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CHAPTER 19 the role of cingulate cortex in central neuropathic pain420

Central neuropathic pain (CNP) may result from dam-
age anywhere in the central nervous system. The focus 
of this discussion is on CNP rather than peripheral 
neuropathic pain because at present, although there 
are likely to be important central mechanisms that 
contribute to peripheral neuropathic pain, the explana-
tory mechanisms emphasize peripheral and/or spinal 
cord mechanisms rather than cortical mechanisms. 
However, in terms of symptoms and clinical signs there 
are many similarities between the two types of pain 
and therefore, where relevant, information about 
peripheral neuropathic pain will be used. It is not the 
intention to provide an exhaustive review of the 
clinical presentation and epidemiology of CNP which 
has been done elsewhere (Hansson, 2004, 2005). 
However, there are certain key clinical features that 
distinguish CNP from other types of pain, although 
these are quite variable.

Neuropathic pain in general is characterized by its 
unpleasantness and is often described as being unlike 
any pain previously experienced (Jones et al., 2004). 
Because of the unfamiliar nature of the sensation, 
patients will often have diffi culty describing it. When 
given time, a sensation that is initially described as a 
pain may be further described as just a very unpleasant 
burning, numbness or cold sensation that is not really 
painful. It is likely that a number of published fi ndings 
will include such very aversive or dysaesthetic but non-
painful sensations, as patients will often call them pain 
for lack of a better word. CNP may occur after any kind 
of damage to the central nervous system such as stroke, 
demyelinating disease such as multiple sclerosis and 
syringomyelia (Hansson, 2005). Most commonly CNP is 
described as a burning pain or deep ache or occasional-
ly unpleasant cold. However, it may quite often be 
described in quite bizarre terms such as ‘like someone 
clawing the fl esh from inside’ or ‘like a red-hot poker 
being inserted into the muscles’. These kinds of descrip-
tions are very uncommon with other types of pain. 
Such descriptions of pain by patients in the fi rst half of 
the last century were considered to be a sign of hysteria 
or psychosis.

In contrast to peripheral neuropathic pain, which is 
usually quite well localized to an area of neurological 
defi cit, CNP is often imprecisely localized to a whole limb 
or the whole of one side of the body. A further feature is 
that it is frequently associated with unpleasant autonomic 
symptoms such a fl ushing and sweating. Changes in body 
temperature may also worsen the CNP.

CNP is usually present most of the time with varying 
severity. It is also frequently provoked by sensory 
stimulation such as light brush, touch, pressure, or cool 
that would not normally be painful. Motor activity may 
occasionally be the main provocation of further pain. 
The phenomenon of allodynia was previously considered 

as diagnostic of neuropathic pain of any sort. However, 
chronic widespread pain (CWP or fi bromyalgia) and 
chronic regional pain syndromes (CRP) are defi ned by 
allodynia to light pressure. CWP and CRP are not usu-
ally associated with allodynia to light touch or brush, 
but can be rarely in their more severe form. CWP/CRP 
also do not usually present with any neurological defi -
cit or central lesion associated with this. However, the 
persistence, the level of unpleasantness and some of 
the descriptors of the pain and disability associated 
with CWP/CRP and CNP bear some striking similarities. 
The incidence of classical CNP as defi ned by pain and 
allodynia in the territory of the neurological defi cit 
after stroke is between 5% and 8% (Andersen et al., 1995) 
and can occur at any time after a stroke. However, other 
types of pain such as post-stroke shoulder pain may 
be as high as 50% and usually occurs within 
6 months of the stroke. The latter probably contains a 
spectrum of pain from nociceptive pain resulting from 
mechanical damage to more centrally driven pain, that 
is related to the extent of neurological damage and 
depression (Gamble et al., 1999, 2000, 2002). Its presence 
can seriously impair rehabilitation. The incidence 
of CNP in syringomyelia is over 70% (Boivie, 1999) and 
35% in multiple sclerosis.

So far it has not been possible to attribute CNP to a 
lesion or set of lesions in the brain or spinal cord. 
However, lesions that involve the spinothalamic tract, 
its projections and the constituents of the human pain 
matrix are more common (Jones et al., 2004). Within 
the context of post-stroke pain, the loss of inhibition of 
reverberating circuits involving the medial, lateral, and 
reticular thalamic nuclei is one possible mechanism 
(Jeanmonod et al., 1996; Llinas et al., 1999). However, 
many patients with lesions in similar places never 
develop CNP. Some clues about potential common 
pharmacological mechanisms come from evidence 
from pharmacological interventions. Whereas CNP was 
originally thought to be resistant to the analgesic effects 
of opiates (Arner & Meyerson, 1988; Rowbotham et al., 
2003) we now know that it is opiate responsive but 
generally at higher doses (Jones et al., 2004). The clinical 
impression is that a similar response may apply to CWP 
as applies to CNP with poor response in those 
that are severely psychologically distressed, but large 
systematic trials in this conditions have not so far been 
conducted. Interestingly, both neuropathic pain (includ-
ing CNP) and CWP are responsive to tri-cyclic antide-
pressants (Nicholson, 2004).

Goals of This Chapter
With this background, we examine functional imaging 
and electrophysiological studies that have been per-
formed in patients with neuropathic pain, including 
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CNP, and formulate a plausible common mechanism 
for allodynia. We hypothesize that such a mechanism 
is damage to the circuitry regulating the endogenous 
opioid system within the perigenual anterior cingulate 
cortex (pACC) and anterior midcingulate cortex (aMCC). 
We then extend this hypothesis to patients with chron-
ic widespread and regional pains and suggest a similar 
failure due to stress- and depression-related malfunc-
tion rather than damage (Chapter 23). However, we will 
emphasize that the pACC and aMCC are part of the 
limbic circuitry that regulates mood, autonomic func-
tion and that are also concerned with the affective 
processing of pain. We will suggest that the failure of 
or damage to the opioid circuitry within pACC/aMCC 
may be responsible for both altered nociception and an 
inability to maintain or attend to other cognitive tasks. 
The conclusions of this chapter will converge very sub-
stantially with those of Garcia-Larrea et al. (Chapter 20) 
and Vogt et al. (Chapter 14). This chapter seeks to accom-
plish the following specifi c goals:

1 Discuss the main issues surrounding the interpreta-
tion of functional imaging studies of pain.

2 Summarize the contribution of functional imaging to 
the understanding of the role of the cingulate cortex 
in pain perception, with particular reference to nor-
mal pain-free subjects, experimental allodynia and 
patients with different types of neuropathic pain.

