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670 Nociceptive Processing in the Cerebral Cortex

Glossary

ACC anterior cingulate cortex (n.b.: some authors
use this as a summary term for ACC and MCC)
CBP Chronic back pain

CRPS Complex regional pain syndrome

EEG Electro-encephalography

fMRI Functional magnetic resonance imaging
IBS lIrritable bowel syndrome

IC Insular cortex

MCC mid-cingulate cortex (n.b.: some authors call
this region the posterior part of ACC)

MEG Magneto-encephalography

MRS Magnetic resonance spectroscopy

5.45.1 Introduction

Conscious perception of external stimuli requires
encoding by sensory organs, processing within the
respective sensory system, and activation of the
appropriate sensory cortical areas. Based on a small
case series of infra- and supratentorial brain lesions,
Head H. and Holmes G. (1911) postulated that
the sensation of pain is an exception to this rule and
that its conscious perception occurs in the essential
organ of the thalamus. In spite of evidence to the
contrary from clinical reports (Marshall, J., 1951;
Biemond, A, 1956), evoked potentials in humans
(Spreng, M. and Ichioka, M., 1964; Duclaux, R. e 4/,
1974; Carmon, A. er al, 1976; Chen, A. C. N. ¢t al,
1979; Bromm, B. and Treede, R. D., 1984), single unit
recordings in animals (Lamour, Y. er al, 1982,
Kenshalo, D. R. and Isensee, O., 1983), neuroanato-
mical tracing (Gingold, S. L. er 4/, 1991), and some
early PET studies (Buchsbaum, M. S. er al, 1984), it
was maintained for a long time that the cortical
representation of pain is a quantite’ negligable.

This situation changed, when the modern neuroi-
maging techniques of positron emission tomography
(PET) and later functional magnetic resonance
imaging (fMRI) demonstrated systematic metabolic
and perfusion changes in a large number of cortical
areas following painful stimuli (Talbot, J. D. er al,
1991; Jones, A. K. P. er al, 1991a; Apkarian, A. V. et al.,
1992; Davis, K. D. er al, 1995). These findings
were supported by invasive and noninvasive

OIC Operculo-insular cortex, consisting of insular
cortex plus the frontal, parietal and temporal
operculum.

PAG Periaqueductal grey

PET Positron emission tomography

PFC prefrontal cortex

PHN Postherpetic neuralgia

S| Primary somatosensory cortex

Sll Secondary soamtosensory cortex

SCI Spinal cord injury

SPECT Single photon emission computed
tomography

Th Thalamus

electrophysiological studies in humans, using magne-
toencephalography (MEG), electroencephalography
(EEQG), subdural recordings directly from the surface
of the brain, and depth recordings during stereotactic
procedures (for a systematic review see Apkarian, A.
V. et al., 2005).

Meanwhile it has been recognized that painful st-
muli activate a vast network of cortical areas, including
the primary and secondary somatosensory cortex (SI,
SII), the insula, posterior parietal cortex, anterior and
mid-cingulate cortex, and parts of the prefrontal cortex
(PFG; Figure 1). These areas are involved in the gen-
eration of painful percepts as well as in the descending
control of pain (for review see Kenshalo, D. R. and
Willis, W. D., 1991; Treede, R. D. er al.,, 1999; Price, D.
D., 2000; Apkarian, A. V. ez al., 2005). Most of these
areas are also involved in other sensory, emotional,
cognitive, motor or autonomic functions. Hence, the
nociceptive system converges with other systems for
the generation of the conscious percept of pain. In
that sense, the nociceptive system is not different
from the visual system, for example. But it is stll an
open question, to what extent any cortical regions
can be considered as nociceptive specific.

In this chapter we will briefly review the methods
used to assess nociceptive processing in the human
brain, present connectivity and functional properties
of each of the principal cortical regions of the noci-
ceptive system, and summarize the roles of the
cerebral cortex in various aspects of pain perception
and pain modulation.
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Figure 1 Cortical regions involved in pain perception, their interconnectivity and ascending pathways. Locations of brain
regions involved in pain perception are color coded in a schematic drawing and in an example magnetic resonance image (MRI).
(@) Schematic diagram shows the regions, their interconnectivity, and afferent pathways. (b) The areas corresponding to those
shown in the schematic are shown in an anatomical MRI, on a coronal slice and three sagittal slices as indicated on the coronal
slice: primary and secondary somatosensory cortices (S1, S2, red and orange), anterior and mid-cingulate cortex (ACC, green),
insula (blue), thalamus (yellow), prefrontal cortex (PFC, purple), primary and supplementary motor cortex (M1 and SMA),
posterior parietal cortex (PPC), posterior cingulate cortex (PCC), basal ganglia (BG, pink), hypothalamus (HT), amygdala (AMYG),
parabrachial nuclei (PB), and periaqueductal gray (PAG). Reproduced from Apkarian, A. V., Bushnell, C., Treede, R. D., and
Zubieta, J. K. 2005. Human brain mechanisms of pain perception and regulation in health and disease. Eur. J. Pain 9, 463—484.

5.45.2 Methods to Study Nociceptive
Processing in the Human Cerebral
Cortex

Table 1 summarizes properties of the different brain
imaging techniques that have been used to define the
nociceptive network in the human brain. The most
direct approach to learn about the functions of cortical
neurons is direct intracellular or extracellular record-
ing of their electrical acuvity during sensory
stimulation and in different contexts. This technique
is mostly restricted to animal studies (Kenshalo, D. R.
and Isensee, O., 1983; Dong, W. K. ez 4/, 1994) and has
rarely been possible in humans (Hutchison, W. D. ¢r 4,
1999). Field potentials within the brain invert their
polarity, when an electrode track passes through or
close to their generator source. This technique has
been used in the course of presurgical epilepsy diag-
nostics (Frot, M. and Mauguiere, F., 1999), but since
the electrode tracks are related to the clinical indica-
tons, only few parts of the brain have been sampled
that way. Presurgical epilepsy diagnostics using sub-
dural electrode grids samples a much larger part of the
brain surface, and dipole source analysis can be used to
estimate the depths of the generators below the grids
(Vogel, H. er al,, 2003). All of these invasive recordings
in the human brain need to be interpreted with caution,
because the cortical pathology that provided the

indication for the procedure (e.g., epilepsy, tumors)
may have altered nociceptive signal processing.

EEG and MEG are noninvasive techniques for the
direct assessment of electrical activity in the brain.
Mathematical algorithms are available to estimate the
location of the generators within the brain from the
signals recorded at the surface of the head with an
accuracy of about 10 mm (Scherg, M., 1992; Pascual-
Marqui, R. D. ez al,, 1994; Hari, R. and Forss, N., 1999).
EEG and MEG techniques provide accurate timing
information. As a result, both methods have been used
mainly to identify the arrival of information to various
cortical ~ regions  (stumulus-evoked  potendals).
Spontaneous fluctuations in EEG and MEG would
provide a view of the interactions between cortical
areas. However, the application of the latter to painful
states has remained minimal (Chen, A. C. N, 1993;
Ohara, S. er al, 2006). MEG detects brain magnetic
activity, a signal that is proportional and orthogonal
to the local electrical activity. Depending on the orien-
tation of a local generator source and the gyral
geometry of the brain region, evoked potendals in
different brain areas may be better detected by MEG
or EEG. The main weakness of EEG and MEG meth-
ods is their limited spatial resolution (on the order of
1 cm for both methods).

PET, single photon emission-computed tomogra-
phy (SPECT), and fMRI measure brain activity



Table 1

Brain mapping techniques, their properties, and application in pain studies

Application in pain

Method Energy source Spatial resolution (mm) Temporal resolution (s) Constraints Output measured studies
EEG/MEG Intrinsic 0.001 Lack of unique Electrophysiology Increasing in use, mainly
electricity localization of brain events for detecting temporal
sequences
fMRI Radio waves, 4-10 Immobilization, loud,  Relative cerebral Most used, mainly for
magnetic cooperation blood flow localizing brain activity
fields
MRS Radio waves, 10-100 Immobilization, loud Relative chemical Recently used, for
magnetic concentrations detecting long term
fields changes in brain
chemistry
Nuclear (PET/ Radiation 60-1000 Radiation limits, Physiology, Decreasing in use,
SPECT) immobilization neurochemistry, becoming limited to

Brain imaging techniques available but rarely or not yet used in pain studies
Single or multiunit Intrinsic

electrophysiology

Near infrared

electricity
Infrared light

spectroscopy and
imaging
Transcranial magnetic/  Magnetic/
electric electric
stimulation fields
Structural MRI Radio waves,
magnetic
fields
Postmortem N/A

0.001

0.05

0.01

N/A

N/A

Invasive, direct
access to brain

Immobilization,
surface > depth,

limited field of view

Risk of seizures,
immobilization,
loud

Immobilization, loud

Postmortem

absolute values

Electrophysiology

Relative cerebral
blood flow

Electrophysiology,
conduction times

neurochemistry

Structure, vasculature,

white matter

Microarchitecture,

chemoarchitecture

EEG, electroencephalography; MEG, magnetoencephalography; fMRI, functional magnetic resonance imaging; MRS, magnetic resonance spectroscopy; PET, positron emission tomography;

SPECT, single photon emission-computed tomography; N/A, not applicable.
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indirectly by imaging changes in blood flow, blood
oxygenation, or local metabolic changes (Peyron, R.
et al., 2000; Davis, K. D., 2003). All three methods can
provide similar spatial resolution, although PET and
fMRI methodologies are now far more advanced than
SPECT. The staustical models and experimental
designs available for PET and fMRI are robust and
very rich. Therefore, these two techniques are cur-
rently most extensively used for detecting brain
circuitry underlying many cognitive states, including
pain. The temporal resolution of PET and SPECT is in
the order of tens of seconds, while for fMRI it is shorter.
PET and SPECT provide the additional opportunity
for examining 7 vive biochemistry and pharmacology
by imaging the distributions of specific neurotransmit-
ters or receptors. Recent MRI methods, like magnetic
resonance spectroscopy (MRS), have also provided the
ability to examine brain biochemistry. This approach is

Central sulcus

(@)

developing rapidly and has the potental to become a
major method in the near future for studying brain
chemistry. In addition, voxel based morphometry
allows to image structural changes related to disease
states (May, A. et al, 1999).

