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Functional brain imaging studies in chronic neuropathic
pain patients have lagged far behind equivalent studies in acute pain. In the past few years, this trend has
begun to shift. This article discusses the novel approach
of studying brain activity for spontaneous pain and
its modulation by pharmacologic manipulation. We
argue that the approach provides a solid methodology
for studying clinical (especially neuropathic) pain and
patient populations, and moreover, that the latest results
using this approach imply that distinct clinical chronic
pain conditions seem to involve specific brain circuitry,
which is also distinct from the brain activity commonly
observed in acute pain.

Introduction
Recent reviews [1–7] emphasize the limited progress in
understanding brain activity in clinical neuropathic pain
conditions. In contrast, the literature regarding brain
circuitry for acute or experimental pain is now firmly
established and continues to generate new findings. Witness
the recent excitement in unraveling the brain processes that
may distinguish between physical pain, psychological pain,
and pain empathy. More than a dozen papers have been
published on the topic, and widely diverse explanations
have been advanced for the observed results [8–10]. We
think the proper explanation for the large overlap between
pain- and pain empathy–related brain activity remains to be
explained. Still, these observations provide a fresh outlook
on the brain acute pain circuitry. Another new direction is
the study of cortical mu-opiate neurotransmission, particularly its role regarding regulation of sensory and affective
dimensions of pain [11]. A new venue in this field is also

the study of the relationship of genetic polymorphism in
brain mu-opiate transmission and acute pain [12]. The latter are research directions that have been ignored for much
too long; instead, the emphasis over the past 30 or so years
has concentrated on the role of opiate modulation of pain
through brainstem and spinal cord circuitry.
This article only briefly reviews the main reasons why
brain-imaging studies in clinical chronic pain conditions
have lagged behind those for acute pain (the topic is more
extensively covered in reviews cited earlier). The main
issue is that the results remain inconsistent and inconclusive for the most part. Even the simple question as to
whether clinical pain conditions involve the same or a distinct brain circuitry remains unsettled. There is a long list
of methodologic, technical, and demographic difficulties
that hamper studying clinical pain conditions. Mixing
patients with various chronic pain etiologies together
raises important issues regarding observed results. In
fact, the problem that no two chronic pain patients can be
absolutely equated is an issue that can only be overcome if
large numbers of subjects are used, thus averaging out the
noise that heterogeneity induces. However, a large part
of the current pain studies have been done in very small
groups in which the statistics are based on fixed effects
models of variance, which increases the chance of observing false-positive results. Populational heterogeneity comes
from lumping different chronic pain conditions together.
Even when the group is limited to a specific condition, differences in location, intensity, duration, age, gender, and
drug use, and interactions between these factors, dramatically complicate the picture. An important confounder in
studying clinical pain conditions is the issue of adequate
stimulus. Another is the effect of the presence of ongoing
pain on brain activity. We have been battling these issues
and present our solutions in this review.

Discussion

Differences in brain activity between acute/experimental
pain and clinical/chronic/neuropathic pain conditions
There has been a long debate regarding the similarities and differences in brain activity between acute and
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chronic pain conditions. The likelihood that the two
conditions are equivalent is small given the vast number
of animal studies indicating peripheral and spinal cord
reorganization of nociceptive pathways occurring with
sustained pain, with differential changes observed for
inflammatory, neuropathic, and cancer-related pain conditions [13–15]. There is now convincing evidence for
the reorganization of descending modulatory systems
and their critical involvement in animal models of neuropathic pain [16]. Given these results, it is highly unlikely
that supraspinal pain circuitry simply passively responds
to these changes. Nevertheless, the extent of supraspinal
reorganization and the factors driving the process remain
mostly undiscovered. Our work over the past years has
concentrated on the simplest aspects of this question from
the human brain viewpoint.
When chronic back pain (CBP) and complex regional
pain syndrome (CRPS) patients are assessed on an emotional decision-making task, both groups show impaired
performance, with the CBP group showing that their
deficit is directly correlated to the intensity of their back
pain [17]. Chronic pain can also induce sensory/cognitive
advantages. For example, CBP patients show decreased
gustatory thresholds and heightened sensitivity for suprathreshold gustatory stimuli [18]. Moreover, CBP patients
show brain atrophy localized to the lateral prefrontal cortex and the thalamus, in contrast with matched healthy
subjects. The extent of the atrophy seems correlated to
the duration of chronic pain, distinct for neuropathic
versus non-neuropathic CBP, and also related to sensory
and affective dimensions of CBP [19]. The three studies
together imply that cognitive/sensory processing changes
in chronic pain patients, some of which may be a direct
consequence of the anatomic reorganization. The specific
events and underlying mechanisms for these changes
remain to be elucidated.