3 Describe the potential contribution of the endog-
enous opioid system to the modulation of the affec-
tive components of pain perception.

4 Provide a unifying theory that may explain the 
presence of allodynia in both neuropathic pain and 
chronic regional and widespread pain syndromes.

Functional Imaging of the Medial 
and Lateral Nociceptive Systems 
in Humans
A very detailed account of the role of the cingulate cor-
tex and its nociceptive connections is to be found in 
Chapter 14. This section will briefl y review components 
of the medial and lateral systems and how the pACC 
may contribute to the experience of pain within this 
system. Until recently, it has been unclear to what 
extent cortical areas subserve the experience of pain. 
This uncertainty has been partly due to the sparse 
direct termination of anterolateral spinothalamic tract 
fi bers to the thalamus found in human postmortem 
studies (Bowsher, 1957) and the even more sparse noci-
ceptive projections to the primary somatosensory (S1) 
cortex (Apkarian & Hodge, 1989).

Uncertainty about the role of the cortex in pain 
experience also dates back to early systematic cerebral 

stimulation studies in 16 patients (Head & Holmes, 
1911) which reported the diffi culties in eliciting pain 
when stimulating S1. This fi nding had further support 
from careful studies of patients with cortical and sub-
cortical lesions by the same authors. By contrast, more 
recently, other authors have documented reduced pain 
sensation following cortical lesions (Marshall, 1951; 
Ploner et al., 1999), but these reports are relatively 
sparse, and analgesia is often not a major feature (for a 
review see Kenshalo & Willis, 1991).

Many years ago, single-unit recordings in the 
monkey established that nociceptive pathways in the 
somatosensory system project to areas 3b and 1 of 
the primary somatosensory cortex (Kenshalo & Willis, 
1991), as well as to the secondary somatosensory cortex 
(S2) and the neighboring posterior parietal cortex (Dong 
et al., 1989). However, nociceptive units are relatively 
sparse, particularly in S1, which may explain some of 
the variability of functional imaging studies in this 
area. This fi nding may also explain why it has taken 
so long for the role of the cerebral cortex in pain 
experience to be accepted.

It has been widely accepted that pain is a multi-
dimensional experience that has sensory-discriminative, 
affective, motivational, and evaluative components 
(Melzack & Casey, 1968). It has been suggested that these 
different components are likely to be processed within a 
‘neuromatrix,’ rather than in one center (Melzack, 1990). 
Functional imaging experiments have identifi ed such a 
matrix. A number of cortical structures such as S1 and 
S2, the anterior insula, and cingulate and dorsolateral 
prefrontal cortices (DLPFC) are reproducibly involved in 
nociceptive processing (Derbyshire, 2000; Peyron et al., 
2000), as are subcortical structures including the amy-
gdala (Derbyshire et al., 1997) and the thalamus and 
hypothalamus (Hsieh et al., 1996; Kulkarni et al., 2005; 
Derbyshire, 1999). The anatomical connections, with 
their nociceptive inputs to these areas, have been exten-
sively reviewed elsewhere, as has the collective evidence 
for their involvement in human pain perception (Jones 
et al., 2003; Jones, 1999; Vogt et al., 1993; Apkarian, 1995; 
Kakigi et al., 2005; Rainville, 2002; Petrovic & Ingvar, 
2002; Peyron et al., 2000; Jones & Derbyshire, 1996; 
Treede et al., 1999; Chapter 14). However, the concept of 
a matrix with parallel processing within its components 
is perhaps fundamental to understanding some of 
the human observations that have been discussed so far. 
If pain results from integrating processing within 
such a matrix, then it should not be surprising that 
ablation of one component of that matrix may not have 
immediately obvious effects, if other components of 
the matrix are able to compensate in some way. A clue 
to this possibility comes from the predominantly bilat-
eral nociceptive inputs to most cortical components of 
the matrix on both anatomical and functional grounds 
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(Schlereth et al., 2003; Youell et al., 2004). This parallel 
processing probably provides for considerable redun-
dancy within this system, which is so essential for 
species survival. For instance, so far there is no evidence 
that magnetic stimulation of S1 signifi cantly reduces 
pain intensity or the ability to localize pain (Kakigi 
et al., 2005).

A division of function between the lateral and medial 
components of the human pain system was originally 
proposed several decades ago by Bowsher (1957) and 
was iterated more formally by Albe-Fessard et al. (1985) 
based on quite small numbers of human postmortem 
and neurosurgical observations. The lateral pain system 
comprises the lateral thalamic nuclei and the somato-
sensory cortices. It is fast and somatotopic and may 
subserve the sensory-discriminative aspects of pain, 
which include localization, intensity, and duration. The 
insular cortex also has some somatotopic nociceptive 
inputs and may be involved in integrating them with 
inputs from other sensory modalities (Ostrowsky et al., 
2002). The insular cortex may subserve both medial 
and lateral pain systems in that, in addition to its soma-
totopic nociceptive inputs from the ventromedial pos-
terior (VmPO) nucleus of the thalamus (Craig, 2003), it 
also has input from medial thalamic nuclei and recipro-
cal connections with the amygdala. This may also 
explain why activation responses to noxious stimuli of 
the insula are bilateral in many functional imaging 
experiments (Youell et al., 2004). There is also evidence 
that the insula is involved in affective responses to pain 
(Kulkarni et al., 2005). The medial pain system is slow 
(polysynaptic) and non-somatotopic, and is thought to 
process the affective components of pain (Treede et al., 
1999). It includes the midline and intralaminar thalam-
ic nuclei, anterior cingulate and midcingulate cortices, 
and DLPFC and possibly structures concerned with the 
processing of fear, such as the amygdala.

