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Abstract

 

Functional imaging techniques have allowed researchers to look within the brain, and revealed the cortical rep-

resentation of pain. Initial experiments, performed in the early 1990s, revolutionized pain research, as they demon-

strated that pain was not processed in a single cortical area, but in several distributed brain regions. Over the last

decade, the roles of these pain centres have been investigated and a clearer picture has emerged of the medial

and lateral pain system. In this brief article, we review the imaging literature to date that has allowed these

advances to be made, and examine the new frontiers for pain imaging research: imaging the brainstem and other

structures involved in the descending control of pain; functional and anatomical connectivity studies of pain

processing brain regions; imaging models of neuropathic pain-like states; and going beyond the brain to image

spinal function. The ultimate goal of such research is to take these new techniques into the clinic, to investigate

and provide new remedies for chronic pain sufferers.
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Introduction

 

Pain has long been considered to be a submodality of

the sense of touch (Kandel et al. 2000); however,

advances in immunohistochemistry, histology, genetics

and neuroimaging have challenged this widely accepted

view. Descartes’ classic picture of pain (Descartes, 1644)

provided a framework for the early anatomists (e.g.

Bell, 1824) and neurophysiologists (e.g. Muller, 1833;

Von Frey, 1896; Sherrington, 1906) to explain how pain

was transduced and relayed to the spinal cord and

brain (see Fig. 1).

Early descriptions of the pain pathways in humans

consisted of relatively simple connections from primary

nociceptor (the peripheral nerve) to spinal cord to

thalamus and finally terminating in cerebral cortex

(Willis, 1985). However, even by the early 20th century

the view of pain as being transmitted via ‘hard-wired’

circuits was starting to be questioned. Head & Holmes

(1911) observed that patients with specific cerebral

lesions, particularly those in the parietal lobe disrupt-

ing primary somatosensory cortex (S1), were still able

to feel pain – an unexpected finding given that the

sensory portion of the thalamus was thought to project

exclusively to this region. More recently, our view of

pain has been dramatically modified from the one-to-

one correspondence of nociceptor to specific pain, to a

more plastic and integrative model (Melzack & Wall,

1965). However, it is only fairly recently that modern

neuroimaging techniques, e.g. positron emission

tomography (PET) and functional magnetic resonance

imaging (fMRI), have allowed us to look inside the

brain, and revealed that, as Head and Holmes suspected,

pain is so much more than sensation.

In this brief review, we will attempt to describe the

recent advances in neuroimaging that have added

to our understanding of how pain is perceived and

processed by the human brain.
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Functional imaging methods: PET and fMRI

 

There is considerable evidence that local cerebral blood

flow (CBF) changes reflect variations in local synaptic

activity, as measured using PET (Sokoloff et al. 1977).

The dramatic change in blood flow during neuronal

activity is utilised by fMRI, in which signal change

reflects alteration in local CBF and, more specifically,

variations in the ratio of deoxyhaemoglobin to oxyhae-

moglobin (Ogawa et al. 1990; Rosen et al. 1998) – this

is termed blood oxygenation level dependent (BOLD)

contrast. More recently, the neurophysiological basis

of the BOLD response has been further investigated

and the findings confirm that the BOLD contrast mech-

anism reflects the input and intracortical processing of

a given brain area (Logothetis et al. 2001). A review by

Howseman & Bowtell (1999) further describes these

techniques, explaining the contrast mechanisms that

enable signal detection (see also Jezzard et al. 2002).

When comparing the various techniques for recording

neuronal activity, PET, fMRI, magnetoencephalography

(MEG), electroencephalography (EEG), optical imaging,

etc., we find that fMRI has relatively limited temporal

resolution (of the order of several 100s of milliseconds),

but has relatively high spatial resolution (of the order

of millimetres). This combination of adequate temporal

and good spatial resolution explains why it has been

adopted by numerous research centres as their main

tool for neuroimaging research. Furthermore, the non-

invasive aspect of fMRI enables longitudinal studies to

be performed safely, and patients can be followed and

imaged several times during the course of their disease

progression or therapeutic intervention.

The broad range of sophisticated cognitive and neuro-

physiological experiments that have been performed

with fMRI has expanded our knowledge of brain func-

tion and extended enormously the early PET literature.

A review of the results of these experiments, along with

the pros and cons of PET vs. fMRI is beyond the scope

of this article; however, there are several excellent

reviews and books that cover the basic principles,

methods and scientific contributions that fMRI and PET

have made to neuroscience (Frackowiak et al. 1997;

Mazziotta et al. 2000; Mazziotta, 2000; Peyron et al.

2000; Jezzard et al. 2002; Toga & Mazziotta, 2002; Ward

& Frackowiak, 2004). For the purposes of this article, we

will focus specifically on the application of fMRI to the

study of pain-related neuronal activation throughout

the entire human central nervous system (CNS).

