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Neuroimaging Studies of Chronic Pain
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The evolution of brain imaging techniques over the last decade has been remarkable. Along with such
technical developments, research into chronic pain has made many advances. Given that brain imaging is a
non-invasive technique with great spatial resolution, it has played an important role in finding the areas of
the brain related to pain perception as well as those related to many chronic pain disorders. Therefore, in
the near future, brain imaging techniques are expected to be the key to the discovery of many unknown
etiologies of chronic pain disorders and to the subjective diagnoses of such disorders. (Korean J Pain 2010;

23: 159-165)
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INTRODUCTION

The ancient Greek philosopher Epictetus stated in his
book, The Enchiridion, that "For death or pain is not formi—
dable, but the fear of pain or death.” [1]. Setting the philo—
sophical interpretation of the statement aside and focusing
on Epictetus' insight that the fear of 'pain’ is greater than
the fear of 'death’, it becomes clear that throughout the
ages pain has been one of the most distressing miseries
that a human being may experience. There are two types
of pain: acute pain and chronic pain, Chronic pain is that
which brings agony to mankind from childhood to old age.
According to a recent survey, 20% of the European pop—
ulation suffers from chronic pain [2]. In Korea, more than

10% of the adult population suffers from chronic pain

disorder. It has become commonly accepted that the in—
cidence may be substantially underestimated. In 2006, the
second largest—selling pharmaceutical product category in
Korea was analgesics [3]. Nearly 65% of people with
chronic pain reported that pain interferes with their daily
life [4]. In addition to the impairment of life functions,
chronic pain has a high comorbidity rate. The majority of
chronic pain sufferers have a greater incidence of other
disorders, including mood disorders, anxiety disorders, and
sleep disorders [5-10].

However, while chronic pain afflicts a considerable
number of people, there is insufficient understanding and
insight into its unique characteristics [11]. Moreover, al-
though chronic pain is studied as a component of a number

of research areas, such as anesthesiology and pain medi—
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cine, anatomy, neurology, and psychiatry, thus far there
has been no solid and objective indicator established for
the diagnosis of pain. The fact that pain is a very sub—
jective experience is one of the reasons for this. Brain
imaging may serve as a viable solution to the subjectivity
problem of pain, as brain imaging is non—invasive and fa—
cilitates both a structural and functional approach to un—
derstanding chronic pain [12]. Over the past ten years, nu—
merous studies of chronic pain have been carried out using
brain imaging techniques. Through those studies, pain re—
searchers were able to establish a pain matrix, which is
comprised of the brain areas related to pain perception.
These areas include the primary somatosensory cortex
(S1), secondary somatosensory cortex (S2), insula, anterior
cingulate cortex (ACC), primary motor cortex, supple—
mentary motor area (SMA), thalomus, basal ganglia, mid—
brain, cerebellum, prefrontal cortex (PFC), and the poste—
rior parietal cortex [13—16]. Therefore, reviewing chronic
pain studies based on brain imaging methods will hasten
the standardization of the diagnosis of chronic pain and

will provide directions for further study.

FUNCTIONAL IMAGING STUDIES

1. Functional Magnetic Resonance Imaging (fMRI)

The imaging method known as fMRI is one of the most
commonly used imaging methods in chronic pain research,
There are many chronic pain disorders of which the etiol—
ogy is unknown due to a lack of understanding of the
structural abnormalities and their association with different
disorders. fMRI is a very useful non—invasive technique for
obtaining information related to neural networks and their
activities [17,18].

Fibromyalgia is a common chronic pain disorder, It is
characterized by dllodynia all over the body and a feeling
of exhaustion with no specific cause, Fibromyalgia com—
monly accompanies other disorders, such as mood disorder
or sleep disorder. Fibromyalgia studies are mostly focused
on abnormal activities that occur in the central nervous
system. Numerous studies have reported that fibromyalgia
patients have distinctively more activity in the pain matrix
compared to control groups. According to the latest re—
search, predictions of pain and perceptions of pain both
have a meaningful positive correlation with hyperactivity
in the brain areas of the motor cortex and cingulate cor—

tex; the patient group in this line of research showed dis—

tinct activity in the frontal and temporal areas [19].
Moreover, increased activity was noted in the medial fron—
tal cortex, cerebellum, dorsal ACC, dorsolateral PFC, and
claustrum, all of which are areas related to pain antici—
pation and attention and all of which have a significant
correlation with pain catastrophe [20]. The areas of the
anterior and mid—cingulate cortex, middle frontal cortex,
SMA, thalamus, anterior insulo, and basal ganglia dis—
played more activity in fibromyclgia patients [21,22].
Overall, fibromyalgia patients showed increased neural ac—
tivity in pain—related areas.