Further evidence for this functional division in the 
human brain was based on clinical observations of the 
effects of selective midcingulate lesions in alleviating 
the affective components of pain (Foltz & White, 1962) 
and effects of lesions in the region of S1 on the sensory-
discriminative components of pain (Ploner et al., 1999, 
2000). Deafferentation of the midcingulate cortex (MCC) 
in patients with chronic intractable pain produces 
a state where patients still experience pain but it no 
longer bothers them (Foltz & White, 1962; Chapter 18). 
These effects are quite similar to the clinical observa-
tions of the effects of synthetic opiates, which are rarely 
pain-ablative but substantially reduce the unpleasant-
ness of acute and chronic pain.

Functional imaging techniques have enabled 
researchers to investigate this division of function 
further. Several studies have attempted to address this 
issue by attentional manipulations, hypnosis, and use 

of the variable stimulus-response functions (Rainville 
et al., 1997; Bushnell et al., 1999; Peyron et al., 1999; 
Tolle et al., 1999; Bantick et al., 2002). These studies have 
used intensity of pain to access the sensory-
discriminative components of pain and unpleasantness 
to access the affective components of pain. They have 
mainly identifi ed the MCC as subserving the affective 
processing of painful stimuli. However, it has been 
demonstrated that intensity is probably encoded 
throughout the pain matrix (Derbyshire et al., 1997; 
Coghill et al., 1999), although in some studies discrete 
intensity-coding areas have been identifi ed within, for 
instance, the MCC (Büchel et al., 2002; Hofbauer et al., 
2001).

Substantial psychophysical data suggest a positive 
correlation between unpleasantness and intensity of 
pain (Rainville et al., 1999; Chapter 17). It is diffi cult to 
dissociate unpleasantness and intensity without resort-
ing to techniques such as hypnosis. Intensity may not 
therefore be the best component to disclose a division 
of function between the sensory-discriminative and 
affective components of pain. Hypnosis itself introduces 
issues related to monitoring of confl ict between the 
instruction under hypnosis and what the subject may 
be really feeling, which is an activity also localized 
within the MCC. An alternative approach is to use the 
localization of a pain stimulus as a measure of discrimi-
natory function instead of pain intensity.

We used this approach using a CO2 laser to stimulate 
four quadrants on the back of the arm at painful 
and non-painful levels with a simple difference in 
instruction to attend either to the unpleasantness of 
the stimulus or to its localization. Factorial analysis to 
investigate the interaction between pain and different 
attentional contexts was performed on 17 healthy 
right-handed men and statistical maps were created 
using SPM99b. Subjects were asked to selectively attend 
to unpleasantness and location of experimental radiant 
heat pain stimuli delivered to the left forearm, using a 
CO2 laser, during separate scans. Attention to unpleas-
antness was associated with an increased cerebral blood 
fl ow in bilateral orbitofrontal (OFC) and pACC, contral-
ateral (right) amygdala, ipsilateral (left) hypothalamus, 
posterior insula, and frontal pole. Attention to localiza-
tion was associated with an increased cerebral blood 
fl ow in contralateral (right) S1 and inferior parietal 
cortex (IPC). Using this technique, we very clearly iden-
tifi ed the pACC extending into the aMCC described by 
Vogt et al. (2003), OFC, insula, and amygdala, in addition 
to the hypothalamus, that respond to the affective 
components of pain more than its localization; attend-
ing to the localization of the painful stimulus produced 
greater activations of S1 and IPC (Kulkarni et al., 2005; 
Figs 19.1 and 19.2). Collectively, these data suggest that 
the main division of function between the medial and 
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Fig. 19.1 PET images of correlates of altered blood fl ow when attending to unpleasantness or localization of an experimental heat stimulus. 
Attention to unpleasantness was associated with an increased blood fl ow in bilateral orbitofrontal cortex (OFC) and pACC, contralateral 
(right) amygdala, ipsilateral (left) hypothalamus, posterior insula, and frontal pole. Attention to localization was associated with an increased 
blood fl ow in contralateral (right) SI and inferior parietal cortex (IPC). Talairach coordinates for the axial sections are in mm on z-axis and the 
sagittal sections are at x = -4 mm. The correlates are statistical maps thresholded at corrected p < 0.05 following small volume correction.

Fig. 19.2 Correlation analysis between perceived unpleasantness ratings and cerebral blood fl ow during painful and non-painful stimuli. A: 
Positive correlation between blood fl ow during painful stimulation and subjective ratings of unpleasantness. The correlation was maximal in 
pACC and right PAG (contralateral to the side of stimulation). B: Positive correlation between blood fl ow during non-painful stimulation and 
subjective ratings of unpleasantness was maximal in bilateral MCC. Each PET scan had either painful or non-painful stimuli and subjects rated 
each stimulus during the scan. Talairach coordinates of slices are z = -16 mm for axial sections and x = ± 4 mm for sagittal sections. The 
correlates are represented as in Figure 19.1.

 functional imaging of the medial and lateral nociceptive systems in humans
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lateral pain systems is likely to be that of affective and 
sensory-discriminatory processing, respectively, with 
intensity probably being processed throughout the 
matrix.

Role of pACC, Orbitofrontal and 
Insular Cortices, Amygdala, and 
Hypothalamus in Pain Affect
To explain the symptoms of CNP, we need to explain 
the persistence of severely distressing pain, autonomic 
dysfunction and mood disturbance that is not amena-
ble to normal distraction. This may be done with a 
matrix of structures involved in focused attention.

Pregenual anterior cingulate cortex
Indirect evidence for the involvement of the ACC in 
processing the affective components of pain comes 
from both clinical observations (Foltz & White, 1962) 
and PET studies (Derbyshire et al., 1994; Tolle et al., 
1999). The pACC in particular appears to be concerned 
with affective responses (George et al., 1996) including 
vocalization, autonomic control, and fear (Bancaud & 
Talairach, 1992; Bush et al., 2000). The pACC is activated 
in studies where pain is strongly aversive, such as those 
using tonic cold pain (Kwan et al., 2000) or capsaicin-
treated skin (Andersson et al., 1997; Lorenz et al., 2002). 
This may explain why the pACC is less commonly acti-
vated in studies using experimental pain, except when 
the pain stimulus is very unpleasant (allodynia, clinical 
pain) or attention is directed to the unpleasantness of 
pain (Kulkarni et al., 2005). The activation of the anteri-
or MCC in this study is consistent with this area being 
more concerned with fear as discussed in Chapter 14 
(Vogt et al., 2003) and the greater activation of the amy-
gdala (Vogt et al., 2003).

