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CHAPTER 20

Plasticity in brain processing and modulation of pain

Donald D. Price1,�, G. Nicholas Verne2 and Jeffrey M. Schwartz3
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Abstract: Brain processing of pain in humans is based on multiple ascending pathways and brain regions
that are involved in several pain components, such as sensory, immediate affective, and secondary affective
dimensions. These dimensions are processed both serially and in parallel. They include spinal ascending
pathways that directly target limbic and brainstem structures involved in pain-related emotions as well as a
pathway proceeding from the somatosensory cortices to limbic cortical areas. Superimposed on this neural
organization is the capacity to process the dimensions of pain in multiple ways, as in patients who lack one
cerebral hemisphere but can nevertheless locate and rate pain intensity and pain unpleasantness on both
sides of the body. The dimensions of pain also can be psychologically modulated in multiple ways and these
changes are accompanied by corresponding changes in relevant brain structures. Finally, understanding
psychological modulation of pain and pain-related brain activity is optimized by a scientific framework that
integrates principles of contemporary physics, neuroscience, and human experiential science.

Keywords: parallel processing; serial processing; multiple representations; pain; quantum zeno effect; self-
directed neuroplasticity

Introduction

Beyond the levels of primary afferents and spinal
cord neurons, information concerning the process-
ing of nociceptive information and representation
of different dimensions of pain within the brain,
until recently, has been scant and controversial.
Prior to the advent of modern neural imaging of
pain, most of the information about brain mech-
anisms of pain in humans was derived from studies
that evaluated effects of destructive lesions or
electrical stimulation. Within the last 15 years,
however, considerable neurophysiological and ne-
uroanatomical information about brain mecha-
nisms of pain has accumulated from animal
experiments, human experiments involving micro-
stimulation and microelectrode recordings within

the brain, and animal and human neural-imaging
studies. This chapter reviews brain mechanisms of
pain, with emphasis on neuroplastic mechanisms.
It focuses on divergent sources of knowledge
about brain mechanisms of pain and synthesizes
this information in a manner that helps explain
how pain is highly modified by psychological fac-
tors and how different dimensions of pain can be
represented in multiple ways. First, the dimensions
of pain will be described and briefly explained.
Second, the ascending pathways for pain and
functional types of nociceptive neurons of their
central-target brain structures will be discussed in
relation to the dimensions of pain. Third, brain
regions and networks that underlie the represen-
tation and processing of different dimensions and
stages of pain will be discussed. Neuroplasticity of
these networks will be emphasized in two ways.
First, evidence will be presented that similar types
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of pain can be represented in multiple ways and in
multiple circuits, for example, in different path-
ways of split-brain patients and persons with early
cerebral damage. Second, evidence will be pre-
sented that neural activity in pain-related areas of
the brain can be powerfully altered by psycholog-
ical methods, including placebo, hypnosis, and
changes in attention. Thus, evidence for consider-
able plasticity of brain mechanisms underlying
pain will be reviewed. The schematics in Figs. 1
and 2 serve as guides to discussions of the dimen-
sions of pain and their associated anatomical
pathways and brain structures.

What are the dimensions of pain and how do they

interact?

Pain is an experience that is comprised of unique
somatic or visceral sensory qualities, such as
‘‘burning,’’ ‘‘stinging,’’ or ‘‘aching’’, combined
with a sense of intrusion or threat, or both, and
an associated feeling of unpleasantness or other
negative emotional feelings (Price, 1999). Some
emotional feelings pertain to the immediate pre-
sent and others may pertain to the long-term fu-
ture implications and past. Thus, pain includes a
sensory dimension, an immediate affective dimen-
sion (e.g., unpleasantness), and sometimes a sec-

ondary affective dimension, termed pain-related
suffering. The latter is based on rumination or re-
flection and pertains to the long-term implications
of having pain, such as interruption of life activ-
ities and other concerns with future consequences.
Psychophysical studies demonstrate that the first
two pain dimensions have reliably different rela-
tionships to nociceptive stimulus intensity and can
be differentially influenced by various psycholog-
ical factors (Fig. 1; Price, 1999, 2000).

Numerous studies support the view that the
sensory and immediate affective dimensions of
pain are separate and unique, even though they are
often closely associated (See Price and Harkins,
1992; Price, 1999, 2000; for reviews). Two related
experiments clearly illustrate this view and help
establish the direction of causation between the
two dimensions (Rainville et al., 1992). Both ex-
periments were part of a hypnosis study in which
pain was induced in study participants by immers-
ing their left hands in a moderately painful water-
bath heated to 47 1C. In the first experiment, hyp-
notic suggestions were alternately given to enhance
or decrease pain unpleasantness without changing
pain-sensation intensity. In the second, the hyp-
notic suggestions were targeted specifically toward
enhancing or decreasing pain-sensation intensity
and nothing was stated about pain unpleasantness.
Pain unpleasantness but not pain-sensation inten-
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Fig. 1. Schematic representation of major dimensions of pain and their interactions.
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sity ratings were changed in the directions sug-
gested in the first experiment, a result that was not
surprising. However, both pain-sensation intensity
and pain unpleasantness ratings changed in paral-
lel in the second experiment despite the fact that
the suggestions did not mention pain unpleasant-
ness. This study helps to establish that the direc-
tion of causation-pain sensation is more of an
immediate cause of pain unpleasantness than is the
latter a cause of pain sensation. Thus, there is a
serial relationship between the sensation of pain
and its associated unpleasantness. Other psycho-
physical experiments and studies of pain patients
also support a serial relationship between pain-
sensation intensity and pain unpleasantness (Price
et al., 1987; Price, 1999, 2000). At the same time,
the first experiment showing selective effects on
unpleasantness suggests parallel influences on pain
unpleasantness (Fig. 1). If pain unpleasantness can
be selectively altered, pain sensation cannot be the
only cause of unpleasantness. Parallel influences

result from physical and psychosocial context and
memory.

Likewise, studies of pain patients show the dis-
tinction between immediate pain unpleasantness
and pain-related suffering and their sequential in-
teractions. Similar to the selective effects of some
types of hypnotic suggestion on pain unpleasant-
ness, personality traits and some demographic
characteristics such as age can selectively influence
pain-related suffering. For example, neuroticism
enhances (Harkins et al., 1989) and age reduces
(Riley et al., 2000) pain-related suffering without
changing the sensory intensity or immediate un-
pleasantness of pain. Pain unpleasantness main-
tains and is more of a cause of pain-related
suffering than vice versa. However, Rainville et
al. (2005) have shown some recursive effects be-
tween pain-related suffering and immediate pain
unpleasantness, because increases in pain-related
secondary emotions such as depression, anxiety,
anger, and sadness were shown to enhance imme-
diate pain unpleasantness. The effects on pain-
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Fig. 2. Schematic of ascending pathways, subcortical structures, and cerebral cortical structures involved in processing pain. Symbols

are those defined and referred to within text.
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sensation intensity were not significant. Thus, re-
cursive effects of the model (Fig. 1) do not extend
across all stages, whereas changes in magnitudes of
nociceptive sensations would normally affect all
subsequent stages.

The sequential model of sensory intensity–un-
pleasantness–pain related suffering also is sup-
ported by multivariate (linear structural relations)
analyses of ratings of these dimensions in large
samples of pain patients (Wade et al., 1996; Riley
et al., 2000, 2002; Lackner et al., 2005). The se-
quential model (Fig. 1) has been repeatedly con-
firmed and scores high on several indices of
goodness-of-fit (Wade et al., 1996; Riley et al.,
2000, 2002; Lackner et al., 2005). This model pro-
vides a psychological framework that will be dis-
cussed in relation to ascending pathways and brain
circuits, as well as to mechanisms by which pain
can be modified. Ideally, physiological activity in
ascending pathways and brain circuits should help
explain psychological models of pain, such as the
serial/parallel processing model of Fig. 1.

