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ventral posterior nucleus (VP), the posterior part of the
ventral medial nucleus (VMpo), the ventral posterior infe-
rior nucleus (VPI), and the ventral caudal division of the
medial dorsal nucleus (MDvc). Recent evidence, however,
questions the lamina I STT projection to VP (Craig, 2006).
Lamina V STT axons terminate in VP, VPI, ventral lateral
nucleus, and intralaminar nuclei. However, the thalamus
and its connections spinally and supraspinally are still
debated in terms of nociceptive processing in humans.
Nevertheless, higher-resolution imaging studies coupled
to surgical investigations in humans have confirmed the
relevance of nuclei identified to date from animal studies
(Montes et al., 2005; Romanelli et al., 2004; Seghier
et al., 2005). As a critical relay site, it’s perhaps not surpris-
ing that the thalamus is implicated in chronic pain.
Decreased thalamic blood flow contralateral to the site
of pain in patients with cancer has been shown (Di Piero
et al., 1991), and in patients developing pain following
lesions to the peripheral or central nervous system, tha-
lamic hypoperfusion occurs. Of course, such hypoperfu-
sion could reflect either a decrease in neural activity or
deafferentation. A recent study of a patient with a left
medullary infarct (Wallenberg’s syndrome) attempted to
distinguish between these possibilities (Garcia-Larrea
et al., 2006). In this patient, extensive right-sided sensory
deficits were accompanied by left-sided facial pain, and
a PET scan revealed that the reduction of blood flow
occurred in the right thalamus, contralateral to the area
of pain. The repeat scan following pain relief afforded by
motor cortex stimulation showed restoration of thalamic
perfusion. This suggests that thalamic hypoperfusion

indeed reflects the pain state, although it may not be path-
ophysiological per se. Future areas of investigation should
include targeted deep-brain stimulation in patients,
informed by white matter diffusion tractrography connec-
tivity maps, to better determine the role of specific
thalamic nuclei in pain perception and its modulation.
The Pain Matrix
Because pain is a complex, multifactorial subjective expe-
rience, a large distributed brain network is subsequently
accessed during nociceptive processing. Melzack (1999)
first described this as the pain ‘‘neuromatrix,’’ but it’s
now more commonly referred to as the ‘‘pain matrix’’;
simplistically it can be thought of as having lateral (sen-
sory-discriminatory) and medial (affective-cognitive-
evaluative) neuroanatomical components (Albe-Fessard
et al., 1985). However, because different brain regions
play a more or less active role depending upon the precise
interplay of the factors involved in influencing pain percep-
tion (e.g., cognition, mood, injury, and so forth), what
comprises the pain matrix is not unequivocally defined,
and the literature is not always consistent regarding
what regions are to be included. In our opinion, for the
pain matrix to retain its utility, it needs to be viewed not
as a stand-alone entity but rather as a substrate that is
significantly and actively modulated by a variety of brain
regions, and it is this interaction that in large part deter-
mines the pain experience.

A recent meta-analysis of human data from positron
emission tomography (PET), functional magnetic reso-
nance imaging (fMRI), electroencephalography (EEG),
and magnetoencephalography (MEG) studies does pro-
vide clarity regarding the commonest regions found active
during an acute pain experience (Apkarian et al., 2005).
These areas include: primary and secondary somatosen-
sory, insular, anterior cingulate, and prefrontal cortices as
well as the thalamus (Figure 2). That is not to say these
areas are the fundamental core network of human noci-
ceptive processing (and if ablated would cure all pain),
although recent studies investigating pharmacologically
induced analgesia do show predominant effects in these
brain regions (Casey et al., 2000; Geha et al., 2007; Rogers
et al., 2004; Wagner et al., 2007; Wise et al., 2002, 2004).
Other regions such as basal ganglia, cerebellum, amyg-
dala, hippocampus, and areas within the parietal and tem-
poral cortices can also be active dependent upon the
particular set of circumstances for that individual (Fig-
ure 2). Perhaps we need to move toward an individualized
neural ‘‘pain signature’’ rather than forcing this complex,
subjective experience into the constraints of a rigid neuro-
anatomical pain matrix (Tracey, 2005b). This is especially
true when considering the neural representation of
chronic, ongoing, or spontaneous pain in patients, some-
thing that has been studied only recently and appears to
not be represented necessarily by the conventional pain
matrix concept (Baliki et al., 2006). And of course data
showing activity of the near entire pain matrix without a
nociceptive input during hypnosis and empathy manipula-
tions support the notion it is time to reconsider how we

Figure 2. Neuroanatomy of Pain Processing
Main brain regions that activate during a painful experience, high-
lighted as bilaterally active but with increased activation on the contra-
lateral hemisphere (orange).
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fMRI-based Neurologic Signature of Pain
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the scale of fMRI activity to be the same across 
scanners (see the Supplementary Appendix). 
Sensitivity, specificity, positive predictive value, 
and decision accuracy are all equivalent in the 
forced-choice test. The MATLAB code for im-
plementing all analyses is available at http:// 
wagerlab.colorado.edu/.