5.45.3 Cortical Regions that are Part
of the Nociceptive System

5.45.3.1 The Primary Somatosensory
Cortex

The primary somatosensory cortex (SI) is located in
the anterior part of the parietal lobe, where it con-
stitutes the postcentral gyrus. It consists of Brodmann
areas 1, 2, 3a, and 3b (Figure 2(a)). Areas 3b and 1
receive cutaneous tactile input, areas 3a and 2 pro-
prioceptive input.
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Impulses s™

20
—
Brush

40 60
 —
Pressure

80
A
Pinch

100

(d)

Peak frequency (impulsess™)

50

40

30

20

10

0 T T T T T T T 1
43 45 47 50

Stimulus intensity (°C)

Figure 2 Nociceptive specific neuron in the primary somatosensory cortex (Sl). (a) Left: Sl consists of Brodmann areas 1, 2,
3a, and 3b in the postcentral gyrus. Black dot: location of the recorded neuron. (b) The small receptive field is consistent with a
role in spatial discrimination. (c) Stimulus response function to painful mechanical stimuli. (d) Stimulus response function to
painful heat stimuli. Modified from Kenshalo, D. R., Iwata, K., Sholas, M., and Thomas, D. A. 2000. Response properties and
organization of nociceptive neurons in area 1 of monkey primary somatosensory cortex. J. Neurophysiol. 84, 719-729.
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Nociceptive input to monkey SI was demon-
strated anatomically. SI receives direct spino-
thalamocortical input from the ventrobasal nuclei,
in particular the ventro-posterolateral (VPL) nucleus
(Gingold, S. I. ez al., 1991). Nociceptive neurons in SI
are found in clusters, raising the possibility that SI
may contain nociceptive specific columns (Lamour, Y.
et al., 1983). Since evidence for nociceptive neurons
in the most superficial cortical layers is lacking, this
hypothesis has not yet been confirmed. Nociceptive
neurons are rare in monkey SI and have mainly been
found in area 1 (Kenshalo, D. R. ¢z 4/, 2000), whereas
optical imaging techniques have also suggested noci-
ceptive input to area 3a (Tommerdahl, M. er al,
1996). Thus, nociceptive signal processing within SI
may be spatially distinct from tactile signal proces-
sing that is primarily directed to area 3b. There is also
some EEG and MEG evidence in humans that noci-
ceptive areas may be situated more medially within
SI than tactile areas with the same receptive fields,
suggesting that nociceptive and tactile signal proces-
sing may occur in different subareas of SI (Ploner, M.
et al. 2000; Schlereth, T. er al, 2003). Nociceptive
input to human SI has been confirmed by subdural
recordings (Kanda, M. ez 4/, 2000; Ohara, S. er 4,
2004). About 75% of the PET and fMRI studies
reported activation of SI (Bushnell, M. C. er al,
1999; Apkarian, A. V. ez al,, 2005).

Nociceptive neurons in SI have small receptive
fields (Figure 2(b)) that are somatotopically arranged,

(a)

and hence are ideally suited to code for the location
of nociceptive stumuli (Kenshalo, D. R. and
Isensee, O., 1983). Somatotopy of nociceptive proces-
sing in the human SI has been confirmed by EEG and
PET studies (Tarkka, I. M. and Treede, R. D., 1993;
Andersson, J. L. R. ez al, 1997). Action potential dis-
charges of nociceptive SI neurons in monkey are
modulated by the intensity of both mechanical and
heat stimuli (Figures 2(c) and 2(d)) and their dis-
charges correlate with detection speed (Kenshalo,
D. R. er al, 1988). These findings suggest that noci-
ceptive SI neurons are involved in the coding of pain
intensity. This conclusion has been confirmed by a
PET study of hypnotic modulation of perceived pain
intensity that also modulated perfusion of SI
(Hofbauer, R. K. er al, 2001) and by correlation
analysis (Timmermann, L. e al, 2001).

5.45.3.2 Parasylvian Cortex: the Operculo-
Insular Region

The parasylvian cortex has a complicated macro-
scopic  structure and only some of its
cytoarchitectonic areas have been charted in detail
(Eickhoff, S. B. et al, 2006). In lateral views of the
brain, the Sylvian fissure runs above the temporal
lobe and separates it from the parietal and frontal
lobes above the fissure. Hidden deep inside the
Sylvian fissure lies a further lobe of the brain: the
insula (Figure 3(a)). The insula is covered by the

Figure 3 Nociceptive regions in parasylvian cortex. (a) Sagittal section shows the insula as a triangular region deep inside
the Sylvian fissure. (b) Transaxial section illustrates the secondary somatosensory cortex (Sll) as identified by tactile stimuli
(blue) and regions responsive to nociceptive stimulation (orange) that extend further rostrally and medially. (c) Coronal section
shows that the temporal operculum covers the insula below the Sylvian fissure, and frontal and parietal opercula cover the
insula above the fissure. Frontal and parietal opercula consist of an outer part on the convexity of the brain, a horizontal part
above the Sylvian Fissure, and an inner vertical part facing the insula across its circular sulcus. Arrowheads: Sylvian fissure
(lateral sulcus). Arrows: circular sulcus of the insula. Modified from Treede, R. D., Baumgartner, U., and Lenz, F. A. 2007.

Nociceptive Processing in the Secondary Somatosensory Cortex. In: Encyclopedia of Pain (eds. R. F. Schmidt and W. D.

Willis), pp. 1376-1379. Springer.
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temporal, parietal and frontal opercula. Coronal sec-
tions reveal that the parasylvian cortex consists of the
insula itself, the inner vertical surface of the opercula,
the horizontal banks of the Sylvian fissure, and most
laterally the outer surface of the convexity of the
brain (Figure 3(c)).

The majority of human imaging studies showed
consistent activation of the parasylvian cortex during
painful stimulation, and this activation overlapped
only partly with that by tactile stimuli (Treede, R.
D. er al, 2007). Lesions in parasylvian cortex cause
deficits in pain perception (Greenspan, J. D. er al,
1999), and intracortical electrical stimulation of this
region is painful (Ostrowsky, K. ez 4/, 2002). Thus,
this region is a good candidate to contain some noci-
ceptive specific cortical areas, if they exist.

About 75% of the PET and fMRI studies reported
activation of the SII region, and 94% found activa-
tion of the insula (Treede, R. D. ez 4/, 2000; Apkarian,
A. V. et al, 2005). But due to the curvature and
oblique course of the Sylvian fissure (Ozcan, M.
er al, 2005), activated areas are often misallocated,
even across major sulci. Whereas the operculo-insu-
lar cortex in the parasylvian region has been
recognized as one of the most important nociceptive
cortical areas, its precise anatomical and functional
organization has yet to be determined. In particular it
1s not yet known, whether insula and operculum
subserve distinct functions or form one uniform area.

5.45.3.2.1 The secondary somatosensory
cortex (Sll)
The secondary somatosensory cortex is located in
the superior bank of the Sylvian fissure, where it
makes up a major part of the parietal operculum
(Figures 1(b), 3(b), and 3(c)). Nociceptive input to
monkey SII was demonstrated anatomically. SII
receives direct spino-thalamo-cortical input from
the ventrobasal nuclei, in particular the ventro-pos-
tero-inferior nucleus VPI (Stevens, R. T ez al, 1993).
Nociceptive input to human SII has been confirmed
by subdural recordings (Lenz, F. A. ez al, 1998a).
Single neuron recordings in SII have largely
focused on the tactile representation (Robinson, C. J.
and Burton, H. 1980; Fitzgerald, P. J. ez al, 2006). The
SII region contains multiple somatotopic representa-
tions of the body, suggesting the existence of several
subregions (Disbrow, E. er al, 2000, Fitzgerald, P. J.
et al., 2004). Although most neurons in SII have con-
tralateral receptive fields, this is the first part of the
somatosensory system with a sizable proportion of
bilateral receptive fields. Hence, most imaging and

electrophysiological studies in humans have shown a
bilateral response to unilateral stimulation, with a
contralateral preponderance. Functionally, SII is con-
sidered to play a role in tactile object recognition and
memory (Seitz, R. J. ez al, 1991).

Evoked potential recordings in humans following
brief laser heat stimuli showed that SII was activated
simultaneously with or even earlier than SI (Ploner,
M. et al, 1999; Schlereth, T. e al, 2003). Combined
anterograde and retrograde tracer studies in monkey
(Apkarian, A. V. and Shi, T., 1994) support the con-
cept that nociceptive input reaches SII more directly
than tactile input. Hence, SII has been supposed to
be important for the recognition of painful stimuli as
such.

In contrast to the abundance of evidence for noci-
ceptive activation of the SII region from human
studies, there are few single neuron recordings in
this area showing specific nociceptive responses
(Treede, R. D. er al, 2000). In monkey, some conver-
gence with visual input encoding the approach of a
sharp object to the face has raised the possibility of a
representation of threat. These neurons, however,
were not in SII proper but in area 7b which is adja-
cent to SII in monkey but not in humans (Dong, W.
K. er al, 1994). These neurons are now considered to
be part of the posterior parietal cortex (see below).
Since neurons in all studies on SII were searched
using mechanical skin stimulation, it is possible that
these studies missed nociceptive specific neurons,
because many primary nociceptive afferents are
mechanically insensitive (Treede, R. D. er al, 1998).
Thus, an intriguing possibility is that tactile and
nociceptive inputs are represented in different areas
within the SII region.

