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Abstract: Chronic pain can develop from numerous conditions and is one of the most
widespread and disabling health problems today. Unfortunately, the pathophysiology of
chronic pain in most of these conditions, along with consistently effective treatments,
remain elusive. However, recent advances in neuroimaging and neurophysiology are
rapidly expanding our understanding of these pain syndromes. It is now clear that
substantial functional and structural changes, or plasticity, in the central nervous system
(CNS) are associated with many chronic pain syndromes. A group of cortical and subcortical
brain regions, often referred to as the “pain matrix,” often show abnormalities on functional
imaging studies in persons with chronic pain, even with different pain locations and
etiologies. Changes in the motor and sensory homunculus also are seen. Some of these CNS
changes return to a normal state with resolution of the pain. It is hoped that this knowledge
will lead to more effective treatments or even new preventative measures. The purpose of
this article is to review recent advances in the understanding of the CNS changes associated
with chronic pain in a number of clinical entities encountered in the field of physical
medicine and rehabilitation. These clinical entities include nonspecific low back pain,
fibromyalgia, complex regional pain syndrome, postamputation phantom pain, and chronic
pain after spinal cord injury.
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INTRODUCTION

Central nervous system (CNS) plasticity refers to the ability of the CNS to reorganize over
time. CNS plasticity occurs normally throughout life in response to a person’s experiences,
thoughts, and actions. The main mechanisms include functional changes or alterations in
the intrinsic properties of the neurons and structural mechanisms, which refer to changes in
the number or location of synapses between neurons [1]. Although plasticity is best
understood in the context of motor skill acquisition and recovery from CNS injury, it is
becoming clear that reorganization also occurs in chronic pain states.

BRAIN ACTIVITY IN PERSONS WITH ACUTE PAIN

It is important to understand the relative activity of specific brain regions in healthy persons
who are in acute pain to understand changes that are specific to chronic pain. A meta-
analysis that evaluated 152 studies of acute and chronic pain which used a variety of
hemodynamic, neuroelectrical, and neurochemical methods determined that several brain
regions, sometimes referred to as the “pain matrix,” were consistently activated during pain
perception [2]. The pain matrix generally is thought to include the primary (S1) and
secondary (S2) somatosensory cortex, insula, anterior cingulate cortex (ACC), amygdala,
prefrontal cortex (PFC), and thalamus [2]. The study also demonstrated some differences
between acute and chronic pain, the most prominent difference being that chronic pain
more often activates brain regions involved in cognitive and/or emotional pain processing.
Activation of the insula, S1, S2, and lateral thalamus are thought to be related to the
sensory-discriminative aspects of pain processing [3], whereas the ACC appears to partici-
pate in affective and attentional concomitants of pain sensation, or perceiving pain as an
unpleasant experience [4-7]. Foltz and White [8] showed that, after cingulotomy, the
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subjects will feel pain but are not bothered by it. Persons with
more pain sensitivity and greater levels of perceived unpleas-
antness to painful stimulation demonstrate increased ACC
activity [9].

Posterior parietal and prefrontal cortices are thought to be
involved in attentional, cognitive, and memory networks
activated by noxious stimuli [3,7]. Attentional modulation of
sensory processing and of pain processing share general
mechanisms. However, there seem to be additional specific
processes or pathways that allow attention to exert even more
modulation of pain. The descending pain modulation system
includes the PFC and ACC and exerts its influence on the
periaqueductal gray matter and posterior thalamus [10,11].

CNS ACTIVITY IN PERSONS WITH CHRONIC
PAIN

The theory of the pain matrix is an extension of the gate
control theory of Melzack and Wall [12]. This theory pur-
ports that changes in the pain matrix after injury can result in
central sensitization. Purported centralization mechanisms
include decreased threshold of nociceptor afferent peripheral
terminals, degeneration of C-fiber terminals in lamina II,
ectopic foci in the dorsal root ganglion, and induced sprout-
ing of A-fibers. Decreased y-aminobutyric acid (GABA) re-
ceptor activity, downregulation of opioid receptors, and sym-
pathetic ephaptic transmission with nociceptor activation
would result. Inflammatory mediators in the periphery can
include histamines, purines, leukotrienes, norepinephrine,
cytokines, nerve growth factor, neuropeptides, serotonin,
prostaglandins, and bradykinin.