Ascending nociceptive pathways to the brain

The lateral spinothalamic tract and its thalamic
projection to somatosensory cortices

For the most part, the central nervous system or-
igin of pain-related pathways is the dorsal horn of
the spinal gray matter. A major pathway projects
in the lateral spinothalamic tract to the ventral
posterior lateral (VPL) nucleus of the thalamus.
Dorsal-horn neurons of origin of this pathway are
comprised of wide dynamic range (WDR) neurons
that respond differentially to gentle and no-
ciceptive levels of stimulation as well as no-
ciceptive-specific (NS) neurons that respond
predominantly to nociceptive stimuli (Price and
Verne, 2002; Price et al., 2003). WDR neurons re-
ceive synaptic input from both primary-afferent
nociceptive neurons and low-threshold mechano-
receptive neurons. As a consequence of this con-
vergence, they respond with increasing impulse
frequency over a very wide range of stimulation
intensity, such as very gentle touch or hair move-
ment to tissue-damaging stimuli (Price et al., 1976,

1978, 1979; Willis, 1985). Hence, the term ‘‘wide
dynamic range’’ aptly applies to this class of neu-
rons. Based on a review by Willis et al. (2003),
their anatomical work (Willis et al., 2001), and
numerous studies of nociceptive neurons in the
dorsal horn (See references in Price and Verne,
2002; Price et al., 2003), VPL (Casey and Morrow,
1983; Chung et al., 1986; Lenz et al., 2004), and
primary somatosensory cortex (S1) (Kenshalo and
Isensee, 1983; Kenshalo et al., 1988, 2000), there is
considerable evidence that the large majority
(470%) of neurons in the lateral spinothalamic
tract and its thalamic extension to S1 are WDR
neurons and most of the remaining neurons are
NS. Spinal-cord WDR and NS neurons at the or-
igin of this pathway are located in superficial and
deep layers of the dorsal horn (Price et al., 1976,
1978, 1979; Willis, 1985). WDR and NS neurons
within the lateral spinothalamic tract and its cen-
tral targets are intermingled at all levels of this
pathway (Kenshalo et al., 2000; Willis et al., 2003;
Price et al., 2003).

Similar to psychophysical responses of both
monkeys and humans, monkey WDR neurons at
dorsal horn and cortical levels can detect very
small changes in nociceptive stimulus intensity.
For example, they reliably increase their impulse
frequencies in response to very small 0.2–0.4 1C
temperature shifts during nociceptive skin temper-
atures such as 46 and 47 1C (Bushnell et al., 1984;
Dubner et al., 1986; Kenshalo et al., 1988; Ma-
ixner et al., 1989). In contrast, NS neurons did not
make such fine discriminations. Based on the ca-
pacity of WDR to precisely encode stimulus fea-
tures of nociceptive stimuli, the parallels between
WDR neuron and psychophysical responses to
nociceptive stimuli, and the strong predominance
of WDR neurons in the lateral spinothalamic
tract, it has become abundantly clear that WDR
neurons have important roles in the sensory
processing of pain.

The predominance of WDR neurons in this
pathway has large implications for neuroplasticity
in the processing of pain. The reason is that WDR
neurons have a distinct receptive-field organization
that can change over time as a result of several
physiological and psychological factors. The re-
ceptive fields of WDR neurons consist of a rela-
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tively small skin area (e.g., 15 cm2) within which
nociceptive stimuli (e.g., 45–511C) evoke higher
impulse frequencies than gentle mechanical stimuli
(e.g., guard hair deflection or indentation with von
Frey filaments with forces less than 50mg), sur-
rounded by a larger area (e.g., 50–70 cm2) wherein
intense (e.g., 41 g von Frey filament) or no-
ciceptive stimuli are needed to evoke impulse re-
sponses. However, the sizes of these receptive-field
areas are not constant but critically depend on the
history of stimulation and upon psychological fac-
tors such as attention. The factors that induce
changes in WDR-receptive field sizes will be dis-
cussed in the section on pain modulation.

The organization and sizes of WDR-receptive
fields are integral to their ability to distinguish
nociceptive from non-nociceptive stimulation and
to encode the intensity of nociceptive stimulation
(Price et al., 2003). Populations of WDR neurons
are capable of encoding these distinctions as well
as localizing the peripheral source of nociceptive
stimulation (Price et al., 1978; Price 1988, 1999;
Coghill et al., 1993).

Unlike WDR neurons, NS neurons receive ex-
clusive synaptic input from primary nociceptive
afferent neurons and they comprise 20–30% of
neurons within the spinothalamocortical pathway
to S1 (Kenshalo et al., 2000). They also have an
important role in pain, probably that of identify-
ing some of the stimulus features of nociceptive
stimuli. Because of their small receptive fields and
specific responsiveness to one or more forms of
nociceptive stimulation (e.g., heat, pinch), they
may fine-tune the ability to recognize the body lo-
cation and particular type of nociceptive stimulus
(e.g., mechanical). NS neurons are likely to func-
tion in concert with WDR neurons. In general, the
physiological characteristics of both types of neu-
rons observed at the level of the spinal-cord dorsal
horn appear to be preserved within brain areas
that receive input from these spinal-cord neurons.
Thus, both WDR and NS neurons are present at
several brainstem and cortical levels and their
physiological characteristics resemble those of dor-
sal horn nociceptive neurons in many ways.

Other ascending nociceptive pathways to the brain

Several other ascending spinal pathways are im-
portant for pain (Fig. 2). An interesting difference
between some of these pathways and the lateral
spinothalamic tract is that unlike the latter, the
former often reflect a preponderance of NS neu-
rons. For example, Bernard and colleagues have
characterized two novel pathways for pain, termed
the spino-parabrachio-amygdaloid and the spino-
parabrachio-hypothalamic pathway (Bernard et
al., 1989; Bernard and Besson, 1990). The most
remarkable and consistent feature of nociceptive
neurons within these two pathways is that they
mainly comprised of neurons predominantly re-
sponsive nociceptive stimulation, that is, NS neu-
rons. This pattern is nearly the reverse of the
lateral spinothalamic tract. Consistent with this
unique feature is the finding that spinal-cord neu-
rons of the origin of these pathways are exclusively
within layer I of the dorsal horn, a region con-
taining more NS than WDR neurons (Price and
Dubner, 1977). Neurons within these pathways
appear to encode nociceptive stimulus intensity
with some degree of precision. These two path-
ways offer a striking comparison with the lateral
spinothalamic tract because of the very different
proportions of WDR and NS neurons and because
their central targets appear functionally very
different. Whereas the lateral spinothalamic tract
and pathway to S1 is likely to be heavily involved
in sensory-perceptual aspects of pain, the two
pathways to the amygdala and hypothalamus are
more likely to be heavily involved in autonomic
processes and behaviors related to fear and def-
ense. The central nucleus of the amygdala has been
strongly implicated in fear, emotional memory and
behavior, and autonomic and somatomotor re-
sponses to threatening stimuli (Bernard and Bes-
son, 1990). Various hypothalamic nuclei have also
been implicated in these functions. Based largely
on their central targets, these pathways are very
likely to strongly participate in the affective di-
mension of pain, particularly the initial affect as-
sociated with acute pain. There is also a
spinohypothalamic pathway that contains neurons
like those of the spinothalamic tract, and in fact
many of the latter send axonal projections to both
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thalamus and hypothalamus (Burstein et al., 1987;
Dado et al., 1994; Giesler et al., 1995). Spin-
othalamic tract neurons projecting to more ventral
and medial thalamic nuclei also appear to have
much greater proportions of NS neurons (Willis,
1985; Giesler et al., 1981; Lenz et al., 1993).

