
Neuroimaging as a Tool for Pain Diagnosis and
Analgesic Development

Karolina Wartolowska and Irene Tracey

Centre for Functional Magnetic Resonance Imaging of the Brain, Department of Clinical Neurology, and Nuffield Department of
Anaesthetics, University of Oxford, Oxford, England, OX3 9DU, United Kingdom

Summary: Neuroimaging makes it possible to study pain pro-
cessing beyond the peripheral nervous system, at the supraspi-
nal level, in a safe, noninvasive way, without interfering with
neurophysiological processes. In recent years, studies using
brain imaging methods have contributed to our understanding
of the mechanisms responsible for the development and main-

tenance of chronic pain. Moreover, neuroimaging shows prom-
ising results for analgesic drug development and in character-
izing different types of pain, bringing us closer to development
of mechanism-based diagnoses and treatments for the chronic
pain patient. Key Words: Neuroimaging, pain, analgesia, drug
development.

INTRODUCTION

The pathophysiology of chronic pain conditions is not
fully understood, which hinders development of new
mechanism-based analgesic therapies. Unlike acute pain,
there is no specific and effective medication to treat
chronic pain. New drugs that appear on the market are
mostly just refinements of existing drug classes.
Pain is not just a warning symptom informing our body

of actual or potential damage to the tissue, although that is
its primary function. Pain is also a complex, unpleasant
sensation with sensory, emotional, and cognitive dimen-
sions. In this article, we will mostly be concerned with
chronic pain. The definition of chronic pain is pain that
accompanies a chronic disease or has lasted longer than 3
months, despite resolution of the disease or healing of the
injury that caused it. The important characteristic of chronic
pain is that it loses its warning function and becomes a
disorder in its own right,1 possibly even a disease.2

For the last 20 years, brain imaging methods, such as
functional magnetic resonance imaging (fMRI) and pos-
itron emission tomography (PET), have greatly contributed
to our understanding of the perception and modulation of
the pain experience with several recent reviews covering

these developments.3–7 It is now accepted that the central
nervous system plays a crucial role in pain processing
and many characteristics of chronic pain are caused by
changes within the nervous system.6,8 Neuroimaging
techniques provide a tool for understanding the mecha-
nisms involved in generating and sustaining chronic
pain. Moreover, neuroimaging can potentially be used as
an objective, reliable, and perhaps more sensitive method
to assess the efficacy of analgesic drugs, compared with
subjective reporting, and as such, aid development of
new treatment strategies.9–14

Most of our current knowledge of pain processing is
based on acute pain or pain-model studies in healthy
volunteers. These studies are easier to interpret as a
standardized stimulus is used in a homogeneous popula-
tion. From the brain imaging studies on experimental
pain in healthy volunteers, we know that acute pain
evokes a largely bilateral response in several brain re-
gions, including the primary and secondary somatosen-
sory, and the insular cortices, the anterior cingulate gy-
rus, the prefrontal cortex, and the thalamus. Pain-related
activation in these regions can be amplified/attenuated
with further activation identified in the posterior parietal
cortex, brainstem, basal ganglia, amygdala, and cerebel-
lum, as well as other areas dependent on the individual’s
mood, cognitive state, and context of the situation.3 From
these studies, it is clear that there is no single “pain
center” in the brain, but rather there is an extensive,
interconnected network of cortical and subcortical struc-
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tures involved in the central processing and generation of
a pain experience.
In short, pain is not a straightforward sensory process.

First, the pain experience does not necessarily relate
linearly to magnitude of the intensity of the nociceptive
stimulus. As nociceptive information is transmitted along
sensory pathways, it undergoes modulation, including
both facilitation and inhibition mainly within the dorsal
horn of the spinal cord. Second, pain is a multidimen-
sional, unpleasant conscious experience strongly modu-
lated by external factors (e.g., contextual) and internal
factors (e.g., psychological, genetic).15–18 Neuroimaging
studies have demonstrated that negative emotions, such
as depression or anxiety, augment the perceived pain in-
tensity,18 and increase the pain-related brain activation.19

How the pain is experienced is also affected by atten-
tion,20,21 anticipation,22 and pain memories.23 In addition,
of course, the perception of pain changes in pathological
states, such as inflammation or after lesion to the sensory
nervous system.3,24

EXPERIMENTAL AND CLINICAL PAIN:
SAME OR DIFFERENT BRAIN REGIONS?