5.45.3.2.2 The frontal operculum

Dipole source analysis of laser-evoked potentials
(LEPs) in healthy volunteers, and subdural and
depth recordings in patients undergoing epilepsy
surgery have identified an area in the inner vertical
surface of the frontal operculum (Figure 4(a)) that
was activated by painful heat stimuli with a shorter
latency (about 150 ms) than any other cortical area
(Tarkka, I. M. and Treede, R. D., 1993; Valeriani, M.
et al, 1996, Ploner, M. et al, 1999; Frot, M. and
Mauguiere, F., 2003; Schlereth, T. er al, 2003;
Vogel, H. e al., 2003). This area anterior of the tactile
SII area has a different somatotopic orientation (face:
anterior, foot: posterior) than SII itself (face: lateral,
foot: medial; Vogel, H. er al, 2003). The thalamic
source of nociceptive input to this region is not yet
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Figure 4 Nociceptive input to the frontal operculum. (a) Projection of dipole source locations for the first component of
laser-evoked potentials (LEPs) onto a coronal magnetic resonance image slice at Talairach y = —6 mm. The distribution
around the roof of the circular insular sulcus, ranging from the inner vertical face of the frontal operculum to the adjacent
dorsal insula matches the projection area of the nociceptive thalamic nucleus VMpo. (b) Task effects and interhemispheric
differences. (c) The hemispheric asymmetry of opercular activation (left hemisphere > right hemisphere) was not reflected or
caused by different visual analog score pain ratings between both hands. Dis, distraction task; Easy, easy spatial and
intensity discrimination tasks; diff, difficult discrimination tasks. ANOVA:* P < 0.05. Modified from Schlereth, T., Baumgéartner,
U., Magerl, W., Stoeter, P., and Treede, R. D. 2003. Left-hemisphere dominance in early nociceptive processing in the human

parasylvian cortex. Neuroimage 20, 441-454.

clear: it may be VPI like for the posteriorly adjacent
SII, or it may be VMpo like for the medially adjacent
dorsal insula. Somatotopy in the frontal operculum
would be consistent with that of a VMpo projection
target (Craig, A. D., 1995). Nociceptive input to the
frontal operculum in humans has been confirmed by
subdural and depth recordings (Lenz, F. A. er 4l
1998a; Frot, M. er al, 1999). Responses in this area
are modulated during spatial and intensity discrimi-
nation tasks and show a left-hemisphere dominance

(Figures 4(b) and 4(c)).

5.45.3.2.3 The insula
The insula is located deep inside the Sylvian fissure,
where it can be visualized as a triangular shape in
sagittal sections (Figure 3(a)). It often contains two
long sulci in its posterior part and three short sulci
rostrally. Several functional subdivisions of the insula
have been suggested (Dieterich, M. er al, 2003;
Schweinhardt, P. ez al, 2006), but there is no consen-
sus yet. Parts of the insula subserve varied functions
in the somatosensory, vestibular, gustatory and auto-
nomic nervous system, which led to the suggestion
that this region serves for a central representation of
the internal state of the body (Craig, A. D., 2002).
This concept is consistent with the interoceptive
aspects of nociception.

Another source of nociceptive input into the para-
sylvian cortex is the posterior inferior part of the

ventrobasal nucleus (Lenz, F. A. er al, 1993), a region
designated as VMpo by some authors (Craig, A. D.
et al, 1994). VMpo projects to the dorsal insula and
the adjacent frontal operculum. Nociceptive input to
the insula in humans has been confirmed by depth
recordings (Frot, M. er al, 2003). The somatotopic
representation of pain in the dorsal insula in monkey
(face: anterior, foot: posterior) is orthogonal to that in
SII (face: lateral, foot: medial; Baumgirtner, U. ez al,
2006b). Direct electrical stimulation of the insula
is painful with a strong affective component
(Ostrowsky, K. er al., 2002).

5.45.3.3 The Posterior Parietal Cortex

The posterior parietal cortex is located adjacent and
posterior to SI. It comprises Brodmann areas 5 and 7
(Figure 5(c)). Nociceptive input to this region is
suggested by studies in monkey that reported short-
latency responses to nociceptive stimuli in area 7b;
the same neurons also responded to visual stimuli of
sharp objects directed at their receptive field
(Dong, W. K. er al, 1994). In the tactile system, this
region is part of a dorsally directed stream involved
in stimulus location, convergence with visual infor-
mation and the generation of spatial information for
motor control. Nociceptive input to this region in
humans has not yet been explored with subdural
recordings, but there is some evidence from EEG
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Figure 5 Nociceptive neuron in posterior parietal cortex (Area 7b threat neuron). (a) Bilateral receptive field in the
orofacial region; seeing a syringe approach the receptive field was also an adequate stimulus. (b) Responses to the
stimuli shown in (a). (c) Location of the recorded neuron on a coronal section that passes through both the central
sulcus (CS) and the Sylvian fissure (LS: lateral sulcus). (d) Stimulus response function to painful heat stimuli. IPS,
Intraparietal sulcus. Modified from Dong, W. K., Chudler, E. H., Sugiyama, K., Roberts, V. J., and Hayashi, T. 1994.
Somatosensory, multisensory, and task-related neurons in cortical area 7b (PF) of unanesthetized monkeys. J.

Neurophysiol. 72, 542-564.

and MEG studies in humans that nociceptive stimuli
activate parietal lobe posterior of SI (Schlereth, T.
et al., 2003; Forss, N. ez al, 2005). Few fMRI studies
have assessed this region (Kulkarni, B. er al, 2005;
Schmahl, C. ez al., 2006).

5.45.3.4 The Cingulate Cortex

The cingulate cortex is located above the corpus
callosum and around its anterior knee (Figure 6).
The anterior cingulate cortex (ACC) comprises
Brodmann areas 24 and 32, whereas the posterior
cingulate cortex (PCC) contains areas 23 and 31
(Vogt, B. A. er al, 1995). ACC receives nociceptive
thalamocortical input from the mediodorsal (MD)
and parafascicular (Pf) nuclei (Vogt, B. A. er al,
1979). ACC has been further subdivided into mid-
cingulate cortex, which is associated with response
selection and motor efferent functions, and ACC
proper that is related to emotion and autonomic
efferent functions (Vogt, B. A., 2005). Nociceptive

input to human cingulate cortex has been confirmed
by subdural recordings and by intracortical record-
ings (Lenz, F. A. ez al, 1998b; Hutchison, W. D. ez al.,
1999). About 87% of the PET and fMRI studies
reported activation of the cingulate cortex
(Apkarian, A. V. er al, 2005), but no region of the
cingulate cortex is considered to be nociceptive spe-
cific (Vogt, B. A., 2005).

Nociceptive neurons in ACC have large or even
whole-body receptive fields (Figure 7, Sikes, R. W.
and Vogt, B. A, 1992; Yamamura, H. ez al, 1996). For
this reason it is unlikely that they contribute to the
sensory dimension of pain. Monkey ACC neurons
activate during pain avoidance behavior, reflecting
anticipation, and response selection (Koyama, T.
et al., 1998; 2001). The cingulate cortex is supposed
to participate in the affective-motivational dimension
of pain. This conclusion has been confirmed by a
PET study of hypnotic modulation of perceived
pain affect that also modulated perfusion of ACC
(Hofbauer, R. K. er 4/, 2001) and by correlation ana-
lysis (‘T'6lle, T. R. ez al., 1999).
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Figure 6 Distribution of cingulate cortex regions and
subregions. Region borders are marked with arrows.
Cross-hair shows vertical plane at the anterior
commissure (VCA) and the anterior—posterior
commissural line. A functional overview, derived from the
analysis of a large volume of literature illustrates general
regional function. aMCC, anterior mid-cingulate cortex;
cas, callosal sulcus; cgs, cingulate sulcus; dPCC, dorsal
posterior cingulate cortex; irs, inferior rostral sulcus; mr,
marginal ramus of cgs; pACC, pregenual anterior
cingulate cortex; pcgs, paracingulate sulcus; pMCC,
posterior mid-cingulate cortex; RSC, retrosplenial cortex;
sACC, subgenual anterior cingulate cortex; spls, splenial
sulci; vPCC, ventral posterior cingulate cortex.
Reproduced from Vogt, B. A. 2005. Pain and emotion
interactions in subregions of the cingulate gyrus. Nat.
Rev. Neurosci. 6, 533-544.

5.45.3.5 The Prefrontal Cortex

The PFC (including Brodmann areas 9, 10, 46)
comprises the major part of the frontal lobe and is
located anterior of the motor cortical areas. There is
no evidence that it would receive a direct nociceptive
thalamo-cortical input, but the PFC receives
cortico-cortical input from the cingulate gyrus
that may convey nociceptive information. About
55% of the PET and fMRI studies reported activa-
ton of the PRC in healthy subjects, and 81% of
the studies in chronic pain patients (Apkarian, A. V.
et al., 2005). The PRC is assumed to participate in
the cognitive-evaluative dimension of pain and in
endogenous pain control (Lorenz, J. er al, 2003;
Schmabhl, C. ez al., 2006).

5.45.4 Functional Roles of Cortical
Nociceptive Signal Processing

Pain perception has been conceived to consist of
sensory-discriminative, affective-motivational and
cognitive-evaluative dimensions (Melzack, R. and
Casey, K. L. 1968). The sensory-discriminative

dimension includes intensity discrimination, pain
qualities, stimulus localization and timing discrimi-
nation; this dimension is traditionally thought to
involve lateral thalamic nuclei and the somatosen-
sory cortices SI and SII. The affective-motivational
dimension includes perception of the negative
hedonic quality of pain, autonomic nervous
system manifestations of emotions, and motivated
behavioral responses; this dimension is traditionally
thought to involve medial thalamic nuclei and the
limbic cortices ACC and MCC. The insula has an
intermediate position in that concept, receiving input
from lateral thalamus but projecting into the limbic
system. T'he cognitive-evaluative dimension includes
interaction with previous experience, cognitive
influence on perceived pain intensity and an
overall evaluation of its salience; this dimension is
traditionally thought to involve the PRC. Numerous
neuroimaging studies have assessed various
experimental paradigms derived from several
psychological concepts that do not easily fit into the
traditional three dimensions of pain. Therefore, we
here report imaging evidence for involvement of
cortical areas in specific functions instead of the
dimensions of pain.

