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Purpose of review

The understanding of the mechanisms underlying chronic pain is of major scientific and

clinical interest. This review focuses on neuroimaging studies of pain-induced

neuroplastic changes in the human brain and discusses five major categories of pain-

induced neuroplastic changes.

Recent findings

First, peripheral or central sensitization may result in increased nociceptive input to the

brain and also changes the processing of nociceptive information within the brain.

Second, chronic nociceptive input from the periphery or from lesions within the central

nervous system may result in cortical reorganization and maladaptive neuroplasticity

within somatosensory and motor systems. Thirdly, there is evidence for pain-induced

changes in large-scale neuronal network connectivity. Fourth, in patients with chronic

pain, structural brain changes may occur. Finally, there is discussion that in chronic pain

patients the endogenous pain-modulatory system may function aberrantly.

Summary

Recent work has substantially broadened our insights into neuroplastic changes that

are involved in pain chronification. Future research will focus on the question of whether

neuroimaging techniques can be used in the individual chronic pain patient as a

biomarker that would allow for an objective diagnosis of different pain conditions and for

the prediction of individual responses to specific therapies.
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Introduction

Chronic pain is a major health problem, affecting

approximately 19% of the entire population in the

Western world [1]. In the last two decades, noninvasive

functional and structural neuroimaging methods have

enabled rapid progress in understanding the processing

of pain in the human brain and have provided insight into

the previously unknown mechanisms underlying pain

chronification [2,3]. Since the first PET study, investi-

gating brain areas activated by painful thermal stimu-

lation [4], a well defined set of brain areas involved in pain

processing has been identified [3,5�,6,7]. The modulation

of pain by cognitive and emotional processes and the

underlying brain mechanisms are increasingly under-

stood [8]. Moreover, it has been clearly demonstrated

that ongoing noxious signalling to the central nervous

system leads to neuroplastic changes in the brain [2,3],

which generate and maintain the chronification of pain.

Advanced structural imaging methods even revealed

macroscopic changes in the brain morphology of chronic

pain patients [9]. Now, research in the neuroimaging field
Copyright © Lippincott Williams & Wilkins. Unaut
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goes beyond simple activation studies and begins to focus

on functional and structural brain network connectivity.

In the following, we will briefly describe major neuro-

imaging methods and we will give an overview on pain

processing in the human brain. We will then review

neuroimaging work on brain plastic changes at the

systems level that underlie the transition from acute to

chronic pain. We will focus on pain-induced plastic

changes that result in altered activity in the pain neuro-

matrix, pain-induced cortical reorganization and mala-

daptive neuroplasticity, altered resting state-network or

task-network connectivity in patients with chronic pain,

and pain-induced structural brain changes. Furthermore,

we will discuss the possibility that endogenous pain-

modulatory systems function aberrantly in patients with

chronic pain.
Neuroimaging methods
There are three different main techniques for functional

brain imaging: PET, functional MRI (fMRI) and mag-

netoencephalography (MEG). These techniques differ
horized reproduction of this article is prohibited.
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Key points

� Increased nociceptive input to the brain induces

neuroplastic changes within the nociceptive system

which underlie the transition to and maintenance of

chronic pain.

� Chronic nociceptive input to the brain results

in cortical reorganization and maladaptive neuro-

plasticity within somatosensory and motor systems.

� Chronic pain is associated with temporal and

spatial changes in large-scale neuronal network

connectivity.

� Chronic pain leads to macroscopic structural brain

changes.
in their invasiveness and temporal and spatial resolution.

fMRI and PET do not assess the activity of neurons

directly, but instead measure metabolic and vascular

changes as a downstream effect of neuronal activity.

PET uses radioactive tracers injected into the blood-

stream, which then accumulate in activated brain regions.

Depending on the tracer, regional cerebral blood flow

(rCBF) or consumption of oxygen or glucose can be

assessed. PET has been used in particular to explore

the brain activity induced by spontaneous pain [10,11],

because in contrast to fMRI, PET allows the measure-

ment of the basal brain activity.

fMRI uses gradient echo sequences sensitive to the

amount of deoxyhaemoglobin in the blood. Deoxy-

haemoglobin has strong paramagnetic properties and

introduces distortions to the local magnetic field. These

distortions can be measured and indicate the local

ratio between oxyhaemoglobin and deoxyhaemoglobin.