Chronic back pain is a widespread pain disorder that
afflicts a broad range of the population. It has been esti—
mated that nearly 80% the human population has experi—
enced chronic back pain at least once in their life [23].
However, the pathological causes of this type of pain re—
main unidentified. In this area of research, neuro—imaging
techniques have been used to investigate the causes.
According to Baliki et al, [24], chronic back pain influences
the deactivation of the default mode network (DMN) during
the resting state. It has also been reported that the poste—
rior cingulate cortex (PCC) plays an important role as an
affective component of pain mediation, as much as the
ACC, which is known to be responsible for pain mediation
[25]. In another study, the medial PFC showed significantly
increased activity in chronic back pain patients [26].

Complex regional pain syndrome (CRPS) is a chronic
pain disorder that accompanies sensory, motor, and auto—
nomic dysfunctions. Its origin as well has yet to be
identified. This lack of knowledge delays the proper type
of treatment for CRPS patients [26—28]. Maihofner et al.
[26] observed activations in the Sl and S2 cortex, insula,
PFC, and in the ACC during pin—prick stimulation of CRPS
patients who experience hyperalgesia. They found that the
S2 cortex is dlso involved in the processing of non—painful
stimuli, Another report found that children and teenagers
with CRPS showed distinct activation patterns in the cen—
tral nervous system when stimulated with mechanical and
thermal stimuli; especially noted was decreased activity
during a painful state [29].

There are many other chronic pain studies involving
patients with unidentified chronic pain. Malinen et al. [30]
studied 10 patients who suffered severely from unknown
chronic pain, They found that during a resting period,
these patients showed abnormal temporal and spatial fluc—

tuations and connectivity disturbances in the pain matrix,



particularly the lower insula and the ACC. Diabetic patients
who suffered from neuropathic pain also displayed sig—
nificantly different brain activity from healthy control sub—
jects during the resting period [31]. Disturbances in the
DMN of chronic pain patients have been noted in many
studies [24,30,31]. Another report showed that when pa—
tients feel depressed, the activities of the PFC, subgenudl
ACC, and hippocampus are dll more intense, as is the level
of perceived pain [32]. Such studies give deeper insight into
the high correlation between chronic pain and mood

disorders.

2, Chemical imaging studies: magnetic resonance spec—
troscopy (MRS)

MRS allows us to explore not only the structural in—
formation but also the biochemical information of the
brain, There are few MRS studies pertaining to chronic
pain. A handful of studies suggest the important role of
glutamate in chronic pain, Harris et al, [33] reported that
the levels of glutamate and combined glutamate, both
known to play an important role in pain neurotransmission,
were significantly higher in the right posterior insula of fi—
bromyalgia patients. They also found that glutamate and
combined glutamate levels are negatively correlated with
pain threshold. Moreover, glutamergic abnormdlities were
found in the ACC and insula of migraine patients. Such ab—
normalities were suggested to be responsible for the
chronic nature of the patients' migraines [34]. There have
also been reports that N—acetyl aspartate and glucose
were decreased in the dorsolateral PFC of chronic back
pain patients [35,36]. When such findings achieve more re—
liable congruence, accounting for this information may lead

to more objective diagnoses of chronic patients.

STRUCTURAL IMAGING STUDIES

1. Voxel-Based Morphometry (VBM)

Using VBM, the volume of brain tissue can be
measured. By comparing the gray matter volume of
chronic pain patients to that of hedlthy controls, structural
differences, if they exist, in the brains of pain patients can
be estimated. Research on chronic pain using VBM in—
cludes a few conflicting results, but thus far, researchers
generdlly agree that chronic pain patients have decreased
gray matter volume in the regions considered as the pain