5.45.4.1
Pain

Location and Quality of Phasic

Neuroimaging studies have examined brain regions
activated by many types of painful stimulation, includ-
ing noxious heat and cold, muscle stimulation using
electric shock or hypertonic saline, topical and intra-
dermal capsaicin, colonic distention, rectal distension,
gastric distension, esophageal distension, ischemia,
cutaneous electric shock, ascorbic acid, laser heat, as
well as an illusion of pain evoked by combinations of
innocuous temperatures (Apkarian, A. V. ez al, 2005;
Bushnell, M. C. and Apkarian, A. V., 2005). Despite the
differences in sensation, emotion and behavioral
responses provoked by these different types of pain,
individuals can easily identify each as being painful.
Thus, there appears to be a common construct of pain
with an underlying network of brain activity in the
areas described above. Nevertheless, despite the simi-
larities in pain experiences and similarities in neural
activation patterns, each pain experience is unique.
Subjects can usually differentiate noxious heat from
noxious cold from noxious pressure. This ability to
differentiate pains is particularly puzzling, since there
is ubiquitous convergence of information from cuta-
neous, visceral and muscle tissue throughout the
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Figure 7 Nociceptive neuron in the anterior cingulate gyrus. (a) Responses to painful mechanical stimuli show a whole-body receptive field for this neuron. (b) Intracellular dye
injection reveals a lamina V pyramidal neuron. (c) Location of the recorded neuron in the rat cingulate cortex. Reproduced from Yamamura, H., lwata, K., Tsuboi, Y., Toda, K.,
Kitajima, K., Shimizu, N., Nomura, H., Hibiya, J., Fujita, S. and Sumino, R. 1996. Morphological and electrophysiological properties of ACCx nociceptive neurons in rats. Brain
Res. 735, 83-92.
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afferent nociceptive system (Willis, W. D. and
Coggeshall, R. E., 2004). The convergence and the
similarities in brain regions activated by different
types of pain are consistent with phenomena such as
referred pain, but cannot explain either the ability to
identify the origin of pain or with contrasting beha-
vioral reactions to cutaneous and visceral pain
(withdrawal versus quiescence).

There is evidence from single neuron recordings,
MEG, PET, and fMRI that neural activity in SI cortex
could underlie the identification of the locus of cuta-
neous pain. Kenshalo and colleagues (Kenshalo, D. R.
et al, 1988; Kenshalo, D. R. and Isensee, O., 1983)
showed that SI nociceptive neurons have discrete
receptive fields, so that different neurons respond to
painful  stimulation in different skin areas.
Correspondingly, EEG, PET, and fMRI studies have
shown a topographic organization of nociceptive
responses in SI cortex similar to the organization of
tactile responses, i.e., a medio-lateral organization of
foot, hand, face, and intra-abdominal areas (Tarkka, I.
M. and Treede, R. D, 1993; Andersson, J. L. R. ¢t al,
1997; DaSilva, A. F. M. ez al., 2002; Strigo, 1. A. et al,
2003; Vogel, H. er al, 2003). Most imaging studies find
little somatotopic organization of pain in other cortical
areas (Tarkka, I. M. and Treede, R. D., 1993; Xu, X. P.
et al., 1997), thus suggesting that responses in SI cortex
may be most important for pain localization. More
recently, a somatotopic organization has also been
documented for operculo-insular cortex (Vogel, H.
et al, 2003; Baumgirtner, U. ez a/, 2006a). A left hemi-
sphere dominance has been reported for the sensory
dimension of pain (Schlereth, T' ¢z 4/, 2003), whereas
right hemisphere dominance was observed for the
affective dimension (Pauli, P. ez 4/, 1999; Brooks, J. C.
W. et al, 2002).

Strigo L. A. and colleagues (2003) directly compared
brain activations produced by esophageal distension
and cutaneous heat on the chest that were matched
for pain intensity. They found that the two qualita-
tively different pains produced different primary loci
of activation with insula, SI, motor and prefrontal
cortices. Such local differences in responses within
the nociceptive network might subserve our ability to
distinguish visceral and cutaneous pain as well as the
differential emotional, autonomic, and motor responses
associated with these different sensations.

5.45.4.2 The Time Domain

Most information about the temporal sequence of
pain-evoked brain activation comes from EEG or

MEG studies. The dual pain sensation elicited by a
single brief painful stimulus that is due to the differ-
ent conduction times in nociceptive A- and C-fibers
(about 1s difference) is reflected in two sequential
brain activations in EEG and MEG recordings from
S1, SII, and MCC (Bromm, B. er al,, 1983; Bragard, D.
et al., 1996, Magerl, W. et al., 1999; Opsommer, E. e al.,
2001; lannett, G. D. er 4l, 2003). EEG mapping
studies (Kunde, V. and Treede, R. D. 1993;
Miyazaki, M. et al, 1994), source analysis (Tarkka, I.
M. and Treede, R. D., 1993; Valeriani, M. ez a/., 1996;
Ploner, M. e al, 1999), and intracranial recordings
(Lenz, F. A. er al, 1998a; Frot, M. et al., 1999) show
that the earliest pain-induced brain activity origi-
nates in the vicinity of SIL. In contrast, tactile
stimuli activate this region only after processing in
the primary somatosensory cortex (Ploner, M. ez al,
2000). The adjacent dorsal insula is activated slightly
but significantly later than the operculum (Frot, M.
and Mauguiere, F., 2003). These observations sup-
port the suggestion derived from anatomical studies
that the SII region and adjacent insula are primary
receiving areas for nociceptive input to the brain
(Apkarian, A. V. and Shi, T, 1994; Craig, A. D., 2002).

5.45.4.3 Attention and Distraction Effects
on Pain-Evoked Cortical Activity

Early human brain imaging studies examining the
effects of attention and distraction show modulation
of pain-evoked activity in a number of cortical
regions, including sensory and limbic structures, as
well as prefrontal areas (Bushnell, M. C. ez al, 1999;
Longe, S. E. er al, 2001; Bantick, S. J. e al., 2002,
Schlereth, T. er al, 2003). These results generally
show reduced activations in sensory regions of the
cortex and some increased activity in more frontal
regions, suggesting that attentional modulation is
mediated through the latter structures resulting in
reduced sensory processing, where the attentional
distraction is usually reported resulting in reduced
perceived magnitude of pain. A more recent study
extends these notions by showing that during distrac-
tion there is a functional interaction between
pregenual ACC and frontal cortex exerting a top-
down modulation on periaqueductal gray (PAG) and
thalamus to in turn reduce activity in cortical sensory
regions and correspondingly decrease perception of
pain (Petrovic, P. er al, 2000; Tracey, L. er al, 2002;
Valet, M. er al, 2004). Given that ACC is implicated
in attentional modulation as well as pain perception,
a distraction study indicates that some portions of the
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pregenual ACC region are decreased with distraction
while others are increased, consistent with these two
different functions (Frankenstein, U. N. ez 4/, 2001).

5.45.4.4 Anticipation and Expectation

Anticipation or expectation of pain can activate many
of the cortical areas related to perception of pain in
the absence of a physical pain stimulus (Ploghaus, A.
et al, 1999; Hsieh, J. C. et al, 1999b; Sawamoto, N.
et al., 2000; Porro, C. A. er al,, 2002). Two studies have
attempted to identify the circuitry for modulation of
pain by expectation. In one study MCC, caudate
nucleus, cerebellum, and nucleus cuneiformis were
modulated by systematic manipulation of pain inten-
sity expectation by two different cues (Keltner, J. R.
et al., 2006), whereas pain intensity itself modulated
somatosensory cortex, insula, and rostral ACC. In the
second study expectancy was modulated by a placebo
procedure, resulting mainly in modulation including
MCC, PRC, cerebellum, pons, and parahippocampal
gyrus (Kong, J. ez al., 2006). The latter study is com-
plicated by the fact that the procedure is a
combination of manipulation of expectancy and pla-
cebo acupuncture treatment. Generally, there
remains a strong need for systematic studies to iden-
tify brain elements that modulate pain responses due
to expectation.

5.45.4.5 Empathy

A provocative study opened the field regarding the
interaction between pain and empathy, where the
authors defined empathy as the ability to have an
experience of another’s pain. Using this definition
and comparing brain activity for experiencing pain
or knowing that their loved one, present in the same
room, was experiencing the same pain, the authors
showed many cortical regions similarly activated for
both conditions, especially bilateral operculo-insular
cortex and MCC (Singer, T. er al, 2004). These
results were interpreted as evidence for the affective
component of pain being active in both empathy and
pain, and thus concluded that empathy for pain
involves the affective component, but not the sensory
component, of pain. The study induced a flurry of
activity in attempting to understand the relationship
between empathy and pain. Multiple groups have
replicated the main finding and proposed different
underlying mechanisms (Morrison, 1. er al, 2004,
Botvinick, M. ez al, 2005; Jackson, P. L. er al., 2005),
with multiple studies showing that at least MCC

activity reflects the pain experienced by others and
that multiple cortical areas involved in sensory pro-
cessing of pain are also activated.

The overall notion that empathy involves assess-
ment of the pain experienced by others — pain
mirroring — was tested directly in subjects with alex-
ithymia, a cognitive and emotional deficit leading to
difficulty in identifying one’s own emotional state
and also other people’s emotional state. The study
showed in fact reduced activity in PRC and MCC
during a pain empathy condition in this patient
population (Moriguchi, Y. ez al, 2006). Even though
these results are internally consistent, their interpre-
tation remains problematic. Simple introspection
casts doubt on the notion that empathy means actu-
ally experiencing another person’s pain. Instead, what
is called empathy may be the assessment of the mag-
nitude of negative emotion that the other person may
be experiencing, i.e., a cognitive function of interper-
sonal communication. According to that concept,
empathy may be defined as a complex form of psy-
chological inference that enables us to understand the
personal experience of another person through cog-
nitive/evaluative and affective processes. A study in
patients with congenital insensitivity to pain
(Danziger, N. ez al., 2006) reported a deficit in rating
pain-inducing events, but normal inference of pain
from facial expressions (empathy), indicating that
empathy for pain does not require an intact pain
percept.

5.45.5 Pain Modulation

5.45.5.1 Psychological Modulation of Pain

The psychological modulation of pain has been
observed very early on and studied in the clinical
and laboratory settings (Beydoun, A. er al, 1993;
Villemure, C. and Bushnell, M. C., 2002). Modern
brain imaging techniques now provide powerful tools
with which mechanisms of these modulations can be
documented and dissected. Given that these are cog-
nitive/attentional modulations their effects should be
observed at the cortical level.

