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A B S T R A C T

In this review, we integrate recent human and animal studies from the viewpoint of chronic pain. First,

we briefly review the impact of chronic pain on society and address current pitfalls of its definition and

clinical management. Second, we examine pain mechanisms via nociceptive information transmission

cephalad and its impact and interaction with the cortex. Third, we present recent discoveries on the

active role of the cortex in chronic pain, with findings indicating that the human cortex continuously

reorganizes as it lives in chronic pain. We also introduce data emphasizing that distinct chronic pain

conditions impact on the cortex in unique patterns. Fourth, animal studies regarding nociceptive

transmission, recent evidence for supraspinal reorganization during pain, the necessity of descending

modulation for maintenance of neuropathic behavior, and the impact of cortical manipulations on

neuropathic pain is also reviewed. We further expound on the notion that chronic pain can be

reformulated within the context of learning and memory, and demonstrate the relevance of the idea in

the design of novel pharmacotherapies. Lastly, we integrate the human and animal data into a unified

working model outlining the mechanism by which acute pain transitions into a chronic state. It

incorporates knowledge of underlying brain structures and their reorganization, and also includes

specific variations as a function of pain persistence and injury type, thereby providing mechanistic

descriptions of several unique chronic pain conditions within a single model.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Chronic pain is a controversial topic, and doubts have been
raised regarding its diagnosis and treatment as a clinical condition
(e.g., CRPS, fibromyalgia). During the past 20 years or so, however,
tremendous advances have been made in our understanding of the
peripheral and central processes involved in chronic pain
conditions. This paper is an attempt to develop from these recent
studies ideas that may lead toward a theory of chronic pain capable
of accounting for its various clinical manifestations. We examine
current definitions and clinical subtypes of chronic pain, assess
data from human and animal studies, and expound upon the
correspondence or lack thereof between proposed models. We
conclude by presenting a speculative theory of chronic pain rooted
in the neural mechanisms underlying this phenomenon that is
consistent with both the human and animal research.

2. What is chronic pain?

2.1. A definition

The standard definition of chronic pain endorsed by the
International Association for the Study of Pain states that it is
pain that persists past the healing phase following an injury
(Merskey and Bogduk, 1994). Determining the end of the healing
phase is difficult, however, and instead the common clinical
definition is a fixed time of persistent pain following its initial
onset. For chronic back pain the usual time is 6 months, whereas in
post-herpetic neuralgia 3 months of persisting pain is the more
common time point at which the condition is dubbed chronic.
These are purely functional and relatively arbitrary time posts that
have little relation to underlying mechanisms.

Animal models of neuropathic and/or inflammatory injuries
that cause a persistent pain condition suggest that peripheral and
spinal cord circuitry transmitting nociceptive signals cephalad
undergoes dramatic reorganization (Woolf and Salter, 2000, 2006).
The details of these plastic changes are beyond the current review,
and will therefore only be summarized in relation to their
relevance to clinical chronic pain. These models, especially the
variety of peripheral nerve injuries that give rise to neuropathic
pain behavior, indicate that subtle differences in the type of injury
giving rise to pain behavior stabilize at different time delays from
the initial injury. For example, the Seltzer partial sciatic nerve
injury model (Seltzer et al., 1990) proposes that full-blown thermal
hyperalgesia and mechanical allodynia begin within hours of the
injury and these abnormal pain behaviors are then maintained for
weeks thereafter. In contrast, in the spared nerve injury model
(Decosterd and Woolf, 2000) where the tibial and peroneal
branches of the sciatic nerve are cut, stable and peak thermal
hyperalgesia and mechanical allodynia are only observed at about
2 weeks after the initial injury. While the difference between these
two neuropathic pain models may seem trivial, the point is that the
ensuing pain behaviors require very different time delays to reach
their full expression. To our knowledge there are no studies as to
the mechanisms underlying these time delays. If one assumes that
the peak pain is an indication for the longer lasting stable pain
behavior that we equate to chronic pain, then the delay to
reaching this behavior is clinically relevant. The processes
underlying this delay, therefore, would be largely unrelated to
the duration of the healing phase because the extent of injury and
its related healing are very similar in both cases. These animal
behavioral results cast doubt even regarding the validity of the
standard definition for chronic pain. Moreover, they point to the
notion that the definition of chronicity cannot be independent of
the type of chronic pain in question and thus should be functionally
determined for each type separately, as well as be based on the
peripheral and central mechanisms undergoing reorganization in
each condition.

2.2. Types of chronic pain

2.2.1. Human clinical conditions

There is a long list of chronic clinical pain conditions. These are
generally labeled by their site of injury (e.g., back, head, viscera)
and type of injury (e.g., neuropathic, arthritic, cancer, myofascial,
diabetic). Clinical manifestations are often a combination of
multiple pain conditions; even in a single condition several
diverse tissue types are observed to contribute. Perhaps the most
notorious example is chronic back pain, where it is very difficult to
ascertain the type of tissue injured, and with the extent of joint
degeneration, muscle, and nerve injuries varying broadly across
patients the relative involvement of each remains obscure and
undeterminable.

Clinical scientists continue to argue over the validity of diverse
chronic pain conditions, such as CRPS and fibromyalgia, or whether
they are not the creation of the patient in complicity with
consenting physicians. This frustration seems to emanate mainly
from an inability to localize peripheral parameters that can define
the condition coupled with the lack of efficacious treatments.
Physicians dealing with complicated chronic pain patients
complain that regardless what they do the patients continue to
complain and continue to report suffering from pain. However, this
grim picture is beginning to change. The animal models developed
over the last 20 years or so along with our ability to peer into the
brains of chronic pain patients are rapidly changing our notions
regarding chronic pain.
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This review will use the example of chronic back pain to
illustrate the new advances in understanding the mechanisms of
chronic pain. The significance of this choice is evidenced by the
impact of this particular condition on society. Moreover, this is the
condition that we have studied for over 10 years from the
viewpoint of central nervous system mechanisms. Low back pain is
a public health problem affecting between 70–85% of adults at
some time in their life (Frymoyer, 1988). The annual prevalence of
chronic low back pain ranges from 15% to 45%, with point
prevalences averaging 30% (Andersson, 1997). In the USA, chronic
and acute back pain is the most common cause of activity
limitation in people younger than 45 years and the second most
frequent reason for visits to physicians (Hart et al., 1995; Praemer
et al., 1992). Data from other Western countries are similar.
Estimates from the UK show low back pain as the largest single
cause of absence from work, accounting for 12.5% of all sick days
and over £11 billion in direct and indirect costs in 2000 (Frank,
1993; Maniadakis and Gray, 2000). An article by Deyo (1998)
states that:

‘‘Up to 80% of all adults will eventually experience back pain,
and it is a leading reason for physician office visits, for
hospitalization and surgery, and for work disability. . .. Clearly,
back pain is one of society’s most significant non-lethal medical
conditions. And yet the prevalence of back pain is perhaps
matched in degree only by the lingering mystery accompanying
it.’’ [emphasis added]

Defining low back pain is difficult. In general, acute low back
pain refers to 0–7 days of pain (pain free at onset), subacute low
back pain is classified as pain between 7 days and 3 months of
duration, and chronic low back pain is defined as pain lasting for
more than 3 months (Frank, 1993). Furthermore, back pain can
arise due to either mechanical or non-mechanical causes, the latter
being associated with other underlying diseases. For instances in
which such other processes are not identified, back pain is
assumed to occur on a mechanical basis, even when an exact
underlying anatomic abnormality cannot be clearly detected.
Many people with mechanical back pain also show a neuropathic
presentation (traditionally classified as radiculopathy) manifest by
tingling, burning, or numbness (Audette et al., 2005), or as pain
‘shooting’ into the distal affected part. Though commonly
associated with acute disc herniation these neuropathic symptoms
are also now commonly being identified in people with chronic
low back pain.