matrix. Chronic tension—type headache patients showed
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an overall decrease in their gray matter volume in the pain
matrix [37], while chronic back pain patients also showed
reduced gray matter density in the bilateral dorsolateral
PFC and right thalomus compared to healthy controls [38].
CRPS patients dlso showed overdll decrease in gray matter
volume, Gray matter reduction in the right insula, right
ventromedial PFC, and right nucleus accumbens was par—
ticularly more severe compared to that in other regions
[39]. Gray matter intensity in fibromyalgia patients was
significantly reduced in the postcentral gyrus, amygdala,
hippocampus, superior frontal gyrus, and anterior cingu—
late gyrus as well [40]. Burgmer et al. [41] also reported
decreased gray matter volume in the PFC, amygdala, and
ACC. A study of female fibromyalgia patients also found
significantly decreased gray matter density in the left par—
ahippocampal gyrus, bilateral mid/posterior cingulate gy—
rus, left insula, and medial frontal cortex [42]. Kim et al,
[43] also reported decreased gray matter volumes in the
bilateral insula, bilateral motor/premotor cortex, bilateral
PFC, left dorsal ACC, right dorsal posterior cingulate cor—
tex, right inferior and superior parietal cortex, and orbito—
frontal cortex in migraine patients, Amputees who experi—
ence phantom limb sensations had reduced gray matter in
the anterior and posterior cingulate regions, SMA, and
midbrain [44]. However, other studies report increased
gray matter volume in some brain regions, as well as re—
ports of gray matter reduction, Chronic back pain patients
showed substantial decreases in the somatosensory cortex
and brainstem, whereas the volume of gray matter in the
bilateral basal ganglia and left thalomus increased sig—
nificantly [45]. Another report found that fibromyalgia pa—
tients had increased gray matter volumes in their left orbi—
tofrontal cortex, left cerebellum and bilateral striatum with
decreased gray matter volume in their right superior tem—
poral gyrus and left posterior thalamus [46]. In addition,
Teutsch et al. [47] observed a number of modulations, in—
cluding an increase in gray matter in the middle cingulate
cortex and somatosensory cortex when noxious stimuli
were applied repetitively to healthy subjects. Although it
is too soon to conclude anything regarding a tendency to—
ward an increase in gray matter in chronic pain patients
at this point, increased gray matter volumes were observed

mostly in the left hemisphere.

2. Diffusion Tensor Imaging (DTI)
The DTI method provides quantitative information on
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chronic pain processing in the central nervous system by
monitoring the motions of water molecules, It can be an
effective marker for the structural evolution of long—term
disease [48]. Chronic pain studies using a DTI technique
are not yet as prevalent as studies that utilize other imag—
ing techniques. Using a DTI method, Rocca et al. [49] in—
vestigated normal—appearing brain tissue in migraine
patients. They reported no significant differences in frac—
tional anisotropy (FA) and mean diffusivity. Later in 2006,
they investigated the influence of normal—appearing white
matter and gray matter separately in migraine patients.
They found a reduction in the mean diffusivity of the gray
matter in migraine patients, whereas no significant differ—
ence was noted in the mean diffusivity of their white
matter, Moreover, no distinct FA difference was noted in
both the white and gray matter of these patients [50]. Lutz
et al. [40] reported that white matter FA was decreased
in the bilateral thalamus, bilateral insula and thalamocort—
ical tracts, whereas it was increased in the postcentral gy—
rus, amygdala, hippocampus, superior frontal gyrus and
anterior cingulate gyrus. They dlso suggested that the
perception of both pain intensity and fatigue was asso—
ciated with the white matter FA in certain regions of the
pain matrix, implying its possible application in pain
diagnosis. CRPS patients showed decreased white matter
FA in left callosal fiber tract in lateral ACC [39]. If struc—
tural changes are consistently observed in patients, diag—
nosing chronic pain disorders and estimating the degree

of suffering can be standardized.

NETWORKS OF DISTINCT PAIN
PROCESSES IN THE BRAIN

Pain—related brain areas have different patterns of
activity during the processing of pain with distinct charac—
teristics. Related to the affective aspects of pain process—
ing, areas such as the insula, inferior frontal gyrus, orbi—
tofrontal cortex, ventrolateral and dorsolateral prefrontal
cortex, PCC, and ACC show discriminative activity [18,
20,32,51,52]. The Sl and S2 areas as well as the insula
are reportedly essential in the sensory processing of pain,
and many feel that S2 is also important for affective proc—
essing [20,52-55]. Pain processing related to attention has
been associated with significantly altered activity in the
thalamus, insula, hippocampus, ACC, orbitofrontal cortex,

dorsolateral prefrontal cortex, and posterior parietal cortex
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“““ Thalamus

P

—— Affective processing
---- Attentional processing
---------- Sensory processing

Fig. 1. This illustration shows the areas in the brain that
process some discriminative components of pain perception,
including affective processing, attentional processing, and
sensory processing. The thalamus, insula, hippocampus,
orbitofrontal cortex (OFC), dorsolateral prefrontal cortex
(DLPFC), anterior cingulate cortex (ACC), and posterior
parietal cortex (PPC) are distinctly active during the
attentional processing of pain perception. During sensory
processing, the primary and secondary somatosensory
cortices (S1, S2) and the insula are involved. The activity
of the insula, inferior frontal gyrus (IFG), OFC, ventrolateral
prefrontal cortex (VLPFC), DLPFC, posterior cingulate
cortex (PCC) and ACC were distinct during the affective
processing of pain. Many researchers hold that the S2 area
is also involved in this process.

