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Brain Imaging of Pain
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2.1  Introduction

Pain is not just a warning symptom informing our
body of actual or potential damage to the tissue,
but it is an unpleasant sensation with sensory,
emotional, and cognitive dimensions occurring
after nervous system lesions. Neuroimaging
techniques provide a tool for understanding the
mechanisms involved in perception and
modulation of the pain experience. Brain
functional magnetic resonance imaging shows
that multiple pain conditions are associated with
changes within large-scale distributed networks
involved in sensory, motor, autonomic, cognitive,
and emotional functions. The importance of the
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brain for pain perception derives from patients
with cerebral lesions. Traditionally pain has been
conceptualized as the neural substrate that pas-
sively reflects peripheral changes following
injury. Today it is clear that the conscious percep-
tion of a sensory stimulus cannot be completed in
sensory areas, but rather there is an extensive,
interconnected network of cortical and subcorti-
cal areas. The group of brain structures jointly
activated by painful stimuli is commonly called
“the pain matrix.” Generally, the ascending pain
processes divide signals into localization and
emotional/motivation centers (Fig. 2.1). The
brain regions involved in processing pain depend
on the type of pain experienced (acute and
chronic pain) and on the different pathologies.

2.2  Structural and Functional
Neuroimaging Techniques
2.2.1 Magnetic Resonance

Imaging (MRI)

MRI uses a strong static magnetic field and radio-
frequency (RF) waves to create multiplanar cross-
sectional images. The main parameters on which
the image contrast is based are T1 and T2. T1 (the
longitudinal relaxation time) is a measure of how
long atomic nuclei take to realign longitudinally
with the main magnetic field, after they have been
knocked over by an RF pulse. T2 (the transverse
relaxation time) is a measure of how long a group
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Fig. 2.1 Schematic representation of the pain matrix.
Nociceptive inputs enter the spinal dorsal horn and ascend
through the contralateral spinothalamic tract (STc) to the
thalamus. The medial pathway (yellow square and red
arrows) projects from the medial thalamus to the anterior
cingulate cortex (ACC), anterior insular cortex (INSa),
and amygdala; the medial pathway processes the affective-
motivational component of pain. The lateral pathway

of atomic nuclei that have been knocked over by
an RF pulse take to become maximally disordered
in the transverse plane. Different tissues have dif-
ferent T1 and T2. Images with T2 weighting are
most commonly used when looking for pathol-
ogy, while T1-weighted images are more com-
monly used to highlight anatomy [1],

2.2.2 Functional Magnetic
Resonance Imaging (fMRI)

Beyond the study of normal and pathological brain
anatomy, MRI has been used during the last
20 years to investigate brain functions with a tech-
nique generally defined as functional MRI (fMRI).
Since its introduction [2] fMRI has become an

W

STc

(light blue square and blue arrows) projects from the lat-
eral thalamus to the primary and secondary somatosen-
sory cortices (SI and SII) and posterior insular cortex
(INSp); the lateral pathway processes the corporal speci-
ficity of bodily pain. Inhibitory projections (black arrows)
descend from the prefrontal cortex (PFC), via the periaq-
ueductal gray matter (PAG), to the spinal cord

indispensable tool in neuroscience research and in
clinical neurological and neurosurgical practice.
fMRI is classically performed using the blood-
oxygen-level-dependent contrast (BOLDc) tech-
nique. The functional contrast is based on
deoxyhemoglobin which acts as an endogenous
contrast medium. Deoxyhemoglobin is a paramag-
netic molecule, thus creating magnetic field distor-
tions within and around the blood vessels that
affect T2*- and T2-weighted images. fMRI is
based on the hemodynamic response triggered by
an increase of neuronal activity related to a given
stimulus or task. Briefly, an increased neuronal
activity triggers a local vasodilation (the neurovas-
cular coupling mechanism), altering cerebral blood
flow (CBF) and cerebral blood volume (CBV).
These physiological responses are needed to
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support the increased oxygen metabolism of acti-
vated neuronal pools. These hemodynamic and
metabolic changes alter the local deoxyhemoglo-
bin content, producing a slight alteration in the MR
signal [3]. fMRI is usually performed using T2*-
weighted echo-planar imaging sequences that are
the most sensitive to the BOLD effect, allowing to
map regional brain activation robustly and with
good spatial resolution. The BOLD technique can
also be used to study the brain at rest by mapping
temporally synchronous, spatially distributed,
spontaneous signal fluctuations and generating
measures of functional connectivity [4].