Which central targets of ascending pathways

participate in sensory and emotional aspects of pain?

The foregoing analysis suggests the existence of
several functionally different ascending pathways
for pain. WDR neurons are critical for appreciat-
ing the intensity of painful sensations, which in
turn contribute to pain-related emotions. Other
pathways that contain mostly NS neurons are also
important for several aspects of pain, including
affect, motivation, autonomic and somatomotor
activation, and possibly pain sensation. Although
these different pathways are functionally diverse,
we do not interpret them as supporting the classic
view of two ascending spinothalamic systems for
pain, a lateral system for sensory discrimination
and a medial one for pain-affect (Melzack and
Casey, 1968). We are in strong disagreement with
this classic view because it is overly simplistic and
does not account for numerous anatomical, phys-
iological, and psychological observations. Most
critically, it does not take into account the possi-
bility of multiple central representations of the
same pain dimension (e.g., pain-sensation intensity
and pain unpleasantness) and the role of neuro-
plasticity. The following discussion provides an
alternative account of how sensory and emotional
dimensions of pain are represented within the
brain and depend on interactions within a distrib-
uted network.

As illustrated in the schematic of Fig. 2, some
ascending spinal pathways target limbic structures
such as the amygdala, insular cortex (IC), and an-
terior cingulate cortex. Some of these structures,
such as the amygdala, are likely to be involved in
rudimentary emotions such as fear. Others termi-
nate in brainstem areas involved in arousal (re-
ticular-formation nuclei), motoric orientation
(superior colliculus), autonomic nervous-system
responses (parabrachial nucleus, hypothalamus),

and neuroendocrine responses (hypothalamus).
All of these structures are involved in monitoring
the state and integrity of the body, and are part of
the regulation of emotions and consciousness itself
(Damasio, 1994; Price 1999, 2000). However, the
somatosensory cortices and posterior parietal cor-
tices are equally important inputs to limbic cortical
structures, such as the insula and anterior cingu-
late cortex (Friedman et al., 1986; Neal et al., 1987,
1990). Therefore, there are two general ways that
ascending pain-related information can access
brainstem and limbic cortical structures involved
in pain affect. One type of pathway targets these
structures without directly activating somatosen-
sory cortices, and the other proceeds through the
somatosensory and posterior parietal cortices. As
shown in Fig. 2, the lateral spinothalamocortical
pathway is anatomically interconnected from S1 to
a ventrally directed corticolimbic, somatosensory
pathway that targets the very same limbic cortical
areas that are more directly targeted by ascending
spinal pathways. It has been proposed that this
corticolimbic pathway integrates somatosensory
input with other sensory modalities such as vision
and audition and with learning and memory
(Friedman et al., 1986). This pathway proceeds
from S-1/S-2 to posterior parietal cortical areas
and to IC and from IC to amygdala, perirhinal
cortex, and hippocampus (Friedman et al., 1986;
Neal et al., 1987, 1990; Price, 2000).

One can conceptualize the schematic model of
Fig. 2 as supporting the existence of both serial
and parallel pathways for processing the different
dimensions of pain. The serial pathway projects
via a somatosensory–limbic connection and the
parallel pathway through lower brainstem and
thalamic nuclei to limbic structures. In our view,
the serial pathway contributes to both sensory and
affective dimensions of pain and other parallel
pathway also contributes to multiple components
of pain, including emotional feelings. This expla-
nation is also consistent with the way pain dimen-
sions are psychologically processed, as shown in
Fig. 1.

Neurological evidence supports this view as
well. Thus, it shows involvement of the lateral
spinothalamic tract to VPL and pathway to S1 in
both sensory and affective dimensions of pain.
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Damage to S1 or to the lateral thalamus produces
reduced capacity to appreciate both the sensory
intensity and unpleasantness of a nociceptive stim-
ulus (Head and Homes, 1911; Echols and Clogc-
lough, 1947; Kenshalo et al. 1989; Greenspan et
al., 1997; Ploner et al., 1999;;). Lesions of the
postcentral gyrus produce a temporary reduction
in ongoing clinical pain intensity (Lewin and Phil-
lips, 1952; White and Sweet, 1969QA :2 ). Both Ploner et
al. (1999) and Head and Holmes (1911) found pa-
tients with lesions of either the somatosensory
cortices or lateral somatosensory thalamus (one of
these was histologically verified to be within VPL)
to have deficits in pain appreciation, including
both pain-sensation intensity and pain unpleasant-
ness. This deficit was manifested as an inability to
experience either sensations or unpleasantness in
response to mild or moderate nociceptive stimulus
intensities, such as 45–47 1C skin temperatures
(Head and Holmes, 1911). These same patients,
however, developed vague feelings of unpleasant-
ness or ‘‘pain-like’’ feelings when the stimulus in-
tensity was raised to still higher levels of
stimulation, such as 50 1C. Thus, interruption of
the pathway to VPL and S-1/S-2 cortex produces a
deficit in pain sensation and pain-related unpleas-
antness throughout most of the nociceptive range.
When the stimulus intensity reaches a high-enough
level, other pathways contribute in a parallel man-
ner to unpleasantness. Finally, recent observations
from lesion and brain-imaging studies in humans
suggest that S1, S2, and IC may be necessary for
the recognition of negative emotions in others as
well as self-generated negative emotions (Damasio,
1994; Adolphs et al., 2000).

Electrical stimulation of some sites within
thalamic VPL elicits pain, often with normal sen-
sory qualities (Lenz et al., 2004). These sites were
stimulated in patients who were undergoing brain
surgery for movement disorders (n ¼ 50) or
chronic pain (n ¼ 16). They were awake and rated
evoked pain on visual analog scales. Two types of
responses were observed. At some ‘‘pain sites’’ in-
creasing frequencies of stimulation evoked graded
sensations that extended from nonpainful to pain-
ful, similar to the graded responses of WDR neu-
rons recorded in VPL of the same participants.
Stimulation of other sites specifically evoked only

pain, consistent with the selective nociceptive re-
sponses of NS neurons in VPL of these partici-
pants. Using the same technique of combining
single-neuron recording and electrical stimulation
in awake patients, neurons have been found within
the region posterior and inferior to VPL that re-
spond exclusively to noxious stimuli (Lenz et al.,
1988, 1993). Microstimulation of these sites at or
near these NS neurons evoked only pain sensa-
tions (e.g., heat but not touch). These sites are
likely to correspond to the posterior nuclear com-
plex of other primates.