Studying brain activity in chronic pain with
nonspecific painful stimuli
The sensory/cognitive and anatomic studies strongly suggest that chronic pain should have a distinct underlying
brain activity pattern. In fact, a recent meta-analysis shows
that across some 100 studies one can establish statistically
significant differences in incidence of different brain areas
activated between acute and chronic pain conditions [4].
The implications of this finding remain obscure. Is the
result a consequence of some trivial confounds, or does it
signify changes in the physiology of pain?
The standard approach for studying brain activity for
acute pain is to induce pain by a mechanical or thermal
stimulus and determine brain regions modulated with
the stimulus period and even with the various intensities
used. Therefore, it is natural to carry the same technology
to the clinical arena and apply it to pain patients. This has
been used extensively in the past, and we have commented
on its shortcomings [4]. Here we discuss the issue based

on one of our earliest studies in which we attempted to
identify brain activity in CRPS patients using functional
MRI (fMRI) [20,21].
The study was designed to examine brain activity for
thermal stimuli applied to the body part where CRPS
pain was present and compare brain responses to this
stimulus between CRPS and healthy subjects. Moreover,
because the pain in CRPS patients with sympathetically
maintained pain can be modulated by sympathetic blocks,
we reasoned that we could decrease the patients’ ongoing pain and then re-examine brain activity responses to
the same stimulus. The study was done in a small group
of patients, and this by itself is an important weakness.
The main observation was that thermal stimuli in CRPS
evoked more prefrontal cortical activity than usually seen
in healthy subjects, and this was reversed (became more
similar in pattern to normal subjects’ brain activity to
thermal stimuli) after sympathetic blocks. The introduction of sympathetic blocks necessitated the use of the same
procedure in healthy patients as well, in whom its effects
were minimal. In this study, we also observed that when a
placebo block resulted in decreased pain perception then
the cortical response pattern changed similarly to that
of effective blocks. The study did show that brain activity may be distinct between CRPS and healthy subjects
for thermal stimuli but raised a number of unanswered
questions, many of which challenge the validity of the
approach. For example, the simple assumption that sympathetic blocks were only, or mainly, affecting the CRPS
pain without interfering with afferent sensory transmission was unclear; the analysis was based on the idea that
spontaneous pain per se would not affect subjects’ ability
to assess stimulus pain, which we now know is not true
(see following text), and also that contrasting sympathetic
block effects in CRPS and healthy subjects are valid.