2.2.2. Animal models approximating clinical chronic pain conditions

Animal models for chronic pain have become a fundamental
tool with which underlying mechanisms can be systematically
studied. Wall’s autotomy model (Wall et al., 1979), dorsal root
rhizotomy model (Lombard et al., 1979), and Bennett’s chronic
constriction injury model (Bennett and Xie, 1988) constituted the
early pioneering work in the field. Since then new models are
continually being proposed that are becoming more sophisticated
in their ability to more closely model real clinical conditions.
Animal models for cancer pain (Mantyh, 2006), for spinal cord
injury pain (Yezierski, 2005), and for migraine (Yamamura et al.,
1999) are some of the latest additions. At minimum, these animal
models confirm that chronic pain states are biological entities and
not just the imagination of patients. Moreover, they allow for a
mechanistic study of pathophysiology, and this has been a fantastic
boon to understanding the peripheral and spinal cord mechanisms
underlying various types of chronic pain. Where these models fall
short, however, is in many clinical conditions where the actual
correspondence between the purported model and the clinical
manifestation remains to be directly tested. As a result we are often
unsure if these models are providing actual specific mechanistic
information or even general hints as to the possible list of
mechanisms that may underlie the true clinical condition. In
chronic back pain, for example, do models of peripheral nerve
injury provide insights into symptoms of back pain? What about
skin or muscle inflammation? Another shortcoming is their
inability to dispel suspicion regarding more complex conditions,
such as CRPS and fibromyalgia, for which we do not even know
how to begin building animal models. Thus in many respects the
initial excitement that these models provided regarding the
opportunity for designing new therapies for clinical pain condi-
tions has already waned. It is now almost 20 years since the
Bennett CCI model, and despite over a hundred peripheral and
central molecular targets having been generated from these
models and large sums of research dollars invested by pharma-
ceutical companies we have yet to identify any new therapy based
on an animal model for neuropathic pain. The reasons behind this
failure may be complex and multifactorial. Nonetheless, it under-
scores the necessity of translational studies where information
generated in animal models are tested in humans and vice versa,
allowing mechanistic notions to guide human research and hints
from human studies tested thoroughly in animal models.

2.2.3. Management of chronic pain: current management of

low back pain remains insufficient

The majority (>90%) of individuals with acute low back pain
recover full function in days or weeks with little or no lingering
pain. Recent studies in this population have highlighted the
importance of early mobilization and the early use of effective
analgesic agents (Hagen et al., 2005). Yet a small number of
individuals with acute low back pain (approximately 5% or less) go
on to develop subacute and then chronic low back pain. Of this
group, a high percentage will fail treatment and are often referred
to pain clinics and centers, where multi-disciplinary techniques
utilizing non-pharmacologic, pharmacologic and anesthesiologic
interventions are variably beneficial. Most chronic low back pain
patients, however, continue to have significant degrees of pain, are
significantly limited in their functional capacity, and become
emotionally altered by their chronic pain condition.

The goal of treating low back pain has been relief of pain,
restoration of physical function, and the successful maintenance
and/or reintegration of the patient into the workplace and society.
A broad range of management options have been advocated
including oral, topical and injectable medications, devices, surgical
approaches, physical therapy, educational and psychological
interventions, and others. Yet remarkably there remain a lack of
well-designed and appropriately conducted clinical trials to
evaluate the efficacy of these treatments (Schnitzer et al., 2004).
This is particularly true in the case of chronic low back pain, in
which no long-term trials (>3 months) have been conducted with
any therapeutic agent.

Furthermore, while the few short-term (only weeks in length)
placebo-controlled trials conducted to date have found some
support for the use of non-steroidal anti-inflammatory drugs
(NSAIDs) and antidepressants in treating lower back pain, their
results are usually not significant enough to reach the level of
clinical effectiveness. With efficacy requiring a minimum 25%
decrease in pain from placebo, a 2000 meta-analysis of NSAID
studies found no evidence that these drugs were effective in
treating chronic low back pain (van Tulder et al., 2000). More
recent treatment studies have also failed to reach clinical
effectiveness, with most only finding about a 10% decrease in
pain (e.g., Coats et al., 2004; Pallay et al., 2004). A systematic
review of antidepressants treatment for chronic back pain also
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concluded that they produce only a moderate symptom reduction
(Staiger et al., 2003), and another recent review concluded that:
‘‘Many drugs used for back pain are no more, or only slightly more,
effective than placebos. Others have side effects that outweigh
their usefulness in relieving pain. On the basis of the evidence, no
drug regimen can be legitimately recommended for back pain’’
(Bogduk, 2004). The World Health Organization Advisory Panel
likewise concluded that there is no single treatment superior to
others for relieving chronic back pain (Ehrlich, 2003).

The lack of long-term and failure of short-term clinical trails on
chronic low back pain is worsened by the fact that few if any
studies have evaluated patients with a neuropathic component to
their pain. Indeed, in many studies evidence of neuropathy is an
exclusion criterion. Nevertheless, a significant number of indivi-
duals display a neuropathic component to their chronic back pain.
This is of significant clinical importance considering that neuro-
pathy has traditionally been unresponsive to treatment with
NSAIDs, antidepressants, and other pharmacologic agents.

2.2.4. Existing models of chronic pain have low predictive power

2.2.4.1. Anatomical, biochemical and genetic risk factors for back

pain. The probability that the particular cause of back pain can be
identified by radiographs is less than 1% (van den Bosch et al.,
2004). Nevertheless, disc space narrowing appears to be more
strongly associated with back pain than other radiographic
features (Pye et al., 2004). Moreover, the histological composition
of herniated disc material seems to correlate with clinical
symptoms such as reported pain (correlation coefficient 0.7)
(Willburger et al., 2004). Another cause of pain and radicular
symptoms seems to be due to pressure on the nerve tissue from
ligamentum flavum and facet joints (Okuda et al., 2004).