(Fig. 1) [20,53,55,56]. In addition, it is important to note
that among these areas, the insula has been continually
reported to be significantly active during all of the proc—
esses of pain. These distinctions in pain processing may
be essential for treating chronic pain patients with distinct
symptoms. Moreover, as these processes cover various
functions of the central nervous system, multidisciplinary

approaches will be critical.

CONCLUSIONS

For the past decade, brain imaging techniques have
made remarkable progress [16] and have contributed to ad—
vances in chronic pain research. Overall, the fMRI studies
report increased activities in pain patients' pain matrix,
regardless of disorders. There are some studies that re—
ports increased volume of gray matter of chronic pain
group, but most reports have agreed that gray matter vol—

ume in the chronic pain patient is decreased. Most fre—
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Table 1. Brain Imaging Studies on Chronic Pain

Brain regions

Disease Method Author(s)
Increase Decrease
Fibromyalgia  fMRI Burgmer et al.  Cingulate cortex, Frontal cortex Right thalamus
Burgmer et al.  Frontal cortex, Motor cortex, Cingulate cortex None
Gracely et al. ~ Primary / Ipsilateral secondary somatosensory cortex, None
Posterior cingulate gyrus, Anterior / Posterior cerebellum,
Superior / Inferior frontal gyrus
Pujol et al. Insula, Basal ganglia, Anterior cingulate cortex Somatosensory cortices
MRS Harris et al. Glutamate: Right posterior insula None
VBM Schmidt-Wilcke  Left orbitofrontal cortex, Left cerebellum, Bilateral striatum
et al. Left posterior thalamus
VBM/DTI Lutz et al. DTl: Postcentral gyrus, Amygdala, Hippocampus, VBM: Postcentral gyrus, Amygdala,
Superior frontal gyrus, Anterior cingulate gyrus Hippocampus, Superior frontal gyrus,
Anterior cingulate gyrus
DTI: Thalamocortical tract, Insula
Chronic fMRI Baliki et al. Medial prefrontal cotex None
back Baliki et al. Medial prefrontal cortex, Amygdala, None
pain Posterior cingulate, Precuneus
Kobayashi et al. Posterior cingulate cortex, Anterior cingulate cortex None
MRS Grachev et al.  None N-acetyl aspartate, Glucose:
Dorsolateral prefrontal cortex
VBM Apkarian et al. None Bilateral dorsolateral prefrontal
cortex, Right thalamus
Schmidt-Wilcke  Basal ganglia, Left thalamus Brain stem, Somatosensory cortex,
et al. Dorsolateral prefrontal cortex
Complex fMRI Lebel et al. Basal ganglia, Parietal lobe None
regional Malihofner et al. Primary / Secondary somatosensory cortex, Insula, None
pain Superior / Middle / Inferior frontal cortex, Anterior
syndrome cingulate cortex
VBM/DTI Geha et al. DTI: Ventromedial prefrontal cortex to Insula VBM: Ventromedial prefrontal cortex,
Anterior insula, Right nucleus
accumbent, Orbitofrontal cortex
DTI: Ventromedial prefrontal cortex
to Basal ganglia
Chronic fMRI Chiapparini Right postcentral gyrus, Right inferior parietal lobule, None
migraine et al. Bilateral supramarginal gyrus
MRS Dichigans et al. Myo-inositol: Superior cerebellar vermis N-acetyl aspertate, Glucose,
Brain parenchyma fraction;
Superior cerebellar vermis
DTI Rocca et al. None Gray matter mean diffusivity

quently observed pain—related brain regions that showed
abnormal brain function or structure were insula, thala—
mus, cingulate cortex, basal ganglia and frontal cortex
(Table 1).

With these imaging methods, researchers have been
able to understand the functional and structural mecha—
nisms of chronic pain. However, a number of fundamental
questions remain unanswered, and multitudes still suffer

from chronic pain without clear etiological information.

Although pain researchers are now much more conversant
in their comprehension of chronic pain compared to where
they were years ago, more insight is required to unravel
the nature of chronic pain and to apply the findings so as
to treat or diagnose those who suffer from chronic pain.
Therefore, in chronic pain research, active multidisciplinary
approaches are necessary to get to the core of the mech—

anisms of chronic pain,
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