Spontaneous pain as a confound in assessing
brain activity
We were well aware of the limitations of our initial fMRI
study of CRPS pain and have spent considerable energy
attempting to improve on it. An important question that
was ignored by us in that study, and by many other groups
using stimuli to study brain activity in clinical pain conditions, is the effect of the presence of spontaneous pain on
brain activity in general. A person who has lived for years
in the presence of pain must have developed some coping
mechanisms that aid in pursuing other everyday life interests in spite of the presence of the pain. How does this
impact the brain? Can one consider the patient in chronic
pain as composed of a brain signaling pain together with
a brain undertaking other tasks as in healthy subjects?
Or, does the presence of ongoing pain interact with and
impact other processes as well?
In a recent study, we reported brain activity for spontaneous pain in postherpetic neuropathy (PHN) patients
before and after local lidocaine treatment [22]. The
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improvement that this design brings to studying clinical
pain conditions is discussed in the following text. First, we
expound on the effects of presence of pain on brain activity
in general. The PHN patients were imaged before, after 6
hours, and 2 weeks after treatment with lidocaine. Behaviorally and based on questionnaires, most participants
showed a modest but significant decrease in their ongoing
pain. The patients were scanned while they were either
rating their ongoing pain or rating a visual bar that varied
in time in a pattern that mimicked their ratings of pain.
Thus, the latter is a control task that captures motor and
cognitive parts of the task, but of course, it does not reflect
the pain. The group-averaged activity was determined for
these two conditions, spontaneous pain ratings and visual
bar length ratings, for all three sessions. We observed that
brain activity for both tasks was increasing from first to
third session. This observation is similar to earlier reports
that decrease in clinical pain in many cases results in
increased brain activity. However, in our case, the internal
control was also changing in a manner parallel to the pain
condition, hinting that the effects of decreased pain were
modulating more than pain-related circuitry.
To identify the role of spontaneous pain on brain
activity, we performed a correlation analysis for both
tasks with mean spontaneous pain. We determined the
modulation of brain activity with pain intensity by using
mean pain intensity as a covariate. Figure 1 shows the
influence of pain intensity on across-sessions averaged
brain activity for both tasks. The resultant map is generally similar for both tasks: activity in medial and lateral
prefrontal regions was positively correlated, whereas
posterior parietal attentional areas were negatively correlated with mean pain intensity. This result shows that
brain activity for both tasks is influenced by the level of
spontaneous pain, implying that pain intensity influences
task performance in general. This idea is further corroborated by the observation that in the visual task there was a
trend in improvement in rating ability with sessions; that
is, the patients followed the simple instruction of rating
bar lengths and rated them more accurately after their
spontaneous pain subsided.
This result reinforces the need for correcting brain
activity by a control condition performed at the same
pain level; that is, the necessity of subtracting the visual
task from spontaneous pain rating task at each treatment
session. For both tasks, the fact that posterior parietal
cortical activity was negatively correlated with mean
ongoing pain suggests that the attentional abilities of
patients are directly related to the intensity of their pain,
which would in turn impact their abilities in performing
anything that would demand concentration. Moreover,
multiple prefrontal regions were positively correlated to
the mean pain, suggesting that the patients’ brain regions
underlying higher cognitive functions become more active
as the pain intensity increases. The exact cognitive implications for these brain activity patterns remain unclear.
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However, the finding indicates that the intensity of spontaneous pain impacts brain activity for any task that the
subject attempts to perform, enhancing some aspects and
inhibiting others. Therefore, the decreased brain activity
reported for pain tasks in many clinical pain conditions
[4,5,23,24] is most likely a reflection of the presence of
the spontaneous pain and is not specific to the task being
investigated. Outside of our own studies, only one study
used ongoing pain intensity as a covariate of no interest
[25] when determining brain regions involved in traumatic nerve injury–related allodynia. The fact that pain
intensity seems to modulate brain activity in general has
another powerful consequence. It suggests that in simply
studying brain activity, in tasks unrelated to pain, one
should be able to identify the presence of pain and study
its effects on sensory/cognitive/motor processing, a truly
exciting prospect that needs to be pursued.

Spontaneous pain
If the standard mechanical or thermal stimulation has
questionable value in assessing clinical pain conditions
(and because clinical pain states are usually relatively
refractory), what tools do we have to assess brain activity
in relation to these clinical states? The approach we have
taken is the study of spontaneous fluctuations of pain.
Spontaneous pain is highly prevalent in clinical pain conditions and is usually the primary drive for patients seeking
medical care. To our surprise, its temporal properties had
not been studied in the past. We now have evidence that
spontaneous pain fluctuates unpredictably in the time
scale of seconds to minutes, and moreover that these fluctuations have characteristic properties that differentiate
between chronic pain conditions [26•]. Our results demonstrate that variability of spontaneous pain fluctuations
can distinguish between PHN and CBP patients, and also
that this variability can be observed in fMRI signal when
such subjects rate their spontaneous pain. Therefore, we
have applied this technique to study brain activity in CBP
[27•] and PHN patients [22] in relation to their subjective
report of fluctuations of spontaneous pain.

fMRI of spontaneous pain
The combination of relating brain activity to spontaneous
pain and correcting for confounds by subtracting brain
activity for visual bar lengths provides a robust approach
with which clinical pain may be studied directly. Note
that in this case the brain activity is related exactly to the
event that the patient complains about. This is an important point that needs emphasis. Most patients with pain
complain of ongoing pain and not of allodynia or hyperalgesia. Certainly the latter two may be present and may
be studied specifically, but by and large and especially for
chronic pain, the spontaneous pain remains the primary
source of discomfort and suffering. Thus, understanding
its related brain circuitry is both scientifically and therapeutically imperative.
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Figure 1. Intensity of ongoing pain changes brain activity and thus cognitive processing in a complex pattern, for pain and non-pain tasks.
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With this approach [27•], we have recently shown in
CBP patients that the brain regions activated for periods
when the pain is increasing correspond to brain regions
seen for acute pain in normal subjects. In contrast, for
time periods when the pain is high and sustained, the
brain activity is mainly limited to the medial prefrontal
cortex (mPFC), a region usually not activated for acute
pain. Our confidence regarding these results stems from
the fact that the resultant brain activity was strongly correlated to the patients’ reported pain intensity at time of
scan, specifically with medial prefrontal activity. Also,
the duration or chronicity of the pain was captured in the
insular activity, a region activated only during increases in
spontaneous pain. Thus, two fundamental properties of
CBP, its intensity and duration, can be directly recovered
from the brain activity that we identify in these patients.