Findings from two adult female twin studies indicate that 50–
70% of the variation of cervical and lumbar disc degenerative
processes are due to genetic factors (MacGregor et al., 2004;
Sambrook et al., 1999). A similar Danish study also showed a
genetic influence, albeit with more modest results (Hartvigsen
et al., 2004). Other experiments have identified a number of
candidate genes that underlie disc degeneration and pain, see
(Manek and MacGregor, 2005), suggesting that genetic factors may
also have an important role.

2.2.4.2. Psychosocial factors. As peripheral physical factors have
failed to show a relationship with back pain, a long list of
psychosocial and demographic factors have been studied. Cumu-
latively, however, these factors provide poor predictions regarding
chronic pain.

Depression is ranked as one of the strongest predictors for low
back pain. This association is observed by multiple studies. One of
the latest studies involved a national survey (n = 91,347) and 2-
year follow-up survey (n = 55,690) utilizing both cross-sectional
and cohort-study models. The results indicate that depression and
low back pain are interrelated (correlation coefficient of about 0.4),
with associational odds ratios increasing with intensity of back
pain and severity of depression (Meyer et al., 2007). Similar results
have been reported earlier (Reid et al., 2003).

In order to investigate the predictive power of baseline
depression on the transition from acute to chronic pain (3 months
post-acute back pain), a recent prospective model evaluating the
direct and indirect effects of cumulative trauma exposure, acute
pain severity and disability, baseline depressive symptomology,
and pain beliefs on chronic pain severity and disability (Young
et al., 2008) was recently tested. The model only accounted for 26%
of the variance in chronic pain and 58% of the disability. Acute pain
intensity did not directly predict pain 3 months later and baseline
pain beliefs failed to predict chronic pain. Despite these relatively
weak relationships to chronic pain, the authors argued that their
findings support the growing literature contending that progres-
sion to chronic pain is more dependent on psychosocial and
occupational factors than on medical characteristics of the spinal
condition.

The prognostic value of factors influencing the course of low
back pain and return to work in occupational health care was
studied in a cohort of 299 workers on sick leave between 3 and 6
weeks due to low back pain (Heymans et al., 2006). The authors
investigated the possible associations between a broad set of
prognostic indicators related to characteristics of worker, job, low
back pain, and psychosocial issues upon return to work lasting for a
follow-up period of 12 months. The explained variation of the
models was also calculated. Median time to return to work was 75
days. The explained variance of the multivariate model for return
to work was only 18%. Another study focusing on the psychosocial
factors that might predict return to work in 253 subacute and
chronic pain injured workers showed that the best predictors were
intensity and duration of pain, where the outcome model could
only account for about 40% of the variance (Schultz et al., 2004). An
earlier study examining workers with acute back pain found that
204 of the recruited 854 claimants (23.9%) were still receiving
compensation payments up to 3 months later. Their model
demonstrated that severe leg pain, obesity, high scores on a
disability index and health questionnaire, and physical require-
ments of the workplace to which subjects would return were all
significant, independent risk factors for chronicity (Fransen et al.,
2002). Smoking is also reported to increase risk for low back pain
(Feldman et al., 1999).

In general, a long series of studies now describe psychosocial
and psychological factors in predicting functional and social
disability, where the interrelationship between ratings of cata-
strophizing, pain-related fear of (re-) injury, depression, disability,
and pain severity are studied and modeled in combination with
demographics in various chronic pain conditions. Yet while these
factors may be associated with pain in certain individuals,
attempts to create models of chronic back pain based upon them
have been unproductive. For example, one model, the fear-
avoidance model (Vlaeyen and Linton, 2000), suggests that fear of
pain and related pain behaviors can be relieved by exposing
individuals to movements and tasks they have avoided due to fear
of (re-) injury, predicting that such exposure should then result in
reducing the intensity of chronic pain. To test this, a recent
randomized controlled trial investigation (Woods and Asmundson,
2008) assessed effectiveness of exposure relative to other
conditions in 45 chronic low back pain patients. Although the
exposed patients improved on a long list of measures related to
fear, the primary outcome measure regarding their disability
showed no improvement. Further, if psychological and social
factors had strong power in predicting chronic back pain, then
quality of life and health care utilization, which have been shown
to be dependent upon such factors (Keeley et al., 2008) should also
show a relationship with a developing a chronic pain condition. Yet
even when back pain is caused by a major physical trauma (Harris
et al., 2007a), they remain only weakly related to chronic pain. It is
now being recognized that psychosocial factors constitute ‘‘non-
negligible risks’’ for the development of low back pain (Clays et al.,
2007), and cannot account for how or why a patient transitions into
the chronic pain state. A recent article titled ‘‘Why is a treatment
aimed at psychosocial factors not effective in patients with (sub)
acute low back pain?’’ (Jellema et al., 2005) concisely articulates
the need to direct studies of chronic pain elsewhere.

In summary, there is a long list of risk factors but no dominant
physical or psychosocial parameter that can substantially explain
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chronic pain. This clinical data (e.g., Heneweer et al., 2007, and
many others) does show, however, that the more severe the back
pain (together with previous history of back pain), the longer it is
sustained, and when it is accompanied with sciatic nerve damage
there is increased likelihood that it will turn chronic, especially
when coupled with high depression. Importantly, the emerging
evidence for a genetic component also implies that certain brain-
derived parameters (described below) may be part of a predis-
position for chronic pain rather than its consequence.

2.2.5. Brain-derived markers strongly correlate with clinical

parameters of chronic pain

The primary objective of research in our lab over the last 10
years or so has been to develop brain markers discriminating
chronic pain patients from healthy subjects. Here we review
examples of these measures’ predictive power with respect to the
clinical properties of chronic pain, and attempt to integrate this
information into a model of the human brain in chronic pain.

2.2.5.1. Brain chemistry. We published the first study showing that
brain chemistry is abnormal in chronic back pain patients as
compared to matched healthy controls, using magnetic resonance
spectroscopy (Grachev et al., 2000). Our study revealed correla-
tions between brain regional chemistry and clinical parameters of
pain duration, intensity, and McGill Pain Questionnaire dimen-
sions. We found that the relative concentrations of chemicals in the
cingulate cortex and thalamus reflected pain duration (in opposite
directions). Moreover, chemical concentrations were found to
positively correlate with sensory, affective, and intensity ratings of
chronic back pain. In the study we reported: ‘‘Highly significant

empirical relationships were seen between perceptual predictors and

regional chemicals: (1) the combination of sharp pain, stabbing
pain, pain duration, and trait anxiety predict the concentration of
DLPFC N-acetyl aspartate (R2 = 0.98, p < 0.001); (2) the combina-
tion of pain duration, and state and trait anxiety predict the
concentration of thalamic glucose (R2 = 0.97, p < 0.0004).’’ A small
number of similar studies have been published since, in a number
of chronic pain conditions (Fukui et al., 2006; Pattany et al., 2002;
Sorensen et al., 2008). Yet, the topic remains in its infancy. It is
likely that the method would provide clinically important
information regarding various chronic pain conditions, especially
as it is becoming an important biomarker in neurodegenerative
conditions. For example metabolic changes are observed in
presymptomatic mutation carriers years before onset of Alzheimer
disease (Godbolt et al., 2006), suggesting that metabolic markers
may also be useful in predicting predisposition to chronic pain.