The observation that the cingulate cortex is the most 
commonly activated structure in functional imaging 
studies of pain (Derbyshire, 1999) suggests that it has a 
pivotal role in nociceptive processing. There is substan-
tial variability of the location of anterior and mid-
cingulate responses to nociceptive stimuli (Vogt et al., 
1996; Derbyshire, 2000). These locations extend from the 
pACC (Lorenz et al., 2002; Vogt et al., 1996), also observed 
in the our study, to the more posterior areas of the MCC 
(Bentley et al., 2003; Vogt et al., 1996). This fi nding raises 
the issue of both pain-specifi c and more generalized divi-
sions of cognitive function within cingulate cortex.

The MCC is also an important component of the 
anterior attentional system (Bush et al., 2000; Posner & 
Petersen, 1990) although nociceptive responses appear 
to locate to discrete areas that are distinct from 
those concerned with these more general attentional 
functions (Davis et al., 1997; Derbyshire et al., 1998). 

Understanding the dynamic interactions between these 
areas of ACC will provide a better understanding of 
their relative contribution to the human pain experi-
ence. In this context, it is interesting that source 
localization of anticipation of pain-related potentials 
identifi es MCC as one of the main locations for the 
time-locked processing of the anticipation of pain prior 
to an experimental pain stimulus (Brown et al., 2005). 
This fi ts well with the division of MCC function as pro-
posed in Chapter 14.

Our results (Kulkarni et al., 2005) also demonstrated 
that cingulate responses are exquisitely sensitive to 
attentional instruction, as has been previously suggested 
(Peyron et al., 1999) and illustrate the importance of such 
cortically driven ‘top–down’ effects (Frith, 2001). This is 
consistent with observations of other ‘top–down’ effects 
on the pain matrix during anticipation (Porro et al., 2002) 
and distraction (Bantick et al., 2002). It also fi ts in with 
the large-scale neurocognitive network model 
(Mesulam, 1990; Morecraft et al., 1993), which proposed 
that cingulate cortex is the main contributor to a moti-
vational map that interacts with a perceptual map pro-
vided by posterior parietal cortex. These results also 
support the potential use of psychological approaches 
in pain therapy.

Orbitofrontal cortex, amygdala, insula, 
MI, and hypothalamus
During ‘attention to unpleasantness’, the activation of 
the OFC, amygdala, and hypothalamus in our study 
(Kulkarni et al., 2005) is interesting in the context of the 
role of these structures in emotional processing, 
reward, aversive conditioning, autonomic regulation, 
and fear (Rolls, 1999). Medial thalamic nuclei, basola-
teral amygdala and the ACC participate in a circuit 
involved in avoidance learning (Maren et al., 1991; Rolls, 
1999). The OFC is known to have anatomical connec-
tions with areas of the limbic system and hence may 
have a role in modulating affective processes and auto-
nomic regulation. These areas have reciprocal anatomi-
cal connections with each other (Aggleton et al., 1980; 
Carmichael & Price, 1995). Activation of the OFC has 
been consistently observed in functional imaging stud-
ies of clinical (Hsieh et al., 1996, 1995; Rosen et al., 1994) 
and experimental pain (Bantick et al., 2002; Lorenz 
et al., 2002; Petrovic et al., 2002; Tolle et al., 1999). 
A recent functional magnetic resonance imaging (fMRI) 
study compared activations produced by pleasant 
touch, painful touch, and neutral touch (Rolls et al., 
2003). The regions of the OFC were activated more by 
pleasant touch and pin prick compared with neutral 
touch. Interestingly, the same area is known to be 
involved in depression (Drevets, 2000a,b), which is 
one of the main risk factors for developing certain 
types of chronic pain such as Fibromyalgia or Chronic 
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TABLE 19.1   Perigenual Cingulate Responses in Functional Imaging Studies

Study Methods G Gender Stimulation Responses in pACC

Tonic heat pain

Svensson et al. (71) PET 4F + 6M 45°C to 49°C C↑ (with tonic heat)

Craig et al. (72) PET 3F + 8M 47°C (thermal grill) C ↑ with thermal grill (illusion of pain)

Ploghaus et al. (73) fMRI 8M Thermal resistor B↑(pa in modulated by anxiety)

Casey et al. (74) PET 4F + 10M 40°C to 50°C C↑ (early phase)

Ploghaus et al. (75) fMRI 5F +7 M Thermode C↑ (with anticipation)

Petrovic et al. (76) PET 48°C B↑ (R > L)

Bantick et al. (48) FMRI 2F + 6M Thermal resistor 50–53°C B↑ (+ interaction when pain & stroop 
occurred together)

Simpson et al. (77) PET 4F + 12M Electric stimulator (1–10 volts) ↓ with anxiety

Rèmy et al. (78) fMRI 6F + 6M Thermode I↓ (Negative modulation of pain on 
cognition)

Wager et al. (79) fMRI2 
studies

Unknown Electric shock + Thermode I↓ with placebo during electric shock

Valet et al. (80) fMRI 1F +6M Thermode C↑ during distraction from pain

Mohr et al. (81) fMRI 16 M Thermode I↑ with self adm. of pain
I↓ with ext adm of pain

Phasic heat pain

Bornhovd et al. (82) fMRI 3F + 6M Tm:YAG laser 300–600 mJ I↑

Derbyshire et al. (83) PET 10F+11M CO2 laser I↑ (in females > males)

Raij et al. (84) fMRI 11F +3 M Tm:YAG laser B↑ during suggestion-induced pain

Kulkarni et al. (27) PET 17 M C CO2 laser B↑ during selective attention to pain affect

Tonic cold pain

Petrovic et al. (85) PET 7 M C Cold pressor 0–0.5 °C B↑

Kwan et al. (58) fMRI 6F+ 7M 4 7.5°C B ↑ (area 32)