5.45.5.1.1 Hypnosis and pain-evoked
cortical activity

Hypnosis can alter pain perception. It has been used
to differentially modulate sensory and affective
dimensions of pain and thus distinguish the cortical
regions involved in these dimensions. Such studies
indicate that SI activity is preferentially modulated
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when the hypnotic instructions are directed to the
intensity of pain, while MCC actvity is preferen-
tially modulated when hypnosis is directed to the
unpleasantness of pain (Rainville, P. er al, 1997,
Hofbauer, R. K. ¢er 4/, 2001). Brain activity for hypno-
tically induced pain perception seem to be different
from activity for imagined pain in sensory, limbic,
and prefrontal activation patterns (Derbyshire, S. W.
et al., 2004). The sensory and limbic cortical activa-
tions for hypnotically induced and stimulation-
induced pain seem relatively similar, the only region
that may be differentiating them seems to be the
medial PRC (Raiyj, T. T er al, 2005).

5.45.5.1.2 Mood and emotional states and
pain-evoked cortical activity

Studies show that experimental procedures that
improve mood generally reduce pain, while those
that have a negative effect on mood increase pain
(Zelman, D. C. er al, 1991; Marchand, S. and
Arsenault, P, 2002). One study showed that looking
at fearful faces increased their level of anxiety and
discomfort, which also resulted in enhanced esopha-
geal stimulation-evoked activity in limbic regions
like ACC and insula (Phillips, M. L. ez 4/, 2003).

5.45.5.1.3 Placebo and pain-evoked
cortical activity

Placebo is a potent modulator of pain; it afflicts all
clinical studies of pain pharmacology. Placebo effects
have also been seen in depression and in Parkinson’s
disease and recent brain imaging studies show a
robust brain and subcortical reward circuitry’s invol-
vement in these (Lidstone, S. C. and Stoessl, A. J.,
2007). The first neurochemical evidence for opiate
involvement of placebo was demonstrated about 30
years ago by showing that placebo analgesia can be
blocked by naloxone (Levine, J. D. er al, 1978).
Consistent with this notion, changes in endogenous
opiate release are shown to be involved in placebo-
induced analgesia, where PRC (medial and lateral) as
well as insula and ventral striatum seem to be
involved, where high placebo responders increased
opiate release in ventral striatum was positively cor-
related with pain ratings (Zubieta, J. K. ez al, 2005).
Results generally consistent with this brain response
pattern have been demonstrated by a number of
other groups (Wager, T. D. ez al,, 2004; Benedetu, F.
et al., 2005; Kong, J. er al., 2006); the medial prefron-
tal /rostral ACC responses for placebo seem to recruit
PAG and amygdala (Bingel, U. er 4/, 2006); and
involvement of PAG in placebo-induced analgesia

is observed in the above studies as well, which links
opiate descending modulation with prefrontal corti-
cal control of placebo analgesia. The correspondence
between placebo analgesia and reward was directly
studied and the results show a strong correspondence
between brain regions involved in each (Petrovic, P.
et al., 2005).

5.45.5.2 Pharmacological Modulation
of Pain

A league table of analgesic efficacy has been gener-
ated based on pain-related evoked potentials
(Scharein, E. and Bromm, B., 1998). Since these stu-
dies used electrical sumuli that circumvent
peripheral nociceptive transduction mechanisms,
this table reflects central rather than peripheral
analgesic actions, as evidenced, e.g,, by the higher
efficacy of the antidepressant imipramine than the
nonsteroidal anti-inflammatory drug (NSAID) acet-
ylsalicylic acid. Since dipole source analysis has not
been applied in these EEG studies, possible cortical
sites of actions were not differentiated. Combining
fMRI and pharmacology promises to provide that
type of information (Tracey, I, 2001; Borsook, D.
et al, 2006). In addition, PET techniques can be
used for direct tracing of cortical distribution of a
given drug, when it has been labeled with the posi-
tron emitting ''C isotope.

5.45.5.2.1 Opiates

There 1s a vast literature regarding opiate-mediated
descending modulation through the PAG and a simi-
larly large literature on its effects on inhibitory
interneurons in the spinal cord. At the cortical level,
it has been noted that opiate receptors are present in
many parts of the nociceptive system, with high spe-
cific binding in ACC, insula, and frontal operculum,
and with moderate specific binding in MCC, SII, and
ST (Jones, A. K. P. ¢t al., 1991b; Baumgirter, U. ¢t 4l
20062).

Recent studies of opiate-mediated responses in the
brain have used two approaches, examination of meta-
bolic function in response to pharmacological agents
and direct measurement of opiate receptor binding
potential. Exogenous administration of p1-opioid recep-
tor agonist drugs show dose-dependent increased
metabolic activity in regions rich with p-opioid recep-
tors, which in the cortex are mainly localized to PRC
and ACC (Firestone, L. L. ez al, 1996; Schlaepfer, T' E.
et al, 1998; Wagner, K. J. er al, 2001). Also, p-opioid
agonist fentanyl on brain responses to painful stimuli
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have been explored, showing that most cortical
responses to pain are reduced or eliminated, confirming
analgesic effects of the opiate (Casey, K. L. ez 4/, 2000
Petrovic, P. ez al, 2002). Changes in endogenous opioid
system is studied using a selective p-opioid radiotracer,
showing activation of opiate neurotransmission in ros-
tral ACC, PRC, and insula during a tonic muscle pain
(Zubieta, J. K. er al, 2001).

5.45.5.2.2 Dopamine

Dopamine 1s best known for its role in motor, moti-
vation, and pleasure control. There is accumulating
evidence to suggest that dopamine acting at the level
of the basal ganglia may also be involved in pain
modulation. Human brain imaging studies document
increased pain sensitivity to be associated with lower
levels of endogenous dopamine (Pertovaara, A. ez al,
2004; Martikainen, I. K. ez 4, 2005; Scott, D. J. ez 4,
2006); and sustained experimental pain results in
release of dopamine in the basal ganglia (Scott, D. J.
et al, 2006), and indicate an interaction between
opiate activity and dopamine where alfentanil
administration results in decreased mechanical pain
and decreased release of dopamine in the basal gang-
lia (Hagelberg, N. ez al, 2002). Moreover, abnormal
levels of dopamine in the basal ganglia have been
associated with chronic pain in burning mouth syn-
drome and atypical facial pain (Jaaskelainen, S. K.
et al., 2001; Hagelberg, N. er 4/, 2003a; 2003b), and
perhaps in fibromyalgia (Wood, P. B. er al, 2007).
Patients with restless legs syndrome display a pro-
nounced mechanical hyperalgesia to pinprick stimuli
that is slowly reversed by dopaminergic agonists
(Stiasny-Kolster, K. er al, 2004), but this action is
probably mediated by extrastriatal dopamine
receptors.

5.45.5.2.3 Estrogen

Gender is one of the most important determinants of
human health. Women far outnumber men in sus-
ceptibility to many autoimmune disorders,
fibromyalgia, and chronic pain, differences in phy-
siological responses to stress may potentially be an
important risk factor for these disorders as physiolo-
gic responses to stress seem to differ according to
gender, with phase of menstrual cycle, menopausal
status and with pregnancy (Kajantie, E. and
Phillips, D. L, 2006). Consistent with this idea recent
fMRI study shows that brain activity in premenopau-
sal women as studied for negative valence/high
arousal in contrast to neutral visual stimuli show
differences when the task is performed during early

follicular menstrual cycle phase compared to late
follicular/mid-cycle; with greater activity found
during early follicular phase in amygdala, hypotha-
lamus, hippocampus, orbital frontal cortex, and
ACC, suggesting that estrogen may attenuate
in women through cortical-subcortical
control of hypothalamic—pituitary—adrenal circuitry
(Goldstein, J. M. ez al, 2005). There is also growing
evidence of gender differences in the anatomy of the
brain, its connectivity, and in cognitive abilities
(Hampson, E., 2002; Becker, J. B. er al, 2005).
Multiple studies have documented that threshold
and tolerance for pain is lower for women
(Wiesenfeld-Hallin, Z., 2005; Rolke, R. et al, 2006,
Wilson, J. F., 2006).

Gender differences in cortical activity for acute
pain has been observed in early studies (Paulson, P. E.
et al, 1998). The association of sex hormones with
pain perception and pain memory was studied by
Zubieta J. K. and colleagues (Zubieta, J. K. er al,
2002; Smith, Y. R. ez al, 2006). They scanned healthy
women during their early follicular phase when
estrogen levels are low and then repeated the scan
during that same phase in another month after they
had worn for a week an estrogen-releasing skin patch
which increased their estrogen to levels normally
seen in the menstrual cycle. These studies showed
that more p-opioid receptors were available in the
presence of high estrogen levels, and women
reported less pain in response to acute painful stmuli
than when their estrogen levels were low. Moreover,

arousal

estrogen-associated variations in the activity of
p-opioid neurotransmission correlated with indivi-
dual ratings of the sensory and affective perceptions
of pain and the subsequent recall of that experience.
These data demonstrate a significant role of estrogen
in modulating endogenous opioid neurotransmission
and associated psychophysical responses to an acute
pain stressor in humans. Approximately similar
results have been reported by another group (De
Leeuw, R. ez al., 2006).

5.45.6 Overview Regarding the Role
of the Cortex in Acute Pain Perception

The above sections describe the contribution of
modern imaging studies to our understanding of
the involvement of the cortex in pain perception.
Cortical activity is demonstrated to possess proper-
ties necessary for involvement in pain perception,
like somatotopic representation of painful stimuli,
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correlation with stumulus intensity, modulation
with attention, modulation with expectation and
other psychological variables, and distinct brain
regions showing differential activity for sensory
and affective dimensions of pain, as well as
attenuation of responses with analgesic drugs
(Apkarian, A. V. er al, 2005). Thus, human brain
imaging studies have asserted the role of the cortex
in acute pain.

However, because imaging studies identify brain
responses in a correlative manner, they may all reflect
secondary processes. Perception of pain automatically
directs attention to the source of pain, results in auto-
nomic responses, motor reflexes to escape from the
pain, and other emotional and cognitive responses that
undoubtedly are at least partially mediated through
cortical processes. Therefore, the role of the cortex in
pain perception in contrast to its activity as a conse-
quence of these secondary responses remains unclear
and needs to be properly addressed in future studies
(Apkarian, A. V., 2004).