R ESULT S

CROSS-VALIDATED PREDICTION OF PAIN
In study 1, the neurologic signature included sig-
nificant positive weights in regions including the 
bilateral dorsal posterior insula, the secondary so-
matosensory cortex, the anterior insula, the ventro-
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Figure 1. Prediction of Physical Pain on the Basis of Normative Data from Other Participants in Study 1.

Panel A shows the signature map, consisting of voxels in which activity reliably predicted pain. The map shows weights that exceed a 
threshold (a false discovery rate of q<0.05) for display only; all weights were used in prediction. ACC denotes anterior cingulate cortex, 
CB cerebellum, FUS fusiform, HY hypothalamus, IFJ inferior frontal junction, INS insula, MTG middle temporal gyrus, OG occipital gyrus, 
PAG periaqueductal gray matter, PCC posterior cingulate cortex, PFC prefrontal cortex, S2 secondary somatosensory cortex, SMA sup-
plementary motor area, SMG supramarginal gyrus, SPL superior parietal lobule, TG temporal gyrus, and THAL thalamus. Direction is in-
dicated with preceding lowercase letters as follows: a denotes anterior, d dorsal, i inferior, l lateral, m middle, mid mid-insula, p posterior, 
and v ventral. Panel B shows reported pain versus cross-validated predicted pain. Each colored line or symbol represents an individual 
participant. Panel C shows the signature response versus the pain intensity for heat, pain-anticipation, and pain-recall conditions. Signature-
response values were calculated by taking the dot product of the signature-pattern weights and parameter estimates from a standard, 
single-participant general linear model, with regressors for each condition. The estimates shown are derived from cross-validation, so 
that signature weights and test data are independent. I bars indicate standard errors. The receiver-operating-characteristic plots in Panel D 
show the tradeoff between specificity and sensitivity. Lines are fitted curves, assuming gaussian signal distributions. The test of pain 
versus no pain and the forced-choice test are shown by dashed lines and solid lines, respectively. Performance on the forced-choice test 
was at 100% for all conditions; thus, the lines are overlapping.
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detect contrasts in discrete stimuli, changes in the tem-
poral and spatial patterns of stimulation.

The intensity of a stimulus is also represented 
in the brain by the total number of active neurons in 
the receptor population. This type of population code 
depends on the fact that individual receptors in a 
sensory system differ in their sensory thresholds or 
in their affinity for particular molecules. Most sen-
sory systems have low- and high-threshold receptors. 
When stimulus intensity changes from weak to strong, 
low-threshold receptors are first recruited, followed by 
high-threshold receptors. Parallel processing in low- 
and high-threshold pathways extends the dynamic 
range of a sensory system by overcoming the maxi-
mum firing rate of 1,000 spikes per second imposed by 

Receptor adaptation is thought to be an impor-
tant neural basis of perceptual adaptation, whereby 
a constant stimulus fades from consciousness. Recep-
tors that respond to prolonged and constant stimu-
lation, known as slowly adapting receptors, encode 
stimulus duration by generating action potentials 
throughout the period of stimulation. In contrast, 
rapidly adapting receptors respond only at the begin-
ning or end of a stimulus; they cease firing in response 
to constant amplitude stimulation and are active only 
when the stimulus intensity increases or decreases 
(Figure 21–8B).

The existence of two kinds of receptors—rapidly 
and slowly adapting sensors—illustrates another 
important principle of sensory coding. Sensory systems 
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Figure 21–8 Firing rates of sensory neurons convey infor-
mation about the stimulus intensity and time course. These 
records illustrate responses of two different classes of touch 
receptors to a probe pressed into the skin. The stimulus ampli-
tude and time course are shown in the lower trace of each pair; 
the upper trace shows the action potentials recorded from the 
sensory nerve fiber in response to the stimulus.
A. A slowly adapting mechanoreceptor responds as long as 
pressure is applied to the skin. The total number of action 
potentials discharged during the stimulus is proportional to the 
amount of pressure applied to the skin. The firing rate is higher 
at the beginning of skin contact than during steady pressure, 