To date, relatively few studies have focused on the
neural correlates of experimental phasic pain in patients
and even less on the ongoing, tonic pain. Therefore, it is
not certain whether the same brain regions that are as-
sociated with the experimental pain are also involved in
pathological chronic pain syndromes.25

In recent years, there have been an increasing number
of clinical pain studies providing new insights into
pathological mechanisms of chronic pain. The results of
an early meta-analysis done by Apkarian et al.6 suggest
that there are differences between pain processing in
healthy volunteers versus chronic pain patients. The re-
gions most frequently observed in connection with acute
pain in healthy volunteers were the primary and second-
ary somatosensory cortices, the anterior cingulate cortex,
the insular cortex, and the thalamus, whereas in chronic
pain patients activation in these regions was reported less
often (activated in 82% of healthy volunteers’ studies vs
42% of patients’ studies). The region most often reported
activated in clinical pain studies was the prefrontal cor-
tex (81% in patients vs 55% in healthy controls).6

The prefrontal cortex is involved in pain control mech-
anisms, in processing the ascending input from the spi-
nothalamic tract, and it is a source of descending mod-
ulation via its connections to the brainstem’s descending
pain modulatory system.5 This region plays an important
role in interoception, cognition, and processing of nega-
tive emotions and outcomes.7,26,27 Activation in the me-
dial prefrontal cortex was reported during ongoing lower
back pain, and was correlated with the intensity of the
pain.28 The thalamus is another region affected by

chronic pain. Several studies reported a decrease of ce-
rebral blood flow and metabolic rate in the thalamus
contralateral to the clinical pain.29–31 These changes nor-
malize after successful pain treatment.32 Apkarian et al.6

suggest that patients have a decrease in the sensory as-
pect of pain processing and an increase in affective and
cognitive processing of pain. This may be a result of
clinical pain having a stronger emotional value.33 An-
other possible explanation is that the ongoing pain leads
to more generalized changes, affecting the baseline state,
and leading to an altered response to evoked pain.6 This
explanation is congruent with a study by Baliki et al.34

who reported changes in the default brain activity in
chronic pain patients in comparison with healthy con-
trols. This disruption of the default state network may
explain the different activation pattern observed in clin-
ical pain studies than in healthy controls, as well as the
cognitive and behavioral impairment reported in chronic
pain patients.35

Pain is not passively transmitted to the brain. The
nociceptive inputs are changed and modulated at each
level of the pain neuraxis. The inputs from the dorsal
horn of the spinal cord are modulated (inhibited or fa-
cilitated) by the endogenous descending pain modulatory
system. This system involves monoaminergic projections
from the higher brain regions, including the prefrontal
cortex, the anterior cingulate cortex, the insular cortex,
the amygdala, the hypothalamus, and the brainstem. It
has been demonstrated, in human models of pain, that the
pain modulatory system is critical for sustaining central
sensitization in menthol,36 and capsaicin-evoked allo-
dynia.37,38 In a study on capsaicin-evoked allodynia and
its modulation by gabapentin, the brainstem was the
main region where the effect of the drug on sensitization
was observed.38 The pain modulatory system is also
crucial for sensitization and maintaining chronic pain in
patients.39 Patients with chronic pain, either neuropathic
or inflammatory, have altered endogenous control of pain
with increased descending facilitation or impaired inhi-
bition.40–42

From the previous description, it is clear that several
potential brain regions and networks might serve as ob-
jective, noninvasive “biomarkers” for specific aspects of
the pain experience, and as such, might be used to aid
diagnosis and to be used as surrogates for determining
analgesic efficacy.

EVOKED VERSUS SPONTANEOUS PAIN IN
CHRONIC PAIN PATIENTS

In chronic pain patients, there are differences in the
brain activation pattern in response to evoked pain (i.e.,
acute pain) in comparison with the ongoing, tonic pain.
The evoked pain results in similar brain activation as the
acute pain in healthy controls.43–45 Tonic clinical pain
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results in a different brain activity pattern than evoked
clinical pain; for example, dynamic mechanical allodynia
in patients with post-herpetic neuralgia results in differ-
ent activation patterns than the ongoing pain.43,46 Also
the evoked pain differs from the ongoing, tonic pain in
patients with arthritis.44 This observation is very impor-
tant for treatment development, as it highlights the fact
that the evoked pain typically used in pain studies, even
though it is disease-related, is not the same as the ongo-
ing pain the patients experience during the course of their
disease, and often describe as their most problematic
symptom.
In a study on chronic back pain it was shown that

ongoing, tonic pain correlates with stronger activation in
the regions involved in emotion, cognition, and motiva-
tional drive, such as the medial prefrontal cortex, the
rostral anterior cingulate cortex, as well as the thalamus
and amygdala.28 However, the increase of the intensity
of their clinical pain correlates with activation in the
regions observed during acute pain processing (i.e., the
somatosensory cortices and the insular cortex).28 Kulkarni
et al.44 also observed differences between ongoing arthritic
pain and evoked pain. Both conditions activated several
brain regions, sensory, affective, and motivational, but
the tonic pain was associated with activation in the brain-
stem and greater activation in the regions involved in
affective processing of pain. The long-term treatment
effect and reduction of tonic pain correlates with activa-
tion in the areas processing emotions and reward.46

ARE WE CLOSER TOWARD USING
IMAGING FOR A MECHANISM-BASED
CLASSIFICATION OF CHRONIC PAIN?