In fact, unpublished data from Apkarian’s labora-
tory suggest that a large proportion of the brain
network activated with acute pain may be responses
that are commonly involved in general magnitude
estimation for any sensory modality, and as a result
are not specific for nociception (abstract Society for
Neuroscience 2006), suggesting that the majority of
cortical activity for acute pain are instead sensory,
cognitive, emotional, and attentional responses to
nociceptive inputs. Careful clinical and neuropsy-
chological examination of patients with small brain
lesions, combined with high-resolution structural and
neuropharmacological neuroimaging in the same
patients, will be needed to address the question
what brain structures are necessary for acute pain
perception. Anatomical tracing studies and single
unit recordings should address the question, to what
extent nociceptive specific neurons exist in these
brain structures. For most parts of the nociceptive
cortical network, as illustrated above, it is likely that
they participate only partly in pain perception, by
providing certain feature extraction functions, but
they also participate in other functions in different
contexts.

5.45.7 Clinical Applications

It should be emphasized that although the subjective
phenomenon of being in pain can be considered
an emergent phenomenon of cortical activity

(Treede, R. D., 2001), there is currently no measure
of brain activity that would objectively show whether
or not a person is in pain. Therefore, neither EEG/
MEG nor imaging with fMRI or PET can be used to
verify the presence of ongoing spontaneous pain.

EEG and MEG recordings of evoked potentials,
however, are sensitive enough to verify whether the
ascending nociceptive pathways are intact in a given
individual patient (Bromm, B. and Lorenz, J., 1998;
Treede, R. D. ez al, 2003; Cruccu, G. er al, 2004). A
prerequisite for this use of EEG and MEG technol-
ogy is a phasic adequate stimulus for nociceptor
activation. Radiant heat pulses of a few milliseconds
duration, as generated by infrared lasers, have been
validated for this purpose (Plaghki, L. and Mouraux,
A, 2003), and LEPs can thus be used to verify the
presence of negative sensory signs of nociception
(hypoalgesia).

Neither fMRI nor PET are sensitive enough to
allow clinical assessment of nociceptive pathways in
individual cases, since so far no activation paradigm
has been developed that would reliably induce a
particular cortical activation pattern in each and
every healthy subject. Thus, negative findings with
these techniques are inconclusive.

For the study of pathological nociceptive proces-
sing at the group level, however, fMRI and PET
techniques are extremely powerful. These techni-
ques have broadened our understanding of the
pathophysiology of conditions with decreased pain
perception such as afferent pathway lesions or bor-
derline personality disorder, and conditions with
increased pain perception such as neuropathic pain
or fibromyalgia (Gracely, R. H. e al, 2004
Maihofner, C. er al, 2005; Garcia-Larrea, L. er al,
2006; Schmahl, C. er al., 2006; Schweinhardt, P. er al,
2006). In addition, PET allows direct estimation of
pharmacological and biochemical processes in the
brain, such as alterations in dopamine or opioid
receptor availability (Hagelberg, N. er al, 2003a;
Willoch, F. et al., 2004).

5.45.8 Chronic Pain

5.45.8.1 Studying Brain Activity in Chronic
Pain with Nonspecific Painful Stimuli

Chronic pain might result from cortical processing of
chronic nociceptive spinothalamic input according to
the same mechanisms as in acute pain, or there might
be specific changes in cortical processing of nocicep-
tive input in patients with chronic pain. Such changes
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could then either be a causal factor for or a conse-
quence of the chronicity of the pain condition.

A recent meta-analysis in fact shows that across
some 100 studies one can establish statistically signifi-
cant differences in incidence of different brain areas
activated by experimental painful stimuli between
acute and chronic pain conditions: PRC shows a stron-
ger activation in chronic pain patients, whereas other
nociceptive cortical areas and the thalamus show a
weaker response (Table 2). A simple interpretation
of these findings would be that nociceptive signal
processing for experimental painful stimuli in chronic
pain patients involves a reduced sensory discrimina-
tve component and an increased affective-
motivational or cognitive-evaluational component.
That interpretation would also be consistent with the
stronger affective component of clinical pain as com-
pared to experimental pain (Chen, A. C. N. and
Treede, R. D., 1985). But there are further implica-
dons: Is the result a consequence of some trivial
confounds or does it signify changes in the physiology
of pain? One could construct a long list of confounds
that may underlie the observation, from attentional
shifts, to coping mechanisms, to effects of drug use,
and heightened anxiety and depression.

The standard approach for studying brain activity
for acute pain is to induce pain by a mechanical or
thermal stimulus and determine brain regions modu-
lated with the stimulus period and even with the
various intensities used. Therefore, it is natural to
carry the same technology to the clinical arena and
apply it to chronic pain patients. As an example, we
discuss one study which attempted to identify brain
activity in complex regional pain syndrome (CRPS)
patients using fMRI (Apkarian, A. V. ez al, 2001a;
2001b).

The design of the study was to examine brain
activity for thermal stimuli applied to the body part
where CRPS pain was present, and compare brain
responses to this stimulus between CRPS and healthy
subjects. Moreover, as the pain in CRPS patients with
sympathetically maintained pain (SMP) may be
modulated by a sympathetic block, it was reasoned
that one could decrease the patients’ ongoing pain
and then re-examine brain activity responses to the
same stimulus. The study was done in a small group
of patients and this by itself is an important weakness.
The main observation was that thermal stimuli in
CRPS evoked more prefrontal cortical activity than
usually seen in healthy subjects, and this was reversed
(became more similar in pattern to normal subjects’
brain activity to thermal stimuli) following sympa-
thetic blocks. The introduction of sympathetic blocks
necessitated the use of the same procedure in healthy
subjects as well, where its effects were minimal. The
study also observed that when a placebo block
resulted in decreased pain perception then the cor-
tical response pattern changed similarly to that of
effective blocks. These results show that brain activ-
ity may be distinct between CRPS and healthy
subjects for thermal stimuli.

5.45.8.2 Clinical Pain Conditions Studied
by Stimulation and the Role of the Cortex

A direct approach to studying clinical pain states is to
provoke it and examine brain actvity. This is doable
by drugs in headaches and in cardiac pain. As a result
there 1s growing literature in both fields. There is also
now good evidence that migraine with aura is accom-
panied with decreased blood flow and decreased
activity in the occipital cortex, and migraine with or

Frequency of brain areas active during pain in normal subjects as compared to patients with clinical pain

Table 2
conditions
ACC S

Pain in normal subjects in 68  47/54 (87%) 39/52 (75%)
studies

Clinical pain conditions in 30  13/29 (45%) 7/25 (28%)
studies

Comparison between painin P <0.001 P <0.001

normal subjects and in
clinical conditions

sl Ic Th PFC
38/51 (75%) 45/48 (94%) 28/35(80%) 23/42 (55%)
5/25 (20%)  15/26 (58%) 16/27 (59%) 21/26 (81%)
P <0.001 P <0.001 P=0.095 P=0.038

Incidence values are based on positron emission tomography, single photon emission-computed tomography, and functional magnetic
resonance imaging studies. For details see Apkarian et al., 2005. P values are based on Fisher’s exact statistics contrasting incidence for
each area. ACC, anterior cingulate cortex; IC, insular cortex; PFC, prefrontal cortex; Sl, primary somatosensory cortex; Sll, secondary

somatosensory cortex; Th, thalamus.
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without aura is associated with increased cortical
thickness in visual cortical regions involved in
motion detection (Granziera, C. er al., 2006).

5.45.8.2.1 Migraine

Migraine attacks are characterized by unilateral
severe headache often accompanied by nausea, pho-
nophobia and photophobia. Activation of the
trigeminovascular system is thought to be responsible
for the pain itself, and cortical spreading depression
(CSD) seems to underlie the aura symptoms. This
view has been greatly advanced and substantiated by
brain imaging studies. fMRI studies show CSD-typi-
cal cerebrovascular changes in the cortex of
migraineurs while experiencing a visual aura
(Hadjikhani, N. ez 4/, 2001). The subsequent decrease
in fMRI signal is temporally correlated with the
scotoma that follows the scintillations. These fMRI
signal changes develop first in the extrastriate cortex,
contralateral to the visual changes. It then slowly
migrated towards more anterior regions of the visual
cortex, representing peripheral visual fields, in agree-
ment with the progressive movement of the
scintillations and scotoma from the centre of vision
towards the periphery. A recent study that analyzed
visually triggered attacks showed hyperemia in the
occipital cortex, independently of whether the head-
ache was preceded by visual symptoms (Cao, Y. ez al,
1999). An alternative view considers migraine aura
and headache as parallel rather than sequential pro-
cesses, and proposes that the primary cause of
migraine headache is an episodic dysfunction in brain-
stem nuclei that are involved in the central control of
nociception (Goadsby, P. J. e al, 2002).

5.45.8.2.2 Cluster headache
The pathophysiology of cluster headache is thought
to involve multiple brain regions. Brain imaging stu-
dies imply that the associated excruciatingly severe
unilateral pain is likely mediated by activation of the
first (ophthalmic) division of the trigeminal nerve,
while the autonomic symptoms are due to activation
of the cranial parasympathetic out-flow from the
VIIth cranial nerve. The circadian rhythmicity of
cluster headache has led to the concept of a central
origin for its initiation (Strittmatter, M. ¢z 4., 1996).
Using PET in cluster headache patients, signifi-
cant activations ascribable to the acute cluster
headache were observed in the ipsilateral hypotha-
lamic gray matter and in multple cortical areas
including cingulate and PRC. When compared to

the headache-free state only hypothalamic actvity
was distinct (May, A. er al, 2000). This highly sig-
nificant activation was not seen in cluster headache
patients out of the bout when compared to the
patients experiencing an acute cluster headache
attack. In contrast to migraine, no brainstem activa-
tion was found during the acute attack compared to
the resting state. Newer MRS results further sub-
stantiate this idea by showing reduced metabolites
within the hypothalamus of cluster headache patients
in contrast to healthy or migraine headache controls
(Wang, S.J. eral,, 2006). These data suggest that while
primary headaches such as migraine and cluster
headache may share a common pain pathway, the
trigeminovascular innervation, and activate similar
cortical regions, the underlying pathogenesis may
be quite different.