An alternative approach is the use of positron emission
tomography (PET) to examine binding changes for various ligands
in chronic pain. With this approach a recent study identified mu-
opiate binding decreases in fibromyalgia, with the decrease being
related to the pain characteristics in a number of brain regions
(Harris et al., 2007b). Dopamine release in the basal ganglia is also
disrupted in fibromyalgia patients (Wood et al., 2007), and in
burning mouth syndrome and atypical facial pain (Hagelberg et al.,
2003a,b), and D2 binding in the basal ganglia has been proposed as
a marker for diagnosis and treatment of chronic pain (Hagelberg
et al., 2004).

2.2.5.2. Cognition. We reported that, in contrast to age, sex, and
education matched healthy controls, chronic back pain and CRPS
patients are significantly impaired on an emotional decision-
making task (Apkarian et al., 2004a). Moreover, the performance of
chronic back pain patients was highly correlated with their verbal
report of pain at the time of performing the task (R2 = 0.64,
p < 0.003). Thus we found that emotional decision-making abilities
can explain more than 60% of the variance in chronic back pain

intensity. In contrast to chronic back pain, CRPS patients’
performance was not modified when their pain was manipulated
using a sympathetic block. The latter implies that the brain
mechanisms underlying the two types of chronic pain may be
distinct and thus also distinctly modulate emotional states. A long
list of cognitive abnormalities has been described in chronic pain
patients. The most noteworthy are attentional and memory
deficits (Dick and Rashiq, 2007; Sjogren et al., 2005). However,
little effort has been placed in differentiating such deficits based on
chronic pain type, and only the results we describe on emotional
decision-making has been related to the brain (see below).

2.2.5.3. Brain morphometry. We concluded the brain chemistry
study by stating: ‘‘The tantalizing conclusion that chronic pain may
be associated with neural degeneration needs to be re-examined
with morphometric analysis.’’ (Grachev et al., 2000), and in 2004
published the first brain morphometric study showing anatomical
evidence for brain atrophy in chronic back pain patients (Apkarian
et al., 2004b). This result has now been replicated in chronic back
pain and other types of chronic pain conditions (Kuchinad et al.,
2007; Schmidt-Wilcke et al., 2005, 2006). Notably we were again
able to show that these morphological changes are correlated with
the clinical parameters of the condition. Neocortical gray matter
volume, after correcting for intracranial volume, age and sex, was
significantly less in chronic back pain patients than in matched
controls. Moreover, this parameter showed dependence on pain
duration, with similar slopes for patients with and without
neuropathic (radicular) back pain, but only significantly for the
neuropathic back pain group. When the same data was analyzed to
directly compare regional gray matter differences between CBP
patients and controls, two brain areas showed the most robust
difference: bilateral DLPFC and right thalamus. When we studied
the DLPFC further in relationship to clinical parameters, gray
matter density was found to be highly significantly dependent on
the presence and type (neuropathic or non-neuropathic) of chronic
back pain (p < 10�6). Moreover, to differentiate the relationship
between regional gray matter and pain characteristics, we derived
an index of change in DLPFC gray matter, corrected for age and
gender confounds, and regressed it with pain characteristics.
Across all CBP patients, the combination of sensory and negative-
affective dimensions of CBP predicted DLPFC gray matter change
(p < 0.007). Furthermore, when CBP subgroups were analyzed
separately, we discovered distinct relationships. For nuCBP
subjects (chronic back pain patients with radiculopathy), pain
intensity, duration, and negative affect predicted DLPFC gray
matter change (p < 0.002), whereas in non-nuCBP (non-radicular)
subjects pain intensity, duration, and both sensory and affective
dimensions contributed to DLPFC gray matter change (p < 0.0002).
Thus, regional gray matter changes are strongly related to pain

characteristics, and this pattern is different for neuropathic compared

with non-neuropathic types. This dissociation is consistent with
extensive clinical data showing that neuropathic pain conditions
are more debilitating and have a stronger negative affect (Dworkin,
2002), and we suggested that this difference is directly attributable
to the larger decrease in gray matter density in the DLPFC of
neuropathic CBP patients. In the discussion of this study we
suggested ‘‘regional atrophy dictates the brain activity observed in
chronic pain, and it may explain the transition from acute to
chronic pain’’ (Apkarian et al., 2004b).

2.2.5.4. Spontaneous fluctuations of pain. We recently revealed that
the spontaneous pain of chronic pain patients fluctuates in the
scale of seconds to minutes, that these fluctuations are distinct for
various chronic pain conditions, and that normal healthy subjects
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are unable to mimic them (Foss et al., 2006). Participants were
instructed to continuously rate their subjective assessment of the
intensity of pain. We observed that the fluctuations of spontaneous
pain do not possess stable mean or variance, implying that these
time series can be better characterized by fractal analysis.

To this end, we applied time and frequency domain techniques
to characterize variability of pain ratings with a single parameter:
fractal dimension, D. We demonstrated that D is distinct between
types of chronic pain, and from ratings of thermal stimulation and
of imagined pain; and that there is a correspondence between D for
pain ratings and D for brain activity in chronic back pain patients
using fMRI. In back pain patients, average fractal dimension
D = 1.55 � 0.08 (mean and S.D., n = 23) whereas for postherpetic
neuropathy (PHN) patients D = 1.42 � 0.11 (n = 58). These measures
are highly significantly different from each other (p < 10�6), and
have distinct properties. Back pain patients mainly show anti-
persistence; meaning that on the average more intense pain is
followed by weaker pain. By contrast, PHN patients show both anti-
persistent and persistent time series. We concluded the study by
stating: ‘‘We demonstrate that temporal properties of pain can
reveal novel information with potential mechanistic and clinical
significance’’ (Foss et al., 2006). This study remains the only one
where spontaneous pain fluctuations at such time scales have been
characterized.