 

The biology of pain sensation

 

The International Association for the Study of Pain (IASP)

define pain as ‘an unpleasant sensory and emotional

experience associated with actual or potential tissue

damage, or described in terms of such damage’, which

indicates that, in the conventional sense, pain is caused

by noxious stimuli, but may also be experienced in

the absence of such stimuli. Here we will discuss the

purely physiological aspects of pain perception; the

more psychological components (e.g. attention, anxiety,

anticipation, empathy to pain) will be discussed later in

this article (in relation to other imaging studies).

The concept of a distinct class of peripheral nerve

fibres conducting pain signals was first described by

Sherrington (1906). Subsequently, several classes of

nerve fibre have been described (Raja et al. 1999) that

convey information about the type of painful stimulus

Fig. 1 Descartes’ view of pain, taken from his treatise De 
l’homme (Descartes, 1644). With great insight, he wrote: ‘If 
for example fire comes near the foot, minute particles of this 
fire, which you know move at great velocity, have the power 
to set in motion the spot of skin on the foot which they touch, 
and by this means pulling on the delicate thread which is 
attached to the spot of the skin, they open up at the same 
instant the pore against which the delicate thread ends, just 
as by pulling on one end of a rope one makes to strike at the 
same instant a bell which hangs at the end.’
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being experienced. For example, thinly myelinated

A

 

δ

 

 fibres respond to changes in temperature and to

mechanical stimuli; however, one may further classify

A

 

δ

 

 nociceptors to reflect whether they are fast or

slowly adapting, and whether they have a high or low

threshold for activity (so-called type I or II A-fibre

nociceptors). The other major class of nociceptors are

C-fibres, or C mechano-heat receptors; these are un-

myelinated, and thus are relatively slowly conducting,

and convey a sensation of burning. Note that there is

large overlap in the types of stimuli that will activate

given nociceptors, and hence many are termed poly-

modal. Following a painful stimulus, if sufficient

numbers of a particular type, or types, of nociceptor

are activated, an afferent volley will be produced. The

afferent volley travels along the peripheral nociceptor

and enters the spinal cord via the dorsal horn (Basbaum

& Jessell, 2000). Within the dorsal horn, the terminal of

the afferent nociceptor synapses with a dorsal horn

neuron, and depending on the intensity of stimulation,

and hence frequency of firing, this may be sufficient

to produce a postsynaptic output. In addition to the

significant progress in neurophysiological classification

of peripheral nociceptors, there have been considerable

advances recently in our understanding of the molecular

basis of nociception (Hunt & Mantyh, 2001; Julius &

Basbaum, 2001) and thermosensation (Cesare et al.

1999; Peier et al. 2002; Jordt et al. 2003; Patapoutian

et al. 2003).

Dorsal horn pain processing is an enormous field of

research (Doubell et al. 1999; Woolf & Salter, 2000), a

full discussion of which is well beyond the scope of

the current article; however, one aspect of dorsal horn

dynamics deserves consideration. In Fig. 2, the process-

ing of acute and prolonged painful stimulation is

depicted, and provides the physiological basis for

two major characteristics of clinical pain: hyperalgesia

and allodynia. An acute stimulus will trigger a series of

events leading to excitatory pain signals reaching the

brain via the spinal cord; as the stimulus is short lived,

so is the neuronal response. However, given a longer,

more chronic stimulus, sensitization may occur at

either the peripheral and/or the central level. Localized

inflammation in the tissues leads to hyperexcitability

of peripheral nociceptors, and may cause exaggerated

responses to normally painful mechanical or thermal

stimuli – this is termed primary hyperalgesia. Alterna-

tively, sensitization may occur at the level of the dorsal

horn neuron following, for example, a burn or cut

injury (so-called central sensitisation). Amplification

mechanisms, which are still not fully understood, then

enable peripheral neurons not normally associated with

pain to evoke painful sensations. Such centrally mediated

sensitization is thought to explain the phenomenon of

secondary hyperalgesia, whereby mechanical stimula-

tion around the initial injury site (i.e. in normal skin)

produces pain. Another related symptom of peripheral

nerve injury is depicted in phase 3 of Fig. 2. Similar to

secondary hyperalgesia, damage to the peripheral

nerve induces plastic changes in the CNS (i.e. central

sensitization), which are maintained by continuing

discharge from the damaged afferent, and enables

Fig. 2 Schematic representation of the 
three phases of pain, proposed by 
Cervero & Laird (1991). Phase 1: an acute 
phase, with equally short-lived response 
in the central nervous system (CNS). 
Phase 2: prolonged noxious stimulation 
leading to an inflammatory response, 
and continued discharge of peripheral 
nociceptors, which in turn lead to 
changes in excitability of dorsal horn 
neurons. Phase 3: peripheral nerve 
damage may lead to spontaneous 
discharge, which modifies the behaviour 
of dorsal horn neurons, and allows non-
nociceptive peripheral nerves (e.g. 
brush-sensitive Aβ fibres) access to the 
ascending pain system. Reproduced with 
permission from Cervero & Laird (1991).
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recruitment of low-threshold mechanoreceptors (e.g.

