymes
can also endogenously synthesize the powerful halluci-
nogen 5-methoxy-dimethyltryptamine (DMT) (76). Sev-
eral studies have linked DMT to a variety of mystical
states, including out-of-body experiences, distortion of
time and space, and interaction with supernatural enti-
ties (77,78). Hyperstimulation of the pineal at this step,
then, could also lead to DMT production that could be
associated with the wide variety of mystical-type expe-
riences associated with that hallucinogen.

CONCLUSION

More avenues still need to be explored to better eluci-
date the intricate mechanisms underlying meditative
practices. Most currently available studies of the bio-
logical correlates of meditation suffer from a low number
of subjects, lack of control conditions, and difficulty in
factoring out confounding variables. Furthermore,
knowledge of neurotransmitter systems is highly com-
plex and continually being refined. Thus, it may be very
difficult to assess if all of the brain structures and neu-
rotransmitter systems function in an integrated manner
such as suggested in this paper. However, the neuro-
physiological effects that have been observed during
meditative states seem to outline a consistent pattern of
changes involving certain key cerebral structures in
conjunction with autonomic and hormonal changes.
These changes are also reflected in neurochemical
changes involving the endogenous opioid, GABA, nor-
epinephrine, and serotonergic receptor systems. The
model presented here, based on current literature about
the interaction of these systems, as well as brain imaging
studies of meditative techniques, is an integrated hy-
pothesis that may help to elucidate the mechanism un-
derlying the physical and psychological effects of such
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practices, and provide an impetus for future studies of
these and other complex mental tasks.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Herzog H., Lele V. R., Kuwert T. et al. Changed pattern of
regional glucose metabolism during Yoga meditative
relaxation. Neuropsychobiology 1990-1991; 23: 182-187.

. Lou H. C., Kjaer T. W., Friberg L. et al. A 150-H20 PET

study of meditation and the resting state of normal
consciousness. Human Brain Map 1999; 7: 98-105.

. Kjaer, Bertelsen, Piccini, Brooks, Alving, Lou, 2002.
. Newberg A. B, Alavi A., Baime M. et al. The measurement of

regional cerebral blood flow during the complex cognitive
task of meditation: a preliminary SPECT study. Psychiatr Res
Neuroimaging 2001; 106: 113-122.

. Lazar S. W., Bush G., Gollub R. L. et al. Functional brain

mapping of the relaxation response and meditation.
Neuroreport 2000; 11: 1581-1585.

. d’Aquili E. G., Newberg A. B. Religious and mystical states: a

neuropsychological model. Zygon 1993; 28: 177-200.

. Ingvar D. H. The will of the brain: cerebral correlates of

willful acts. J Theor Biol 1994; 171: 7-12.

. Frith C. D., Friston K., Liddle P. F. et al. Willed action and

the prefrontal cortex in man. A study with PET. Proc R Soc
Lond 1991; 244: 241-246.

. Posner M. I, Petersen S. E. The attention system of the

human brain. An#n Rev Neurosci 1990; 13: 25-42.

PardoJ. V., Fox P. T., Raichle M. E. Localization of a human
system for sustained attention by positron emission
tomography. Nature 1991, 349: 61-64.

Vogt B. A, Finch D. M., Olson C. R. Functional
heterogeneity in cingulate cortex: the anterior executive
and posterior evaluative regions. Cereb Cortex 1992; 2:
435-443.

Crosson B., Sadek J. R., Maron L. et al. Relative shift in
activity from medial to lateral frontal cortex during
internally versus externally guided word generation.

J Cognitive Neurosci 2001; 13: 272-283.

Cornwall J., Phillipson O. T. Mediodorsal and reticular
thalamic nuclei receive collateral axons from prefrontal
cortex and laterodorsal tegmental nucleus in the rat.
Neurosci Lett 1988; 88: 121-126.

Portas C. M., Rees G., Howseman A. M. et al. A specific role
for the thalamus in mediating the interaction attention and
arousal in humans. J Neurosci 1998; 18: 8979-8989.
Cheramy A., Romo R., Glowinski Role of corticostriatal
glutamatergic neurons in the presynaptic control of
dopamine release. In: M. Sandler, C. Feuerstein, B. Scatton
et al., (eds). Neurotransmitter Interactions in the Basal
Ganglia. New York: Raven Press, 1987.