Centrally, an activity-dependent increase in spinal neuron
excitability occurs with denervation hypersensitivity and
synaptic structural changes mediated by N-methyl-D-aspar-
tate receptors and glutamate, along with death of inhibitory
neurons, replacement with new afferent excitatory neurons,
and establishment of aberrant excitatory synaptic connec-
tions [12].

Studies of brain changes in the chronic pain state are
necessarily much different than studies of brain changes in
the acute pain state. It would be impractical in most situa-
tions to image the brain in the healthy, nonpainful state and
then compare the changes before and after the onset of pain.
Furthermore, these CNS changes are likely influenced by
comorbidities, such as depression, anxiety, medication use,
decreased physical activity, and limited social stimulation; so
it is not surprising that current studies demonstrate a greater
variety of CNS changes in chronic pain syndromes than in
acute pain states. Nevertheless, some findings are common
across the various diagnostic entities and across different
imaging modalities. For example, reorganization in the pri-
mary motor and sensory homunculus maps occurs in per-
sons with complex regional pain syndrome (CRPS), phantom
pain, and back pain. In persons with CRPS, the S1 represen-

tation of the affected arm is smaller and shifted in location on
the homunculus toward the lip region [13,14]. However, in
some conditions, such as chronic back pain, the S1 represen-
tation in the affected area is larger [13].

In volumetric magnetic resonance imaging (MRI) studies,
although the specific decrease in areas of gray matter varies
somewhat with different diagnoses, the cingulate cortex,
insula, and dorsolateral prefrontal cortex (DLPFC) usually
show atrophy across the diagnoses [15,16]. Results of other
studies suggest a decrease in gray matter in areas involved in
pain processing in patients with chronic pain [17]. Results of
many of these studies find a correlation between brain gray
matter changes and the duration or intensity of pain [18,19].
As an example, Rodriguez-Raecke et al [15] studied 32 sub-
jects with chronic pain due to primary hip osteoarthritis by
using 3 Tesla MRI and found decreased gray matter in the
ACC, right insular cortex and operculum, DLPFC, amygdala,
and brainstem compared with control subjects. In a sub-
group of 10 patients who were completely pain free after total
hip replacement surgery, gray matter increases were found in
the ACC, DLPFC, amygdala, and brainstem at 6 weeks and 4
months after surgery.

Functional imaging studies in persons with chronic pain
have led to a much greater understanding of how pain is
processed in the CNS. For example, in several imaging stud-
ies, distraction from pain is associated with decreased pain-
related activations in pain matrix regions [11,20]. In addi-
tion, attention to pain is associated with an increased
functional coupling in many of those regions [21,22], which
may begin to explain how treatments such as cognitive be-
havioral therapy, relaxation techniques, and virtual reality
[23] benefit patients with chronic pain. Chronic pain states
may lead to the development of pain memories that alter the
somatotopic map in S1 and may contribute to a hyperalgesic
state even without peripheral nociceptive stimulation. These
pain memories can be influenced by psychological interven-
tions such as operant and classical conditioning [24,25].
Interestingly, abnormal CNS responses to painful stimuli
may develop from as far back as the neonatal period [26]. A
group of school-age children who required painful proce-
dures as neonates and a control group with an uncomplicated
postnatal course underwent functional MRI (fMRI) during
moderately painful heat stimuli. The “procedure” group
demonstrated higher activations than did control subjects in
most of the pain matrix areas. Furthermore, their pain ratings
showed a tendency for increased sensitization and a lack of
habituation across trials.

The descending pain modulating system can inhibit or
facilitate peripheral nociceptive input. This system receives
input from the prefrontal, cingulate, and anterior insular
cortices, as well as the amygdala, which allows influence from
affective and cognitive processes [27]. Although long-term
nociceptive input is known to result in augmented descend-
ing inhibition, this enhanced inhibition may amplify neuro-
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nal sensitization in the dorsal horn, thereby promoting a
chronic pain state [28].

Predisposing intrinsic factors influence the development
of chronic pain and the associated neural plasticity. Although
it is likely that many factors are involved, these factors may
include individual differences in the ability of the CNS to
reorganize. Evidence indicates that individual differences in
endogenous pain modulation are risk factors for the devel-
opment of chronic pain [29,30]. Genotype brain-derived
neurotrophic factor polymorphism (present in 30% of the
population) reduces motor map reorganization and cortico-
spinal excitability after training on several fine motor tasks
compared with subjects without the polymorphism [31]. A
genetic predisposition exists in persons with CRPS [32] and
fibromyalgia syndrome (FMS) [29]. Thus genotype clearly
plays some role in the development of chronic pain.