A

 

β

 

 fibres), which, when brushed, evoke pain. Here,

because pain is produced following a normally non-

painful stimulus (e.g. light brush), the pain evoked is

referred to as allodynia.

Beyond the peripheral nociceptor and dorsal horn,

depending on the type of nociceptor activated, pain-

related information ascends in the contralateral

spinothalamic tract (STT), but there are also direct

connections to the medulla and brain stem via the

spinoreticular (SRT) and spinomesencephalic (SMT)

tracts and to the hypothalamus via the spinohypotha-

lamic tract (SHT). Numerous animal studies have been

performed using anatomical tracers, and indicate that

functionally differentiated nociceptors form synaptic

connections within eight distinct laminae of the

dorsal horn. Generally, cells within these laminae send

their ascending axonal projections across the dorsal or

ventral commissure of the spinal cord and form white

matter bundles or funiculae, which connect to the

brainstem and thalamus. By recording from electrodes

placed within the brainstem or thalamus, it is possible

to measure the response characteristics of these

projections site and determine from which lamina they

receive projections. Using this knowledge, it is possible

to define functional and anatomical divisions of the

thalamus, which, through their connections to specific

laminae, may be ascribed certain roles in pain sensation

(Craig & Dostrovsky, 1999). For instance, the ventral

posterior nucleus (VP) of the thalamus primarily receives

input from laminae IV–V (the target for nociceptors of

low threshold and wide dynamic range), and in turn

projects to primary somatosensory cortex (S1). Outside

of the thalamus, there are spinal projections to the

ventrolateral medulla, parabrachial nucleus, periaque-

ductal grey (PAG) and brainstem reticular formation.

Of particular interest is the role of these structures in

both inhibiting and facilitating nociceptive transmission

and subsequent pain perception (Mayer & Price, 1976;

Heinricher et al. 1989; Tracey & Dunckley, 2004). A brief

summary of the projections involved from the periphery

to the CNS is shown in Fig. 3.

 

The pain matrix

 

With the arrival of neuroimaging methods, the picture

of how pain is represented in the cortex was further

refined. The early studies were performed using PET,

and immediately led to a revolution in our understand-

ing of the involvement of the cortex in pain sensation.

For instance, rather than pain primarily being repre-

sented in S1, large distributed brain networks were

found to be active during painful stimulation (Talbot

et al. 1991; Jones et al. 1992; Casey et al. 1994; Davis et al.

1995; Porro et al. 1998; Craig et al. 2000; Price, 2000;

Tracey et al. 2000). The cortical and subcortical brain

regions found to be commonly activated from these

early studies by nociceptive stimulation included:

anterior cingulate cortex, insula, frontal cortices, S1,

second somatosensory cortex (S2) and amygdala

(Peyron et al. 2000) – and are often referred to as the

‘pain matrix’ (Ingvar, 1999). A summary of the pain

matrix is given in Fig. 4.

In Fig. 4, the pain matrix is subdivided into a medial

and a lateral pain system; this distinction, which is based

on the projection sites from medial or lateral thalamic

structures to the cortex, is probably an oversimplifica-

tion of the networks involved, but is a useful means for

grouping brain regions that appear to have similar

roles in pain perception. For instance, the lateral pain

system (S1, S2) is primarily thought to have a role in dis-

criminating the location and intensity of painful stimuli

(Bushnell et al. 1999; Kanda et al. 2000), whereas the

ACC (Rainville et al. 1997; Vogt et al. 2003) is involved

in the affective (cognitive–evaluative) component of

Fig. 3 Simple schematic of nociceptive pathways from the 
periphery to supraspinal regions. Black arrows represent 
transmission of pain signals supraspinally, which is integrated 
at several levels along the neuroaxis, and at almost every level 
influenced by descending fibres (grey arrows).
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pain. The insula, however, encodes both the intensity

(Coghill et al. 1999; Craig et al. 2000) and the laterality

(Brooks et al. 2002; Bingel et al. 2003) of painful and

non-painful thermal stimuli, but may also have a role in

affective pain processing (Craig, 2003b; Critchley et al.

2004; Seymour et al. 2004; Singer et al. 2004). Thus, the

insula probably occupies a space between the medial

and lateral systems, facilitating integration of informa-

tion from both (Peyron et al. 2002).

As imaging and analysis techniques have improved

(Jezzard et al. 2002), and more evidence from neuro-

physiological methods such as EEG (Garcia-Larrea

et al. 2003) and MEG (Maihofner et al. 2002) has been

acquired, the cortical networks comprising the pain

matrix have been further resolved and many different

brain regions found to be active during pain processing.