BOLD fMRI has enough temporal resolution
(around 1 s) to allow the study of acute pain with
paradigms alternating short periods of pain
followed by short periods that are pain-free,
causing a hemodynamic response in the activated
brain regions. However these paradigms are not
well suited to study chronic or sustained pain
since these conditions cannot be easily switched
on and off [5]. Furthermore, due to its complex
nature, the BOLD signal is not able to offer
quantitative physiological measurements referred
to a particular brain condition. In these and
similar applications, fMRI based on arterial spin
labeling (ASL) can be more appropriate.

ASL [6] provides a direct measure of cerebral
blood flow using magnetically labeled water in the
blood to act as an endogenous diffusible tracer.
The blood water is magnetically labeled in the
main cerebral feeding arteries with radiofrequency
pulses that invert the direction of nuclei magnetic
moment. When the bolus of magnetically inverted
blood reaches the different brain regions, it will
affect the MRI signal according to the local
CBF. ASL is able to measure both absolute levels
of CBF and perfusion changes triggered by neuro-
nal activity [7-9]. Despite a lower sensitivity and
temporal resolution with respect to BOLD, these
features make ASL fMRI an ideal technique to
study brain functioning when control and stimulus
conditions cannot be rapidly alternated. In addi-
tion, compared with BOLD, ASL offers increased
spatial specificity to neuronal activity due to the
capillary/tissue origin of the signal [10]. fMRI
ASL techniques have consequently been used to
assess the central processing of pain in patients
with migraine [11] and chronic pain [12].

2.23 PET

Positron emission tomography (PET) can mea-
sure changes in hemodynamic, metabolic, or
chemical events at receptor and neurotransmitter
reuptake sites or neurotransmitter precursor
uptake in living tissues.

Although PET is an invasive technique
requiring the injection of a radioactive tracer
(e.g., H,O or BF-FDG) and suffers from low
spatial and temporal resolution with respect to
fMRI, it can quantify regional CBF, oxygen
uptake, and glucose metabolism in physiologi-
cal units. Thus, PET can be used to indirectly
and directly measure different aspects of the
neuronal response to painful stimuli. PET is
also unique in its ability to evaluate the neuro-
chemical components of central pain process-
ing by using tracers which directly measure
events within the central opioid and dopaminer-
gic systems [13].

2.24 MEG

Magnetoencephalography (MEG) is an electro-
physiological technique that has higher temporal
resolution than fMRI and PET, but lacks good
spatial resolution.

MEG detects the tiny magnetic field gener-
ated by postsynaptic ionic currents of synchron-
ically active pyramidal cortical neurons,
oriented in palisade. These postsynaptic poten-
tials reflect the integrative information process-
ing of signals coming from the thalamus,
brainstem, and other cortical areas. The mag-
netic currents are detected by arrays of super-
conducting quantum interference devices
(SQUIDs) in a magnetically shielded room.
Heavy magnetical shielding is necessary to
attenuate external magnetic fields, since
neuromagnetic fields are very weak. These tech-
nical requirements make the MEG device rela-
tively expensive [14]. MEG studies are often
used to evaluate separate temporal components
of the cerebral pain response, for instance, in
relation to expectation [15, 16] or the process-
ing of first and second pain due to the varying
conduction times by A and C fibers [17].
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2.2.5 NIRS