Armony J. L., LeDoux J. E. In: M. S. Gazzaniga (ed). The New
Cognitive Neurosciences. Cambridge: MIT Press, 2000.
Andrews T. ]., Halpern S. D., Purves D. Correlated size
variations in human visual cortex, lateral geniculate
nucleus, and optic tract. J Neurosci 1997; 17: 2859-2868.
Bucci D. J., Conley M., Gallagher M. Thalamic and basal
forebrain cholinergic connections of the rat posterior
parietal cortex. Neuroreport 1999; 10: 941-945.

Destexhe A., Contreras D., Steriade M. Mechanisms
underlying the synchronizing action of corticothalamic
feedback through inhibition of thalamic relay cells.

J Neurophysiol 1998; 79: 999-1016.

© 2003 Elsevier Science Ltd. All rights reserved.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Elias A. N., Guich S., Wilson A. F. Ketosis with enhanced
GABAergic tone promotes physiological changes in
transcendental meditation. Med Hypotheses 2000; 54:
660-662.

Adair K. C., Gilmore R. L., Fennell E. B. et al.

Anosognosia during intracarotid barbiturate anaesthesia:
unawareness or amnesia for weakness. Neurology 1995; 45:
241-243.

Fernandez-Duque D., Posner M. L. Brain imaging of
attentional networks in normal and pathological states.

J Clin Exp Neuropsychol 2001; 23: 74-93.

Steinmetz M. A., Motter B. C., Duffy C. J., Mountcastle V. B.
Functional properties of parietal visual neurons: radial
organization of directionalities within the visual field.

J Neurosci 1987, 7: 177-191.

Lynch J. C. The functional organization of posterior parietal
association cortex. Behav Brain Sci 1980; 3: 485-499.
Karnath H. O., Ferber S., Himmelbach M. Spatial awareness
is a function of the temporal not the posterior parietal lobe.
Nature 2001; 411: 950-953.

Fish D. R, Gloor P., Quesney F. L. et al. Clinical responses to
electrical brain stimulation of the temporal and frontal lobes
in patients with epilepsy. Brain 1993; 116: 397-414.

Saver J. L., Rabin J. The neural substrates of religious
experience. J Neuropsychiatr Clin Neurosci 1997; 9:
498-510.

Joseph R. Neuropsychology, Neuropsychiatry, and Behavioral
Neurology. New York: Williams & Wilkins, 1996: 197.
Redding F. K. Modification of sensory cortical evoked
potentials by hippocampal stimulation.
Electroencephalograph Clin Neurophysiol 1967; 22: 74-83.
Newman J., Grace A. A. Binding across time: the selective
gating of frontal and hippocampal systems modulating
working memory and attentional states. Conscious Cogn
1999; 8: 196-212.

Chow T. W., Cummings J. L. In: B. L. Miller, J. L. Cummings
(eds). The Human Frontal Lobes. New York: Guilford Press,
1999.

Poletti C. E., Sujatanond M. Evidence for a second
hippocampal efferent pathway to hypothalamus and basal
forebrain comparable to fornix system: a unit study in the
monkey. ] Neurophysiol 1980; 44: 514-531.

Davis M. The role of the amygdala in fear and anxiety. Ann
Rev Neurosci 1992; 15: 353-375.

Jevning R., Wallace R. K., Beidebach M. The physiology of
meditation: a review. A wakeful hypometabolic integrated
response. Neurosci Biobehav Rev 1992; 16: 415-424.

Foote S. Extrathalamic modulation of cortical function. Ann
Rev Newurosci 1987, 10: 67-95.

Waterhouse B. D., Moises H. C., Woodward D. J. Phasic
activation of the locus coeruleus enhances responses of
primary sensory cortical neurons to peripheral receptive
field stimulation. Brain Res 1998; 790: 33-44.

Van Bockstaele E. J., Aston-Jones G. Integration in the
ventral medulla and coordination of sympathetic,

pain and arousal functions. Clin Exp Hypertens 1995, 17:
153~-165.

Walton K. G., Pugh N. D., Gelderloos P., Macrae P. Stress
reduction and preventing hypertension: preliminary
support for a psychoneuroendocrine mechanism. J Altern
Complement Med 1995; 1: 263-283.