2.2.5.5. Brain activity. Using non-invasive brain imaging (fMRI) in
combination with online ratings of fluctuations of spontaneous
pain we identified the brain activity idiosyncratic to chronic back
pain (Baliki et al., 2006). Our data was analyzed using two different
vectors: (a) when ratings of spontaneous pain were high in
contrast to low, and (b) when ratings of spontaneous pain were
rapidly increasing in contrast to all other times. The brain activity
obtained, after subtracting a visual rating task that corrects for the
cognitive, evaluative and motor confounds, differed greatly for the
two conditions. During epochs when pain was high, activation of
the medial prefrontal cortex (mPFC) was most robust, with less
activity seen in the amygdala and the ventral striatum. For periods
when pain was rapidly increasing, however, the insula, anterior
cingulate cortex (ACC), multiple cortical parietal regions, and the
cerebellum became activated. In the same study, using the same
procedures (continuous ratings of perceived pain and subtraction
of a visual control), we identified brain activity in back pain
patients and healthy controls for an acute thermal stimulus
applied to the back. The results showed no difference between
patients and healthy controls for brain regions activated during
acute thermal pain stimulation of the back. This activity pattern
closely matched brain activity observed in earlier studies regarding
acute pain in healthy subjects (Apkarian et al., 2005), and was
similar also to the activity we observed for spontaneous pain for
the contrast of rapidly increasing pain.

We also studied two separate groups of CBP patients using 2
MRI magnets, and in both groups identified the mPFC as the
primary region activated for high pain. Moreover, in both groups
mPFC activity was strongly correlated with pain intensity at the
time of scan. In both groups we can assert that more than 80% of
the variance of patient’s back pain intensity is accounted for by
mPFC activity. Moreover, the insula activity, during the increasing
phase of pain, seems to predict the duration of pain in years at a
confidence level of 80%. In contrast, when levels of anxiety or
depression were examined, none of the brain regions identified
showed any relationship to these parameters. These results
indicate that spontaneous CBP engages the emotional-mentalizing
region of the brain into a state of continued negative emotions
(suffering) regarding the self, punctuated by occasional nocicep-
tive inputs that perpetuate the state. The sustained prefrontal
activity is most likely related to the maladaptive psychological and
behavioral cost associated with chronic pain. In the discussion of
this paper we pose the question: What is chronic back pain? The
answer we offered is particularly relevant to the present review:

‘‘The common clinical approach to [studying] CBP is to relate its
behavioral manifestations to the site of injury. Although some
CBP patients have identifiable structural or mechanical cause
for their pain, most do not . . . Given the poor association
between structural abnormalities to pain, other nonspecific
variables have been proposed as predictors of clinical outcome,
like demographics including age, gender, and education . . .,
psychosocial factors such as level of depression, anxiety, pain
catastrophizing, fear and/or helplessness, job satisfaction, and
environmental reinforcers such as compensation and litigation
. . . Despite this long list, incorporating these parameters
accounts for a relatively small portion of the variance of CBP
. . . In contrast, examining CBP from the viewpoint of the brain
indicates that CBP, regardless of whether it is secondary to
fracture, inflammatory joint disease, postsurgical, combina-
tions of these, or idiopathic . . . presents a well defined set of
abnormalities. It is associated with a specific pattern of brain
chemical changes [see (2.2.5.1) above] . . . that are consistent
with decreased gray matter density in DLPFC [see (2.2.5.3)
above], . . . which in turn may account for heightened mPFC
activity and decreased ability in emotional-decision making
[see (2.2.5.2) above]. These brain parameters account for over

70–80% of the variance for intensity and duration of CBP. Therefore,

they must be considered an integral part of the clinical state of

CBP.’’ (Baliki et al., 2006) (Brackets and italics added)

A recent review of advances regarding mechanisms of back pain
that heavily relies on our findings concludes:

‘‘[Chronic back pain] patients have back pain yet no con-
servative or surgical pain relieving measures directed at the
back appear effective. They display a number of biomechanical
abnormalities, however treatment directed at normalising
lumbar biomechanics has little effect and there is no relation-
ship between changes in outcome and changes in spinal
mechanics. Finally, these patients demonstrate some psycho-
logical problems but psychologically based treatments offer
only partial solution to the problem. A possible explanation for
these findings is that they are epiphenomena, features that are
incidental to a problem of neurological reorganisation and
degeneration.’’ (Wand and O’Connell, 2008)

Wand et al.’s conclusion is perhaps more extreme than our
position, though we certainly concur that a large component of
chronic pain must include neurological abnormalities. We do not,
however, completely discount the contribution of peripheral injury
related signals that may be critical in the final neurological
outcome. In fact we continue to search for approaches that may
provide information regarding spinal cord processes that we can
relate to brain abnormalities. For example, we continue to
experiment with MRI scan sequences (T1, MRS, DTI) that may
enable studying the lumbar spinal cord in chronic pain.

2.2.5.6. Overview.
� C
hronic pain (especially chronic back pain) remains intractable
and minimally understood.

� O
ur recent research has demonstrated that brain-derived

biomarkers relate far better to the clinical characteristics of
chronic back pain than do physical factors or psychosocial
approaches used in the past.
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� T
herefore, future studies where changes of these biomarkers are
tracked in time should provide insights into underlying
mechanisms and identify causal relationships.

2.2.5.7. Implications. There seems to be a tight relationship
between impairments in emotional decision-making and activity
in brain regions involved in the perception of ongoing chronic back
pain, suggesting that the two may be causally related. As the extent
of impairment on emotional decision making in chronic back pain
is directly related on the magnitude of pain suffering by the patient
at the time the task is performed, and as the extent of mPFC activity
is also tightly correlated to the magnitude of pain perceived by
these patients, one can conclude that these events are in fact inter-
related.

There is also a tight relationship between brain regional atrophy
and brain chemistry abnormalities. They both indicate neuronal
damage to the DLPFC in chronic back pain patients. As the primary
chemical observed to decrease in DLPFC was N-acetyl-aspartate
and as this chemical is mainly found within the soma of neurons,
one is tempted to conclude that there is in fact a neuronal density
decrease in the DLPFC that is more severe in patients that have had
the condition for longer times. The latter suggests that the
neuronal loss is a continuous ongoing process that is at least
partially irreversible. Nevertheless, these implications need to be
directly tested. The question regarding the extent to which brain
atrophy may be reversed with successful and aggressive therapy is
one that requires urgent determination. It should also be noted
that genetic predispositions cannot be excluded regarding both
abnormal brain chemistry and decreased regional gray matter
density. In fact, the published results regarding the relationship
between whole neocortical gray matter volume and its decrease
with pain duration indicates that if one extrapolates the data to
time zero (i.e. at the time when the presumed initial injury
occurred) the patients’ estimated neocortical gray matter volume
would still be smaller than that of healthy subjects, which would
indicate the presence of a genetic predisposition.

The observation that spontaneous pain in chronic pain
fluctuates over the scale of seconds to minutes is novel and
potentially provides a simple objective tool for determining the
presence and magnitude of chronic pain in the clinic. Considering
that normal healthy subjects are unable to mimic these fluctua-
tions, and report fluctuations in response to applied thermal
painful stimuli that do not even remotely resemble those of
chronic pain patients, this method would be particularly useful in
identifying chronic pain patients. Furthermore, given that distinct
chronic clinical pain conditions seem to result in distinct patterns
of fluctuations, it could also serve to clinically discriminate
between patient groups. Since fluctuations likely reflect the
integration of pain signaling mechanisms with pain coping
mechanisms, the presence of distinct fluctuation patterns suggests
that the underlying mechanisms for various clinical chronic pain
conditions must also be distinct. This point was recently directly
tested by us and is further elaborated below.