Different types of allodynia can result in distinct brain
activation patterns, which is congruent with the results of
psychophysical studies and the hypothesis that different
types of allodynia have different pathophysiological
mechanisms. In a study on syringomyelia by Ducreux et
al.,47 the authors reported different results of psycho-
physical tests, as well as distinct activation patterns be-
tween patients with cold allodynia and patients with tac-
tile allodynia. The only region that was consistently
activated during both types of allodynia in this study was
the pre-frontal cortex. Cold allodynia evokes responses
in dorsolateral prefrontal cortex and brainstem (regions
usually involved in sensitization), in addition to the re-
gions activated in response to the noxious cold.48 Acti-
vation in the prefrontal cortex was found also by
Schweinhardt et al.49 in their study on neuropathic pain
patients, as well as in other studies on capsaicin-evoked
allodynia in healthy volunteers.50

As with many preclinical models of disease, there are
always limitations regarding how well they mirror the
patient condition. This is certainly the case for preclinical

pain models. Despite displaying key symptoms of
chronic pain, patients are difficult to assess behaviorally
regarding the presence and severity of these symptoms,
in particular the affective components. Furthermore,
models usually reflect a single mechanism or symptom
of pain, whereas in chronic pain conditions there is usu-
ally more than one symptom and mechanism driving the
pain.51 Likely these shortcomings have contributed to the
low predictive capacity of analgesic efficacy in patients
of these preclinical models of pain. Neuroimaging, by
itself, or when coupled to standardized psychophysical
assessments such as quantitative sensory testing, may
help to diagnose which mechanism is responsible or
dominant for pain in a particular patient.52 For many
years it has been known that there is a need for better
characterization and mechanism-based classification of
pain.53

NEUROIMAGING AS A TOOL FOR
ASSESSING DRUG-INDUCED ANALGESIA

AND “REVERSE-TRANSLATION” TO
PRECLINICAL MODELS

Currently, to be able to measure pain we have to rely
on a patient’s subjective report using uni-dimensional
rating scales. These scales, although easy to use and
accepted in clinical and research settings, are imprecise,
relative, context-dependent, and vary significantly be-
tween and within patients. Moreover, pain scales do not
provide information of the underlying pain mecha-
nisms.54 Neuroimaging offers an objective and quantita-
tive method to assess pain by measuring the magnitude
of pain-related brain activation.55 This method has its
limitations, but it is a step forward from using the pa-
tients’ report.
Arguably, the same case can be made for animal mod-

els of chronic pain where the behavioral read-out is even
more difficult to relate to underlying mechanisms. There
is now increasing enthusiasm to apply functional imag-
ing methods in preclinical models of pain in combination
with drugs.12,54,56,57 The body of knowledge we have
gleaned from human studies regarding central pain
mechanisms could be more aggressively “reverse trans-
lated” to guide these preclinical models. We believe this
to be a promising future direction and potential oppor-
tunity for neuroimaging methods in the next decade.
As previously described, neuroimaging is a promising

tool to study sustaining mechanisms and exacerbating
chronic pain. It is still poorly understood how chronic
pain is maintained and why it persists. At the same
time, treatment depends on mechanisms rather than
cause.58 Understanding the neurophysiological mech-
anisms of pain would lead to optimization of therapy,
help in better identifying patients who would respond
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to treatment, and potentially help in identifying new
treatment strategies.
Neuroimaging may be used as a tool to assess the

effects of peripherally and centrally acting analgesics.
Brain imaging studies are able to demonstrate effects of
drugs on the central nervous system comparable with the
behavioral measures. There are several studies published
on remifentanil, a rapidly acting opioid receptor agonist,
and its effect on pain processing. Functional MRI has
proven to be sensitive enough to detect changes in brain
activity with increased concentration of the drug, and to
demonstrate the correlation between the brain activation
and both drug dose and pain ratings.59–62 Functional
neuroimaging can be also used to study the pharmaco-
dynamics and pharmacokinetics of analgesic drugs.63