CHRONIC BACK PAIN

Chronic back pain (CBP) is a common medical condition.
The study of brain plasticity in persons with CBP is relatively
new. Flor et al [33] studied 10 subjects with low back pain
and 9 matched healthy control subjects and found evidence
of functional reorganization of S1 in the subjects with CBP.
They also found that the amount of reorganizational change
increased with the chronicity of pain.

Apkarian et al [16] presented the first study that showed
brain morphometric (structural) changes in persons with
CBP. They compared brain morphology of 26 patients with
CBP to 26 matched control subjects by using a 1.5 Tesla
T1-weighted MRI scanner. The study showed a 5.4% de-
crease in gray matter volume in the subjects with CBP com-
pared with normal control subjects. When the volumes were
compared again after correcting for age, gender, and pain
duration, the resultant gray matter volume decrease reached
11% in subjects with CBP, which is equivalent to the loss of
neocortical gray matter volume with 10-20 years of normal
aging. The study further demonstrated that the mean gray
matter volume was not different between neuropathic and
non-neuropathic subtypes. However, in patients with neuro-
pathic CBP, pain duration was positively correlated with gray
matter decrease of 1.3 cm” per year of chronic pain. Although
the study by Apkarian et al [16] indicated that gray matter
density was reduced in the bilateral DLPFC and the right
anterior thalamus, Schmidt-Wilcke et al [34] found a signif-
icant decrease in gray matter in the brainstem and somato-
sensory cortex. They also found a significant increase in gray
matter bilaterally in the basal ganglia and left thalamus.

Baliki et al [35] studied fMRI changes associated with
fluctuating phases of CBP (N = 13). When the subjects had a
sustained high level of pain, brain mapping showed activity
in a single cluster within the medial prefrontal cortex (mPFC)
in and around the rostral ACC (rACC), which extended to the
level of the genu. Additional analysis showed increased ac-

tivity in the posterior thalamus, ventral striatum, and ex-
tended amygdala, as well as a larger activity spread within the
PFC, but did not reveal any activity in the parietal and insular
regions. When the subjects had increasing pain, the brain
mapping showed activity in the right anterior and posterior
insula, multiple portions of mid ACC, S2, the foot region of
S1, and the cerebellum. It was concluded that, when back
pain is high and sustained, it engages brain areas involved in
emotion, cognition, and motivation. In contrast, the increas-
ing phase of CBP transiently activated brain regions com-
monly observed for acute pain.

A possible relationship between CBP and the so called
Default-Mode Network (DMN) was studied by Baliki et al
(n = 30) [36]. The DMN is the most active brain system
when the brain is doing mental exploration at wakeful rest,
without external disturbance [37]. In the study by Baliki et al
[36], the subjects with CBP displayed reduced deactivation in
several key DMN regions, such as the mPFC, amygdala, and
posterior cingulate cortex. The extent of mPFC deactivation
correlated with the number of years of pain. A recent study
(n = 8) [38] demonstrated that use of a lidocaine patch not
only decreased CBP but also reversed the brain plasticity
caused by CBP. In this study, fMRI showed a significant
decrease in brain activity in the mPFC, rACC, superior fron-
tal gyrus, and posterior parietal cortex after administration of
lidocaine.

In summary, results of studies have demonstrated that
CBP is associated with decreased gray matter density of the
bilateral DLPFC, right anterior thalamus, brainstem, and
somatosensory cortex, and increased gray matter bilaterally
in the basal ganglia and left thalamus. A sustained high level
of back pain increases mPFC activity, which participates in
the emotional, cognitive, and motivational processing of
pain. Increasing back pain activates a separate, specific set of
brain areas for acute pain. Results of one small study suggest
that brain plasticity caused by CBP can be reversed if the pain
is alleviated.