5.45.8.2.3 Cardiac pain

Cardiac pain and its variants have been studied by
brain imaging using various drugs that bring about
these symptoms (Rosen, S. D. ez 4, 1996; 2002). In
patients with myocardial ischemia the perception of
angina is associated with activity in the hypothala-
mus, PAG, thalami, rostral ACC, and bilateral PRC.
In patients with silent myocardial ischemia it seems
that the silence is not due to impaired afferent signal-
ing, but rather it is associated with a failure of
transmission of signals from the thalamus to the
frontal cortex. In contrast, in patients with syndrome
X, a condition of chest pain with ischemiclike stress
electrocardiography but entirely normal coronary
angiogram, activity in the right anterior insula dis-
tinguished these patients from patients with known
coronary disease. These patients appear to have a
deficit in central pain habituation (Valeriani, M.
et al., 2005). Overall, these studies imply that differ-
ence between different cardiac pain conditions are
due to central processing, e.g,, syndrome X is inter-
preted as a cortical pain syndrome, a top-down
process, in contrast with the bottom-up generation
of a pain percept caused by myocardial ischemia in
coronary artery disease.

5.45.8.2.4 Irritable bowel syndrome

Irritable bowel syndrome (IBS) is a disorder of
abdominal pain or discomfort associated with bowel
dysfunction. Hypersensitivity to visceral, but not
somatic, stimuli has been demonstrated in IBS. A
number of groups have examined brain activity in
this condition mainly by monitoring responses to
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painful and nonpainful rectal distensions, as well as
responses to the anticipation of painful distensions.
Two studies are interesting since both show in nor-
mal subjects a significant positive correlation
between cingulate cortex activity and subjective rat-
ing of rectal distension pain, and in both studies this
relationship completely disappears in IBS patients
(Silverman, D. H. ez al., 1997; Mertz, H. et al., 2000).
IBS is more prevalent in women than in men. Brain
imaging studies have now shown gender differences
in brain activity in IBS (Berman, S. M. er 4/, 2000
Naliboff ez al,, 2001; Berman, S. M. ez al., 2002b; Nakai,
A. et al, 2003). There are large differences between
the studies, making their synthesis difficult (see
Ringel, Y., 2006).

More recent studies show a hint for sensitization
in IBS patients because subliminal and supraliminal
distensions of rectal distension seem to indicate small
differences between IBS and healthy controls in the
total cortical volume activated or in regional activity
as a function of distention volume (Andresen, V. ez al.,
2005; Lawal, A. er al., 2006). A study of IBS in contrast
to healthy subjects examined thermal and visceral
hyperalgesia and related brain activity (Verne, G. N.
et al, 2003). This seems the only study where besides
pain intensity and unpleasantness measures, the
authors also document fear and anxiety and show
that all are rated higher by IBS for both heat and rectal
distention, and not surprisingly these increased sensa-
tions and emotions give rise to larger cortical
activations in IBS. The latter 1s most likely a reflection
of a perceptual magnitude mismatch between the
groups and says little as to the IBS cortical activity
abnormalities. Such mismatches at least for fear and
anxiety most likely are common in the majority of
studies of IBS. One assumes that the simple introduc-
tion of a rectal balloon in IBS would result in increased
anxiety, which undoubtedly effects cortical activity to
visceral and somatic pain, yet its specific contribution
has remained unexplored.

In a more elegant study the authors use percep-
tion-related ratings during rectal distention to evoke
either urge to defecate or pain, and compared brain
activity related to the ratings between IBS patients
and healthy subjects. (Kwan, C. L. e 4/, 2005). The
approach is similar to the technique used in mapping
brain activity for spontaneous pain in chronic back
pain (CBP) and in postherpetic neuralgia (PHN;
Baliki, M. N. ¢ al, 2006, Geha, P. Y. er al, 2007).
The results show large differences between the two
groups contrasted, with far more extensive brain
activations in the healthy subjects. The results are

complicated by the fact that the authors do not take
into consideration the influence of spontaneous pain.
Still, this is perhaps one of the best-controlled IBS
studies, and indicates distinct cortical areas involved
in the urge and pain perceptions in each group.

There 1s now evidence that serotonin (5-HT) may
be involved in IBS. One study (Nakai, A. e 4/, 2003)
examined serotonin synthesis in the brain and indi-
cated greater brain regional serotonin synthesis
in female IBS. There is also evidence that alosetron,
a 5-HT; receptor antagonist, is clinically effective
in treating some subtypes of IBS. Berman S. M. ¢ 4.
(2002a) examined brain activity in a large population
of IBS, before and after a randomized, placebo-con-
trolled, 3-week wuse of alosetron. Treatment
improved IBS symptoms and regional cerebral
blood flow in brain regions rich with 5-HT'; receptor
and involved in emotional and aversive functions:
amygdala, ventral striatum, and dorsal pons, imply-
ing that the therapeutic effects are due to central
actions and not peripheral. Thus, generally the IBS
studies show that brain responses are different to
rectal sumuli in patients, and that these central
events may be critical to IBS.

5.45.8.3 Spontaneous Pain as a Confound
in Assessing Brain Activity

A person who has lived for years in the presence of
pain, must have developed some coping mechanisms
that aid in pursuing other everyday life interests in
spite of the presence of the pain. How does this
impact the brain? Can one consider the patient in
chronic pain as composed of a brain-signaling pain
together with a brain undertaking other tasks as in
healthy subjects? Or, does the presence of ongoing
pain interact and impact other processes as well?
Certainly our cognitive and anatomic studies suggest
that the latter is more likely. We have now direct
evidence of the modulation that ongoing pain
imposes on brain activity in general.

A recent study reported brain activity for sponta-
neous pain in PHN patients before and after topical
lidocaine treatment (Geha, P. Y. er al, 2007). The
PHN patients were imaged before, after 6-hours
and 2-weeks treatment with lidocaine. Behaviorally
and based on questionnaires most participants
showed a modest but significant decrease in their
ongoing pain. The patients were scanned while they
were either rating their ongoing pain or rating a
visual bar that varied in tme in a pattern that
mimicked their ratings of pain (Figure 8). Thus, the
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Figure 8 Intensity of ongoing pain changes brain activity and thus cognitive processing. Eleven postherpetic neuralgia
patients were studied by functional magnetic resonance imaging (fMRI) once before and twice after lidocaine application on
the painful skin. In all sessions, patients performed two different tasks: in the Pain task they continuously rated the fluctuations
of their spontaneous pain, and brain activity related to this was identified using methods. In the Visual task they rated
fluctuations of a bar varying in time, brain activity was determined with the same approach as for the pain task. The relationship
between brain activity and intensity of ongoing pain was determined by using a covariate analysis, where for each fMRI scan its
related pain intensity was used to determine the effect of this parameter on brain responses. Across-subject and across all
scans average variation of brain activity is displayed for both tasks in the left. Red are brain regions that are positively
correlated and blue regions that are negatively correlated with intensity of ongoing pain (normalized to z-values). The right
scatter-grams show this effect for two brain regions (right posterior parietal cortex, R PP, x =33 y = —45 z=50; and medial
prefrontal cortex, MPFC, x =9y =50z = —40, as respectively circled). Each dot represents a single patient’s activity at a single
time. Top scatter-gram is for Pain task; bottom for Visual task, red symbols and regression line are for MPFC; blue for R PP.
MPFC exhibited significant positive correlations with pain intensity for pain (r=0.49, P <0.05) and visual (r =58, P <0.01) task,
while R PP showed negative correlation for pain (r= —0.48, P <0.05) and visual (= —0.64, P < 0.01) task. Brain areas that show
increased correlation with ongoing pain are interpreted as a functional compensation for the decreased attentional resources.
Reproduced from Geha, P. Y., Baliki, M. N., Chialvo, D. R., Harden, R. N., Paice, J. A., and Apkarian, A. V. 2007. Brain activity
for spontaneous pain of postherpetic neuralgia and its modulation by lidocaine patch therapy. Pain 128, 88-100.

latter 1s a control task that captures motor and
cognitive parts of the task but, of course, it does
not reflect the pain. Brain acuvity for both tasks
was increasing from first to third session. This
observation is similar to earlier reports that decrease
in clinical pain in many cases results in increased
brain activity. In this case, however, the internal
control was also changing in a manner parallel to

the pain condition, hinting that the effects of
decreased pain was modulating more than just pain-
related circuitry.

To identify the role of spontaneous pain on
brain actvity in general, a correlation analysis was
done for both tasks with mean spontaneous pain.
Figure 8 shows the influence of pain intensity on
across-sessions averaged brain actvity for both tasks.
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The resultant map is generally similar for both tasks:
activity in medial and lateral prefrontal regions was
positively correlated, while posterior parietal atten-
tional areas were negatively correlated with mean
pain intensity. This result shows that brain activity
for both tasks is influenced by the level of spontaneous
pain, implying that pain intensity influences task per-
formance in general. This is in line with previous
studies showing that ongoing pain may interfere with
cognitive functions (Lorenz, J. ez al., 1997).

This result reinforces the need for correcting
brain activity by a control condition performed at
the same pain level that is the necessity of subtracting
the visual task from spontaneous pain rating task, at
each treatment session. For both tasks, the fact that
posterior parietal cortical activity was negatively
correlated with mean ongoing pain suggests that the
attentional abilities of patients are directly related to
the intensity of their pain, which would in turn
impact their abilities in performing anything that
would demand concentration.

Moreover, multiple prefrontal regions were posi-
tvely correlated to the mean pain, suggesting that
the patients’ brain regions underlying higher cogni-
tive functions become more active as the pain
intensity increases. The exact cognitive implications
for these brain activity patterns remain unclear. In
contrast, the finding indicates that the intensity of
spontaneous pain impacts brain activity for any task
that the subject attempts to perform, enhancing some
aspects and inhibiting others. Therefore, the
decreased brain activity reported for pain tasks in
many clinical pain conditions (Peyron, R. er al,
2000; Derbyshire, S. W., 2003; Apkarian, A. V. ez 4l
2005; Kupers, R. and Kehlet, H., 2006) is most likely a
reflection of the presence of the spontaneous pain,
and is not specific to the task being investigated.