as this receptor also detects how rapidly pressure is applied to 
the skin. When the probe is removed from the skin, the spike 
activity ceases. (Adapted, with permission, from Mountcastle, 
Talbot, and Kornhuber 1966.)
B. A rapidly adapting mechanoreceptor responds at the begin-
ning and end of the stimulus, signaling the rate at which the 
probe is applied and removed; it is silent when pressure is 
maintained at a fixed amplitude. Rapid motion evokes a brief 
burst of high-frequency spikes, whereas slow motion evokes a 
longer-lasting, low-frequency spike train. (Adapted, with permis-
sion, from Talbot et al. 1968.)
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Figure 24–8 Neurogenic inflammation. Injury or tissue dam-
age releases bradykinin and prostaglandins, which activate or 
sensitize nociceptors. Activation of nociceptors leads to the 
release of substance P and CGRP (calcitonin gene–related pep-
tide). Substance P acts on mast cells in the vicinity of sensory 
endings to evoke degranulation and the release of histamine, 
which directly excites nociceptors. Substance P produces 

plasma extravasation, and CGRP produces dilation of peripheral 
blood vessels; the resultant edema causes additional liberation 
of bradykinin. These mechanisms also occur in healthy tissue, 
where they cause secondary or spreading hyperalgesia.
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I and V. Information transmitted along this tract is 
thought to contribute to the affective component of 
pain. This tract projects in the anterolateral quadrant 
of the spinal cord to the mesencephalic reticular for-
mation and periaqueductal gray matter (Figure 24–12). 

and terminates in both the reticular formation and the 
thalamus (Figure 24–12). The axons of spinoreticular 
tract neurons do not cross the midline.

The spinomesencephalic (or spinoparabrachial) tract 
contains the axons of projection neurons in laminae 
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Figure 24–10 Mechanisms for enhanced excitability of 
dorsal horn neurons.
A. Typical responses of a dorsal horn neuron in the rat to electri-
cal stimuli delivered transcutaneously at a frequency of 1 Hz. 
With repetitive stimulation the long-latency component evoked 
by a C fiber increases gradually, whereas the short-latency 
component evoked by an A fiber remains constant.
B. The dorsal horn neuron receives monosynaptic input from 
mechanoreceptors (A fibers) and polysynaptic input from 
nociceptors (C fibers). Elevation of Ca2+ in the presynaptic 
terminal leads to increased release of glutamate and sub-
stance P. Activation of the postsynaptic α-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA)-type glutamate receptors 
by A fibers causes a fast transient membrane depolarization, 

which relieves the Mg2+ block of the N-methyl-D-aspartate 
(NMDA)-type receptors. Activation of the postsynaptic NMDA-
type receptors and neurokinin-1 (NK1) antagonist receptors by 
C fibers generates a long-lasting cumulative depolarization. The 
cytosolic Ca2+ concentration in the dorsal horn neuron increases 
because of Ca2+ entry through the NMDA-type and AMPA-type 
channels and voltage-sensitive Ca2+ channels. The elevated Ca2+ 
and activation of NK1 receptors through second-messenger 
systems enhances the performance of the NMDA-type recep-
tors. Activation of NK1 receptors, cumulative depolarization, 
elevated cytosolic Ca2+, and other factors regulate the behavior 
of ion channels responsible for action potentials, resulting in 
enhanced excitability.
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Many neurons in the most superficial lamina of 
the dorsal horn, termed lamina I or the marginal layer, 
respond to noxious stimuli conveyed by Aδ and C 
fibers. Because they respond selectively to noxious 
stimulation they have been called nociception-specific 
neurons. This set of neurons projects to higher brain 
centers, notably the thalamus. A second class of lamina 
I neurons receives input from C fibers that are activated 
selectively by intense cold. Other classes of lamina I 
neurons respond in a graded fashion to both innocu-
ous and noxious mechanical stimulation and thus are 
termed wide-dynamic-range neurons.

Lamina II, the substantia gelatinosa, is a densely 
packed layer that contains many different classes of local 
interneurons, some excitatory and others inhibitory. 
Some of these interneurons respond selectively to noci-
ceptive inputs, whereas others also respond to innocu-
ous stimuli. Laminae III and IV contain a mixture of 

after therapeutic transection of sensory afferent fibers 
in the dorsal roots.

Signals from Nociceptors Are Conveyed to 
Neurons in the Dorsal Horn of the Spinal Cord

The perception of noxious stimuli arises from signals in 
the peripheral axonal branches of nociceptive sensory 
neurons whose cell bodies are located in dorsal root 
ganglia or the trigeminal ganglia. The central branches 
of these neurons terminate in the spinal cord in a highly 
orderly manner. Most terminate in the dorsal horn. 
Primary afferent neurons that convey distinct sensory 
modalities terminate in different laminae (Figure 24–3B). 
Thus there is a tight link between the anatomical organi-
zation of dorsal horn neurons, their receptive properties, 
and their function in sensory processing.