FIBROMYALGIA

FMS is a pain-amplification syndrome. Persons with FMS
have increased sensitivity to painful and nonpainful stimuli,
including touch, heat, cold, light, sound, and smell [39]. The
criteria and scope of fibromyalgia are under considerable
debate. In fact, it has been proposed that fibromyalgia is part
of a much larger continuum of somatic complaints, multiple
sensory hypersensitivities, and low pain thresholds, includ-
ing chronic fatigue syndrome, irritable bowel syndrome,
temporomandibular joint disorder, chronic pelvic pain, non-
specific back pain, and others, and that together, these
should be termed central sensitivity syndromes [29]. This
proposal has been made in part because of an increasing
understanding that abnormalities of central pain processing
are an important part of this collection of disorders [40].
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Results of many studies demonstrate the existence of hyper-
algesia and/or allodynia in otherwise nonpainful areas in a
number of these conditions, including idiopathic low back
pain, irritable bowel syndrome [41], temporomandibular
joint disorder [42], vulvodynia [43], and tension headaches
[44,45]. Results of other studies suggest centrally mediated
pain augmentation in persons with fibromyalgia [29], low
back pain [46], and irritable bowel syndrome [47,48]. One
element of this central pain augmentation is attenuated dif-
fuse noxious inhibitory control (DNIC). DNIC refers to the
recruitment of descending analgesic pathways to increase an
individual’s pain threshold after an acute painful stimulus is
given [49]. A deficiency in DNIC is known to be present in
persons with fibromyalgia [50] and temporomandibular
joint disorder [51]. Patients with fibromyalgia also are known
to have a low noxious threshold for auditory tones and to
tactile pressure [52,53], which suggests a biologic amplifica-
tion of sensory stimuli. This suggestion is supported by the
fact that the insula is commonly overactive in imaging studies
in patients with fibromyalgia. The insula appears to play an
important role in sensory integration, with the anterior insula
specifically involved in the emotional processing of sensa-
tions [54,55]. Gracely et al [56] studied 16 fibromyalgia
subjects and 16 control subjects with fMRI. When pressure
was applied to the left thumb adequate to cause equivalent
pain in the 2 groups (less pressure was needed in the fibro-
myalgia group), there were mostly similar findings. Both
groups showed increased metabolic activity in areas associ-
ated with sensory discriminative processing (contralateral S1
and S2), motor association (contralateral putamen and ipsi-
lateral cerebellum), sensory association (contralateral supe-
rior temporal gyrus and inferior parietal lobule), and affective
processing (contralateral insula). However, when the same
low-intensity pressure was applied to both groups (which
caused pain in the subjects with fibromyalgia but not in the
control subjects) fMRI findings were similar to those previ-
ously mentioned in the subjects with fibromyalgia, but the
control subjects only demonstrated increased activity in the
ipsilateral medial frontal gyrus [56]. When painful heat stim-
uli were used in an otherwise similar study, findings similar
to the study by Gracely et al [56] were observed when the
stimuli were subjectively similar between the groups. When
the stimuli were the same temperature, the fibromyalgia
group showed increased activation in the contralateral insu-
lar cortex. The placebo group showed increased activity only
in a portion of the parietal cortex and mid insular cortex.

A study that used the serotonin norepinephrine reuptake
inhibitor milnacipran showed CNS changes in association
with clinical improvement [57]. Ninety-two female subjects
with fibromyalgia participated in a 13-week, double-blind,
placebo-controlled, randomized trial to assess the effects of
100 mg of milnacipran taken twice daily. Preliminary fMRI
results showed activations typically seen in persons with
fibromyalgia (S1, S2, insula, cingulate cortex, cerebellum,

thalamus, and amygdala). At 12 weeks, the group that re-
ceived milnacipran showed a reduction in Visual Analog
Scale ratings compared with control subjects that ap-
proached significance and reached significance in subgroups.
On fMRI, the group that received milnacipran exhibited
increased activation in the amygdala, caudate nucleus, and
anterior insula, all of which are areas thought to be involved
in the DNIC [55].

Results of other fMRI studies arrived at different results.
By using MRI voxel-based morphometry, Hsu et al [58]
found no imaging differences in subjects with fibromyalgia
compared with healthy individuals when controlling for af-
fective disorder took place, and in subjects with affective
disorder, abnormalities were only seen in the left anterior
insula. Results of several FMS studies show a reduced re-
gional cerebral blood flow (rCBF) in one or both thalami
[59,60]. The reason for this finding is unknown, but it is
“consistent with a tonic inhibition in response to a persistent
excitatory input associated with widespread chronic pain,
which is characteristic of FMS” [61].” Guedj et al [62] used
single-photon emission computed tomography (SPECT) to
evaluate rCBF in the midbrain in subjects with fibromyalgia.
They were treated with subcutaneous ketamine in increasing
doses for 10 days (maximum dose, 100 mg). Eleven of the 17
subjects were considered responders (ie, they had a more
than 50% decrease in the Visual Analog Scale; on average, 82
mm decreased to 32 mm). The postketamine SPECT showed
a greater increase in mid brain rCBF in the responders
compared with the nonresponders, which suggests a block-
ade of the excitatory descending modulation of pain with
ketamine. Another SPECT study revealed diminished resting
rCBF in bilateral thalami and caudate nuclei in patients with
fibromyalgia compared with control subjects [59,63]. Neu-
roimaging in persons with FMS is extensively reviewed by
Nebel and Gracely [57].