This technique has been termed blood oxygenation level

dependent (BOLD) imaging. In the classical task-fMRI,

the stimuli (e.g. pain stimuli) are applied in blocks

(block design) or as repetitive single-events (event-

related design), alternating with a baseline condition.

This extensively used approach has resulted in brain

activation maps displaying brain areas activated or

deactivated by pain, for review see [6]. More recently,

functional connectivity MRI has evolved. This method

correlates either the BOLD signal time course extracted

from a defined brain region with the signal time course in

each of the other voxels of the recorded brain volume or

uses data-driven approaches (e.g. independent com-

ponent analysis). Functional connectivity MRI can be

performed on data acquired during stimulus presentation,

task performance or in the resting state. Areas with

correlating BOLD signal time courses are considered

to be functionally connected. Performed in the resting

state (in which the patient lies with closed eyes in

the scanner and is instructed to think about nothing

in particular), this approach uses spontaneous low-

frequency BOLD fluctuations that correlate between

brain areas belonging to specific functional networks,

the so-called resting state networks. The first results

suggest that the spatial or temporal properties of these

networks may be altered in pain states [12��,13�,14,15].

MEG provides an excellent temporal and spatial resol-

ution. Electrical currents of neurons produce a magnetic

field which can be measured at the skull. MEG is mainly

limited to the investigations of superficial cortical regions,

as it is difficult to detect magnetic fields emanating from

deeper brain regions.

Finally, advanced structural neuroimaging methods

are voxel-based morphometry (VBM) and diffusion
opyright © Lippincott Williams & Wilkins. Unauth
tensor imaging (DTI). VBM measures cortical thick-

ness or subcortical grey matter volume. However, it

is still not clear which cellular mechanisms underlie

such macroscopic morphologic changes (e.g. local change

in the number of synapses, neurons, glia or blood

vessels) [9]. DTI allows visualization of white-matter

tracts by measuring local fractional anisotrophy and

can be used to collect information on structural con-

nectivity.
Processing of acute and chronic pain in the
human brain
Noxious stimuli usually activate nociceptive nerve

endings. These so-called nociceptors project to dorsal

horn neurons located mainly in laminae I, II and V, which

in turn project to thalamic neurons in the nucleus

ventralis posterior medialis and lateralis and also to the

medial thalamus. From there, thalamocortical pathways

target the primary (S1) and secondary (S2) somatosensory

cortex, the insula, anterior cingulate gyrus (ACC), the

prefrontal cortex (PFC) and the parietal association

cortex. These brain areas are often referred to as the

‘neuronal matrix’ [16] of pain. Nevertheless, it should be

emphasized that similar networks are also activated

during a great variety of different potentially threatening

stimuli [17–19]. fMRI and PET activation studies

contributed significantly to the knowledge on processing

of pain in the human brain in health and disease. Early

studies focused mainly on the processing of acute pain.

From these studies, there is accumulating evidence that

these areas process different aspects of pain [20–23]. The

results suggest that the nociceptive input into posterior

insula and primary and secondary somatosensory

cortices, the so-called ‘lateral pain system’, underlies

the perception of sensory-discriminative features of pain.

In contrast, ACC, PFC and parts of the insula, the

so-called ‘medial pain system’, have been implicated

in the affective-motivational processing of pain [24–27].

Prefrontal cortical areas may also be related to cognitive

variables, such as memory or stimulus evaluation [6].
orized reproduction of this article is prohibited.
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Figure 1 Brain areas involved in pain processing

(a) Schematic illustration of areas activated by pain. (b) Corresponding functional MRI (fMRI) activations. (c) Schematic illustration of areas deactivated
by pain. (d) Corresponding fMRI deactivations. ACC, anterior cingulate gyrus; BG, basal ganglia; BS, brainstem; CB, cerebellum; MPFC, medial
prefrontal cortex; PP, posterior parietal cortex; PCC, posterior cingulate cortex; PFC, prefrontal cortex; S1, primary somatosensory cortex; S2,
secondary somatosensory cortex; TH, thalamus.
The brain network activated by painful stimuli is depicted

in Fig. 1.