Of particular interest are activations in and around the

frontal operculum, which includes S2 and insula. These

brain regions, which are some of the most robustly

activated in studies of pain (Peyron et al. 2000; Treede

et al. 2000), are strongly implicated in pain sensation

and comprise the only cortical areas in which direct

electrical stimulation produces a perception of pain

(Ostrowsky et al. 2002; Frot & Mauguiere, 2003).

Disruption of the cortical and subcortical brain

regions that form the pain matrix, and the pathways

between them, can have serious implications for an

individual’s well-being, but may also improve our under-

standing of the networks involved. In a study of patients

with an ischaemic injury (i.e. stroke) affecting the

operculo-insula region, Greenspan et al. (1998) observed

that lesions affecting both the posterior insula and

S2 tended to lead to thermesthesia and loss of pain

sensation. However, similar lesions may also cause pain

asymbolia (Berthier et al. 1988), whereby patients

perceive painful stimulation on the body surface, but

fail to react appropriately (e.g. lack of withdrawl, or

absence of an emotional response). Paradoxically, these

lesions may also cause pain (Bowsher et al. 2004), as is

observed in the phenomenon of central post-stroke

pain (CPSP; Boivie et al. 1989; Bainton et al. 1992). In a

recent study of CPSP following from an ischaemic

brainstem injury (Willoch et al. 2004), patients were

found to experience pain in the body side contralateral

to their lesion. Furthermore, by studying the patients

using PET and a radiolabelled opioid receptor agonist,

it was possible to demonstrate dramatic reductions in

opioid receptor binding in both the posterior thalamus

and the posterior insula (which was incorrectly

identified as S2) ipsilateral to the lesion (see Fig. 5).

One possible interpretation of these findings is that the

lesion disrupts the normal pain processing pathway,

from brainstem to posterior thalamus to posterior

insula – thus leading to pain in these patients (Craig,

2003a).

 

Descending control of pain

 

Just as pain signals are important for survival, it is as

important to regulate pain signalling in the nervous

system. Head and Holmes postulated very early the

existence of a descending pain modulatory system

(Head & Holmes, 1911). Later this postulation was

empirically confirmed (Hagbarth & Kerr, 1954) and

provided a theoretical framework with the gate-

control theory of Melzack & Wall (1965). Wall (1967)

also demonstrated a tonic regulatory influence from

the brainstem on the spinal cord dorsal root level. The

concept of the descending analgesic system was further

developed when Mayer & Price (1976) demonstrated

that stimulation in the PAG produced analgesia

Fig. 4 Cortical areas that receive information from the 
spinothalamic tract. Main spinothalamic and thalamocortical 
projections were summarized and simplified from several 
reports on the central nociceptive pathways in the monkey 
(see Treede et al. 1999, for references: Vogt et al. 1979; Willis, 
1985; Apkarian & Shi, 1994; Craig, 1996). Cortico-cortical 
connections are not shown. ACC, anterior cingulate cortex; 
CL, centrolateral nucleus; MDvc, ventrocaudal part of medial 
dorsal nucleus; Pf, parafascicular nucleus; SI, primary 
somatosensory cortex; SII, secondary somatosensory cortex; 
VMpo, posterior part of ventromedial nucleus; VPI, ventral 
posterior inferior nucleus; VPL, ventral posterior lateral 
nucleus; VPM, ventral posterior medial nucleus. (Note that the 
insula is now considered to lie between the lateral and medial 
systems, since it has both a sensory-discriminative and a 
cognitive-evaluative role in pain sensation). Reproduced with 
permission from Treede et al. (1999).
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without any concurrent effects on alertness or motor

performance, so called stimulus-produced analgesia. In

the PAG, ascending pain stimuli are integrated with

descending influences from the diencephalon and

the limbic forebrain. Important regions are the hypo-

thalamus, amygdala, rostral components of the anterior

cingulate cortex, insula and orbitofrontal cortex. PAG

also receives influence from nearby nuclei of the

catecholaminergic tone setting systems. Of interest is

that micro-injections of opioids into the amygdala

produce analgesia, and analgesia that can be blocked

by interference locally in the PAG (Helmstetter et al.

1998). The PAG has strong bidirectional connections to

the rostral medulla and this could be viewed as part

of the pain modulation process given the role of the

medulla in autonomic control. There are also strong

suggestions that the analgesic system is heavily related

to the endogenous opioid systems (Yaksh, 1999). Indeed,

this is the commonest explanation for pain relief

produced via acupuncture, which is believed to recruit

descending pain control systems (Liu et al. 2004). By

studying how the brainstem integrates information

from autonomic, homeostatic, affective and limbic brain

centres, we are now beginning to acquire a better

understanding of the descending control of pain

(Suzuki et al. 2004). Imaging studies of the brainstem

structures involved in descending control of pain are

just beginning (Tracey et al. 2002; Tracey & Iannetti,

2005a), but also of their role in ‘clinical’ pain states

(Zambreanu et al. 2005) and the role of these struc-

tures in pain facilitation or pronociception rather than

pain inhibition or antinociception (Tracey & Dunckley,

2004).