CRPS

CRPS usually develops after a sprain or fracture in a distal
limb. It is manifested by sensory, motor, and autonomic
symptoms [64]. The pathogenesis is unknown. Evidence
exists for peripheral neurogenic inflammation, endothelial
dysfunction, pathologic sympathetico-afferent coupling, and
CNS changes [28]. Whatever the initiating pathophysiology
is, there is an increasing understanding of the structural and
functional changes that occur in the CNS of persons affected
by CRPS.

The first functional imaging study that showed CNS
changes in persons with CRPS was carried out by Fukumoto
et al [65]. They used SPECT to demonstrate an alteration in
contralateral thalamic perfusion in persons with CRPS.
Maihofner et al [14,66,67] performed a series of enlightening
experiments on subjects with upper-extremity CRPS, which
demonstrate not only that functional cortical changes occur
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in this disorder but that these changes reverse with resolution
of symptoms. These investigators used magnetoencephalog-
raphy to show that the cortical representation of the con-
tralateral (affected) hand was smaller and shifted toward the
lip region. The extent of this cortical reorganization was
correlated with the severity of pain and mechanical hyperal-
gesia on the CRPS limb [14]. Some of these same subjects,
who had much reduced pain upon being tested more than a
year later, showed a normalization of the previously noted
cortical changes [66]. The same investigators later studied
changes in the motor cortex by using fMRI in 10 subjects with
CRPS and with an average duration of symptoms of 52 weeks
[67]. During finger tapping movements on the affected side,
subjects with upper-extremity CRPS showed markedly in-
creased activation of the contralateral primary and supple-
mentary motor cortices compared with control subjects.
They also showed a markedly increased activation in the
ipsilateral motor cortex. In addition, activations in the post-
parietal, supplemental motor area and primary motor cortex
were correlated with the degree of motor impairment. In that
same study, the investigators had subjects undergo a reach-
ing task and, compared with control subjects, the patients
with CRPS showed a prolonged reach pattern consistent with
a disturbed integration of visual and proprioceptive inputs in
the post parietal cortex. This finding, along with the fMRI
data, implied a dysfunction of the posterior parietal and
supplemental motor cortices in persons with CRPS. A smaller
S1 representation in CRPS also is seen in other studies that
used fMRI [68], somatosensory evoked potential mapping
[69], and magnetoencephalography [70,71]. Pleger et al [68]
showed reduced cortical signals on fMRI in both S1 and S2 as
well as impairment of tactile perception on the CRPS side in
subjects with CRPS versus control subjects.

Reversal of some CNS changes in persons with CRPS with
improvement in symptoms also has been shown when using
fMRI [72,73]. A study of children with lower-extremity CRPS
demonstrated abnormal activation in the anterior and middle
ACC, anterior and posterior insula, thalamus, and basal
ganglia [73]. When spontaneous pain had resolved and pain
to tactile stimuli was absent or minimal, some changes in
activation persisted. As in adult studies [74], prominent
activations were found in the temporal lobes, perhaps asso-
ciated with fear and anxiety associated with pain [75].
Changes also were seen in the hypothalamus, which, in turn,
may begin to explain the autonomic changes seen in the
disorder. The researchers noted that, overall, the findings
were similar to those in adult studies.