Importantly, it has been shown that the nociceptive

system is not hard wired but instead shows remarkably

functional and structural plasticity [28,29]. Plastic

changes may occur at the peripheral level with increased

responsiveness of nociceptors or recruitment of pre-

viously silent nociceptors, a mechanism called peripheral

sensitization. Tissue damage, inflammation or peripheral

nerve damage may result in increased nociceptive signal-

ling to the central nervous system. Increased nociceptive

input into the dorsal horn, with or without the presence of

peripheral sensitization, results in changes in the synaptic

transmission within the spinal cord itself. This mechan-

ism is called central sensitization. Both mechanisms,

peripheral sensitization at the nociceptor level and

central sensitization at the spinal level, may result in

augmented and ongoing nociceptive input to the brain

which may lead to specific brain activation patterns

during these pathological chronic pain states. Permanent

activity in the nociceptive system can result in functional

and structural alterations in the ‘pain neuromatrix’ and

in other brain networks involved in somatosensory,

motor, attentional and emotional processing.
Copyright © Lippincott Williams & Wilkins. Unaut
Altered activity because of neuroplastic
changes in the pain neuromatrix

Basically, tissue damage and inflammation lead to

sensitization of nociceptive nerve endings located in

the affected tissue. The sensitized nociceptors may

lower their activation threshold, become spontaneously

active and increase their response to noxious stimuli.

Alternatively, peripheral nociceptive neurons may

become spontaneously active because of peripheral nerve

injury. In both cases, the resulting increase in nociceptive

input to the spinal cord may in turn alter the synaptic

transmission at the spinal level, thus inducing central

sensitization. In the presence of peripheral or central

sensitization, the areas of the pain neuromatrix are

activated differentially [5�,30,31]. Importantly, there is

no simple leftward shift of the stimulus response curve in

the areas of the pain neuromatrix induced by a spinal gain

in the transmission of nociceptive signalling: using

PET, it has been shown that during central sensitization

intensity-matched heat pain stimuli were more unplea-

sant and activated the PFC, ACC and medial thalamus

to a significantly stronger degree [32]. These areas are

involved in the processing of the affective-motivational

component of pain. On the other hand, it has been shown
horized reproduction of this article is prohibited.
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that the sensory-discriminative aspects of central sensit-

ization, that is, increased perception of pain intensity, are

mediated by the somatosensory cortex [33].

In patients with clinical chronic pain, we can distinguish

between studies that investigated spontaneous ongoing

and stimulus evoked pain. In patients with spontaneous

ongoing neuropathic pain, PET studies revealed a con-

sistent reduction in rCBF in the contralateral thalamus

[10,11] but an increased rCBF in insula, ACC, parietal

association cortex and PFC [10]. As an explanation for the

thalamic rCBF decrease, thalamic neuroplastic changes

have been discussed [11]. Elaborated fMRI design with

percept-related regressors have been used to explore

brain activity during different phases of spontaneous pain

in patients with chronic back pain [34]. During phases of

high spontaneous pain, increased activity was detected in

the PFC and ACC. However, in phases of increasing pain,

an activation of the classical pain neuromatrix was found.

These findings suggest that the subjective spontaneous

pain of chronic ongoing pain involves distinct spatiotem-

poral neuronal mechanisms differing from those observed

during acute experimental pain [34].

Cerebral processing of stimulus-evoked pain has been

explored in patients with neuropathic pain [3,6,7,26,35].