 

Modulation of pain

 

The relationship between reported pain intensity and

the peripheral stimulus that evokes it depends on many

factors such as the level of arousal, anxiety, depression,

attention and expectation or anticipation. These

factors are in the process of being characterized on the

physiological and pharmacological levels by means of

functional imaging. These ‘psychological’ factors are in

turn regulated by overt and covert information as well

as more general contextual cues that establish the

significance of the stimulus and help determine an

appropriate response to it. Simple manipulations with

attention alter the subjective pain experience as well as

the corresponding pattern of activation during painful

stimulation. The main effect of distracting subjects

during pain appears to be increased activity within

the medial pain system, e.g. orbitofrontal, dorso and

medial prefrontal cortex and rostral cingulate cortices,

and a corresponding reduction in activation in the

lateral pain system, i.e. thalamus and insula (Petrovic

et al. 2000; Longe et al. 2001; Bantick et al. 2002;

Fig. 5 The clusters of reduced [11C]diprenorphine binding in the patient group in comparison with controls are superimposed on 
to a magnetic resonance image arrayed in a standard stereotactic space (see Willoch et al. 2004, for reference: Talairach & 
Tournoux, 1988). Only differences passing the significance threshold of P < 0.006 are displayed. The distance note beneath each 
slice is distance in relation to the bicommissural line (AC–PC line). Left side of image is contralateral to the painful hemibody side. 
(Note that the main reductions in opioid receptor binding in the patient group are contralateral to the lesion, and are located 
in the contralateral posterior thalamus and posterior insula: x = 38, y = −16, z = 14.) Reproduced with permission from Willoch 
et al. (2004).
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Brooks et al. 2002; see Fig. 6). Recent work using

functional and connectivity analyses suggest that the

increased activity within prefrontal and cingulate

cortices during distraction decreases pain perception via

the descending pain modulatory system, presumably

via antinociceptive pathways (Valet et al. 2004). How

these ‘medial’ brain regions are affected by distraction

or hypervigilance to a nociceptive input, and sub-

sequently connect to and influence descending

inhibitory or facilitatory circuits, is only recently being

appreciated, but clearly provide an additional route

by which pain perception can be modulated. A more

complete understanding of these mechanisms is poten-

tially important for interpreting cognitive behavioural

therapies.

Other experimenters (e.g. Ploghaus et al. 1999; Porro

et al. 2002) have investigated the effect of anticipation

of an impending painful stimulus on regional brain

activity. Ploghaus and colleagues performed such a

study by using a novel conditioning protocol in 12

healthy volunteers, who underwent fMRI while being

presented with a pseudo-random sequence of two

intensities of thermal stimulation (painful hot or non-

painful warm). Coloured lights signalled in advance the

two kinds of thermal stimulation and subjects learned

during the imaging session which colour signalled

pain and which signalled warmth. The high temporal

resolution of fMRI was ideally suited to this protocol,

and was exploited to identify brain regions involved in

the experience of pain itself by comparing brain activa-

tion during pain with activation during warm stimula-

tion. In addition, however, brain regions involved in

the anticipation of pain were identified by comparing

brain activation during the coloured light preceding

pain with activation during the coloured light preceding

warm stimulation. The main effects of anticipation were

found to be activation of rostral anterior insula and

medial prefrontal cortices during the anticipation of

pain, whilst during pain itself insula activity was more

caudal, and the prefrontal focus was replaced by activity

within the anterior cingulate cortex (see Fig. 7).

Ploghaus and colleagues took this work further, to

determine how increases in anxiety produced an

increased pain perception and whether this effect

was the same as ‘turning the heat up’. We know from

recent studies that a large nociceptive drive, or indeed

pain perception to the same nociceptive drive, reliably

produces increased brain activation across most of the

Fig. 6 The effect of stimulus lateralization and attention on statistical maps for each experimental condition. RA = attend to pain 
on right hand, RV = attend to visual stimulus during pain to right hand. L replaces R for experiments with pain delivered to the 
left hand. The distribution of activation sites is shown on coronal sections taken through the insula and Talairach y-coordinates 
shown below each image [activated voxels are significant at P (corrected) < 0.05]. Images are displayed using neurological 
convention, i.e. right is right, left is left. Attended painful stimulation activated more rostral regions of the anterior insula than 
distracted stimulation (see yellow circles on anterior coronal sections). Also demonstrated is the effect of stimulus laterality on 
activation of posterior insula cortex (foci of activity are highlighted with coloured circles: right-hand stimulation, red; left-hand 
stimulation, blue). Posterior insula activity switched sides when the stimulus was transferred from hand to hand and did not 
depend on the attentional context during stimulation. Reproduced with permission (Brooks et al. 2002).
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pain matrix as measured by PET or fMRI, respectively

(Coghill et al. 1999, 2003). The study investigated

whether anxiety-induced increased pain perception

produced a generalized increase in brain activation,

similar to that produced by increased nociceptive input.