Frankenstein et al. (86) FMRI 6F + 6M Cold compress 2–6°C/verbal attention as 
distractor

B↑ (pain modulated by distraction)

Miscellaneous

Andersson et al. (59) PET 6M C Capsaicin (i.c) C↑

Lorenz et al. (60) PET 14M Capsaicin (top) B↑

L Garcia-Larrea et al. (87) PET 5F + M Motor cortex stimulation C↑ (contralateral to MCS)

Hsieh et al. (88) PET 2F + 5M N Nitoglycerin-induced cluster headache B↑ (R > L)

Jones et al. (89) PET 6M T trigeminal neuralgia R↑ (↑ binding of 11 C diprenorphine)

Davis et al. (90) PET - Deep brain stimulation of 
sensory thalamus

B ↑

Porro et al. (91) fMRI - sc ascorbic acid Negative correlation with pain intensity

Porro et al. (68) fMRI - sc ascorbic acid Negative correlation with anticipation 
and + correlation with pain

Firestone et al. (92) PET 4F + 2M i.v fentanyl versus placebo B↑
Visceral pain

Ladabaum et al. (93) PET 9F + 6M Gastric distension B↑

Naliboff et al. (94) PET 2F+10M Rectal distension R↑

Casey et al. (95) PET 20M i.v fentanyl versus (cold pressor 
and vibration)

B↑

Dunckley et al. (96) fMRI 5F + 5M Rectaldistension &Thermal resistor to skin B ↓

PET, positron-emission tomography; fMRI, functional magnetic resonance imaging; C, contralateral;I, ipsilateral; B, bilateral; R, right; L, left.
MCS, motor cortex stimulation. 
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Widespread Pain (McBeth et al., 2001). These observa-
tions suggest that neural circuits involving the 
OFC may be implicated in the processing of emo-
tional aspects of pain. Activity in these circuits may 
be greater in certain clinical pain states or when atten-
tional resources are diverted to the affective aspect 
of pain.

Our demonstration of greater amygdala responses 
during attention to unpleasantness is supported by 
recent functional imaging studies in humans demon-
strating amygdala activation during nociceptive pro-
cessing (Bornhovd et al., 2002). Electrophysiological, 
neuropharmacological, and lesion studies in animals 
also support the role of the amygdala in nociceptive 
processing (Bernard et al., 1992, 1996; Büchel et al., 
1999; Schneider et al., 2001). Nociceptive neurons have 
been demonstrated in the lateral and central nuclei of 
the amygdala (Romanski et al., 1993). In a rat study by 
Shi et al. (1999), two parallel somatic pain pathways, 
(1) insula-amygdala and (2) posterior intralaminar nulei 
of the thalamus-amygdala, have been shown to be 
involved in fear conditioning. Also the affective areas 
of the cingulate cortex (area 25, 24, and 32) in primates 
are a projection site of the amygdala (Barbas & 
De Olmos, 1990; Vogt & Pandya, 1987; Chapter 6). This 
supports our results of co-activation of the perigenual 
cingulate and amygdala in the ‘attention to unpleasant-
ness’ condition. Its precise role in nociceptive processing 
is unclear but it may infl uence the experience of fear 
and anxiety associated with the pain experience.

It has been suggested that the hypothalamus may act 
as a common autonomic and neuroendocrine output 
system for OFC and amygdala responses to emotions, 
including fear (Bohus et al., 1996). Our demonstration of 
increased hypothalamic activity during attention to 
unpleasantness is consistent with this hypothesis. Hsieh 
et al. (1996) demonstrated hypothalamic responses dur-
ing severe pain and suggested that the hypothalamus 
may be involved in generating the autonomic output 
responses to the affective components of pain. This 
region has also been implicated in acupuncture-
mediated analgesia (Hsieh et al., 2001). Bester et al. 
(1999) have demonstrated projections from the para-
brachial nucleus to the ventromedial nucleus of the 
hypothalamus, which projects densely to the dorsal 
periaqueductal gray (PAG). This parabrachial–
hypothalamus–PAG loop is thought to have a major 
role in aversive behaviors. Hence it is proposed that 
this tract may play an important role in motivational 
behavior such as defense and aggression in response to 
noxious stimulation (Bester et al., 1999). This idea 
may explain why few functional imaging studies in 
humans show hypothalamic activations, as moderate 
experimental pain may not evoke an aversive or aggres-
sive response.

We have demonstrated posterior insular activation in 
the ‘attention to unpleasantness’ condition. Anterior 
insula is reported to be most consistently activated in 
the previous pain studies. However, activations report-
ed in insula in some of the previous functional imaging 
studies extend over a broad region including both 
anterior and posterior insula (see review by Peyron 
et al., 2000). Posterior insular activations have been 
reported in many pain studies (Valet et al., 2004; Casey 
et al., 1996; also see review by Derbyshire, 1999).

We found primary motor cortex (M1) activation in 
the ‘attention to unpleasantness’ condition but not dur-
ing ‘attention to locali zation’, despite the fact that sub-
jects did not withdraw from the stimuli at any time and 
button-press res ponses were matched across condi-
tions. In addition, rCBF in M1 positively correlated with 
affective ratings during the ‘attention to unpleasant-
ness’ condition, suggesting a relationship between M1 
activity and affective processing. M1 is classically 
thought to be involved in the execution of motor 
responses. However, although not frequently reported, 
some functional imaging studies of pain have shown 
M1 activation even in the absence of actual movement 
(Lu et al., 2004; Peyron et al., 2004; Lotze et al., 2001; 
Casey et al., 1996). Interestingly, all of these studies 
involved particularly unpleasant pain sensations such 
as visceral distension and stimulation, cold pain, neuro-
pathic pain, and capsaicin-induced pain. This is consist-
ent with the M1 activation seen only in the ‘attention 
to unpleasantness’ condition in our study. This indi-
cates a possible role of M1 in an affective-motivational 
system that may be involved in avoidance and/or escape 
responses. If M1 were involved is such an affective cir-
cuit this might explain why motor activation in patients 
with CNP may provoke unpleasant pain if such a circuit 
where functioning abnormally. It is not implausible 
that stimulation of MI and related areas of cortex may 
modulate the pain matrix therapeutically as discussed 
in Chapter 20.