Near-infrared spectroscopy (NIRS) is a noninva-
sive, relatively inexpensive portable optical imag-
ing technique based on the principle that diffusion
and absorption of light in the near-infrared (NIR)
range (700-1000 nm) is sensitive to blood oxygen-
ation. This light is able to pass through the skin,
soft tissue, and skull with relative ease and can pen-
etrate brain tissue to a depth of up to 8 cm in infants
and 5 cm in adults. It measures the hemodynamic
response to neural activity based on the different
absorption properties of biological chromophores.
The hemodynamic signal obtained with the NIRS
technique is based on the absorption of NIRS light
depending on the oxygenation state of hemoglobin
circulating through the tissues. NIRS quantifies
levels of oxygenated and deoxygenated hemoglo-
bin in brain tissue and allows for calculation of
absolute changes in blood flow and cerebral blood
volume [18]. Functional NIRS research is rapidly
expanding across a wide range of areas. This tech-
nique can be usefully applied to assess cerebral
hemodynamic changes associated with pain in
infants and in non-collaborative patients [19].

2.3  Structural Neuroimaging

of Pain

Neuropathic pain can arise as a direct conse-
quence of a lesion or disease affecting the somato-
sensory system at central and peripheral level.

2.3.1 Central Post Stroke Pain
Central pain results from a primary lesion or
dysfunction of the central nervous system in
different pathologies: stroke, multiple sclerosis,
spinal cord injury, syringomyelia, vascular mal-
formations, infections, and traumatic brain injury.
Déjerine and Roussy described initially
patients with severe, persistent, paroxysmal, and
often intolerable pains on the hemiplegic side
related to lesions of the thalamus and parts of the
posterior limb of the internal capsule [20].
Central post stroke pain (CPSP) can develop
after both hemorrhagic and ischemic lesions in

sensory pathway of the central nervous system [21].
The onset is usually within the first few months, but
it can occur some years later, and it is often gradual
coinciding with improvements in sensory loss [22].
Abnormalities in either thermal (particularly cold)
or pain (e.g., pinprick) sensation are found in more
than 90% of patients, whereas sensory loss in other
modalities (such as touch and vibration) is less fre-
quent [23]. Pain can be localized within the entire
area of sensory abnormalities or within a fraction of
this area [24]. Non-sensory findings depend on the
localization and severity of the cerebrovascular
lesion. Pain is characterized by an intense spontane-
ous or evoked pain, typically constant and often
made worse by touch, movement, emotions, and
temperature changes. It is often described as con-
stant burning or aching, with paresthesia and intol-
erable intermittent stabbing. Allodynia and
hyperalgesia are usually present [25].

The stroke can be anywhere along the somato-
sensory system from the cortex to spinal cord,
although lateral medullary (Wallenberg syndrome)
and thalamic infarctions have the highest inci-
dence. Wallenberg syndrome is the most frequent
ischemic stroke in posterior circulation (Fig. 2.2).
It is most often secondary to intracranial vertebral
artery or posterior inferior cerebellar artery (PICA)
occlusion due to atherothrombosis, embolism, and
sometimes to spontaneous dissection of the verte-
bral arteries. A complete Wallenberg syndrome is
not common. Facial pain is homolateral to lesion.
Different combinations of the following homolat-
eral (ataxia, vertigo, diplopia, nystagmus, Horner’s
syndrome, hiccups, hoarseness, dysphonia, dys-
phagia, dysarthria, decreased gag reflex) and con-
tralateral deficits (loss of pain and temperature
sensation over the side of body) may all be found.
The thalamus plays an important role in the under-
lying mechanisms of central pain, and CPSP is
common after lesions affecting the thalamus. The
thalamus may be involved by ischemic and hemor-
rhagic stroke, in particular in hypertension
(Fig. 2.3). Ischemic stroke is most often secondary
to intracranial occlusion due to atherothrombosis
of the posterior cerebral artery. In thalamic lesions
pain is located in the contralateral hemibody. The
side of lesion is not a consistent predictor of pain
[26]. Lesions can be located in the posterolateral,
ventral posterior lateral, and medial nuclei [27].



2 Brain Imaging of Pain

Fig. 2.2 Wallenberg syndrome: axial FLAIR (a) and T2 (b) MR images showing a hyperintense ischemic lesion in the
left posterolateral medulla oblongata

Fig. 2.3 Thalamic stroke: axial FLAIR (a) and T2 (b) MR images showing a hyperintense ischemic lesion in the left
lateral thalamus
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In addition to Wallenberg syndrome, trigeminal
nuclei can be involved in hypertensive hemor-
rhage, cavernous angiomas, arteriovenous malfor-
mations (AVMs), or trauma (Duret’s hemorrhage)
[28]. The most common cause is hypertension in
middle-aged elderly patients and cavernous angio-
mas in young.