During dynamic mechanical allodynia in neuropathic

pain, activations were predominantly detected in the

lateral pain system, whereas ACC was not consistently

activated [36–42]. During pin-prick hyperalgesia in com-

plex regional pain syndrome (CRPS) patients, increased

activity was detected in all areas of the pain neuromatrix

and regions associated with motor or cognitive processing,

that is, PFC and motor cortices [43]. Thermal hyperalgesia

as a symptom of neuropathic pain was investigated

by another fMRI study: during cold allodynia, compared

with dynamic tactile allodynia, the PFC was the only

area consistently activated by both types of pathologically

evoked pain, suggesting that alteration of high-level pain-

modulatory mechanisms might play a major role [41].
Cortical reorganization and maladaptive
neuroplasticity beyond the pain neuromatrix
Chronic noxious input to the brain results in neuroplastic

changes beyond the nociceptive system. Patients with

some forms of chronic pain present with symptoms that

can only be explained by an involvement of central

somatosensory or motor systems. Such conditions are

especially common in phantom pain, neuropathic pain

after spinal cord injury (SCI) and CRPS. Central changes

within the somatosensory system have also been shown

for diseases like carpal tunnel syndrome [44,45].

Phantom pain mainly occurs after extremity amputations.

Pain in the nonexistent body part develops in 50–80% of
opyright © Lippincott Williams & Wilkins. Unauth
all amputees [46]. Underlying mechanisms in the peri-

phery include pathological sympathico-afferent coupling

and ectopic discharges within the stump neuroma [46,47].

As demonstrated with MEG source imaging, the mouth

area of S1 was found to be shifted into that of the former

hand [48–50]. Interestingly, the extent of this shift was

highly correlated with the intensity of phantom limb

pain [49]. It was suggested that ongoing nociceptive input

before amputation induces neuroplastic changes and

leads to organization of a pain memory, with nociceptive

input from neighbouring regions into the deafferented

area after amputation resulting in phantom pain [46,47].

This is supported by a study showing that the presence

of preamputation pain is positively correlated with

the presence of phantom limb pain 3 months after

amputation [51]. The neuroplastic changes are reversible.

Cortical reorganization can be reduced by behaviourally

relevant sensory discrimination training in the stump area

[52]. Reorganization of somatotopic maps in phantom

limb pain was also found in the primary motor cortex,

where, similar to the changes in S1, the mouth area shifts

into that of the former hand [53]. The use of a myoelectric

prosthesis is accompanied by the reduction of phantom

pain and cortical reorganization [53].

Spinal cord injury (SCI) leads to sensomotor loss

below the lesion. Many patients with SCI also develop

neuropathic pain below the injury. In these patients, S1

reorganization was demonstrated with the little-finger

representation moving medially towards the S1 region

that would normally innervate the legs. The amount of S1

reorganization significantly correlated with ongoing pain

intensity levels [54]. Extending these findings, SCI was

associated with grey matter volume loss in the lower

body representation; however, this loss was minimized

as reorganization increased [55�]. The medial shift in

little-finger representation correlated positively with

grey matter preservation in lower body representation

[55�]. Moreover, in the D5 representation area fractional

anisotropy was correlated with S1 reorganization. Thus,

as S1 reorganization increased, the extent of aligned

structures decreased and the direction of water move-

ment within the D5 representation was directed more

toward the midline [55�]. The authors conclude that S1

reorganization in humans results from the growth of new

lateral connections, and not simply from the unmasking

of already existing lateral connections [55�].

CRPS develops after trauma and is defined by the

occurrence of pain accompanied by sensory, motor and

autonomic changes beyond the territory of a single peri-

pheral nerve [56]. In addition to facilitated neurogenic

inflammation in the affected tissue, there is mounting

evidence that central nervous system changes may

be involved in the pathogenesis of CRPS [56,57]. Regard-

ing the somatosensory system, there is evidence for a
orized reproduction of this article is prohibited.
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substantial reorganization of the somatotopic map within

the primary somatosensory cortex of CRPS patients

[57–62]. Functional imaging techniques demonstrated

a shrinkage of the cortical hand representation contral-

ateral to the arm affected by CRPS [57,59,61]. In

addition, the hand position was shifted towards the

mouth. Predictors for this cortical reorganization were

spontaneous CRPS pain and the extent of mechanical

hyperalgesia. When treatment is efficacious and CRPS

pain reduced, this S1 cortical reorganization in CRPS

patients can be reversed [59,61]. Cortical reorganization

in CRPS is illustrated in Fig. 2.