Problems with Group Comparisons 
and their Interpretation
There is a problem with the comparison of cerebral 
responses in patients with different types of pain and 
pain-free volunteers that is intrinsic to the subjective 
nature of pain. Simply stated, it is not possible to directly 
compare one person’s pain with that of another because 
there are no objective measures to validate their 
similarities or differences. Therefore, the best that can 
be done is to either compare cerebral responses with 
an evoked noxious stimulus that is either rated at 
the same level of intensity or unpleasantness or to 
compare responses with similar energies of peripheral 
stimulation. Neither of these is any more objective than 
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the other. Comparisons of similar intensities of stimu-
lation may reveal differences that are merely due to 
differences in processing anywhere from the peripheral 
nociceptor to the brain stem or may even be due to 
differences in physical properties of the skin. Whereas 
comparisons of similar intensities of experience may 
be due to the differences in the way these are rated 
between the two groups. For example, if all areas of the 
pain matrix are more active in one group than another 
when experiencing pain that was rated the same 
intensity, this may be merely due to differences in 
magnitude estimations of pain that may not necessarily 
tell us very much about differences in nociceptive 
processing between the two groups. However, differ-
ences in the pattern of responses such that one cortical 
area may show increased responses with another 
demonstrating decreased responses compared with 
controls, are much less likely to be due to differences in 
magnitude estimation.

These inherent problems have resulted in relatively 
few studies comparing responses with noxious stimula-
tion between patients and pain-free controls. They have 
also lead some reviewers to dismiss differences that 
have been found as ‘uninterpretable’ (Apkarian et al., 
2005). The assumption here is that there is a perfect 
solution and that completely objective methods can be 
found to compare one person’s pain with another’s. 
Unfortunately, philosophically this is impossible. 
As with all subjective sensations, there is no way to 
perfectly match one person’s pain with another’s. 
Any claims for this can only be as fl awed as the criti-
cisms of studies on the basis that the pain experiences 
between two groups were not perfectly matched 
(Apkarian et al., 2005). Pain scores can be perfectly 
matched, but pain experience cannot, by defi nition. 
However, this does not mean that no clinical studies 
should be performed comparing groups of individuals. 
There can only be any point to functional brain imag-
ing of pain perception if it allows us to generate hypoth-
eses about abnormal mechanisms of pain perception in 
patients with different types of clinical pain. Any over-
arching hypothesis will need to stand the test of recur-
rent studies and ultimately by the effects of therapeutic 
interventions.

There are also ways of decreasing the uncertainties 
of group comparisons where these do not depend, to 
the same extent, on compatibility of pain experience. 
Recent studies in our laboratory have achieved this by 
asking the subject to switch their attention between 
localization and unpleasantness rating at the same level 
of pain intensity. The comparison between groups is 
therefore a refl ection of their ability to switch attention 
between two different components of pain providing a 
greater internal consistency that is more independent 
of pain magnitude estimations. This approach has been 

used not only to defi ne the main division of function of 
the pain matrix (see previous sections), but also to com-
pare responses in a group of patients with fi bromyalgia 
with normal pain-free controls (Brown et al., 1905). 
Clinical studies in our own laboratory and those of 
Peyron and Garcia-Laria (Chapter 20) have generated 
data in patients to suggest that the pACC performs 
a pivotal role in the processing of the affective aspects 
of pain experience both in normal volunteers and in 
patients. Early evidence suggests that abnormalities of 
processing in this area of cortex are associated with the 
perseveration of pain in patients with neuropathic and 
psychogenic pain. Work by Peyron and Garcia-Larria 
also implicates the perigenual-cingulate cortex in deter-
mining therapeutic response to motor cortical stimula-
tion as discussed in Chapter 20. These fi ndings in 
patients and normal volunteers provide converging 
evidence for the pivotal role of pACC in normal and 
abnormal pain perception that would not otherwise 
have been possible from animal or other types of 
human studies. Such clinical studies are very diffi cult 
to perform and can of coarse be criticized on the 
grounds of imperfect matching of pain experience. 
However, they have also led to a new and unexpected 
hypothesis about the cortical basis of pain perception 
that will be explored in the next section.

Patterns of Neural Activity in 
Clinical Pain Syndromes and 
Experimental Allodynia
Psychogenically maintained and 
nociceptive pain
These types of pain syndrome have been extensively 
reviewed in Chapters 23. The purpose of this section is 
to provide a context and focus for observations of brain 
responses in CNP. Some of the more recent studies on 
modulation of nociceptive processing may aid the 
interpretation of earlier clinical studies that reported 
substantial differences in responses to thermal pain 
stimuli in patients with different types of clinical pain. 
In general, the same areas of the pain matrix are acti-
vated during thermal- and pressure-induced pain 
(Gracely et al., 2002) in patients with chronic pain syn-
dromes as in normal volunteers. The differences are in 
the subtle patterns of response within the matrix rath-
er than in the presence or absence of response in any 
one component of the matrix.

Responses to standardized acute thermal pain stimuli 
were reduced in patients with acute (post-dental extrac-
tion) infl ammatory pain and in those with ongoing 
chronic arthritic pain compared with controls (Jones & 
Derbyshire, 1997; Derbyshire et al., 1999). Patients with 
chronic psychogenically maintained pain (atypical 

 patterns of neural activity in clinical pain syndromes and experimental allodynia
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facial pain) demonstrated enhanced responses to acute 
thermal stimulation compared to controls in the ACC, 
with reduced responses in the right DLPFC (Derbyshire 
et al., 1994). The enhanced responses in the ACC were 
thought to represent abnormal attention to the affec-
tive processing of nociceptive inputs that might con-
tribute to the perseveration of chronic pain in these 
individuals, perhaps resulting from a failure of supervi-
sion of attention by the DLPF. The observation that 
attention can profoundly affect the pattern of nocicep-
tive responses within the pain matrix gives some cre-
dence to this concept (Jones et al., 2002, 2003; Kulkarni 
et al., 2005; Bentley et al., 2004). Recent studies have 
shown increased correlation of catastrophizing with 
ACC activity in patients with fi bromyalgia or chronic 
widespread pain (Gracely et al., 2004), which is also con-
sistent with earlier reports (Gibson et al., 1994). The 
reduced activity in the DLPFC in the atypical facial pain 
group is interesting in the context of a recent PET study 
of experimental allodynia that indicated that activity 
in this area of the right DLPFC may be negatively 
correlated with connectivity between the midbrain and 
thalamus. The suggestion emerging from this study 
was that DLPFC may exert an active higher ‘control on 
pain perception by modulating cortico-subcortical and 
cortico-cortical pathways’ (Lorenz et al., 2003). However, 
studies in patients with low back pain and depression 
did not demonstrate signifi cant differences in nocicep-
tive processing between this group and pain-free 
controls (Derbyshire et al., 2002).