Although the evidence is more scant and con-
troversial, electrical stimulation within the post-
central gyrus sometimes evokes pain in humans.
Though a systematic search was not undertaken to
find cortical sites involved in pain, Penfield and
Boldrey (1937) found 11 out of 426 stimulation
sites wherein electrical stimulation of the exposed
postcentral gyrus produced painful sensations in
patients. These reports were such rare occurrences
that the investigators concluded that appreciation
of pain was not represented in the postcentral
gyrus (S1). However, the fact that stimulation of at
least some postcentral gyrus sites produced pain is
evidence in favor of a role of the postcentral gyrus
in sensory discriminative aspects of pain. The pau-
city of specific pain-related cortical sites could
partly reflect the fact that Penfield and Boldrey
were not specifically searching for pain sites. An-
other attempt to evoke pain by stimulation of the
postcentral gyrus has shown that intense and un-
pleasant pains could be consistently elicited by
stimulation of some sites within this region (Echols
and Cogclough, 1947). The problem with this
study is that it was carried out on patients suffer-
ing from phantom limb pain, a condition that may
have potentiated pain or lowered the cortical
threshold for pain. Thus, both lesion and electri-
cal-stimulation studies generally support the in-
volvement of thalamic VPL and somatosensory
cortices in sensory and affective dimensions of
pain, though the deficits from lesions are usually
partial and often there is recovery of function.
That these deficits are partial and temporary at-
tests to the existence of multiple representations of
pain and the potential for neuroplastic reorgani-
zation of brain circuitry, as will be discussed later.
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More selective deficits in emotional dimensions
of pain are observed in patients with large lesions
of the IC (Weinstein et al., 1955; Berthier et al.,
1988), anterior cingulate cortex (Foltz and White,
1962; White and Sweet, 1966), or prefrontal cortex
(Hardy et al., 1952; White and Sweet, 1962QA :3 ). Dam-
age to large parts of IC has been found among
patients with pain asymbolia (Rubins and Fried-
man, 1948; Weinstein et al., 1955; Berthier et al.,
1988). Patients with this condition do not display
behavior indicative of threat or intrusion in re-
sponse to painful stimuli. They no longer appre-
ciate the destructive significance of pain and do
not withdraw from pain stimuli or threatening
gestures. This is so despite their capacity to detect
the sensory features of nociceptive stimulation.
Likewise, focal damage to the posterior parietal
cortical area 7b in the monkey results in an ab-
sence of escape responses to normally painful tem-
peratures (i.e., 51–521C) despite preservation of
the ability to detect the offset of noxious thermal
stimuli (Dong et al., 1996). Infraparietal area 7b
receives input from S1 and S2 somatosensory cor-
tex and projects to the IC. Therefore, this region of
the parietal cortex and the IC may be a critical
interface between sensory-discriminative and the
immediate affective-motivational dimension of
pain. However, electrical stimulation of several
sites within the posterior insula has been shown to
evoke unpleasant pains, often with distinct sensory
qualities (Ostrowsky et al., 2002). These observa-
tions suggest that the posterior insula may func-
tion in to some extent in both sensory and affective
components of pain.

The involvement of the prefrontal cortical lobes
in complex aspects of cognitive-evaluative and
hence pain-related suffering is supported by de-
tailed observations carried out on patients before
and after prefrontal lobotomy. Hardy et al. (1952)
found that prefrontal lobotomy produced no over-
all change in heat-induced experimental pain
thresholds in eight patients tested. Nevertheless,
there was some reduction in perceived intensity of
clinical pain in four of five patients studied. How-
ever, the most striking changes were in patients’
attitudes, emotional reactions, and cognitive
processing of pain. The lobotomized patients were
emotionally indifferent to low-intensity pains,

which, though perceived, evoked few affective re-
actions. A statement that epitomized this attitude
was ‘‘Yes, I feel the pain but it doesn’t bother me’’.
Moderate to high intensity pains sometimes
evoked overreactions manifested by a show of
grimacing, fears, and agitation when direct ques-
tions forced them to focus on the pain. However,
when patients were left alone, spontaneous suffer-
ing and pain-related behaviors were nearly absent.
They showed little spontaneous concern about the
negative implications of pain as regards damage to
the body or threat to life. White and Sweet (1966)
have corroborated these observations. Evidently,
lobotomy somehow interferes with the spontane-
ous ongoing cognitive evaluations that are related
to the long-term implications of having a persist-
ent pain condition. It is possible that lobotomy
selectively reduces pain-related suffering, a stage
that is partly based on reflective processes related
to memory of past consequences of having pain as
well as future implications (Fig. 1). The lack of
spontaneous pain-related suffering of patients with
prefrontal lobotomy represents a deficit that
differs from that which occurs in pain asymbolia
(Rubins and Friedman, 1948; Weinstein et al.,
1955). Lobotomized patients appear to perceive
the immediate threat of pain once it is brought to
their attention (Hardy et al., 1952), whereas pa-
tients with pain asymbolia appear incapable of
perceiving the threatening nature of nociceptive
stimuli under any circumstances.

Immediate threat and sense of intrusion are
cognitive mediators of what is unpleasant about
pain and this component of pain affect is sup-
ported by insular and anterior cingulate cortical
activity (Fig. 2). These areas, in turn, interact with
posterior parietal, temporal, and prefrontal cortex,
to integrate inputs from multiple sensory modali-
ties related to present context with inputs related
to past events. These interactions support the in-
terface between immediate unpleasantness and
pain-related suffering.
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Electrophysiological studies of central neurons that

integrate nociceptive with other inputs

Most of the studies described in the preceding sec-
tion are based on mainly on observations of hu-
man responses to nociceptive stimuli after central
lesions and after electrical stimulation of central
pathways and brain regions. The emphasis of
electrophysiological studies of pain-related path-
ways has been on sensory processing and early
stages of pain. However, beyond the immediate
processing associated with pain-sensation inten-
sity, it seems reasonable that further processing of
pain requires an evaluation of the pain sensation in
relationship to the overall context in which the
nociceptive stimulus occurs. This evaluation may
represent part of the interface between sensory and
affective dimensions of pain. Thus, one might ex-
pect that neurons involved in such a function
would integrate sensory inputs from multiple
sources, that is, they would be multisensory. For
example, if the perceived degree of threat of a bee
sting is enhanced by hearing and seeing the sting-
ing bee, then such enhancement could occur
among multisensory neurons and could be veri-
fied in neurophysiological experiments that use
combinations of visual, auditory, and nociceptive
stimuli.

Infraparietal cortex

In direct support of this possibility, some neurons
of the infraparietal cortex in area 7b in the monkey
respond optimally to nociceptive stimuli yet also
respond to visual stimuli (Dong et al., 1989, 1994).
Dong et al. (1994) found that the responses of 7b
neurons to mildly noxious heat stimuli (44–451C)
were enhanced by antecedent or concurrent visual
stimuli. However, this enhancement only occurred
if the target location or direction of motion within
the visual receptive field was spatially aligned with
the cutaneous receptive field. The enhancement
was much greater for mild nociceptive stimuli
(44–451C) than for stronger stimuli (471C). Thus,
it would appear that the neural organization of
this region of the posterior partietal cortex is that
of integrating nociceptive inputs with other sen-

sory inputs in a manner that conveys information
about the overall degree of threat presented to an
organism (i.e., seeing a bee while feeling its sting).
This integration is especially critical at the low end
of the nociceptive stimulus range, wherein an or-
ganism must make a behaviorally relevant decision
about the extent of threat presented by an object.
This interpretation is based on principles of mul-
tisensory integration that have been elaborated in
great detail by Stein and colleagues (Stein and
Meredith, 1993). Although insular cortical neu-
rons are often multimodal (Hicks et al., 1988),
possibly because they receive multimodal sensory
input from parietal 7b cortex, they have yet to be
tested for multisensory integration. Given the
types of deficits in patients with pain asymbolia
and the multimodal integration in parietal area 7b,
it is certainly reasonable to hypothesize that it
would occur in the IC.