Given that distinct chronic pain conditions show unique
fluctuations of spontaneous pain, fluctuation patterns provide a
unique signature with which one can interrogate the brain
regarding related neuronal activity. By utilizing this approach
our fMRI study indicated that when spontaneous chronic back pain
was increasing, it activated brain regions closely resembling those
found to be active during acute pain. By contrast, during time
periods when spontaneous pain was sustained at a high level, the
mPFC was the only primary area activated. Thus it appears that in
these patients an initial nociceptive signal invades several brain
pain regions, and then goes on to be sustained in the mPFC.
Our study also demonstrated that this mPFC activity is negatively
correlated with DLPFC activity. Given the decreased levels of NAA
and gray matter density in the DLPFC of these patients, together the
results evidence a tight interplay between brain activity, neuronal
death, and cognitive abnormalities in chronic back pain. The causal
interrelationship between these factors remains to be demon-
strated, and the temporal evolution of these changes in relation to
the initial injury and relative to each other needs to be studied.
Still, it is remarkable that inter-relationships between brain
derived activity, atrophy, chemistry, and cognitive parameters
can all be found by examination of only a single clinical chronic
pain condition. Moreover, such studies provide a new means of
mapping clinical parameters to brain parameters. The brain
biomarkers discussed above, for example, all show tight relation-
ships (albeit to different extents) with certain clinical character-
istics, particularly back pain intensity and duration. They do not,
however, relate to patient increases in anxiety or depression,
suggesting that these psychosocial factors are not directly related
to the chronic pain condition and are instead represented by
separate brain mechanisms. In sum, investigating chronic pain in
terms of its underlying neural mechanisms not only sheds insight
on how brain-derived biomarkers relate to one another, but also
provides a means for mapping clinical parameters in the brain and
re-evaluating prior speculations of their role in the condition.

2.3. Distinct brain pain states

2.3.1. Brain activity for pain is distinct between clinical populations

and stimulus conditions

An additional thesis of this review is that different chronic
pain conditions involve distinct brain activity. We argue that at
least two parameters control the diversity of these patterns: (1)
type of injury, and (2) duration of the condition from the time
of injury.

Acute pain appears to activate a fairly constant set of brain
regions, as demonstrated in a meta-analysis (Apkarian et al., 2005)
and shown in a recent study contrasting brain activity between
rating thermal pain and rating magnitude of a visual bar (Baliki
et al., submitted). In contrast with acute pain, Fig. 1 shows that
distinct chronic pain conditions such as CBP, post-herpetic
neuralgia (PHN), osteoarthritis of the knee (OA), and pelvic pain
(PP) all show different patterns of brain activity when ratings of
either evoked pain or fluctuating spontaneous pain are contrasted
with visual control task. There is now growing data regarding brain
activity in various clinical pain conditions. However, direct
comparison of reported brain activations are complicated by the
difficulty of comparing results from diverse labs, distinct para-
digms, and a variety of unique manipulations performed. Never-
theless, despite these complications a meta-analysis confirms that
overall brain activity patterns in chronic pain patients generally
diverge from that seen in acute pain, particularly with respect
to the emerging prominence of prefrontal cortex activations
(Apkarian et al., 2005). The data shown in Fig. 1 are more reliably
comparable in that all the results were generated within our lab
using the same fMRI magnet, the same data analysis techniques,
and the same general experimental approach, all of which provides
more confidence that observed differences are less likely to be due
to non-interesting confounds. In all cases presented the activations
are taken from a contrast between the pain state and a visual rating
control task, which has allowed us to ascertain brain activity for
spontaneous pain in three distinct clinical conditions. Consistent
with the discussion above, where distinct temporal properties of
spontaneous pain were seen for CBP versus PHN, brain activity
related to spontaneous pain appears to also be distinct between
these two groups, see (Geha et al., 2007). The PHN patients studied



Fig. 1. Group average brain activity for pain in six different chronic pain populations or conditions. In all cases activity for continuous rating of pain contrasted with rating

equivalent visual bar magnitudes is shown. Thermal pain activity is for n = 16 healthy controls. CBP spontaneous pain is for n = 13 Chronic Back Pain patients. In post-herpetic

neuralgia (PHN), n = 11, allodynia pain is for tactile stimuli that evoke pain, and for spontaneous pain. In osteoarthritis (OA, n = 14) activity is shown for mechanical

stimulation of the painful knee joint. In pelvic pain (PP, n = 3) activity is shown for spontaneous pain.

A.V. Apkarian et al. / Progress in Neurobiology 87 (2009) 81–9788
all also suffered from touch-evoked pain (tactile allodynia), and
were further tested while they rated pain evoked by stroking the
allodynic skin in contrast to visual rating (Geha et al., 2008).
Although very similar brain regions were activated during
spontaneous pain and allodynia pain, the activations of each were
always distinct with only 3% of activity overlapping between the
two tasks. We also conducted a study on knee OA examining pain
evoked by mechanical stimulation of the painful joint. While we
were unable to separate spontaneous pain from evoked pain in
these patients, the brain activity elicited by mechanical stimula-
tion of the painful joint in knee OA is in itself distinct from acute
pain and other chronic painful conditions. Lastly, while our studies
with chronic pelvic pain patients are still in the initial stages,
preliminary data suggests that this spontaneous visceral type of
pain can also be uniquely differentiated from other types of pain in
the brain.
2.3.2. Modulation of brain activity with pain intensity is also

distinct by chronic pain conditions

Fig. 2 reveals in some of the same groups and conditions as in
Fig. 1 that the brain regions correlating with pain ratings are more
circumscribed and again distinct for each condition and group. In
healthy subjects, pain ratings during the application of thermal
painful stimuli are encoded in the insula, anterior cingulate, DLPFC,
thalamus and basal ganglia. Allodynia pain ratings in PHN patients,
on the other hand, appear to be represented in the insula, S2 and
basal ganglia. Only the mPFC codes pain ratings in CBP, and OA
knee stimulation pain ratings are coded mainly by insula. We
attribute these differences to the type of peripheral injury
(neuropathic, inflammatory or both), to the duration that each
group of patients have had the condition, as well as to the type of
stimulus used (thermal, allodynia, knee OA). The brain regions
identified in Figs. 1 and 2 are important nodes within circuitry that



Fig. 2. Brain regions modulated by rating perceived pain for some of the conditions shown in Fig. 1. Abbreviations are the same as in Fig. 1.
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might undergo reorganization during the transition to chronic pain
as a function of the type of initiating injury, perhaps coupled with
genetic predispositions, where predisposing factors interact with
peripheral, spinal cord, and cortical reorganization that seems to
ensue soon after the injury and where the peculiarities of the
central reorganization may be the critical factor leading to either
chronic pain or cessation of pain and resumption of normal life. The
memory traces of pain both prior to injury as well as those
accumulated since injury – which would continue to be stored as
long as the pain persists and as such the duration of chronic pain
would impart a specific brain anatomical and physiological
reorganization signature – may also be critical in the transition
from acute to chronic pain and in the persistence of chronic pain
(see below). While resolving the relationships between all these
parameters will require many years of study, the identification of
distinct activity patterns and their links to pain intensity provides
an important initial step in connecting clinical characteristics
with brain parameters in various chronic pain conditions.