Furthermore, imaging is a tool that can improve or clar-
ify our understanding of the likely mechanism of action
of approved analgesic drugs, as well as their side effect
profiles, such as the study on the capsaicin-evoked sen-
sitization model and gabapentin by Iannetti et al.38 More-
over, and as previously mentioned, neuroimaging is use-
ful for translation and reverse translation between
preclinical models, healthy volunteer models, and pa-
tients,64 as illustrated in FIG. 1. Furthermore, brain im-
aging techniques may be used in drug development as a
measure of drug efficacy with assessment of plasma drug
concentration as a measure of exposure. This would pro-
vide an objective marker of treatment effect in phases I
and II of drug development, therefore improving and
accelerating the drug discovery process (FIG. 1).
There are, however, certain limitations in the applica-

tion of functional imaging methods in clinical studies.
First, the disease or medication may affect the neuro-
physiological process we are measuring as a surrogate
marker of brain activity (e.g., changes in neurovascular
coupling or changes in metabolic activity). Therefore, it
is important to control for these effects while designing
drug studies using neuroimaging methods. There are sev-
eral ways of dealing with these limitations, such as using
control task to assess global hemodynamic effects, inde-

pendently assessing the baseline physiological state, e.g.,
by using arterial spin labeling methods, or by measure-
ments of physiological parameters. Second, none of the
functional imaging methods have both superior temporal
and spatial resolution. For example, using multi-modal
imaging, by combining fMRI with electroencephalogra-
phy or with magnetoencephalography, allows us to es-
tablish in which order brain regions become active in
response to a painful stimulus. Combining fMRI with
PET makes it feasible to study neurochemical changes
such as decrease in opioid binding that normalizes after
reduction of pain.65 Recently, it has become possible to
collect whole brain data using arterial spin labeling
rather than just a single slice.66 This opens up new pos-
sibilities (e.g., controlling for baseline blood flow in
fMRI studies, comparing global changes before and after
treatment, or studying ongoing, continuous pain). This
method allows quantitation of the blood flow, not just
relative changes as measured using fMRI.
Clearly there are many other, nonpharmacological

ways of producing analgesia (e.g., surgical, cognitive
behavioral therapy, alternative). Only a few imaging
studies have attempted to determine the neural basis for
any analgesia produced,67–69 but again these methods
lend themselves to further study and improvements in
our understanding of these additional lines of therapy.
Understanding the neural basis of pleasure and relief
provides alternative strategies and potential targets for
intervention aimed at taking the pain away.70

CONSEQUENCES OF NOT ALLEVIATING
CHRONIC PAIN: STRUCTURAL

BRAIN CHANGES

The results of neuroimaging studies on brain structure
or chemistry demonstrate that chronic pain affects not
only the function of the brain, but can lead to long-lasting
changes. Some of these changes seem to be reversible,
when the pain is alleviated.8 However, some studies
suggest that the pain-related changes may reflect neuro-

FIG. 1. Graphical illustration of where neuroimaging methods, such as FMRI, could possibly fit in the drug discovery process across
disease areas, including pain.
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degeneration, rather than neuronal reorganization.71–73

The changes were observed in several brain areas and
may be an acceleration of age-related brain atrophy.74

Apkarian et al.71 demonstrated that in patients suffering
from lower back pain, the density of the grey matter
decreases in several cortical and subcortical areas, in-
cluding the prefrontal cortex. There was also a decrease
of the N-acetylaspartate concentration (i.e., a marker of
neuronal well-being) in the prefrontal cortex of these
patients.75 The reduction of grey matter has been de-
scribed not only in lower back pain,16,76 but also in
several other chronic pain conditions such as mi-
graine,77,78 chronic tension headache,72 irritable bowel
syndrome,79 and fibromyalgia.74 It remains to be deter-
mined whether these changes are due to chronic pain
conditions itself, the drugs the patients are taking, the
lifestyle changes due to disuse or a combination of these
factors. Current work attempts to disentangle the causal
nature of this degeneration.2

CONCLUSIONS

Neuroimaging is a noninvasive method that objectifies
pain and allows the neurophysiology of pain processing,
as well as the pathological changes that occur in chronic
pain conditions, to be studied. There is a need to better
understand the mechanisms responsible for the genera-
tion and maintenance of chronic pain and for the devel-
opment of new, effective therapies. In a relatively short
time period, neuroimaging studies have contributed sig-
nificantly to this goal and our understanding of the patho-
physiology of chronic pain. We firmly believe that neu-
roimaging-based methods may potentially improve
mechanism-based classification of pain and lead to better
diagnostic accuracy and identification of patients who
would respond to treatment. Neuroimaging may improve
drug development by making the evaluation of treatment
efficacy easier and more objective, and critically, by
identifying new therapeutic targets. Therefore, we be-
lieve that neuroimaging methods will become part of the
pharmaceutical industry’s analgesic development pro-
cess, as illustrated in FIG. 1, but that they will rapidly
penetrate additional areas of application in the coming
decade.
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