CNS reorganization is a logical explanation for some of the
puzzling sensory and motor symptoms seen in persons with
CRPS, such as tactile perception changes and dystonia, be-
cause these symptoms are seen in persons with other condi-
tions with known CNS changes. Lesions or inactivation in the
posterior parietal cortex are known to produce spatial disori-
entation and misreaching [76]. Results of several studies also

suggest impairment of posterior parietal function in persons
with CRPS [70]. A motor neglect-like syndrome, sometimes
seen in persons with CRPS [77], also is often found in
patients with lesions of the parietal cortex [78]. Ribbers et al
[79] described motor impairment in affected and unaffected
limbs. Moseley [80] found that patients with CRPS took
longer to recognize their affected hand in a laterality recog-
nition task. Two functions of the ventromedial prefrontal
cortex are emotional decision making [81] and determina-
tion of the emotional value of sensory stimuli [82]. Persons
with ventromedial prefrontal cortex lesions do poorly on
emotional decision-making tasks. Interestingly, persons with
CRPS do just as poorly, even when their pain is transiently
reduced [83]. Geha et al [84] found gray matter atrophy in
the right ventromedial prefrontal cortex, anterior insula, and
nucleus accumbens in patients with CRPS. Furthermore, the
extent of atrophy was associated with the duration and inten-
sity of pain. By using diffusion tensor imaging, they also
found differences that suggested a diffuse reorganization of
white matter tracks (altered branching patterns) in persons
with CRPS.

PHANTOM LIMB PAIN

Phantom pain is defined as a painful sensation in the location
of an amputated limb. The pain quality typically is described
as stabbing, throbbing, burning, or cramping. Its differential
diagnosis includes phantom sensation, residual limb sensa-
tion, or residual limb pain. Phantom pain is a common
phenomenon, occurring in 72% of amputees within the first
week of surgery, with 60% continuing to experience pain at 6
months. No change in this prevalence occurs during the next
5 years. Factors that correlate to the development of phantom
pain include pain that lasts longer than 1 month before
amputation, increased postsurgical pain, and psychological
factors, including anxiety. The relationship to preamputation
pain may be evidence for presurgical pain centralization as a
contributing factor to the development of phantom pain
[85].

For phantom pain to generate, brain activity increases in
areas of the pain matrix, and recruitment of additional corti-
cal areas beyond the classic pain matrix, cortical reorganiza-
tion, and maladaptive neuroplasticity are required, along
with changes in neurochemistry, structural brain changes,
and disruption of the brain default network. Flor [13] has
demonstrated the phenomenon proposed by Melzack [12].
Remapping of the somatosensory cortex by using fMRI in
response to injury in animal and human studies after ampu-
tation has been shown. This reorganization involves exten-
sion into the homunculus regions that represented areas lost
by neurologic injury by areas in proximity that have main-
tained neurologic continuity, which is evidence that the
cortex is a far more flexible, dynamic, and adaptive system
than has been previously appreciated. In the medical litera-
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ture about amputations, this phenomenon is called “referred
phantom sensation,” in which tactile stimulation of these
adjacent areas will result in an experienced phantom sensa-
tion. Such findings are not seen in congenital amputees or in
young children who have undergone an amputation [86].
Functional MRI shows brain activity changes in the ipsilateral
motor cortex [87]. Other areas involved in phantom pain
include the thalamus, S1, S2, insula, forebrain, and ACC
[27].

Unfortunately, preventive analgesia and preemptive anal-
gesic techniques have shown inconsistent results. In addi-
tion, medication and interventional treatments to date have
resulted in statistically significant but not clinically signifi-
cant changes in pain or function [88]. Although deep brain
stimulation shows early promise, further study is needed. A
small series showed that 50% of patients improved with deep
brain stimulation for phantom pain. It is postulated that this
improvement is due to the release of endogenous opioids,
activation of ascending pathways from the periaqueductal
gray, and activation of the medial dorsal nucleus of the
thalamus, which is associated with limbic system activation
and connections to the amygdala and cingulate cortex. Acti-
vation of an inhibitory thalamocortical-corticofugal pathway
with an inhibitory effect of thalamic stimulation upon the
lamina I neurons of the dorsal horn occurs, which modulates
the pain experience [89].

A systematic review of mirror therapy showed that it was
no better than motor imagery in achieving a meaningful,
immediate decline in pain. Pain severity improvement was
not sustained, and pain medication use, function, and em-
ployment were not significantly altered [90].

CHRONIC PAIN AFTER SPINAL CORD
INJURY

Spinal cord injury (SCI) is a very different issue, with damage
to ascending and descending spinal cord fibers rather than
peripheral nerve injury. This deafferentation, with associated
Wallerian degeneration that extends into the cortex, consis-
tently leads to cortical reorganization. An fMRI in patients
who are paraplegic showed that intact finger movements
evoked increased activation in the primary motor cortex
compared with control subjects [91]. This increased activa-
tion was seen in areas of the cortex previously represented by
the areas that sustained paralysis [92]. Studies also showed
activation in the supplementary motor area, parietal cortex,
and cerebellum [91].