2.3.3. Modulation of brain activity with a peripheral

Na-channel blocker

Applying Lidocaine patches to painful skin is now an FDA
approved therapeutic procedure for PHN pain. In a recent study we
used this manipulation to examine the relationship between brain
activity and both spontaneous and touch-evoked pain in PHN
patients (Geha et al., 2007, 2008). The general concept is simple. If
Lidocaine treatment modulates pain, then subjects scanned before
and after the treatment should show a modulation of brain regions
related to their subjective reports of changes in pain. Clinically this
procedure has been shown to result in an initial decrease in pain
that is reported maximum at 6 h after application of the patch,
even though patients report further benefits with continued use.
Therefore, these studies were also designed to test whether fMRI
can be used to differentiate short-term from long-term effects at
the level of brain activity. These studies were the first to test the
notion of using serial imaging of brain activity before and after a
therapeutic manipulation and test the technology’s usefulness in
studying pharmacological manipulations. The general logic was
that the specific therapy has the advantage that it acts locally by
modulating Na channel excitability. Thus, it cannot confound the
effects of subjective perceptual changes by direct action of the drug
on the brain. Moreover, just as studies have begun to identify those
brain regions activated for spontaneous versus evoked pain, this
therapeutic manipulation afforded the opportunity to make
further discriminations between regions that respond to treatment
acutely versus those modulated in the longer run.

For spontaneous pain of PHN (Geha et al., 2007), lidocaine patch
therapy did decrease its magnitude after 6 h of use and further
decreased its magnitude with continued use for 2 weeks. In
addition, the brain regions responding to the therapy in the short
term were in fact distinct from those responding in the longer
term. Seventeen distinct brain regions were identified activated for
spontaneous pain. Only twelve of these regions, however, were
modulated by the lidocaine therapy. Of those, only two regions
decreased in activity in the short term (left thalamus and ACC).
Another two decreased in activity in the longer term (left vental
striatum and left amygdala). These four areas, therefore, were the
most specific responses to the therapy and distinguished between
acute effects of the therapy from the longer-term effects. The
mechanisms underlying this brain response shift between short
and long-term therapy remains unclear. It may underlie differ-
ential sensitivity of peripheral fibers as well as differential
reorganization of central circuitry. More importantly the effects
suggest functional segregation of brain circuitry where the short
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term effects appear to be mediated more by the spinothalamic
tract while the longer effects more through pathways outside of
the spinothalamic tract, especially those with projections from
non-peptidergic IB4 neurons terminating in spinal cord lamina II
(Braz et al., 2005).

In contrast with spontaneous pain, touch evoked pain
(dynamical mechanical allodynia) was not modulated by lidocaine
therapy (Geha et al., 2008). Therefore therapy effects could not be
distinguished between brain regions. Across the three scan
sessions, however, bilateral ventral striatum and left medial
temporal gyrus (including amygdala and extended amygdala)
were the regions best correlated to the change in allodynia pain.
These same regions were also the ones that best coded the change
in spontaneous pain with lidocaine therapy, although there was
minimal overlap in the subdivisions of the ventral striatum and
medial temporal gyrus for coding the two types of pain.

In an earlier study we showed that brain responses to an
analgesic can be studied in individual subjects (Baliki et al., 2005)
by demonstrating that the effects of a single dose of a cyclo-
oxygenase-2 (COX2) inhibitor could be determined with fMRI.
Studying a psoriatic arthritis patient we found that decreases in
activity in S2 and anterior insula were tightly correlated with the
change in pain perception following ingesting the drug. Statistical
power in this case was obtained by performing repeated fMRI
scans. Repeat scan fMRI study in an experimental sensitization
paradigm in healthy subjects has also been studied for gabapentin
(Iannetti et al., 2005). In this case the main outcome was a
reduction in deactivations during sensitization. While these
studies show that fMRI can be used to study analgesics, they are
limited to drugs that show minimal central, especially cortical,
effects. It is not clear how drugs that bind to receptors in the cortex
would be studied with fMRI, as a long list of pitfalls may distort
such studies. In the context of understanding functional specia-
lization of brain activity in chronic pain, the use of analgesics and
their relationship to regional brain modulation provides a
powerful tool for further parcellating the functional specialization
of various brain activities. Such an approach has been used
recently, for example, to differentiate brain activations in acute
pain in relation to modulation with opiate analgesia using PET
studies (Zubieta et al., 2001, 2002). However, whether fMRI may
eventually be used for identifying new therapeutic drugs remains
to be demonstrated, for a discussion on these issues see (Borsook
et al., 2006; Schweinhardt et al., 2006).

2.3.4. Brain activity during a simple visual magnitude-rating

task is modulated by intensity of chronic back pain

In PHN we now have evidence that brain activity during a visual
attentional task is modulated by the intensity of ongoing pain at
the time of performing the task (Geha et al., 2007). The finding
provides insight into the adjustments the brain in chronic pain
undergoes to compensate for the condition. For instance, the result
shows that even in a simple, clearly non-emotional task, activity
in mPFC is increased, while motor and posterior parietal cortical
activity is decreased, in proportion to the intensity of the chronic
PHN pain. The actual parameters that control this compensation
remain to be identified. The observation is has two important
implications. First, it indicates the pitfall of studying brain activity
in chronic pain patients in general by indicating that any task that
such subjects perform is distorted by the ongoing presence of the
chronic pain. Therefore, observed brain activity differences in
contrasts between healthy subjects and chronic pain patients on a
given task may be due to this distortion rather than actual
differences in neuronal processing. This would explain the
inconsistent results of a long list of studies performed using acute
painful stimuli to understand distinctions in pain processing for
various clinical pain conditions (see Apkarian et al. (2005)). Second,
it suggests that while the effects of chronic pain can in fact be
demonstrated and studied by using simple everyday non-painful
tasks, comparisons based on simple subtractions leading to
contrast maps may be misleading. On the other hand, brain
activity comparisons between chronic pain patients and normal
controls for peripheral stimuli can be more meaningful and result
in important new information if brain activity is compared after
equating pain perception magnitudes, rather than just comparing
stimulus evoked activity differences. This approach has been
adopted to compare brain activity in chronic back pain and
fibromyalgia to mechanical painful stimuli, and in both patient
groups brain activity seems exaggerated relative to healthy
subjects, after equating pain perception (Giesecke et al., 2004;
Gracely et al., 2002).