We were also able to demonstrate a double dissociation between brain activity for acute and spontaneous
pain. By applying a thermal painful stimulus in the same
patients (as well as in healthy subjects), we showed that
brain regions reflecting the stimulus intensity are not
related to that reflecting the intensity of spontaneous
pain. In contrast, the brain region that reflected spontaneous pain intensity was only activated for the latter and did
not reflect thermal painful stimulus intensity. Therefore,
we can assert that at least in the patient group studied
spontaneous pain involves a different brain activity pattern than acute pain.

Pharmacologic fMRI of pain
There is little question that fMRI offers a unique potential
in the effort for developing new drug therapies, especially

Spontaneous Pain and Brain Activity in Neuropathic Pain: fMRI and phfMRI Baliki et al.

for clinical pain conditions. This has been commented on
in the past [6,7,28]. However, the application of the technique (dubbed pharmacologic fMRI [phfMRI]) remains
at its infancy [29,30]. Important issues regarding the
untangling of effects of a drug directly at its site of action
(binding site) from those of secondary responses remain
to be resolved.
The potential of integrating preclinical studies with
human studies and using fMRI in both species has also
been proposed, and some early results are now published
[31,32]. The latter approach may become a very powerful
tool in the development of new drug therapies, especially
if standardized methods can be formulated that can be
used in animal models and in humans concurrently. However, performing fMRI studies in rodents poses a long list
of challenges, many of which remain unresolved.
An elegant first effort along this line is a study in
which the effects of gabapentin were explored for acute
pain and for sensitized skin pain [33]. The authors opted
to study a pharmacologic manipulation for sensitization
induced by application of capsaicin, arguing that this
provides a model condition that may mimic clinical pain
states. Whether acute thermal hyperalgesia really mimics
any clinical pain condition is arguable and needs substantiation. Still, this is an excellent example of how drug
effects can be studied in pain. It is also the first doubleblind crossover fMRI study. Twelve healthy subjects were
studied for either placebo or gabapentin, for mechanical
stimulation either on the normal skin or on skin exhibiting secondary hyperalgesia after capsaicin administration.
All subjects underwent all procedures in a random permutation. Gabapentin did not significantly reduce perceived
pain intensity for either the normal skin stimulation or
the sensitized skin, although its effect was stronger for
the sensitized skin. In many ways, the lack of effects
on perceived pain intensity actually simplifies the study
and makes interpreting the results more straightforward
because the observed brain activity changes cannot be
simply attributed to changes in perception (which in turn
would necessitate a correction factor to sort out the drug
effects on central circuitry for nociception from its remote
effects that in turn result in decreasing pain perception).
The authors measured plasma levels of gabapentin and
showed that it was detected only for the cases in which
it was actually administered. The results show that gaba
pentin changes brain responses to nociceptive mechanical
stimulation primarily when central sensitization is present. The most robust gabapentin effect during central
sensitization was a reduction of stimulus-induced brain
deactivations. Analysis of fMRI signal showed that the
observed drug effects were not caused by global changes
of brain activity. The study shows feasibility of studying
drug effects with fMRI and raises intriguing questions
regarding the central effects of gabapentin.
In a much simpler study, we tested the notion of
phfMRI in a clinical setting. A patient with chronic pso-
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riatic pain was studied for brain activity regarding joint
pain before and after oral administration of a cyclooxygenase-2 (COX-2) inhibitor [34]. The patient refrained
from using his COX-2 inhibitor for 24 hours before participating in the study. He was scanned 10 consecutive
times, four before and six after drug ingestion. Within
1 hour after drug ingestion, the patient reported some
decrease in joint pain, and this further decreased in the
next 3 hours. We collected brain activity while stimulating various joints, and the patient continuously rated the
magnitude of the pain using online continuous ratings
(the same methodology as used for studying spontaneous
pain, now used in relation to a stimulus that is specific
to the clinical symptoms). The results showed that brain
activity to the stimuli decreased after drug ingestion, and
two specific brain regions were strongly correlated to the
pain ratings. This study simply shows that one could identify brain activity modulation with a single dose of a drug
administered in a single patient.
In a more comprehensive study, we examined the effects
of lidocaine application on the skin in 11 PHN patients,
studied at three time points (before, after 6 hours, and
after 2 weeks of treatment) [22]. After correcting brain
activity for rating spontaneous pain by appropriate visual
rating controls (see earlier text), we observed decreased
brain activity with treatment in parallel to the decrease in
ratings of spontaneous pain, and also consistently with the
changes in pain as reported by questionnaires. Although a
long list of brain regions showed decreased activity with
treatment, only a specific subset was modulated in relation
to changes in pain ratings and relative to the questionnaire outcomes. We were also able to distinguish between
brain areas that only transiently responded to treatment
(decreased activity only after the 6-hour treatment) and
regions that responded to the longer-term treatment.
Generally, brain areas thought to be involved in sensory
representation for pain were the regions that were modulated acutely, whereas regions involved in emotional and
reward pathways responded to the longer-term treatment.
Unlike the earlier study [33], this study did not have a placebo control arm. Therefore, we cannot rule out that some
of the observed effects may be simply a result of the presence of treatment. Also, because the drug only affects skin
sensory transduction by interfering with sodium channels,
outside of the placebo response the observed results are
interpreted in relation to nociceptive transmission.