C fiber

I

II

III

IV

V

VI

To brain stem
and thalamus

To thalamus

B  Spinal cord inputs

Aδ fibers 

Aδ fiber 

Aβ fiber
(mechanoreceptor)

C fiber

Thermal Polymodal SilentMechanical

A  Nociceptor types

Figure 24–3 Nociceptive fibers terminate in the dorsal horn 
of the spinal cord.
A. Peripheral nociceptor classes.
B. Neurons in lamina I of the dorsal horn receive direct input 
from myelinated (Aδ) nociceptive fibers and both direct and 
indirect input from unmyelinated (C) nociceptive fibers via 
interneurons in lamina II. Lamina V neurons receive low- 
threshold input from large-diameter myelinated fibers (Aβ) of 

mechanoreceptors as well as inputs from nociceptive affer-
ent fibers (Aδ and C fibers). Lamina V neurons send dendrites 
to lamina IV, where they are contacted by the terminals of 
Aβ primary afferents. Dendrites in lamina III arising from cells 
in lamina V are contacted by the axon terminals of lamina II 
interneurons. Aα fibers innervate motor neurons and interneu-
rons in the ventral spinal cord (not shown). (Modified, with 
permission, from Fields 1987.)
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Figure 17–9 Cortical representation of 
the hand changes following surgical 
correction of syndactyly of digits 2 to 5.  
(Reproduced, with permission, from 
Mogilner et al. 1993.)
A. A preoperative map shows that the 
cortical representation of the thumb, 
index, middle, and little fingers is abnormal 
and lacks any somatotopic organization. 
For example, the distance between sites 
of representation of the thumb and little 
finger is significantly smaller than normal 
(see Figure 17–8D).
B. Twenty-six days after surgical separa-
tion of the digits, the organization of the 
inputs from the digits is somatotopic. The 
distance between the sites of represen-
tation of the thumb and little finger has 
increased to 1.06 cm.
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Figure 17–10 Phantom limb sensations can be evoked by 
stimulating particular areas of skin. Patients who have had 
an arm amputated experience sensation of the missing hand 
when their faces and upper arms are touched. (Reproduced, 
with permission, from Ramachandran 1993.)
A. The face of a patient whose arm was amputated above 
the left elbow is marked to show where stimulation (brush-
ing the face with a cotton swab) elicits sensation referred to 
the phantom digits. Regions of the body that evoke referred 
 sensations are called reference fields. Stimulation of the 
region labeled T always evokes sensations of the phantom 
thumb. Stimulation of facial areas marked I, P, and B evoke 
sensation of the phantom index finger, pinkie, and ball of the 
thumb, respectively. This patient was tested 4 weeks after  
amputation.

B. Another patient experienced referred sensation in two 
distinct areas on the arm—one area close to the line of ampu-
tation and a second area 6 cm above the elbow crease—in 
addition to sites on the face. Each area of referred sensation 
is a precise spatial map of the lost digits; the maps are almost 
identical except for the absence of fingertips in the upper map 
(P, palm). When the patient imagined pronating his phantom 
lower arm, the entire upper map shifted in the same direction 
by approximately 1.5 cm. Stimulating the skin region between 
these two maps did not elicit sensations of the phantom limb.
C. Portion of a sensory homunculus showing how the cortical 
area receiving inputs from the hand is flanked by the regions 
devoted to the face and the arm. Rearrangement of these 
cortical inputs is thought to be responsible for some types of 
phantom limb sensation.
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The cervicothalamic tract runs in the lateral white 
matter of the upper two cervical segments of the spinal 
cord and contains the axons of neurons of the lateral 
cervical nucleus, which receives input from neurons in 
laminae III and IV of the dorsal horn. Most axons in the 
cervicothalamic tract cross the midline and ascend in 
the medial lemniscus of the brain stem, terminating in 
midbrain nuclei and in the ventroposterior lateral and 
posteromedial nuclei of the thalamus. Other neurons 
in laminae III and IV send their axons directly into the 

Axons in this tract also project to the parabrachial 
nucleus. Neurons of the parabrachial nucleus project 
to the amygdala, a key nucleus of the limbic system 
that regulates emotional states. Many of the axons of 
this pathway course through the dorsal part of the 
lateral funiculus rather than in the anterolateral quad-
rant. In surgical procedures designed to relieve pain, 
such as anterolateral cordotomy, the sparing of these 
fibers may explain the persistence or recurrence of 
pain after surgery.
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Figure 24–11 Changes in neural activation 
in phantom limb pain.
A. The domain of cerebral cortex activated by 
ascending spinal sensory inputs is expanded 
in patients with phantom limb pain.
B. Functional magnetic resonance imaging 
(fMRI) of patients with phantom limb pain 
and healthy controls during a lip pursing task. 
In amputees with phantom limb pain, cortical 
representation of the mouth has extended 
into the regions of the hand and arm. In 
amputees without pain, the areas of primary 
somatosensory and motor cortices that 
are activated are similar to those in healthy 
controls (image not shown). (Modified, 
with permission, from Flor, Nokolajsen, and 
Jensen 2006.)