Anterior cingulate cortex

The physiology of the ACC and its role in pain is
even more complex than that of the posterior pa-
rietal and IC. Electrophysiological studies of neu-
rons in ACC suggest that they are involved in
advanced stages of pain-related processing (Is-
omura et al., 2004 QA :4). Similar to posterior parietal
and insular cortices, ACC neurons appear to in-
tegrate multiple sensory inputs. They integrate
sensory input with attention, memory, and alter-
native motor responses. Whereas S1 somatosen-
sory neurons are involved in processing the
discriminative features of nociceptive stimuli, such
as intensity encoding and detection of differences,
neuronal activity in the ACC is more closely as-
sociated with escape responses, attention, and re-
sponse selection in monkeys (Iwata et al., 1980;
Isomura and Takada, 2004; Nakamura et al.,
2005). For example, ACC neuronal activity was
found to be significantly higher when monkeys es-
caped from a nociceptive heat stimulus than when
they detected a small change in nociceptive tem-
perature (Iwata et al., 1980). Neurons of the ros-
tral anterior cingulate motor area appear to be
involved in the selection of appropriate motor re-
sponses as well as in the planning of movements
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(Isomura and Takada, 2004). In the context of a
pain condition, all of these functions may be in-
terrelated with the immediate affective dimension
of pain. After all, the unpleasantness of pain is
associated with domination of attention and mo-
tivation for escape or termination.

Some ACC neurons respond during cues that
signal impending pain and therefore during antic-
ipation of pain, while others respond to anticipa-
tion of a reward (Koyama et al., 2001), consistent
with neuroimaging studies showing that the rostral
ACC is activated during anticipation of pain.
Thus, the anterior cingulate cortex may be a part
of an attention-evaluation network. It may coor-
dinate input from IC with output to the prefrontal
cortex. As discussed earlier, the IC may combine
nociceptive inputs with those of other sensory mo-
dalities to provide an integrated output related to a
sense of intrusion or threat to the physical body
(Dong et al., 1994). The ACC may coordinate in-
put from the insula and medial thalamic nuclei
with prefrontal cortical areas and limbic structures
such as the amygdala to provide an appropriate
motor response or plan of action (Fig. 2). The
concomitant activation of the ACC and prefrontal
cortex may be related to a part of a feedback net-
work related to attention, cognitive evaluation,
and self-awareness (Cohen, 1993). This possibility
is consistent with the effects of prefrontal damage
that include impairments in planning, behavioral
control, affective attachment, and directed/sus-
tained attention (White and Sweet, 1966; Cohen,
1993; Damasio, 1994).

Are there multiple ways that pain can be processed

or represented in the brain?

As shown in Fig. 2, the dimensions of pain are
related to multiple ascending pathways and a dis-
tributed network of multiple brain regions. This
network contains both serial and parallel process-
ing of visceral and somatosensory information.
This neurophysiological model has at least a gen-
eral correspondence with the psychological man-
ner in which pain is processed (Fig. 1). For
example, there is psychophysical, neuroanatomi-
cal, neurological, and physiological evidence for

both serial and parallel relationships between sen-
sory and immediate unpleasantness of pain, as has
been discussed so far. Although all regions of the
pain matrix are involved in pain affect, some are
more proximal to the affective feelings and ex-
pressions of pain. This issue is complicated still
further by the possibility that there exist alterna-
tive ways that the sensory and affective dimensions
of pain can be represented in the brain. This pos-
sibility also is of interest to philosophers who
question whether a given type of subjective expe-
rience, such as pain, can be realized in multiple
ways.

Two studies support this possibility. Psycho-
physical analysis of pain ratings of a man with
total corpus callosum section provided an unusual
opportunity to assess the contributions of alterna-
tive ascending pathways to pain and alternative
neural representations of the dimensions of pain
(Stein et al., 1989). As discussed earlier, a major
ascending pathway for pain is that of the crossed-
spinothalamic tract to VPL and somatosensory
cortices S1/S2 (Fig. 2). Normally, the two cerebral
hemispheres can share nociceptive information ar-
riving at S1/S2 by means of the corpus callosum.
When the collosum is sectioned, the experience of
nociceptive stimuli presented ipsilateral to the re-
sponding hemisphere can only result from im-
pulses from ascending pathways that are not part
of the crossed pathway to VPL and S1/S2 cortex,
whereas the experience of contralateral nociceptive
stimuli would reflect input from all nociceptive
pathways. Two contact thermodes were placed on
both feet in some trials or on both hands in others.
Nociceptive temperatures of 43–511C could then
be delivered to either the right or left foot (or right
or left hand) and both the intensities and the stim-
ulus locations were randomized. As might be ex-
pected, his ratings of stimuli presented
contralateral to the responding hemisphere were
normal and like those of most participants, that is,
they increased monotonically from 43 to 511C. In
contrast, when these same stimuli were presented
ispsilateral to the responding hemisphere, he gave
much lower unpleasantness and intensity ratings
to low to moderate nociceptive temperatures
(45–471C). This deficit reflects an absence of the
contribution of the major contralateral pathways
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and S1/S2 to pain sensation and unpleasantness.
Recall that similar deficits occur with lateral
thalamic lesions (Head and Holmes, 1911; Green-
span et al., 1997). Surprisingly, when high-inten-
sity nociceptive stimuli (49 to 511 skin
temperatures) were presented ipsilateral to the re-
sponding cerebral hemisphere, he gave high pain
sensation and pain unpleasantness ratings, similar
to those obtained from contralateral stimuli. This
pattern of responses suggests that at high enough
nociceptive levels, recruitment of pathways other
than the classical crossed spinothalamic-cortical
pathway may make up for the pain sensory deficit
that occurs when one cerebral hemisphere is no
longer able to share nociceptive information with
the other via the corpus callosum. The other im-
plication of this pattern of results is that both
sensory and unpleasantness components of pain
can be represented in multiple pathways. If that is
the case, then effects of damage to one or the other
pathway may be temporary if remaining pathways
increase their responsiveness as a result of func-
tional or anatomical reorganization.

This possibility is supported by a study of pain
and tactile sensitivity in four patients with com-
plete unilateral hemispherectomy (Olausson et al.,
2001). All four patients were easily able to perceive
tactile and painful stimuli on both legs and there
was a deficit in ability to localize pain in two of the
patients. Ratings of pain intensity and unpleas-
antness ratings induced by contact heat and rat-
ings of brushing were similar for both legs and
similar to that of normal individuals. fMRI brain
imaging of these patients revealed that brushing
and painful heat-activated normal pain-related ar-
eas, S1, S2, insula, and anterior cingulate cortex,
regardless of which leg was stimulated. These re-
sults show that ascending pathways and brain re-
gions can develop the capacity for processing
tactile and nociceptive information arriving as a
result of stimuli presented ipsilateral to the re-
sponding cerebral hemisphere.

Modulating pain and neural representations of pain

The widely distributed activations of multiple
pathways and brain areas associated with pain

can also be modulated on a moment-by-moment
basis by numerous psychological factors, includ-
ing, attention, expectations, anticipations of pain,
and emotional states. Each of the locations of
synaptic interaction shown in Fig. 2 represents a
potential point at which processing of pain-related
information can be modified by psychological fac-
tors. Presumably, this modification is accompa-
nied by changes in different aspects of pain
experience. Demonstrations of parallel changes in
pain experience and neural processing reflect both
psychological and neural plasticity. The following
section discusses these parallel changes in the con-
text of how attention, expectations, placebo, and
hypnotic suggestions modulate central neural ac-
tivity and pain.