Differences in brain activity between
neuropathic conditions
In two studies, brain activity for spontaneous pain was
studied in separate clinical pain groups [22,27•]. Both
studies were done using the same technological approach
and data collection and analysis techniques. Therefore, it is informative to compare the results. The PHN
patients represent the most standard and accepted pain
patient population representative of neuropathic pain. In
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contrast, CBP is generally considered to be a consequence
of various peripheral insults that may render the condition more musculoskeletal and/or neuropathic. The
specific CBP patients studied all had some radiculopathy
as part of their history. Thus, we considered them as having a neuropathic component to their pain. In the CBP
patients, the primary brain site identified to be involved in
coding the sustained spontaneous pain and strongly correlated with pain intensity was the mPFC. In contrast, in
PHN the main regions that were activated and responded
most robustly to long-term treatment were the amygdala
and ventral striatum. Thus, at first glance these results
suggest that different chronic pain conditions involve distinct brain activations, which are also distinct from brain
regions commonly ascribed as being involved in acute
pain. However, anatomically the ventral striatum, amygdala, and mPFC are strongly interconnected and are part
of the hedonic and emotional evaluation system. Moreover, in the CBP patients, in addition to mPFC activity,
both ventral striatum and amygdala were active but at a
lower statistical significance. Therefore, the brain regions
associated with spontaneous pain in both CBP and PHN
show similarities and preferentially engage various components of the same circuitry.

Conclusions
We expounded on fMRI and phfMRI techniques that are
especially apt in studying clinical chronic pain conditions.
We argued that examining brain activity for spontaneous
pain provides a novel, robust approach with which various clinical pain conditions can be directly investigated.
Moreover, we provided examples of studies examining
the modulation of fMRI responses to various drugs, in the
context of human models of chronic pain and in actual
clinical pain conditions. Therefore, we attempted to demonstrate the new directions that human brain imaging
techniques are leading to, concentrating primarily in the
work ongoing within our group.
There are other novel approaches being developed by
other groups, especially in the laboratories of Borsook,
Gracely, and Tracey, which we only touch upon mainly
because they seem at an earlier developmental stage, at
least as far as we are aware of their progress. Studies by
Gracely et al. demonstrate that judicious use of mechanical stimulation in clinical pain conditions can reveal brain
activity abnormalities in fibromyalgia and in CBP [35–38].
Also, several groups have been studying allodynia in various clinical conditions because its related activity should
be readily demonstrable by appropriate stimuli as long as
proper controls are included [25,39–44]. The extent to
which these various studies have corrected resultant activity with appropriate controls is not discussed here. Suffice
it to end with the proviso that there remains a long list of
confounds that need to be more properly attended to before
we make general conclusions regarding the brain responses

we uncover in clinical pain conditions. We are hopeful that
the outlined approaches will begin to make a difference in
the clinical setting by actually aiding in the discovery of
novel therapies for neuropathic pain conditions.
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