2.3.2 Multiple Sclerosis

Multiple sclerosis (MS) is an unpredictable auto-
immune and neurodegenerative disease of the cen-
tral nervous system characterized by demyelination
and axonal loss. It is a heterogeneous disease with
a variety of sign and symptoms depending on the
site of lesions that leads to motor, sensory, and
cognitive impairment [29].

Chronic pain is one of the most frequent
MS-associated symptoms that dramatically
reduces the quality of life. Pain in multiple sclero-

sis (MS) has a variable prevalence of 20-90%.
Patients usually have more disability at expanded
disability severity score (EDSS), depression, and
anxiety. Imaging studies showed that lesions are
most commonly reported in the brainstem and less
commonly in the spinal cord [30].

MS patients can suffer from nociceptive pain
(such as pain resulting from musculoskeletal
problems), neuropathic pain, or a mixed nocicep-
tive/neuropathic pain (e.g., tonic painful spasms
or spasticity). The most common MS-associated
chronic neuropathic pain conditions are dyses-
thetic pain in the lower extremities, paroxysmal
pain, (Lhermitte’s phenomenon and trigeminal
neuralgia), migraine, and tension-type headache.

Lhermitte’s phenomenon, defined as a tran-
sient short-lasting sensation related to neck flex-
ion in the back of the neck, the spine, and into the
legs and arms, has a prevalence from 9 to 41%. It
is frequently associated with posterior columns
lesions of the cervical spinal cord (Fig. 2.4).

Fig. 2.4 Cervical spinal cord lesion in a patient with multiple sclerosis. Sagittal (a) and axial (b) T2 MR images show-
ing a hyperintense demyelinating lesion in the posterior columns
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Fig. 2.5 Trigeminal neuralgia in a patient with multiple sclerosis. Axial FLAIR (a) and T2 (b) MR images showing a
demyelinating lesion in the left lateral pons near the root entry zone

Hyperexcitability resulting by miscommunica-
tion between the lesioned nerves is considered as
the main pathophysiological mechanism.

The pathophysiology of trigeminal neuralgia
(TN) in MS patients involves CNS demyelination
along the fifth cranial nerve at “entry zone” or at
the main sensory nucleus. If a patient under the
age of 50 presents face pain, MS is the most com-
mon etiology. In MS patients, the facial neuro-
pathic pain syndrome is similar to classic
TN. While classic TN is caused by neurovascular
compression of the fifth cranial nerve (CN V),
MS-related lesions correlate with MRI lesions in
the trigeminal nucleus, nerve, and brainstem.
Conventional MRI, better high-resolution MRI at
3 T, demonstrates demyelination in the trigemi-
nal root entry zone and intrapontine tracts
(Fig. 2.5) that could extend in either direction to
the trans-cisternal part of the nerve and to both
ascending and descending trigeminal nuclei [31].

2.4  Functional Neuroimaging

of Pain

The first half of the twentieth century was domi-
nated by the idea that pain integration in the cen-
tral nervous system was limited to subcortical
structures, not extending beyond the thalamus.

Further studies suggested that the pain experi-
ence reflected interacting sensory, affective, and
cognitive dimensions that could influence each
other and implied that it could only be conceived
as a conscious sensation.

The first human brain imaging studies of pain
using PET and SPECT indicated that multiple
cortical and subcortical regions are activated by
noxious stimuli in normal subjects [13]. Since
then many other functional hemodynamic and
neurophysiologic studies (PET, MEG fMR]I,
ASL) confirmed that pain activates several brain
regions. The group of brain structures jointly
activated by painful stimuli is commonly
described as “the pain matrix.” The pain matrix
includes the thalamus, basal ganglia, anterior cin-
gulate cortex (ACC), insula, amygdala, primary
and secondary somatosensory cortices (S1 and
S2), prefrontal cortex (PFC), and the periaque-
ductal gray (PAG) [32] (Fig. 2.6).