Neuropathic pain and allodynia
Pharmacological mechanisms have been demonstrated 
in the dorsal horn in association with neuropathic 
and infl ammatory pain models (Woolf, 1994) that may 
contribute to some forms of allodynia; pain induced by 
sensory modalities such as touch that would not nor-
mally induce pain. However, in terms of what signals 
get to the brain, these spinal mechanisms convert 
what would normally be signaled in non-nociceptive 
ascending pathways to signals within the ascending 
nociceptive channels (ascending spinothalamic tracts). 
So far, there is little evidence in humans that such pains 
are processed within different brain structures when 
acutely induced experimentally (capsaicin-induced 
allodynia; Iadarola et al., 1998) or when studied in 
patients with chronic neuropathic pain (Hsieh et al., 
1995; Peyron et al., 1998, 2004). Studies by Hsieh et al. 
(1995) observed the effects of the presence and absence 
of peripheral neuropathic pain before and after periph-
eral nerve block. MCC was activated during pain in 
addition to other components of the pain matrix. In 
PET studies of CNP secondary to brain stem lesions 
(Wallenberg’s Syndrome) the cerebral effects of provoked 
allodynia in response to cold on the affected side when 

compared with the same intensity experimental sti-
mulation of the unaffected side (Peyron et al., 1998). 
Signifi cant decreases in the pACC, but not the MCC, 
were observed when allodynic pain was compared with 
experimental pain in the same individuals. This is a 
particularly interesting study in that the two pains 
were matched for intensity.

These observations are interesting in relation to the 
pACC activation observed during experimental allody-
nia in normal volunteers discussed in previous sections 
of this chapter (Lorenz et al., 2002). However, allodynic 
pain is much more unpleasant than experimental pain 
and it seems likely that both in this study and the study 
by Lorenz et al. (2002) that the pACC activation is most 
likely due to the high emotional salience of the pain. 
Subsequent fMRI studies of a range of peripheral and 
central neuropathic pains were studied by the same 
research group comparing provoked allodynia with 
non-painful stimulation of the non-affected side (Peyron 
et al., 2004). Interestingly in this study, MCC activations 
were seen when the allodynia was compared with 
non-painful stimulation, which did not survive the 
most rigorous statistical analysis. This suggests that this 
was probably not common to all patients studied, and 
as discussed by the authors, may be more related to 
motivational and attentional responses and not specifi c 
to pain. There is no particular explanation for the 
absence of pACC activation in this group of patients. 
However, it may be due to the heterogeneity of the 
group or the less aversive nature of the allodynia in this 
group compared with their ongoing neuropathic pain. 
The other possibility is that there were susceptibility 
issues reducing the signal from perigenual and orbitof-
rontal structures which can be a problem with fMRI. 
Currently, there are no studies comparing provoked 
CNP in patients with experimental allodynia in normal 
controls or patients with other types of pain. As Peyron 
et al. (2004) have commented, it seems unlikely that 
there are any particular components of the pain matrix 
which are uniquely activated in CNP. However, it is 
interesting that in a recent study, where experimental 
pain and arthritic pain were compared at the same 
intensities in patients with osteoarthritis, one of the 
main areas that was activated more in arthritic pain 
was an area including the pACC/aMCC (Kulkarni et al., 
2005), consistent with the arthritic pain having greater 
emotional salience than the experimental pain. It there-
fore seems very unlikely that the perigenual cingulate 
cortical activation observed in the study by Lorenz et al. 
(2002) was in any way unique to neuropathic pain as 
suggested.

There is a trend toward reduced activity within the 
thalamus during ongoing neuropathic pain (Di Piero 
et al., 1991; Hsieh et al., 1995; Iadarola et al., 1995). 
Formal comparisons with other types of pain have not 
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been made, but it is possible that this trend may repre-
sent reduced activity of inhibitory interneurons within 
the thalamus. However, there have also been some 
studies which have shown increased thalamic respons-
es during provoked pain, so it is too early to draw any 
conclusion from these observations (Cesaro et al., 1991; 
Cesaro, 1987).

In summary, in the few studies of experimental and 
clinical peripheral neuropathic pain and CNP there is 
no evidence of any components of the pain matrix that 
are uniquely activated. There is an impression that 
pACC may feature more frequently in response to 
allodynia than with other types of provoked pain. 
However, the only formal comparison was a within-
patient comparison (Peyron et al., 1998). In the context 
of recent imaging studies it is likely that differences in 
activation of pACC observed in these studies represents 
altered affective processing.

Cingulate Cortex, CNP, and 
Endogenous Opioids: Pharmacological 
Explanation for Allodynia
The role of the cingulate cortex in processing a variety 
of cognitive, motor, and nociceptive information has 
been well described (Vogt et al., 1993; Devinsky et al., 
1995; Paus et al., 1998; Bush et al., 2000). The nocicep-
tive inputs to the cingulate cortex have been described 
in Chapter 14. Single-unit recordings in rabbits (Sikes & 
Vogt, 1992) and humans (Hutchison et al., 1999) have 
identifi ed nociceptive responses in area 24 of the ACC 
and MCC, respectively, and evidence for the involve-
ment of MCC and pACC in processing the affective 
components of pain has been discussed in previous sec-
tions of this chapter.

The activity within the pACC during attention to 
unpleasantness is consistent with its relatively high 
concentration of opioid receptors (Jones et al., 1991b; 
Vogt et al., 1995a) as compared with the more executive 
areas of the cingulate cortex, and also with the peri-
genual changes in occupation by endogenous 
opioid peptides during chronic inflammatory and 
neuropathic (trigeminal neuralgia) pain (Jones et al., 
1994, 1999; Spetea et al., 2002).