Generally this was found not to be the case, except

for the hippocampal formation (entorhinal complex),

which was responsible for producing anxiety-induced

increased pain perception by Ploghaus and collea-

gues (Ploghaus et al. 2001) that was different to the

increased pain produced by an increased nociceptive

drive. This supports data from earlier studies (Prado &

Roberts, 1985; Gray & McNaughton, 2000) and provides

novel anatomical targets for subsequent therapies

aimed at alleviating pain that is largely anxiety invoked.

Studies of attention and anticipation have demon-

strated one common finding: when subjects actively

attend to their pain or anticipate an upcoming painful

stimulus, activity within the anterior insula (AI) appears

to be more rostral than during pain itself. Therefore,

the AI appears to provide a neurological substrate for

monitoring the state of the body during pain, or possibly

for preparing oneself in advance. The rostral AI has

recently been proposed as an interoceptive brain

centre, i.e. a region that constantly monitors the state

of the body for changes in temperature, pain or other

homeostatic function (Craig, 2002). In line with this

hypothesis, Critchley et al. (2004) recently demonstrated

that subjects who were better able to perceive changes

in their own heart rate were likely to have both more

strongly correlated activation in right AI in response to

an interoceptive task (heart rate monitoring), and also

to have increased grey matter density within this

region. These findings suggest new avenues for future

research, and highlight the importance of recognizing

that structures such as the insula have important

functional subdivisions yet to be fully characterized.

Of course, we are not limited to psychological inter-

vention when trying to modulate pain, and several

studies have investigated whether it is possible to

monitor changes in brain activation following adminis-

tering analgesic drugs. In a study performed in our lab-

oratory, the action of a fast-acting 

 

µ

 

-opioid, remifentanil,

was investigated using conventional psychophysics

and fMRI. When given at a steady-state effecter site

concentration at three different doses, remifentanil

Fig. 7 Insular cortex. (A) Group-
combined activation map showing 
volumes selectively activated during 
pain (red) and anticipation of pain 
(yellow). (B) Individual subject’s 
activation centres during pain (red 
triangles) and anticipation of pain (black 
circles). Centres associated with the 
anticipation of pain (black circles; mean 
Talairach coordinates x = 40 mm, 
y = 26 mm, z = 10 mm) were 
significantly more anterior than those 
associated with pain (red triangles; 
mean Talairach coordinates x = 38 mm, 
y = −1 mm, z = 11 mm) (P < 0.05). 
(C) Time course of fMRI signal intensity 
change over the period of the scan 
averaged across subjects. Epochs related 
to anticipation of pain are shaded in 
grey (mean ± SEM). (D) Time course of 
fMRI signal intensity change over the 
period of the scan averaged across 
subjects (mean ± SEM). Epochs of pain 
are shaded in grey. Reproduced with 
permission from Ploghaus et al. (1999).
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produced an increasing behavioural report of pain

relief, both on the sensory and on the affective axes of

pain measurement. This is no surprise as the drug is a

very good analgesic compound. The increasing drug–

dose regime was performed simultaneously with fMRI

data collection during noxious heat stimulation to the

dorsum of the left hand, so that the modulation of

brain regions by remifentanil, as the dose increases,

could be quantified and compared with the subjective

verbal report. Not only did this identify which pain

processing brain regions are affected by the drug, but

also that the patterns of change – the ‘fMRI dose–

response’ curves – are different across these brain

regions (see Fig. 8). In fact, the dose–response curves

obtained using fMRI appear to show greater sensitivity

than the conventional ‘subjective dose–response’ curves,

potentially showing which brain regions are more

involved with modulating the intensity or affective

dimensions of the pain experience. In essence, in this

remifentanil experiment the fMRI signal highlighted

drug efficacy and modulation before the subject

consciously perceived pain relief. Further work in our

laboratory has extended these observations to deter-

mine which key brain regions are involved in generating

pharmacologically induced analgesia (Wise et al. 2002,

2004; Rogers et al. 2004). These pharmacological fMRI

(or phfMRI) studies are providing novel tools for the

drug discovery process so that potential efficacy of a

new compound can be determined early in phase II

studies (Tracey et al. 2005b). Most pain medications

used for the treatment of chronic pain (e.g. anti-

depressants or anti-epileptics) were not necessarily

discovered using biochemical and neurophysiological

knowledge of pain mechanisms, but rather via trial and

error and good clinical observation. In this respect, the

conventional route of targeting specific mechanisms

and use of animal pain models to determine efficacy

has proved spectacularly unsuccessful. Combining our

knowledge of the neural correlates of pain processing

using tools that simultaneously provide sensitive

readouts of drug efficacy gives us the opportunity to

target specific components of the pain experience (i.e.

the affective component) pharmacologically.