Brain-to-spinal-cord modulation of pain

Descending modulation of spinal-cord processing
of nociception has been a major topic in pain re-
search over the last 35 to 40 years and has a vo-
luminous literature (see Basbaum and Fields,
1978; Fields and Price, 1997 QA :5for reviews). Detailed
explanations of descending modulation are be-
yond the scope of this chapter. Instead, a few ex-
amples will be given of studies that characterize
the dynamic nature of brain-to-spinal-cord mod-
ulation of pain. Descending modulation of spinal-
cord nociceptive processing begins in the forebrain
of mammals and includes such structures as the
amygdala and rostral anterior cingulate cortex.
These areas are also those which receive input
from ascending nociceptive pathways. A major
target of these structures includes the per-
iaqueductal grey (PAG) of the midbrain. The
PAG, in turn, projects to the rostroventral medulla
(RVM) onto three types of neurons, on-cells, off-
cells, and neutral cells. All three types of RVM
neurons project to the dorsal horn of the spinal
cord, where on-cells amplify and off-cells inhibit
nociceptive transmission. Amplification and inhi-
bition presumably occur under different psycho-
logical circumstances, such as stress, fear,
anticipation, and different types of attentional fo-
cus. Thus, this descending control system has bi-
directional control of pain at the first synapse on
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neurons of origin of ascending spinal pathways.
This system also is integrally related to endog-
enous opioid mechanisms, as demonstrated by a
long history of research.

Descending modulatory influences from atten-
tion on dorsal-horn sensory projection neurons
have been shown in experiments in awake-trained
monkeys (Hayes et al., 1981; Hoffman et al.,
1981). These studies showed that responses of
trigeminothalamic WDR and NS neurons of the
medullary dorsal horn could be modified by differ-
ent attentional sets and conditions of stimulus rel-
evance (Bushnell et al., 1984). Nociceptive
temperatures (45–491C) applied to the monkeys’
face evoked impulse discharges in these neurons
that were an increasing function of stimulus tem-
perature. For a given temperature, a neuron would
increase its firing rate and then reach a steady
plateau frequency. At a randomly determined time
during the plateau, a small temperature increase
was presented. This small increase was accompa-
nied by a corresponding increase in impulse fre-
quency. WDR neurons were especially sensitive
and could detect small temperature increases of
0.2–0.3 1C (e.g., from 46.0 to 46.3 1C). However,
these responses to small temperature shifts in-

creased during a task in which the monkey had to
detect them in order to receive a reward (a relevant
attentional set). They decreased when they per-
formed a similarly demanding visual-discrimina-
tion task (an irrelevant attentional set). These
opposing effects predict that attending to small
differences in nociceptive temperatures would en-
hance pain and attending to small differences in
light intensity during the same nociceptive stimu-
lus would decrease pain. A psychophysical study
by Miron et al. (1989) confirmed this prediction.

The impulse frequencies elicited in WDR and
NS trigeminothalamic neurons by nociceptive tem-
peratures (45–491C) also can be modified by at-
tentional factors related to anticipation. Impulse
frequencies of WDR neurons were higher and their
receptive fields were larger when a warning light
preceded nociceptive stimuli as opposed to when
these stimuli occurred unexpectedly. As discussed
earlier, receptive-field sizes of WDR neurons are
somewhat large and complex and this complexity
is compounded by the fact that they are under

moment-by-moment modulatory control. Thus,
the magnitudes of the stimulus–response relation-
ships are under dynamic modulatory control and
may play as direct a role in determining pain per-
ception as do the peripheral stimulus events them-
selves. The dorsal horn is part of a network
involved in shaping pain perception, a network
that includes the first synapse in ascending path-
ways for pain. This type of modulation had been
anticipated by existing theories of pain (e.g., the
gate control theory), but these studies were the first
to demonstrate this principle in a behavioral con-
text.

It is more difficult to determine modulatory
effects at a spinal level in humans. However, an
important consequence of inhibition (or facilita-
tion) at the level of the dorsal horn is that all of the
central targets of ascending pathways should be
inhibited as a consequence of inhibition at the
earliest central level. This potential consequence is
also important for reducing the physiologically
detrimental consequences of pain, such as reduced
immune responses and deleterious autonomic and
neuroendocrine responses. If a given type of an-
algesic mechanism involves brain-to-spinal cord
inhibition, then one should observe reductions in
many pain-related areas of the brain, including
thalamus, S1/S2, insula, and ACC. Thus, if atten-
tion modulates human pain in a manner suggested
by studies of dorsal horn neurons in awake mon-
keys, inhibition should occur at all of these central
regions.

Effects of attention and distraction at multiple pain-
related brain regions

This prediction is supported by imaging studies of
the effects of attention and distraction in humans
on pain-evoked activity in the thalamus and sev-
eral cortical regions, such as the primary somato-
sensory cortex (S1), anterior cingulate cortex
(ACC), and IC (Bushnell et al., 1999; Bantick et
al., 2002; Brooks et al., 2002;Hoffman et al., 2004;
Seminowicz et al., 2004; Valet et al., 2004). In one
study, several pain-related brain regions were more
activated during a pain-attention condition com-
pared to a distraction condition (Peyron et al.,

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

PBR� V157 : 57020

344



1999). In a similar study, Bushnell et al. (1999)
showed the greatest attentional modulation of
pain-evoked activity in S1 cortex, perhaps because
participant’ attention was directed toward a sen-
sory feature of the stimulus. Other regions, in-
cluding the periaqueductal gray matter (PAG),
ACC, and orbitofrontal cortex, may also be in-
volved in the modulatory circuitry related to at-
tention, as they have been shown to be activated
during pain-distraction tasks (Petrovic et al., 2000;
Tracey et al., 2002).

Expectation effects at multiple pain-related brain
regions

A study by Koyama et al. (2005) similarly dem-
onstrates that expected pain levels powerfully
shape pain-related neural activity in multiple brain
regions. By combining psychophysical and fMRI
techniques, brain activation associated with the
intensity of expected pain and experienced actual
pain was characterized. Expectation was manipu-
lated by providing cues that impending skin-tem-
perature stimuli would be higher or lower than
those actually delivered. When cues were provided
that signaled lower stimulation intensities, both
ratings of expected pain and ratings of pain in re-
sponse to actual stimuli were significantly reduced.
The latter were reduced by 28%, approximately
equivalent to a clearly analgesic dose of morphine
(0.08mg/kg of body weight) (Price et al., 1985).
Nearly 85% of the variability of changes in expe-
rience of pain could be accounted for by changes
in expected magnitudes of pain. Corresponding
large reductions in neural activity occurred in
multiple pain-related brain areas, including the
thalamus, S1/S2 somatosensory cortices, insula,
and dorsolateral prefrontal cortex. Consistent with
findings of other studies of mental representation,
brain regions involved in processing of expecta-
tions overlapped with those involved in the
processing of afferent sensory information (Kos-
slyn et al., 2002). Koyama et al. propose that ex-
pectation-related information is integrated with
afferent sensory information within the pain ma-
trix of the brain to provide a complete cognitive
experience of pain. However, widespread modula-

tion within this matrix also could be a result of
brain-to-spinal-cord descending modulation, as
described above for attention. It is not clear yet
whether these are two mutually exclusive explana-
tions and how either possibility can be ruled out.