Maladaptive neuroplasticity may be able to explain some

of the puzzling clinical signs of CRPS, for example,

the spatial distribution of sensory disturbances in a glove

or stocking like distribution, the occurrence of tactilely

induced referred sensations [60] and hemisensory deficits

[63,64]. Furthermore, there is evidence that the central

motor system in CRPS patients is altered. Many patients

with CRPS present a weakness of the affected limb

[62,65]. Other symptoms include movement disorders

like dystonia, tremor and myoclonus [66]. Additionally,

a neglect-like syndrome may lead to the disuse of the

limb [62,67]. Studies using MEG or transcranial magnetic

stimulation revealed a deficiency of inhibitory mechan-

isms and an increased excitability of the contralateral

and ipsilateral primary motor cortex in CRPS patients

[58,68,69]. Our group investigated cortical activations

during tapping movements of the CRPS-affected hand

[62]. During finger tapping of the affected hand, CRPS
Copyright © Lippincott Williams & Wilkins. Unaut

Figure 2 This figure depicts cortical reorganization and

maladaptive plasticity in patients with complex regional pain

syndrome

(a) Schematic illustration of somatotopic arrangement in S1. (b) The
distance between D1 and D5 in the contralateral somatosensory
cortex (S1) is decreased in CRPS (left panel). After sufficient treatment
of the CRPS these changes were reversed (right panel). Modified with
permission from [59].
patients showed a significant reorganization of central

motor circuits, with an increased activation of primary

motor and supplementary motor cortices (SMA) and a

markedly increased activation of the ipsilateral motor

cortex. Abnormal activations of the posterior parietal

cortices, SMA and primary motor cortex correlated with

the extent of motor dysfunction. The results show

substantial adaptive changes within the central nervous

system that may underlie motor dysfunction in CRPS.

Carpal tunnel syndrome (CTS) is an entrapment neuro-

pathy of the median nerve characterized by paresthesia

and pain in the median nerve territory. Although CTS is

a classical peripheral nerve lesion, it is accompanied

by central nervous changes. MEG and fMRI studies

found that CTS patients have changes in cortical hand

somatotopy that can be reversed by treatment [44,45,70].
Alterations of network connectivity
During the previous years, functional connectivity MRI

has evolved [71–74]. Performed in the resting state,

this method uses spontaneous, low-frequency BOLD

fluctuations in specific functional networks, the so-called

resting state networks. There are results indicating that

the spatial or temporal properties of these networks may

be altered in pain states. Baliki et al. [15] studied a group

of chronic back pain patients and healthy controls while

executing a simple visual attention task and found that

the patients displayed reduced deactivation in several

key regions of the default mode network. The authors

suggested that these findings display disruptions of the

default mode network which may underlie the cognitive

and behavioural impairments accompanying chronic pain

[15]. Several later studies corroborated these findings by

describing altered default mode networks, altered resting

state attentional networks and altered thalamocortical

connectivity in patients with chronic pain because of

diabetic neuropathy [13�,14,75]. Another study reported

aberrant temporal and spatial brain activity during rest in

patients with chronic pain [12��]. The time courses of the

insular cortices of both hemispheres showed stronger

spectral power at 0.12–0.25 Hz in patients than in control

individuals, whereas the control sites (visual areas) did

not differ between the groups. Moreover, in patients

an altered spatial connectivity between bilateral

insular cortex and anterior cingulate cortex was detected

[12��]. Other research focused on altered network

connectivity during pain stimuli in chronic pain patients

[76��], on the influence of prestimulus functional

connectivity on pain perception [77�], and on functional

connectivity of different insular subregions during

noxious stimulation [78�] (Fig. 3). Future studies will

further illuminate how the spatial and temporal dimen-

sions of brain network connectivity change during pain

chronification.
horized reproduction of this article is prohibited.
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Figure 3 Functional connectivity of the insular cortex during painful thermal stimulation

(a) Schematic illustration of anterior (aIns) and posterior (pIns) insula on a reconstructed hemisphere. (b) Exemplary illustration of corresponding
functional MRI signal time courses extracted from the anterior (left panel) and posterior (right panel) insular cortex. (c) Functional connectivity MRI.
Areas with significantly more functional connectivity to the anterior insula are coded red–yellow; areas with significantly more functional connectivity to
the posterior insula are coded blue–green. Modified with permission from [78�].
Structural brain changes