The fact that pain intensity seems to modulate
brain activity in general has another powerful conse-
quence. [t suggests that simply studying brain activity,
in tasks unrelated to pain, one should be able to
identify the presence of pain and study its effects on
sensory/cognitive/motor/attentional processing, an
exciting prospect that remains to be pursued.

5.45.8.4 Functional Magnetic Resonance
Imaging of Spontaneous Pain

Spontaneous pain is highly prevalent in clinical pain
conditions, and is usually the primary drive for
patients seeking medical care. Thus, understanding
its related brain circuitry is both scientifically and

therapeutically imperative. Cortical responses to
standard mechanical or thermal stimulation are of
limited value for understanding these clinical pain
conditions. Spontaneous pain fluctuates unpredicta-
bly in the time scale of seconds to minutes, and these
fluctuations have characteristic properties that differ-
entiate between different chronic pain conditions
such as PHN and CBP (Foss, J. M. ¢r al., 2006). This
variability (specific fractal dimension) can also be
observed in fMRI signals when such patients rate
their spontaneous pain. Therefore, this technique
was applied to study brain activity in CBP (Baliki,
M. N. ez al., 2006) and PHN patients (Geha, P. Y. ez al.,
2007) in relation to their subjective report of fluctua-
tions of spontaneous pain.

The combination of relating brain activity to spon-
taneous pain and correcting for confounds by
subtracting brain activity for visual bar lengths, pro-
vides a robust approach with which clinical pain may
be studied directly. Note that in this case the brain
activity is related to exactly the event that the patient
complains about. With this approach, in CBP patients
(Baliki, M. N. ez al., 2006) it was shown that the brain
regions activated when the pain was increasing corre-
spond to brain regions seen for acute pain in normal
subjects. In contrast, for time periods when the pain
was high and sustained, the brain activity was mainly
limited to medial PRC, a region usually not activated
for acute pain. The resultant brain activity was
strongly correlated to the patients’ reported pain
intensity at the time of the scan, specifically with
medial prefrontal activity. Also, the duration or
chronicity of the pain was captured in the insular
activity, a region activated only during increases in
spontaneous pain. Thus, two fundamental properties
of CBP its intensity and duration were directly
reflected in the brain activity identified in these
patients. By applying a thermal painful stimulus in
the same patients (as well as in healthy subjects) the
same study showed that brain regions reflecting the
stimulus intensity were not related to that reflecting
the intensity of spontaneous pain. In turn, the brain
region that reflected spontaneous pain intensity was
only activated for the latter and did not reflect thermal
painful stmulus intensity. Therefore, at least in the
patient group studied spontaneous pain involved a
different brain activity pattern than acute pain.

5.45.8.5 Neuropathic Pain

Patients with neuropathic pain show decreased
responses in the thalamus to experimental painful
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stimuli (Peyron, R. eral, 2000). A MRS study showed
a decrease in the level of N-acetyl-aspartate, a neu-
ronal marker, in the thalami of patients with chronic
neuropathic pain after spinal cord injury (SCI), when
compared to patients with SCI but without pain
(Pattany, P. M. er al, 2002). Thus, neurochemical
brain imaging provides evidence for the occurrence
of long-term changes in the brain chemistry and
morphology of chronic neuropathic pain patients.
Thalamic acuvity in neuropathic patients was also
reported to increase after pain relief (Hsieh, J. C. ez al,
1995), and to be significantly negatively correlated
with the duration of the condition in CRPS patients
(Fukumoto, M. er al, 1999). Thus, the reduced
activation of the thalamus may also be an altered
functional state rather than an irreversible degenera-
ton. Neuropathic pain patients in addition show a
reduced availability of opioid receptor binding sites
(Maarrawi, J. er al, 2007). This reduction was sym-
metric in peripheral neuropathic pain, suggesting a
possible release of endogenous opioids, but latera-
lized to the hemisphere contralateral to the pain in
central pain patients, consistent with a loss of recep-
tors (Jones, A. K. P. ez al., 2004, Willoch, F. ez al., 2004).

Brain activity differences between healthy sub-
jects and patients in activation paradigms are
difficult to interpret since they do not distinguish
between brain activity specifically related to the clin-
ical condition and abnormalities in sensory
processing secondarily associated with the clinical
state. Particularly in neuropathic pain, the accompa-
nying sensory deficit may be reflected in the imaging
results and not the pain. Reduced relevance of the
acute stimulus to subjects who are already in pain
may also account for much of the decreased regional
brain activity in neuropathic pain. T'o overcome such
nonspecific brain activity differences one needs to
compare brain activity for stimuli where perceptual
evaluation has been equated between patients and
normal healthy subjects.

Three studies (Hsieh, J. C. er al, 1995; 1999a;
Apkarian, A. V. er al, 2001b) have looked at the
regions of the brain modulated by relief of chronic
neuropathic pain: CRPS, peripheral neuropathy, and
trigeminal neuropathy. T'wo of these studies show
that the PRC actvity is decreased, and all three
studies report decreased rostral ACC activity, after
successful pain relief. It is to be noted that in addition
to those regions some areas were also less activated
with pain relief such as the insula (Hsieh, J. C. er al,
1995) and the anterior limbic thalamus (Hsieh, J. C.
et al, 1999a), whereas others were more activated

after pain relief like the medial PRC (Hsieh, J. C.
et al, 1999a). This heterogeneity is not surprising
because pattern of brain activity may be specific to
each neuropathic pain condition.

5.45.8.6 Low Back Pain and Fibromyalgia

As mentioned above, brain activity of healthy sub-
jects and patients with increased pain sensitivity
should be compared in such a way that perceived
intensity has been matched across the two groups. A
recent study used such a design and showed gener-
ally heightened brain activity for painful sumuli of
equivalent perceptual intensity both in fibromyalgia
and CBP patients as compared to healthy subjects
(Gracely, R. H. er al., 2002; Giesecke, T. er al., 2004).
Morphometric and neurochemical brain imaging
studies provide evidence for the occurrence of
long-term changes in the brain chemistry and
morphology of chronic pain patients. The level of
N-acetyl-aspartate, a neuronal marker, was decreased
in the medial and lateral PRC of CBP patients com-
pared to an age- and gender-matched control group
(Grachev, 1. D. er al, 2000). A morphometric study in
chronic pain showed also a decrease in gray matter
density in the dorsolateral PRC and the thalamus of
CBP patients when compared to matched controls
(Apkarian, A. V. eral, 2004). Furthermore, these long-
term chemical and morphological changes are signif-
icantly correlated with different characteristics of
pain such as pain duration (Apkarian, A. V. ez al,
2004), pain intensity (Pattany, P. M. er 4l, 2002,
Grachev, . D. er al, 2002; Apkarian, A. V. er al,
2004), and sensory-affective components (Grachev,
L. D. et al., 2002). The morphometric and neurochem-
ical studies imply an active role of the central
nervous system in chronic pain, suggesting that
supraspinal reorganization may be critical for chronic
pain.

5.45.8.7 Overview Regarding the Role of
the Cortex in Chronic Pain Perception

In spite of a plethora of data there remains a host of
uncertainties about their significance. Overall, the
clinical brain imaging studies indicate reduced infor-
mation transmission through the thalamus to the
cortex, and increased acuvity in PFC, mostly in
medial PFC coupled with atrophy in dorsolateral
PFC. The number of studies remain very small and
hence our confidence as to the reproducibility of
these changes remain minimal. Still, the observations
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regarding cortical and thalamic activity changes in
chronic pain are in general consistent with the notion
that chronic pain conditions preferentially engage
brain areas involved in cognition/emotion and
decreases activity in regions involved in sensory
evaluation of nociceptive inputs.

Evidence has been presented that brain activity,
chemistry, and morphology may be reorganized in
chronic pain conditions. Does this evidence imply
that there is supraspinal reorganization, above and
beyond what is established in the periphery and
spinal cord? That is, even if we establish a brain
pattern of activity for some chronic pain condition,
does this reflect some unique contribution of the
brain to this state or is it simply a reflection of
lower level reorganization? The answer is not
straightforward. However, only by answering such
questions will brain imaging be able to provide new
information to the myriad mechanisms described for
peripheral and spinal cord reorganization in chronic
pain.

5.45.9 Conclusions and Outlook

The study of nociceptive processing in the cerebral
cortex has come a long way. In contrast to earlier
assumptions, the classical somatosensory cortex areas
are not the only ones activated by painful stmuli. In
addition, limbic areas such as the anterior and mid-
cingulate cortex and the insula have also been recog-
nized as part of the nociceptive network, and more
recently also cognitive areas in the PRC. Limbic
areas are usually considered to mediate emotional
processes, but they are also involved in autonomic
and motor functions. In this way, progress in under-
standing the cortical nociceptive network mirrors
that in understanding the subcortical networks,
which also include many connections to autonomic
and motor nuclei as well as hypothalamus, cerebel-
lum, and basal ganglia. Images of brain activation by
painful stimuli leave the impression that at least half
of the brain participates in processing nociceptive
information. At other times, many of the same areas
participate in visual, motor, emotional, cognitive, or
other signal processing. In that sense, our current
understanding of the nociceptive network in the
brain is consistent with our current understanding
of how the brain uses distributed processing for its
many functions. It is not clear, however, to what
extent any part of the cerebral cortex is specific for
nociception. The best candidate region for such a

function lies in the parasylvian cortex, in the vicinity
of SII and the dorsal insula. In chronic pain, nocicep-
tive processing in the cerebral cortex is partly
preserved and partly altered, in particular with
respect to PRC functions. This reorganization may
be a neuroplastic response to the chronicity of pain, it
may reflect activation of antinociceptive processes, or
it may even represent a predisposing factor for the
development of chronic pain. The methods available
for the study of nociceptive processing in the brain
allow to address many of these open questions in the
near future, and this part of pain research 1s bound to
remain a very productive one.
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