A division of function between the lateral
and medial components of the human pain pro-
cessing system of the brain was yet proposed
several decades ago [33]. The lateral pain sys-
tem is formed by the lateral thalamic nuclei, the
primary and secondary somatosensory cortices
(ST and SII, respectively), and posterior insula
[34]. Activation of these areas is thought to sup-
port the corporal specificity of bodily pain and
transmits information about the intensity, loca-
tion, and duration of noxious stimuli. The
medial pain system is formed by medial tha-
lamic nuclei, anterior cingulate cortex (ACC),
amygdala, and anterior insula and participates
in affective and attentional concomitants of pain
sensation or perceiving pain as an unpleasant
experience [32].

Also the descending pain modulation sys-
tem includes the PFC and ACC and exerts its
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Fig. 2.6 BOLD fMRI activations during painful electri-
cal stimulation of the left ankle. (a) Sagittal view: SI,
anterior cingulate and thalamus activations. (b) Axial
view: putamen, bilateral insula, and left thalamus activa-
tions. (¢) Coronal view: left SI, bilateral SII, and left thala-

mus activations. Images are displayed using the
neurological convention, i.e., right is right, left is left.
(Courtesy of Piero Chiacchiaretta PhD, University of
Chieti, Italy)
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influence on the periaqueductal gray matter and
thalamus [35].

SI is located posteriorly to the central sulcus,
across the surface of the postcentral gyrus and
seems to have the same somatotopy in the pro-
cessing of nonpainful and painful somatosensory
stimuli [36]. SII is hidden in the upper bank of
the lateral sulcus in the parietal operculum. It has
a functional segregation of the subregions
involved in the processing of nonpainful and
painful somatosensory stimuli [16]. Indeed, the
posterior but not the anterior SII increases its
activation as a function of the stimulus intensity
from nonpainful to painful levels [37] (Fig. 2.7).

Fig. 2.7 Activated areas in the somatosensory cortex dur-
ing painful electrical stimulation of the right median
nerve, obtained from a group of healthy individuals. The
activations are superimposed onto structural images of an
individual brain using the neurological convention, i.e.,

15

No clear somatotopic organization has been
reported for painful input, but a topographic
organization of SII is reported for nonpainful
somatosensory input [38].

In the somatosensory system, SI is presumed
to receive the peripheral afferents involved in the
encoding of spatial and sensory-discriminative
aspects and to dispatch the received input to
higher order cortical areas, such as contralateral
SII. Contralateral SII sends transcallosal fibers to
ipsilateral SII [39].

The nociceptive system has a parallel structure
in which SI and SII would receive in parallel pain-
ful stimuli [40]. Also pain sensory informations

il
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right is right, left is left. Top left, contralateral SI; top
right, bilateral SII anterior and posterior subregions;
bottom left, anterior SII areas and contralateral SI; bottom
right, posterior SII areas and contralateral SI. Reproduced
from Ferretti et al. [37] with permission
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are processed bilaterally by the two SII areas [41].
This parallel organization bypasses several cor-
tico-cortical and transcallosal connections short-
ening the processing time of the painful stimulus.
SII is consistent with the complexity of thalamic
projections from several relays within a multi-
functional network involved in noxious stimulus
recognition, learning, and memory, autonomic
reactions to noxious stimuli, affective aspects of
pain-related learning, and memory [38].

ACC has a robust activation across different
stimulus modalities and measurement techniques
although the locus of this activation varies among
studies. The perigenual or rostral ACC seems to
be related to affective reactions to pain, while
mid-cingulate is related to cognitive processes
[42]. After cingulotomy subjects may feel pain
but they are not disturbed by it. The insula shows
the highest incidence of activity during painful
stimulation. The activations of the posterior por-
tion of the insula may be more related to sensory
aspects of pain, while the more anterior portion is
more related to emotional, cognitive, and mem-
ory characteristics of pain perception (Fig. 2.8).
In addition, a somatotopic representation exists
in the posterior insula for nociceptive stimuli
[43]. Strong evidences suggest that the posterior
operculo-insular cortex is the only known corti-
cal region where direct stimulation can induce
acute physical pain [44] and focal cortical injury
to that region entails selective deficits of pain and

Fig. 2.8 Perfusion MRI
study with ASL
technique (pCASL
sequence) after
capsaicin application in
the anteromedial aspect
of the lower right leg.
Note the increased CBF
in the dorsal insula of
the left hemisphere.
Modified from
Segerdahl et al. [43]
with permission

Contralateral hemisphere

temperature sensations while leaving other
somatosensory modalities intact [45].