It is well known with both practising medicine and

the pharmaceutical industry that the placebo effect is

both real and in some instances dominant. In an excel-

lent study, Petrovic et al. (2002) investigated whether

the placebo and opioid analgesia share a neuronal

network. Placebo analgesia is thought to involve both

higher order cognitive networks and endogenous

opioid systems. It is known that the rostral anterior

cingulate cortex (rACC) and the brainstem are implic-

ated in opioid analgesia, and therefore it makes

some sense that both these structures play a similar

role in placebo analgesia. Using PET, Petrovic and

colleagues confirmed that both opioid and placebo

analgesia are associated with increased activity in the

rACC. They also observed a covariation between the

activity in the rACC and the brainstem during both

opioid and placebo analgesia, but not during the

pain-only condition. More recently, Wager et al. (2004)

extended these observations and examined placebo-

induced changes in fMRI in the anticipation and

experience of pain.

Beyond simple psychological and drug modulation

of the brain’s response to pain, we are beginning to see

Fig. 8 Pharmacological fMRI. In healthy 
subjects, the response to painful 
stimulation during three different 
infusion rates of the µ-opioid agonist 
remifentanil was compared with that 
under saline infusion. Results represent 
a mixed-effects group analysis (Z > 2.0, 
cluster corrected P < 0.05), and 
demonstrate broad activation across the 
pain matrix during saline infusion 
(bilateral insula, thalamus, ACC and 
contralateral S1). With increasing dose 
of remifentanil we see a progressive 
reduction in activity throughout the 
pain matrix. Images are displayed using 
radiological convention, i.e. left side of 
images is right side of brain and vice 
versa.
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new studies investigating the subjective and empathetic

components of the pain experience. Coghill et al. (2003)

have recently addressed the issue that some individuals

claim to be ‘sensitive’ to pain, whereas others claim

they tolerate pain well. As it is difficult to determine

whether these subjective reports reflect true inter-

individual differences in the experience, Coghill and

colleagues combined psychophysical ratings to define

pain report with fMRI to assess brain activity in

17 normal, healthy subjects. They found that highly

‘sensitive’ individuals exhibited more frequent and

more robust pain-induced activation of the primary

somatosensory cortex, anterior cingulate cortex and

prefrontal cortex than did less ‘sensitive’ individuals. At

least in normal healthy controls, this study validates the

subjective report as a reliable indicator of what is going

on within the brain.

Furthermore, Singer et al. (2004) found that empathy

for pain involves the affective but not sensory com-

ponents of the pain matrix. It is known that our ability

to experience another’s pain is a characteristic of

empathy. Singer and colleagues used fMRI to assess

brain activity while volunteers experienced a painful

stimulus and compared it with that elicited when they

observed a signal indicating that their loved one,

present in the same room and whose hand was observ-

able to the subject being imaged, was receiving a

similar pain stimulus. Bilateral AI, rACC, brainstem and

cerebellum were activated when subjects received

pain, but also by the signal indicating that the loved

one had just experienced pain. AI and ACC activation

correlated with individual empathy scores, whilst activ-

ity in the posterior insular/secondary somatosensory

cortex, the sensorimotor cortex (S1/M1) and the caudal

ACC was specific to receiving pain. The authors conclude

that a neural response in AI and rACC, activated in

common for ‘self’ and ‘other’ conditions, suggests that

the neural substrate for empathic experience does not

involve the entire ‘pain matrix’ but that only part of

the pain network associated mainly with its affective

qualities, but not its sensory qualities, mediates empathy

(Singer et al. 2004). This study and others highlight

what we have suspected for years, and is encapsulated

in the IASP definition of pain: ‘An unpleasant sensory

and emotional experience associated with actual or

potential tissue damage, or described in terms of such

damage’ – that the subjective experience of pain or a

feeling of unpleasantness can arise without any

peripheral nociceptive input, and may in fact be

generated centrally. An imaging experiment by

Eisenberger et al. (2003) examined the neural correl-

ates of social exclusion to test the hypothesis that the

brain bases of social pain are similar to those of physical

pain. By scanning subjects as they played a virtual ball-

tossing game in which they were ultimately excluded,

they found that similar to results from physical pain

studies, the ACC was more active during exclusion

than during inclusion and correlated positively with

self-reported distress. Right ventral prefrontal cortex

(RVPFC) was active during exclusion and correlated

negatively with self-reported distress. ACC changes

mediated the RVPFC–distress correlation, suggesting

that RVPFC regulates the distress of social exclusion by

disrupting ACC activity (Eisenberger et al. 2003).

 

Future directions

 

From the initial thoughts of Descartes, to the identifi-

cation of nociceptors (Sherrington, 1906), their connec-

tions with the spinal cord (Doubell et al. 1999) and

finally to the neuromatrix (Albe-Fessard et al. 1985;

Melzack, 1990), we are now arriving at a point in time

when we are able to perform non-invasive imaging

studies of the majority of the pain pathway. To this

end, we are exploring the central nervous system from

the level of the spine (Brooks et al. 2004), through the

brainstem (Tracey et al. 2002; Zambreanu et al. 2005)

and thalamus to the cerebral cortex (Brooks et al.