In animal studies, IMRI showed that deafferented hind
limb territories of S1 will respond to stimulation of the
unaffected forepaw as early as 3 days after thoracic spinal
cord transaction, which indicated how rapidly this reorgani-
zation begins. After these early changes, there is a time of
relative inactivity, with changes in the thalamus and caudal
spinal cord that occurred 6 months after the time of the injury

or later. How this time of relative inactivity relates to the time
course of pain centralization in human SCI is unknown. Early
reorganization may be due to the loss of ascending GABAer-
gic inhibition with release of excitatory influences that could
signal cortical sprouting needed to develop extension of
activation to areas affected by paralysis [93]. In addition, in
further animal experiments, marked downregulation of
Nogo receptor messenger ribonucleic acid as early as 1 day
after SCl is seen in areas of the primary somatosensory cortex
in which cortical reorganization was observed by fMRI after
SCI, while brain-derived neurotrophic factor is upregulated.
This finding supports the theory that cortical reorganization
after SCI is related to activity of the Nogo signaling system
[94]. Neurotrophin-3 augments neuroplasticity in S1, S2, the
brainstem, and the thalamus, whereas antibodies to nerve
growth factor inhibit reorganization and decrease postinjury
hyperalgesia [95].

Animal models also have demonstrated that thalamic neu-
rons upregulate expression of the Navl.3 sodium channel by
4 weeks after SCI. The Navl.3 sodium channel is a voltage-
gated sodium channel expressed at high levels during the
development of the nervous system. Increased expression of
this channel is thought to underlie increased sensitivity to
stimulation and to facilitate the neurophysiologic conditions
observed in persons with central neuropathic pain [96].

In the SCI literature, evidence of reorganization clearly
exists in experimental and human studies when using fMRI.
Specifically, precentral gyrus (primary somatosensory) reor-
ganization occurs after SCI. Neuronal regrowth occurs into
areas of the cortex that previously served the parts of the body
impaired by the SCI. In response to this neuronal regrowth, a
decreased 2-point discrimination threshold is seen [97]. Ad-
ditional human subject clinical and fMRI observations show
that stimulation of sensory spared areas on the side of injury
will result in phantom sensation in sensation-deficient areas
adjacent to it on the same side. An fMRI study confirmed
activation of areas of the primary somatosensory cortex pre-
viously subserved by the injured areas upon this stimulation
[98]. Also, magnetic stimulation can induce pain in these
patients.

In a study of 10 American Spinal Injury Association
(ASIA) A subjects who had neuropathic pain, 10 ASIA A
subjects who did not have neuropathic pain, and 21 control
subjects without SCI, fMRI of the somatosensory cortex
during light brushing of the right little finger, thumb, and lip
showed reorganization in subjects with SCI, with the little
finger activation point moving medially toward the region
that normally would innervate the legs. The amount of reor-
ganization in subjects with SCI significantly correlated with
ongoing pain intensity levels. Furthermore, in subjects with
SCI and neuropathic pain, little finger medial displacement
was found to correlate positively with the pain intensity [99].
Similarly, in adult subjects with thoracic level AISA A SCIand
neuropathic pain, Moore et al [98] demonstrated that sensory
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contact in areas of referred pain on the left or right forearm
that projected referred phantom sensations to the ipsilateral
chest evoked activity on fMRI in the central postcentral gyrus
(the position of the forearm representation) and the medial
postcentral gyrus (the area of the chest representation), with
more than 1.6 cm of nonresponsive cortex intervening. In
contrast, in areas of the forearm that did not result in referred
pain and in neurologically matched patients with SCI who
did not have pain, stimulation evoked central but not medial
postgyral activation. These findings again support the con-
cept of cortical plasticity expressed in coactivation of nonad-
jacent representations, which suggests that somatotopic sub-
cortical remapping, projected to the cortex, is the mechanism
of perceptual and cortical reorganization after SCI [98].

Gustin et al [100] demonstrated that mental imagery of
paralyzed limbs after SCI can result in activation of central
processes to evoke pain. In this demonstration, it was shown
that pain does not require the activation of peripheral recep-
tors but can be generated by changes in cortical activity
initiated by cortical processes.