Infante J. R., Torres-Avisbal M., Pinel P. et al. Catecholamine
levels in practitioners of the transcendental meditation
technique. Physiol Behav 2001; 72: 141-146.

Madical Hypotheses (2003) 61(2), 282-291



290 Newberg and lversen

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ziegler D. R., Cass W. A., Herman J. P. Excitatory influence
of the locus coeruleus in hypothalamic-pituitary-
adrenocortical axis responses to stress. J Neuroendocrinol
1999; 11: 361-369.

Livesey J. H., Evans M. J., Mulligan R., Donald R. A.
Interactions of CRH, AVP and cortisol in the secretion of
ACTH from perifused equine anterior pituitary cells:
‘permissive’ roles for cortisol and CRH. Endocr Res 2000;
26: 445-463.

Davies E., Keyon C. J., Fraser R. The role of calcium ions in
the mechanism of ACTH stimulation of cortisol synthesis.
Steroids 1985; 45: 551-560.

Sudsuang R., Chentanez V., Veluvan K. Effects of Buddhist
meditation on serum cortisol and total protein levels, blood
pressure, pulse rate, lung volume an reaction time. Physiol
Behav 1991, 50: 543-548.

. Jevning R., Wilson A. F., Davidson J. M. Adrenocortical

activity during meditation. Horm Behav 1978; 10: 54-60.
Renaud L. P. CNS pathways mediating cardiovascular
regulation of vasopressin. Clin Exp Pharmacol Physiol 1996;
23: 157-160.

Pietrowsky R., Braun D., Fehm H. L., Pauschinger P., Born
J. Vasopressin and oxytocin do not influence early sensory
processing but affect mood and activation in man. Peptides
1991; 12: 1385-1391.

Weingartner H., Gold P., Ballenger J. C. et al. Effects of
vasopressin on human memory functions. Science 1981;
211: 601-603.

O’Halloran J. P., Jevning R., Wilson A. F., Skowsky R., Walsh
R. N., Alexander C. Hormonal control in a state of decreased
activation: potentiation of arginine vasopressin secretion.
Physiol Behav 1985; 35: 591-595.

Kiss J., Kocsis K., Csaki A., Gores T. J., Halasz B.
Metabotropic glutamate receptor in GHRH and p-endorphin
neurons of the hypothalamic arcuate nucleus. Neuroreport
1997, 8: 3703-3707.

Yadid G., Zangen A., Herzberg U., Nakash R., Sagen J.
Alterations in endogenous brain beta-endorphin release by
adrenal medullary transplants in the spinal cord.
Neuropsychopharmacology 2000; 23: 709-716.

Janal M., Colt E., Clark W. et al. Pain sensitivity, mood and
plasma endocrine levels in man following long-distance
running: effects of naxalone. Pain 1984; 19: 13-25.
Infante J. R., Peran F., Martinez M. et al. ACTH and B-
endorphin in transcendental meditation. Physiol Behav
1998; 64: 311-315.

Sim M. K., Tsoi W. F. The effects of centrally acting drugs on
the EEG correlates of meditation. Biofeedback Self Regul
1992; 17: 215-220.

Albin R., Greenamyre J. Alternative excitotoxic hypotheses.
Neurology 1992; 42: 733-738.

Thomas A. G., Vornov J. J., Olkowski J. L., Merion A. T.,
Slusher B. S. N-acetylated o-linked acidic dipeptidase
converts N-acetylaspartylglutamate from a neuroprotectant
to a neurotoxin. J Pharmacol Exp Ther 2000; 295: 16-22.
Jevtovic-Todorovic V., Wozniak D. F., Benshoff N. D., Olney
J. W. A comparative evaluation of the neurotoxic properties
of ketamine and nitrous oxide. Brain Res 2001; 895:
264-267.

Vollenweider F. X., Leenders K. L., Scharfetter C. et al.
Metabolic hyperfrontality and psychopathology in the
ketamine model of psychosis using positron emission
tomography (PET) and [18F|fluorodeoxyglucose (FDG). Eur
Neuropsychopharmacol 1997; 7: 9-24.