There are relatively high concentrations of opioid 
receptors in associated cortices and components of 
the limbic system, including the amygdala, and low 
concentrations in the S1, motor, and visual cortices. 
Therefore, these regions may have some function related 
to the modulation of selective attention in addition 
to their more direct role in modulation of nociception 
(Lewis et al., 1981). This is consistent with the effects of 
fentanyl on both cortical processing of vibration and 
nociceptive stimulation in pACC (Casey et al., 2000). 

Changes in occupation of opioid receptors consistent 
with increased occupation by endogenous opioid 
peptides during pain have been demonstrated within 
the cortical components of the medial pain system in 
acute experimental pain (Zubieta et al., 2001), chronic 
neuropathic pain (Jones et al., 1999), and chronic arthritic 
pain (Jones et al., 1994).

These fi ndings may be relevant to recent observations 
of shared responses within aMCC/pACC to placebo and 
opioid analgesia (Petrovic et al., 2002). Recent observa-
tions suggest that placebo analgesia is at least partially 
mediated by endogenous opioid peptides (Benedetti 
et al., 1999). Clinical observations suggest that synthetic 
opioids do not ablate pain but substantially reduce its 
unpleasantness. This is strikingly similar to the effects 
of deafferentation of the pACC/MCC (Foltz & White, 
1962). Opioid-mediated analgesia results in signifi cant 
changes in activity in the pACC in addition to other 
components of the medial pain system (Jones et al., 
1991a; Casey et al., 2000). The cerebral mechanisms of 
opioid actions are still uncertain, but anatomical studies 
suggest µ-opioid modulation of thalamocortical loops 
projecting through the ACC (Vogt et al., 1995b). The 
pACC therefore provides candidate mechanisms for 
some of the analgesic effects of synthetic and endo-
genous opioids on the affective components of pain 
experience. From the studies outlined in Chapter 20 by 
Garcia-Larrea and colleagues, there is also evidence that 
the pACC may also determine the therapeutic outcome 
of motor cortical stimulation, although the precise path-
ways involved remain uncertain.

We have measured specifi c decreases in opioid recep-
tor binding within most of the main components of 
the medial pain system including the pACC/aMCC and 
thalamus in a group of patients with CNP (Jones et al., 
2004; Fig. 19.3). These measurements were made using 
[11C]diprenorphine, which has equal affi nity for the 
mu, delta and kappa receptor subtypes, and PET to 
derive parametric images of specifi c binding potential. 
The CNP in these patients was mainly due to stroke 
with either no lesions on MRI or small lesions outside 
the pain matrix. Similar fi ndings have been reported by 
other groups (Willoch et al., 1999). We interpreted these 
fi ndings as being most likely due to selective damage to 
opioid receptor-bearing neurons within the medial pain 
system. The lack of any change in ongoing pain in 
response to high-dose naloxone infusions in our study 
suggests the reduced opioid receptor binding was 
not due to increased occupation by endogenous opioid 
peptides. This may explain the reduced sensitivity to 
synthetic opiates in CNP.

It is interesting that in patients we studied with 
peripheral neuropathic pain (trigeminal neuralgia) 
before and after surgical intervention we showed sub-
stantial changes in [11C]diprenorphine binding. These 

 cingulate cortex, cnp, and endogenous opioids
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were consistent with increased occupation of opioid 
receptors by endogenous opioid peptides during pain, 
again, mainly within the medial pain system (Jones et al., 
1999). The main changes within the cingulate cortex 
were in the pACC. These were interpreted as adaptive 
responses to the severely unpleasant nature of the pain.

pACC is Central to the Maintenance of 
Strongly Aversive Pain
It is proposed that the pACC/aMCC and associated struc-
tures are most likely to be concerned with processing 
the affective components of pain, whereas the pMCC is 
more likely to be concerned with executive processing 
(response selection and monitoring) and control of 
attention. We suggest that pACC/aMCC is central to cir-
cuitry within the medial pain system that includes the 
amygdala (concerned with fear), OFC (concerned with 
reward), and hypothalamus (concerned with stress and 
maintenance of homeostasis) that regulate affective 
responses to severely aversive pain.

This circuitry is unreliably activated during many 
experimental studies unless attention is directed to the 
unpleasantness of the stimulus or the stimulus is 
strongly aversive. Evidence of release of endogenous 
opioid peptides within the pACC/aMCC during chronic 
peripheral neuropathic and infl ammatory pain suggest 
that natural opioids have the potential for modifying 
affective responses to pain (Jones et al., 1999, 1994).

Loss of critical opioid inhibitory circuits particularly 
within the pACC/aMCC and medial thalamic nuclei 
are more likely to result from the perseveration of 
rever berating circuits within the medial pain system 

(Jeanmonod et al., 1996; Llinas et al., 1999). These are 
likely to result in a loss of descending control of nocic-
eptive processing within particularly the PAG as dis-
cussed in Chapter 15.

Likewise, we propose that functional defi cits of the 
endogenous opioid system result in similar abnormali-
ties in patients with CWP/CRP. The failure to change 
nociceptive processing within pACC/aMCC in response 
to attentional instruction in patients with CWP could 
be due to a failure of the endogenous opioid system 
within this area of the limbic system. In addition to the 
resulting attentional defi cits, the failure of modulation 
of nociceptive processing in pACC/aMCC could result 
in the poorly localized allodynia that occurs in this 
condition. Obviously, this is highly speculative but may 
provide a unifying pharmacological explanation for 
chronic allodynic pain that metabolic studies have so 
far not achieved. The more precise defi nition of neuro-
pharmacological defi cits that contribute to allodynia, 
chronic CNP, and CWP may eventually allow us to 
develop more effective therapies for patients with these 
very distressing types of pain. On the basis of the physi-
ological observations outlined in this chapter and the 
shared therapeutic responses to tricyclic antidepres-
sants, we would predict there are likely to be some 
common pharmacological mechanisms for allodynia 
associated with CNP and CWP.
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