Emotional state is a large factor in how pain is
perceived, with negative emotions enhancing
pain-evoked activity in ACC and insula and pain
perception [46].

In the absence of physical stimulus, expect-
ing or anticipating pain activates SI, ACC,
insula, PAG, PFC, and ventral striatum [47].
Also, attending to pain is related to stronger
pain impact [48]. fMRI studies show that in
attention-demanding task while experiencing
pain, there is decreased activity in SII, PAG/
midbrain, thalamus, and insula resulting in
reduced pain perception [49]. The complexity of
a task plays also a relevant role on the subjective
pain rating [35].

Habituation also occurs in pain network.
Repetitive applications of identical painful stim-
uli decrease pain ratings and decrease BOLD
responses to painful stimuli in the thalamus,
insula, and SII, mediated by the rACC [50].

Cortical activation has been studied related
to different types of painful stimuli: cutaneous
noxious cold, muscle stimulation using electric
shock or hypertonic saline, capsaicin, colonic
distension, rectal distension, gastric distension,
esophageal distension, ischemia, cutaneous
electric shock, ascorbic acid, and laser heat.
These stimuli produce many similar activations
in cortical and subcortical areas [51].
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Painful stimuli induce a robust activation directly
proportional to the intensity of the stimulus into
the pain matrix. Connectivity in the pain matrix
revealed synchronous activity in the bilateral SI
cortex, mid-cingulate cortex, posterior insula,
and bilateral SII, but not in ACC, one of the brain
regions most consistently associated with affec-
tive dimension of pain. Similar results were
obtained placing a seed in SII. When ACC and
anterior insula are used as the seed regions for
connectivity analysis, significant synchronous
activity is observed in several brain regions
including bilateral ACC, mid-cingulate cortex,
bilateral anterior and middle insula, thalamus,
caudate, orbital PFC, LPFC, and cerebellum, but
not in ST or SII. These data confirm a functional
segregation of lateral and medial pain system,
supporting different functions [52, 53].

In addition, painful stimulation induces a
simultaneous decrease in activation in several
brain regions, including some of the “core struc-
tures” of the default mode network (DMN) [54].
The DMN maintains its typical temporal proper-
ties during painful stimulation although an
increase of connectivity was found between the
left prefrontal cortex and posterior cingulate cor-
tex-precuneus and a decrease in the lateral pari-
etal cortex [55] (Fig. 2.9).

Functional connectivity analyses indicate that
the activity of areas displaying pain-evoked
changes in the same direction is highly correlated,
though there are no significant correlations
between brain activations and deactivations
indicating that activations and deactivations
might underlie different aspects of the pain
experience [52].

2.4.2 Painin Infants

Most of the tools that have been developed for
assessing pain perception in infants encompass
either behavioral (brow bulge, eye squeeze,
nasolabial furrow, qualities of infant cry, flexion
of fingers and toes) or physiological (heart rate,

arterial oxygen saturation, and blood pressure)
responses or combine both into a composite
measure. Behavioral responses, particularly
facial actions, are the most sensitive and specific
pain indicators in infants. NIRS response to
painful stimuli found a significant increase over
the somatosensory cortex in oxyhemoglobin,
total hemoglobin, and deoxyhemoglobin.
Biobehavioral pain scores found a significant
correlation with NIRS response. Also the areas of
BOLD response to painful stimulation are similar
in infants and adults, with amygdala and the
orbitofrontal cortex not activated in infants. The
cortical response depends on the age, the
gestational age, and awake/sleep states of the
infants. It is directly associated with postnatal
age and inversely correlated with gestational age.
Less robust cortical responses are also observed
in neonates asleep versus awake [56].