Medical Hypotheses (2003) 61(2), 282-291

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Gellhom E., Kiely W. F. Mystical states of consciousness:
neurophysiological and clinical aspects. J Nerv Mental Dis
1972; 154: 399-405.

Travis F. Autonomic and EEG patterns distinguish
transcending from other experiences during transcendental
meditation practice. Int J Psychophysiol 2001; 42: 1-9.
Peng C. K., Mietus J. E., Liu Y. et al. Exaggerates heart rate
oscillations during two meditation techniques. Infern

J Cardiol 1999; 70: 101-107.

Hugdahl K. Cognitive influences on human autonomic
nervous system function. Curr Opin Neurobiol 1996; 6:
252-258.

Olds M. E., Forbes J. L. The central basis of motivation,
intracranial self-stimulation studies. Ann Rev Psychol 1981;
32: 523-574.

Aghajanian G., Sprouse J., Rasmussen K. In: H. Meltzer (ed).
Psychopharmacology, The Third Generation of Progress. New
York: Raven Press, 1987.

Juckel G.J., Mendlin A., Jacobs B. L. Electrical stimulation of
rat medial prefrontal cortex enhances forebrain serotonin
output: implications for electroconvulsive therapy and
transcranial magnetic stimulation in depression.
Neuropsychopharmacology 1999; 21: 391-398.

Van Praag H., De Haan S. Depression vulnerability and
5-hydroxytryptophan prophylaxis. Psychiatr Res 1980; 3:
75-83.

Aghajanian G. K., Marek G. J. Serotonin and hallucinogens.
Neuropsychopharmacology 1999; 21: 165-238S.

Funke K., Eysel U. T. Possible enhancement of GABAergic
inputs to cat dorsal lateral geniculate relay cells by
serotonin. Neuroreport 1995; 6: 474-476.

Yoshida M., Sasa M., Takaori S. Serotonin-mediated
inhibition from dorsal raphe neurons nucleus of neurons in
dorsal lateral geniculate and thalamic reticular nuclei. Brain
Res 1984; 290: 95-105.

Vollenweider F. X., Vontobel P., Hell D., Leenders K. L. 5-HT
modulation of dopamine release in basal ganglia in
psilocybin-induced psychosis in man—a PET study with
[L1CJraclopride. Neuropsychopharmacology 1999; 20:
424-433.

Manfridi A., Brambilla D., Mancia M. Stimulation of NMDA
and AMPA receptors in the rat nucleus basalis of Meynert
affects sleep. Am J Physiol 1999; 277: R1488-1492.
Zhelyazkova-Savova M. G., Giovannini G., Pepeu Increase
of cortical acetylcholine release after systemic
administration of chlorophenylpiperazine in the rat:

an in vivo microdialysis study. Neurosci Lett 1997; 236:
151-154.

Moller M. Fine structure of pinealopetal innervation of the
mammalian pineal gland. Microsc Res Tech 1992; 21:
188-204.

Shaji A. V., Kulkarni S. K. Central nervous system
depressant activities of melatonin in rats and mice. Indian J
Exp Biol 1998; 36: 257-263.

Tooley G. A., Armstrong S. M., Norman T. R,, Sali A. Acute
increases in night-time plasma melatonin levels following a
period of meditation. Biol Psychol 2000; 53: 69-78.

Dollins A. B., Lynch H. J., Wurtman R. J. et al. Effect of
pharmacological daytime doses of melatonin on human
mood and performance. Psychopharmacology 1993; 112:
490-496.

Monti J. A., Christian S. T. N,N-Dimethyltryptamine: an
endogenous hallucinogen. Infern Rev Neurobiol 1981; 22:
83-110.

© 2003 Elsevier Science Ltd. All rights reserved.



The neural basis of the complex mental task of meditation 291

77. Strassman R. J., Clifford R., Qualls R, Berg L. Differential 78. Strassan R. J., Clifford R. Dose-response study of N,N-
tolerance to biological and subjective effects of four closely dimethyltrypamine in humans. I: Neuroendocrine,
spaced doses of N,N-dimethyltrypamine in humans. Biol autonomic, and cardiovascular effects. Arch Gen Psychiatr
Psychiatr 1996; 39: 784-795. 1994; 51: 85-97.

© 2003 Elsevier Science Ltd. All rights reserved. Medical Hypotheses (2003) 61(2), 282-291