Placebo effects at multiple pain-related brain
regions

Similar to both brain-imaging studies of effects of
attention and expectation on pain, two studies
found that placebo manipulations produced re-
ductions in pain ratings and widespread decreases
in neural activity of pain-related areas of the brain
(Wager et al., 2004; Robinson et al., 2006). In the
first study, decreases in pain-related brain activity
were only statistically significant after termination
of stimuli and at a later time when individuals
rated pain (Wager et al., 2004). This type of effect
could reflect modulation of cognitive processes re-
lated to the experience of representing pain and
could be at least partly related to report bias. A
second brain-imaging study examined whether
placebo analgesia is accompanied by reductions
in neural activity in pain-related areas of the brain
during the time of stimulation (Robinson et al.,
2006). Brain activity of irritable-bowel syndrome
patients was measured in response to rectal dis-
tension by a balloon barostat. A large placebo
effect produced by placebo suggestion was accom-
panied by large reductions in regional cerebral
blood flow in thalamus, somatosensory cortices,
insula, and anterior cingulate cortex, providing
evidence for active afferent inhibition in placebo
analgesia. These results constitute evidence against
the hypothesis that placebo analgesic effects reflect
nothing beyond report bias and provide further
evidence for widespread inhibition of pain process-
ing within the brain. The similarity between effects
of expectation described above and results of pla-
cebo manipulation provide further support to the
hypothesis that expectation is salient factor in pla-
cebo analgesia.

Although it is a major factor in placebo anal-
gesia, expectation is unlikely to operate alone. De-
sire for pain relief and the positive (or less
negative) feelings associated with perception of
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the therapeutic intervention have also been pro-
posed to contribute to placebo analgesia. Else-
where, we have argued that a way of accounting
for psychological mechanisms of placebo analgesia
is by means of an emotion model (Price and Barr-
ell 1984; Price et al., 1985; Vase et al., 2003). This
model proposed that positive and negative emo-
tional feelings are often co-determined by strength
of desire and degree of expectation about an out-
come, such as pain relief (Price and Barrell 1984;
Price et al., 1985). The model accounts for the ob-
servations made in some studies that expectation
ratings account for 44–60% of the variability in
pain ratings during the placebo condition (Price,
1999), for observations in other studies that desire
and expectation ratings account for even more of
this variance (Vase et al., 2003), and observations
in some studies that changes in emotions account
for placebo responses (Vase et al., 2003, 2005).
Finally, it accounts for observations that changing
emotional feelings by means other than placebo
interventions can modulate pain (Rainville et al.,
2005). Expectations, desires, and emotional feeling
states are all examples of ‘qualia’ (Price, 1999). In
phenomenological terms, there is something it is
like to have desires, expectations, and emotional
feeling states and their existence and magnitude
can only be directly reported by those who expe-
rience them (Price and Barrell, 1980, 1984; Price et
al., 1985). These first-person mentalistic concepts
of course have potential neural correlates. A sat-
isfying explanation of placebo mechanisms would
involve integrating both experiential (first person)
and neural (third person) cause–effect relation-
ships. This type of integration is currently a highly
discussed topic among psychologists, neuroscien-
tists, and philosophers (Velmans, 1996, 2002QA :6 ).

Can the different dimensions of pain be selectively

modulated?

Some psychological factors and interventions can
selectively change the unpleasantness of pain with-
out altering the strength of the painful sensation,
as was explained in the first section of this chapter
(Price et al., 1987; Rainville et al., 1992; Price 1999,
2000). When this happens, it would be informative

to know which brain structures are altered under
these conditions. This question also relates the
problem of determining which brain structures are
most proximately related to the different dimen-
sions of pain. Attempts to analyze the differential
representations of sensory and affective dimen-
sions of pain are provided by two positron emis-
sion tomography (PET) studies. In both studies,
significant activation occurred in the somatosen-
sory area I, anterior cingulate cortex (area 24), and
anterior IC both before and during hypnosis. In
the first study, hypnotic suggestions were given to
selectively alter the affective dimension of pain
without changing the perceived intensity of the
painful sensation (Rainville et al., 1997). Recall
that this approach was successfully used in a psy-
chophysical study by Rainville et al. (1992). The
experimental conditions included immersion of the
left hand in moderately painful water (47 1C)
without hypnosis, with hypnosis but without sug-
gestions, with hypnosis with suggestions for in-

creased unpleasantness, and finally with hypnosis
with suggestions for decreased unpleasantness.
These manipulations were successful in providing
much larger unpleasantness ratings during the high

unpleasantness condition as compared to the low

unpleasantness condition, but no differences in
pain-sensation ratings. Consistent with these
changes, no differences occurred across high and
low unpleasantness conditions in somatosensory
area I, a region considered to process sensory
components of pain. In striking contrast and con-
sistent with unpleasantness ratings, activity in an-
terior cingulate cortical area 24b was much greater
in the high as compared to the low unpleasantness
condition. A separate regression analysis, control-
ling for factors such as individual differences in
global cerebral blood flow and pain-sensation in-
tensity ratings, showed that pain unpleasantness
ratings were significantly associated only with an-
terior cingulate activity in a specific region of area
24 (R ¼ 0.55, Po0.001). These results indicate
that hypnotic modulation of the affective dimen-
sion of pain is at least partly reflected by changes
in cortical limbic regional activity (i.e., anterior
cingulate cortical area 24b). As discussed earlier,
the anterior cingulate cortex may be a part of an
attention–evaluation–affect network that at-
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tributes emotional valence and attention to pain. It
also may represent a region that coordinates in-
puts from parietal areas involved in perception of
bodily threat with frontal cortical areas involved in
plans and response priorities for pain-related be-
havior. Thus, the role of the ACC in pain-related
affect is likely to be both pivotal and complex.
This view contrasts with that which simply at-
tributes the function of pain affect to the ACC.
The strategy of using psychological manipulations
to selectively alter the immediate unpleasantness of
pain without changing the intensity of painful sen-
sation is a potentially powerful one because it
could be used to selectively alter other dimensions
of pain affect, for example the secondary stage
associated with suffering. This strategy also dem-
onstrates that hypnotic modification of pain is
both a real psychological and biological event.
Mental events change the activity of the brain in a
dynamic manner.

A second similarly designed study used hypnotic
suggestions that were selectively targeted toward
the sensory intensive dimension of pain (Hofbauer
et al., 2001). However, the suggestions were effec-
tive in modulating both sensory and affective di-
mensions of pain experience, as measured by the
participants’ ratings of these dimensions. Unlike
the first study, both somatosensory S1 neural ac-
tivity as well as pain-sensation ratings were higher
in the high as compared to the low sensory inten-
sity condition. There was a similar but nonsignifi-
cant trend in the anterior cingulate cortex. The
most important result of the second study is that it
provides a confirmation of the role of S-I somato-
sensory cortex in the sensory-discriminative di-
mension of pain.

What are the relationships between activity in the

pain matrix and pain-related experiences?