An increasing number of studies have reported macro-

scopic changes in grey matter volume in pain processing

brain regions, for a recent review see [9]. The first VBM

study on chronic pain patients investigated patients with

chronic low back pain. A decrease in grey matter was

measured at the global brain level and also regionally, in

the bilateral PFC and right thalamus [79]. Grey matter

decrease at the brain level correlated positively with

disease duration and was pronounced in the dorsolateral

prefrontal cortex (DLPFC) in a subgroup of neuropathic

pain patients. Subsequent studies investigated patients

with different types of chronic pain, for example,

phantom pain [80], CRPS [81], pain after spinal cord

injury [82], headache [83–87] and peripheral neuro-

pathic pain [88]. These studies also found grey matter

decreases in pain-related brain regions. In a recent study,

patients with chronic pain because of primary hip osteo-

arthritis had a characteristic grey matter decrease in

the ACC, right insula, DLPFC, amygdala and brainstem

[89]. After surgery, patients were pain free, and this was

accompanied by a grey matter increase in the DLPFC,

ACC, amygdala and brainstem. Thus, the morphologic

changes were reversed [89]. Another study found

decreased thalamic grey matter in osteoarthritis patients,

which was also reversed after surgery [90]. These findings

indicate that the grey matter reduction during chronic

pain is not an irreversible neurodegenerative mechanism.
opyright © Lippincott Williams & Wilkins. Unauth
Future work is required to elucidate the molecular and

cellular mechanisms underlying these macroscopic

changes.
Challenges for future research
It is well known that central pain-modulating systems

may inhibit or facilitate nociceptive input. The

periaqueductal grey (PAG) of the midbrain and the

rostroventral medulla (RVM) are important nuclei of

descending pain modulation. Descending pain modu-

lation seems to play an important role in chronic pain

states [91]. The mechanisms of how attentional, cognitive

and emotional processes influence cerebral nociceptive

processing have been illuminated by recent neuro-

imaging studies in healthy individuals [92–102], for

detailed reviews see [8,103,104]. There is accumulating

evidence that activity of endogenous pain modulatory

systems may be defective in neuropathic pain, thus

contributing to chronification [105–107]. Unfortunately,

functional imaging studies investigating endogenous

pain modulation in clinical pain states are not yet

available. Therefore, future imaging studies are needed

to address this exciting topic.

Future research will also focus on the question of whether

neuroimaging can be used as a biomarker for diagnostic

or mechanistic classification of different pain conditions

in the individual chronic pain patient. These biomarkers
orized reproduction of this article is prohibited.
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could potentially predict the individual response to

specific therapeutic interventions. This implies the use

of computational approaches to decode brain states from

temporospatial fMRI activation patterns [108,109].

Finally, we have also begun to understand how pharma-

cological interventions change abnormal brain activity in

neuropathic pain. This pharmaco-fMRI approach can be

used to understand effects of analgesic and anthihyper-

algesic drugs in the human brain. Iannetti et al. [110]

investigated the effects of gabapentin on capsaicin -

induced mechanical hyperalgesia using fMRI. Gabapentin

significantly reduced activations in bilateral operculoinsu-

lar cortices. Furthermore, during central sensitization,

gabapentin reduced the activation of brain stem struc-

tures and suppressed stimulus-induced deactivations.

Maihofner et al. [111] examined potential differential

fMRI correlates of analgesic and antihyperalgesic effects

of two intravenous cyclo-oxygenase (COX) inhibitors, that

is, parecoxib and acetylsalicylic acid in the model of UV-B-

induced hyperalgesia. The results of this study suggested a

differential modulation of brain areas under either analge-

sia or antihyperalgesia. Modulation of prefrontal cortices

was also demonstrated to be predictive for response to

antihyperalgesic treatment with lidocaine (a sodium chan-

nel blocker) in the model of electrically induced secondary

hyperalgesia [112]. Future studies will illustrate how we

can use pharmco-fMRI as an objective ‘read out’ to refine

our pharmacological approaches to neuropathic pain.
Conclusion
Recent work has substantially broadened our insights

into neuroplastic changes that are involved in pain

chronification.
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