2.4.3 ChronicPain

Painful conditions that usually end without treat-
ment or that respond to simple analgesic mea-
sures may also become intractable and develop
into a long-lasting condition: chronic pain.
Chronic pain (CP) is considered as a condition
affecting normal brain function and causing cog-
nitive impairment, depression, sleeping distur-
bances, and decision-making abnormalities.
Altered cortical dynamics have been demon-
strated using functional magnetic resonance
imaging in patients with CP [57]. A prominent
difference between acute and chronic pain con-
sists in the major activation, in the latter, of brain
regions involved in cognitive and/or emotional
pain processing. Evidence of frontal-limbic dys-
function comes also from PET studies suggesting
abnormal opioidergic transmission within fron-
tal-limbic regions in patients with CP [41]. CP
disrupts the dynamics of the default mode net-
work. Various types of CP (chronic back pain
complex, regional pain syndrome, knee osteoar-
thritis, diabetic neuropathy, fibromyalgia) are
associated with MR functional connectivity
changes within the DMN [52]. The most com-
mon reorganization consists in an increased asso-
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Fig. 2.9 Modulation of the DMN during painful electri-
cal stimulation of the right median nerve. DMN was sepa-
rated from a single-subject functional MR imaging data
set at independent component analysis. Brain areas of the
DMN are colored in yellow-orange or azure in case of a
positive or negative correlation with the task. ¢S/ contra-
lateral primary somatosensory area, /NS insula, /PL

inferior parietal lobule, iSI ipsilateral primary somatosen-
sory area, MF'G middle frontal gyrus, MPFC medial pre-
frontal cortex, PCC posterior cingulate cortex-precuneus,
SII secondary somatosensory area, SMA supplementary
motor area, THAL thalamus. Images are displayed using
the neurological convention, i.e., right is right, left is left.
Reproduced from Mantini et al. [55] with permission
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ciation of the medial prefrontal cortex (MPFC)
with the insula and dissociation from the poste-
rior components of the DMN (precuneus). The
precuneus is involved in autobiographical and
episodic memory retrieval and mentalizing. It is
primarily involved in elaborating and integrating
information rather than directly processing stim-
uli [52]. The functional correlation of insular
regions with portions of the MPFC correlates
with the intensity and the extent of pain and
decreases after successful treatment of pain [58].

The decreased MPFC connectivity with the pre-
cuneus is directly related to the increased connec-
tivity with the insular cortex, suggesting that
chronic pain might modulate higher cognitive pro-
cesses by altering normative functions of the DMN.

The extent of this reorganization is a function
of the intensity of the chronic pain and the
duration, with functional changes occurring after
more than a decade living with chronic pain. In
addition an increase of functional connectivity
between the PFC and nucleus accumbens pre-
dicts pain persistence, suggesting that the frontal-
striatal connection is involved in the transition
from acute to chronic pain.

Prolonged pain can lead to neuroplastic
changes at the cortical level, which induce central
sensitization [46].

2.4.4 Phantom Limb Pain (PLP)

Arm amputation often can be followed by pain
sensation in the missing limb (PLP). It occurs in
up to 80% of amputees and may be exacerbated
by many physical (e.g., temperature changes) and
psychological (e.g., stress) factors. It is usually
described as stabbing, throbbing, burning, or
cramping and commonly starts in the first week
after amputation. The duration of PLP is
unpredictable, resolving in months or persisting
for years.

The cause of phantom pain experience has
commonly been attributed to maladaptive
plasticity of the primary sensorimotor cortex
contralateral to  the  amputation.  The
representations of body parts adjacent to the
missing limb expand and invade the deprived
cortex leading to phantom limb pain. The degree

of cortical reorganization appears to be directly
related to the degree of phantom pain, and
imaging studies have correlated greater extent of
somatosensory cortex changes with more intense
phantom limb experience. A greater phantom
pain is associated with more local activity and
more structural integrity within the phantom
cortex and with disrupted interregional functional
connectivity of the primary sensorimotor cortex
of the other body parts [59].
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