Anticipation, expectation, and magnitude judgments
of pain

The classic view of neural representations of pain
suggests that the different dimensions of pain are
represented in distinctly separate parallel pathways
and brain centers. The alternative view presented

in this chapter is different from this classic view in
several ways. First, it proposes that there exists
both serial and parallel processing of sensory and
affective dimensions of pain, both at a psycholog-
ical and neurobiological level. If that is the case,
then somatosensory processing regions of the
brain are also integral components of affective
processing. This view is consistent with neurolog-
ical evidence that the somatosensory cortices are
involved in emotions. For example, the ability to
recognize emotional states of others is reduced af-
ter damage to the somatosensory cortices (Dam-
asio, 1994; Adolphs et al., 2000). Second, the
alternative view presented here takes into account
neuroplastic mechanisms and the likelihood that
there exist multiple ways that the dimensions of
pain can be represented, such as in split-brain in-
dividuals and persons with total absence of one
cerebral hemisphere. Finally, our account suggests
that the pain matrix is involved not only appreci-
ation the qualities and intensity of actual pain, as
suggested by classical theories, but additionally in
several other pain-related experiences. These in-
clude the anticipation of pain and expectation of
specific pain intensities (Koyama et al., 2005), as
discussed in this chapter, and the act of represent-
ing pain through rating it on a scale. The latter
function is elegantly illustrated by a study by
Moulton et al. (2005). They found that pain-re-
lated areas, such as S1 somatosensory cortex, were
activated not only when a painful stimulus was
presented, but also a second time when partici-
pants rated the pain. Apparently, the act of rep-
resenting a pain through a rating requires some of
the same brain structures that are activated during
pain itself. Since the pain is rated after it is expe-
rienced, the somatosensory cortex must somehow
rerepresent the pain. This would entail integration
with memory.

Two types of observations in explaining pain and its
neural representations

Explanations of interrelationships between neural
activity within the pain matrix and different as-
pects of pain and pain-related experiences require
two types of observations. One type of observation
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is neurophysiological and consists of such meas-
urements as the recording of impulse activities in
neurons, global neural activity, and measurements
of lesion size and location. The other type of ob-
servation is the reports of participants, who pro-
vide accounts and ratings of their experiences of
pain intensity, pain unpleasantness, and other
qualitative aspects of pain. This second type of
observation also applies to some of the independ-
ent variables of studies, such as expected levels of
pain, magnitude of desire for relief, and degree of
attention to one type of stimulus or another (e.g.,
light versus sound). The reports of participants are
about their phenomenal experience and are de-
scribed in mentalistic terms. The relationships be-
tween the two types of observation are often
correlational, as in fMRI experiments, but can also
be causal, as when unpleasant pains are evoked by
electrical stimulation of VPL of the thalamus. The
combinations of experiential and neurophysiolog-
ical observations in experiments where causal and
correlational relationships are determined offer a
strategy whereby we can explain how pain is rep-
resented and dynamically modified.

How do we optimally conceptualize mind–brain

relationships in efforts to understand psychological

modulation of pain?

This review of brain mechanisms of pain has em-
phasized neuroplasticity in the neural processing
associated with different pain dimensions. As we
have discussed, this plasticity is manifested by
multiple ways that the brain can process pain and
by multiple ways that pain can be modulated by
attention, emotions, and expectations. As outlined
by Velmans for consciousness itself (Velmans,
2000), causal relationships occur between experi-
ential dimensions of pain (mind–mind relation-
ships), between different areas within the brain
(brain–brain relationships), between brain activity
and experiential dimensions (brain–mind relation-
ships), and finally between experiential dimensions
and brain activity (mind–brain relationships). Of
these four types of causal relationships, mind–-
brain relationships take on particular interest
given recent theoretical advances in our under-

standing of possible effects of focused attention on
nervous system function (Schwartz and Begley,
2002; Schwartz et al., 2005). Specifically, the ap-
plication of well-established principles of contem-
porary physics to neuroscience allows us to better
understand how phenomenal experience (e.g., an
‘‘image’’ of pain relief) could modify brain re-
sponses, and over time systematically change
them.

The reason why principles of contemporary
quantum physics are fully applicable to brain
physiology stems from the fact that ion channels in
the brain are, at their narrowest point, less than
1 nm in diameter, or not much more than a single
ion wide. Due to this profound limitation in the
uncertainty in the position of all the trillions of
ions in the brain as they pass through their rele-
vant ion channels, the brain itself must be treated
as a quantum physical environment.

One important and well-verified law in quantum
physics called the quantum Zeno effect is a key to
understanding how focused attention can system-
atically alter the brain’s response to environmental
inputs (see Schwartz and Begley, 2002; Schwartz et
al., 2005 for discussion). Quantum Zeno effect was
first described nearly 30 years ago and has been
extensively studied many times since then. One
classic example of it is the fact that rapid repeated
observation of a molecule will hold the molecule in
a stable state. It does this by markedly slowing the
rate of fluctuation demonstrated in molecules
when they are not measured (i.e., observed) in a
repetitive fashion. This is a basic principle of
quantum physics — the rate of observation has
marked measurable effects on the phenomenon
being observed.

The quantum Zeno effect for neuroscience ap-
plication states that the mental act of focusing at-
tention can hold in place brain circuits associated
with what is focused on (e.g., pain versus pain re-
lief). Focusing attention on mental experience
maintains the brain state arising in association
with that experience. What this means is that if one
focuses attention on an experience, the set of rel-
evant brain circuitry with which that experience is
associated will be held in a dynamically stable
state. For example, an expectation of pain relief
can elicit a focusing of attention on actual expe-
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riences of pain relief that are associated with pat-
terns of activity in a given brain circuitry (Koyama
et al., 2005). When sufficient attention is focused
on the experience of pain relief, the associated
brain circuitry becomes dynamically stable. This
acute effect of focused attention can then enable
the well-validated principle of Hebb (1955),
namely that repeated patterns of neural activity
can cause neuroplastic changes and new connect-
ivities to form in well-established neural circuits
(‘‘cells that fire together wire together’’). This type
of attention-based mechanism of neuroplastic
change has been termed self-directed neuroplastic-
ity to emphasize that alterations in CNS function
can be readily driven by and dynamically modified
by willfully directed mental events (Schwartz and
Begley, 2002; Schwartz et al., 2005). As was stated
above, mental events change the activity of the
brain in a dynamic manner. Basic principles of
contemporary physics now enable us to place this
empirically well-validated fact within theoretically
coherent, scientifically grounded, and technically
described context.

The term attention density has recently been
coined to help clarify this mechanism. Attention

density is defined as the number of observations
per unit time, and thus the higher the intensity of
focus of attention the higher the attention density.
The term is important because it is this increased
number of observations per unit time, or increased
focus that brings the quantum Zeno effect into
play. This increased focus causes the relevant neu-
ral circuitry to become stabilized. It is this fact that
allows us to explain how the brain’s response to
pain can be systematically modified by the quality
of attention that is focused (or not focused) on it.

These principles of self-directed neuroplasticity
are fully testable in experimental contexts. Many
of the experimental findings described in this
chapter can be more clearly understood in light
of these theoretical advances, and many new em-
pirically based investigations of pain-related events
in the CNS can be organized within this new the-
oretical frame. For example, the rapidly growing
data base on the effects of expectation on S1,
ACC, and insular cortices can be better under-
stood within this physics-based reasoning. Specifi-
cally, if participants’ expectation of pain relief

during placebo analgesia causes them to focus at-
tention on experiential aspects of pain relief, then
attention density associated with pain relief will be
increased. This can activate the quantum Zeno
effect that will dynamically stabilize the patterns of
neural activity arising in circuitry associated with
pain relief. This can then call Hebbian mechanisms
into play, which can lead to neuroplastic changes
in the brain’s response to nociceptive stimuli, or
even the mental events associated with those stim-
uli. Findings such as those of Price (2000) Rainv-
ille et al. (1992, 2005) and Moulton et al. (2005)
could be understood and explained to a significant
extent by this mechanism. It is our hope that in-
vestigators in a variety of related fields will find
this kind of reasoning conducive to the creation
and pursuit of a variety of new and clinically useful
experimental paradigms.
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