2005).

We have been building on the earlier work of

Stroman and colleagues (Kornelsen & Stroman, 2004;

Lawrence et al. 2004; Stroman et al. 2004), to develop

techniques for acquiring functional images of spinal

activity. Crucially, the analysis technique used depends

on correction for pulsation of cerebrospinal fluid in

the subarachnoid space, and for respiratory motion

associated with movement of the chest wall (Glover

et al. 2000; Friese et al. 2004), and whilst technically

challenging, we are able to present data acquired

using a painful thermal stimulus applied to the C7

dermatome of the hand (see Fig. 9). Significantly, these

statistical maps are corrected for multiple comparisons

and cluster corrected – that is, they are plausible given

the inherent variability (i.e. noise) in the images. The

activation site observed in this and other subjects

appears in the dorsal portion of the spinal cord ipsi-

lateral to the stimulus site, potentially reflecting dorsal

horn processing of afferent pain signals.
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Although functional imaging of peripheral nerves may

be feasible (Bozza et al. 2004) it may not be necessary

to help advance the field of pain research. For instance,

development of new experimental models allow access

to investigating key symptoms of chronic pain states in

healthy controls, such as hyperalgesia (e.g. Valeriani

et al. 2003), and the development of modern laser

stimulators has allowed selective stimulation of distinct

nociceptor classes (e.g. Iannetti et al. 2004).

From an anatomical perspective, we are currently

acquiring high-resolution diffusion tensor imaging

(DTI) data, which are capable of non-invasively demon-

strating anatomical connections between brain centres

(Basser et al. 1994; Behrens et al. 2003). Although we

are able to demonstrate plausible anatomical connec-

tions between brain regions that process pain (see

Fig. 10), new analytical methods (functional and

effective connectivity analyses) are helping to close the

loop, by demonstrating that these regions do appear

to ‘communicate’ with one another to mediate specific

effects on pain perception (Lorenz et al. 2003; Valet

et al. 2004).

Although these techniques are providing insight into

the connectivity of different brain regions, they do so

on a time scale far removed from activity of the local

neuron. To help bridge the spatial and temporal gap,

we are beginning to utilize simultaneous EEG and

fMRI to help provide a solution to the temporal/spatial

limitations of these two techniques, and address

fundamental issues regarding neuronal–haemodynamic

coupling (Iannetti et al. 2005). The final goal is to

apply these developments and knowledge towards

Fig. 9 Painful thermal stimulation of the C7 dermatome (hand) gives rise to activation in the ipsilateral dorsal portion of the 
spinal cord. Thermal stimulation was delivered using a block design (30 s off, 30 s on). Images were acquired using a single-shot 
fast spin-echo pulse sequence, which is shown at the top left. Physiological monitoring of electrocardiogram and respiratory 
motion allows retrospective correction for movement due to pulsation of CSF in the subarachnoid space (SAS) and for movement 
of the chest wall. Incorporating this information in the statistical model allows detection of activations unrelated to physiological 
noise. The statistical map (Z > 1.8, cluster corrected P < 0.05), top right, was obtained by masking the spine and SAS in the image, 
and has an associated time course shown below.
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obtaining a better understanding of pain processing in

chronic pain patients, who often have a constellation

of physiological changes leading to plasticity or central

sensitization, and associated psychological changes.

Early studies have confirmed results from control

studies but have yet to inform us of the ‘anatomical

signature’ of chronic pain (Hsieh et al. 1995; Peyron

et al. 1998, 2004; Petrovic et al. 1999; Garcia-Larrea

et al. 2002; Valeriani et al. 2003; Zambreanu et al.

2005). However, the pain imaging community is slowly

turning its attention to clinical pain and advances in

our knowledge are expected within the next few years.

 

Conclusions

 

The advent of modern neuroimaging and electro-

physiological techniques has enabled researchers to

examine non-invasively the pain processing network.

In particular, studies using PET and fMRI have helped

resolve the major components of the pain matrix.

However, the use of pain matrix as a construct has its

disadvantages. For example, the insula, which is a

fundamental component of this network, has too often

been considered as a single functional unit. Only now

are studies revealing the separate functional subunits

of the insula and their individual roles, and will allow a

greater understanding of pain processing at multiple

levels. The combination of new techniques to demon-

strate anatomical and functional connectivity will be

of great help in this task. Although the majority of

functional imaging studies have focused on processing

at the supraspinal level, a new horizon is emerging

which ultimately may prove more important in the

study of clinical pain. The first level of pain processing,

and the site of significant reorganization/sensitization

in clinical pain, is in the dorsal horn. The ability non-

invasively to image and track changes longitudinally

via spinal fMRI is an exciting prospect for pain research.
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