By using fMRI, movement imagery in subjects with SCI
results in significant activation of an atrophic primary motor
cortex, rather than the supplementary and cerebellar cortex,
as seen in control subjects without SCI. This finding suggests
that, after SCI, the motor system undergoes significant func-
tional changes. A significant negative correlation was found
between the ongoing pain and the percentage change in fMRI
signal intensity [101].

In adults who underwent surgery of symptomatic cervical
stenosis with myelopathy, a finger-tapping activity done 6
months after injury showed an increased volume of activa-
tion in the left precentral gyrus and postcentral gyrus after
surgery. The precentral area was enlarged, whereas the post-
central area diminished compared with control subjects be-
fore surgery. This finding is similar to that of other studies,
and it may indicate that S1 may require input from the dorsal
columns and spinothalamic tracts to maintain cortical vol-
ume. The impact on the likelihood of postsurgical recovery is
uncertain, although results of other studies indicate a vari-
ance between motor and sensory recovery after spinal cord
contusion in favor of motor recovery [102]. In a study of 6
patients with varying degrees of SCI, a strong association
between the extent of movement-related activation within
the primary motor cortex and the return of neurologic func-
tion was demonstrated [103].

SUMMARY

An immense amount of evolving literature demonstrates
functional and structural CNS changes in patients with
chronic pain. There are some common findings across diag-
noses. For example, changes often are seen in the somatosen-
sory map and in the pain matrix regions, which include S1,
S2, the insula, the ACC, the amygdala, the PFC, and the

thalamus. More specifically, abnormalities are seen in the
insula, S1, S2, and lateral thalamus related to the sensory-
discriminative aspects of pain processing (such as location
and texture) and in the ACC related to the affective, or
emotional, processing of chronic pain. Many studies find a
correlation between brain gray matter changes and the dura-
tion or intensity of pain, particularly in the cingulate cortex,
insula, and DLPFC. In the few studies that have assessed
changes over time, a normalization of the imaging findings
generally occurs with improvement in pain. With the possi-
ble exception of chronic headache, it does not appear that
specific brain regions are dedicated to different pain syn-
dromes. This finding suggests some common maladaptive
CNS reaction, or processing of pain, and to some extent
supports the grouping of some of these disorders together, as
suggested by Ablin and Clauw [29] and Edwards [30]. How-
ever, many differences also are seen across diagnostic groups,
experimental designs, and temporal factors; although these
differences are inconsistent, they raise many questions that
need to be answered.

A limitation of current studies is that they do not indicate
the direction and sequence of nociceptive processing. How-
ever, electrophysiologic studies are beginning to shed light
on the temporal sequencing of local activity, and imaging
studies will continue to explain more about other aspects of
nociceptive processing, such as neurochemical changes, re-
sponse to medications and placebos, and anticipation of
pain. Genetic influences clearly affect the risk of developing
and maintaining chronic pain, and some of this influence
may reflect differences in brain plasticity mechanisms and
potential and response to medications. Ongoing genetic re-
search will certainly add to our knowledge of chronic pain.

Recent functional imaging research has shown that, after a
CNS insult such as stroke, various treatments, including
active therapy and constraint-induced movement therapy,
can beneficially reorganize the CNS and improve functional
abilities [1]. As we learn more about CNS processing of acute
and chronic pain and behavioral, physical, and pharmaco-
logic interventions, we are uncovering ways to promote
beneficial plasticity or to prevent or reverse maladaptive
plasticity. For example, by using biofeedback during real-
time fMRI, the subjects learned to control the activation of
their ACC and were able to reduce their experienced chronic
pain [104]. Hypnotic suggestion can induce changes in pain
matrix regions in subjects with FMS [105]. Other promising
interventions include intensive sensory and/or physical reha-
bilitation [106], mirror visual feedback [107], motor imagery
[80], cognitive behavioral therapy, virtual reality technology
[23], and use of the mirror neuron system [108].

CONCLUSION

As Latremoliere and Woolf noted, “Pain is not then simply a
reflection of peripheral inputs or pathology but is also a
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dynamic reflection of central neuronal plasticity [109].” Al-
though the recent surge in knowledge of reorganization and
pain processing in the CNS has dramatically increased our
understanding of chronic pain, it seems to represent only the
tip of the iceberg. Certainly the pace of this research will
continue, and we will answer important questions, even as
we create many new ones. Because chronic pain is such a
widespread and distressing problem, and because the poten-
tial to learn more about its underlying pathophysiology and
treatment is tremendous, continued funding for related re-
search is certainly a worthwhile investment.
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