2.3.5. Impact of chronic pain on resting state brain activity

Although it is difficult to think that the brain has a ‘‘resting’’
state, for operational purposes, one can define it as the state of the
brain of a subject awake and not engaged in any demanding
sensory, motor, or intellectual activity. Characterization of this
state is fundamental in neuroimaging studies, because it defines
the baseline or control against which other task-related conditions
can be compared. The notion of a specific network of brain regions
active in rest-states (RSN) came from the observation of a
consistent pattern of deactivations seen across many goal-oriented
tasks (Shulman et al., 1997). This view attributes signal decreases
during cognitive tasks in PET studies in the RSNs present at
baseline and attenuated during specific goal-oriented tasks
(Raichle et al., 2001). In other words, what was activated in
resting state is inferred by identifying what is being deactivated
during a task. The mPFC, precuneus, and hippocampus are
commonly observed in RSNs, which seem to be particularly
sensitive to cognitive states in self-referential tasks (Simpson et al.,
2001). Thus, RSNs are proposed to be involved in attending to
environmental stimuli, both internally and externally generated
(Raichle et al., 2001), in reviewing past knowledge to prepare for
future actions (Binder et al., 1999), in episodic memory processing
(Greicius et al., 2004), and is proposed to be the neural correlate of
James’s (1890) stream of consciousness (Greicius and Menon,
2004), and in daydreaming.

We recently demonstrated the impact of chronic pain on resting
state brain activity (Baliki et al., 2008b). In a group of CBP patients
and healthy subjects, participants tracked the variability of a bar
presented on a screen. Performance of this task was the same
between the two groups, as was the brain activity positively
engaged in the task. However, deactivations in CBP patients were
less. As the deactivations in this task involve the mPFC and
precuneus, and given that in CBP the mPFC is continuously
overactive due to the presence of spontaneous pain, we propose
that the decreased deactivation is a direct consequence of the
chronic pain. There is a growing literature regarding the role of
deactivation in brain function in general (Greicius et al., 2004,
2007; Greicius and Menon, 2004), showing that in simple tasks it
corresponds to resting state activity, and also demonstrating that
this activity is reduced or is abnormal in patients with major
depression or cognitive deficits such as in Alzheimer disease.
Abnormal deactivations therefore imply that the RSN itself may be
abnormal. When RSN was identified in CBP and healthy controls for
the visual tracking task (and correlations between a seed regional
activity and the rest of the brain were mapped), we observed
highly distorted correlated/anticorrelated functional networks in
CBP. When distinct brain regional activity were used as seeds, as
well as the conjunction between all networks identified with six
seeds, in CBP and in controls, we observed that these networks
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were not comparable between the two groups and that some
elements had shrunk in space while others had enlarged. These
results demonstrate that the impact of back pain on the brain can
be studied with this simple task and that specific patterns of RSN
activity may be related to the temporal evolution of chronic pain. A
similar approach was recently used to study RSN changes during
acute pain in healthy subjects for a cognitive task (Seminowicz and
Davis, 2007). The study shows that the RSN changed in a pattern
opposite to our observation in CBP, namely, the positive RSN
component was enhanced while the negative component
remained unchanged or further enhanced. The observation is
important in again highlighting the fact that the effects of acute
pain on brain dynamics seem opposite/different to those observed
for chronic pain. The latter at least demonstrates yet again that
studying the brain in acute pain may in fact provide the wrong
clues, as to the impact of chronic pain on the brain.

2.3.6. Temporal evolution of the brain network engaged in

perception of chronic pain

There has been a historic divide between scientists identifying
themselves as localizationists and those who considered the brain
to be a connected network, where the dynamics of the connected
network characterize brain states. This is now changing, and it is
now more widely accepted that both localization and integration
are present in the central nervous system at almost every level
examined. This view is particularly supported by functional brain
imaging research, which can examine regional brain activity and
integrate such activity into networks whose properties may be
studied using a long list of recently developed tools. That the
brain’s intrinsic dynamics can be studied using functional brain
imaging was first demonstrated in 1995 (Biswal et al., 1995). We
have used a similar approach to examine the topological properties
of the connectivity of the functional brain when network
connectivity for all gray matter voxels together is examined for
a variety of tasks (Eguiluz et al., 2005). These results indicate that
the healthy brain can be regarded as a network with fast signal
processing, able to synchronize and manifests well-defined
properties that make it resistant to failure. The resting brain state
and its properties in fact are more recent extensions in the topic
and perhaps some of the most exciting new developments in our
understanding of the functional human brain as a dynamical
network.

The earlier sections of this review have been dedicated more to
the issue of which brain regions are specifically engaged in various
types of chronic pain. Taken more generally, our position is that
subjective states can only really be understood in the context of the
dynamics of the brain when it is viewed as a connected network.
Demonstrating abnormal resting state network in CBP is the most
concrete step towards this effort. We have also recently shown that
the perception of tactile allodynia pain in PHN can be understood
as a temporal evolution of distinct brain states, as characterized by
network connectivity (Geha et al., 2007). While tactile allodynia
activity in the putamen was seen as best correlated to perception,
this activity preceded perception of allodynia by a few seconds and
lagged behind the touch stimulus that gave rise to the pain
perception. We reasoned therefore that studying brain connectiv-
ity in relation to this signal should indicate brain connectivity
properties relative to perception of allodynia. By extracting the
activity in putamen and delaying it or advancing it so that it would
be better correlated to the stimulus or perception, we could
identify all the brain regions related to this signal within a
correlated/anticorrelated network. This approach revealed two
highly distinct maps. When the signal was delayed to better match
the stimulus, large parts of the parietal cortex were anticorrelated,
while the brainstem, cerebellar, and inferior temporal areas were
positively correlated with the delayed seed signal. Alternatively,
when the signal was advanced to better match with perception,
thalamus and large parts of parietal cortex were positively
correlated, while medial prefrontal cortex was anticorrelated with
the delayed seed signal. As correlations are transitive, and given
that putamen activity was correlated to perceived magnitude of
allodynia, the networks identified were also correlated to the
magnitude of allodynia. Therefore, the observed spatial–temporal
change in brain connectivity reflects transmission of allodynia-
related information within the brain. This demonstration poses
many novel questions that need to be investigated in the future.
For example, can we capture the perceptual subjective properties
of chronic pain within the architecture of the brain network? More
generally, can we relate network properties to clinical properties?
Moreover, can we chart the relationship between regional activity
and global brain connectivity, and relate these parameters to
chronic pain, both as a function of time, severity and duration of
chronic pain, as well as a function of therapies?

The disadvantage of fMRI, from a dynamical network perspec-
tive, is its low temporal resolution. Thus, fast events that may
underlie network properties may be missed. Electroencephalo-
graphic (EEG) studies are better suited to capture the fast
populational synchronization/desynchronization events related
to pain perception. In this respect an elegant study recently
identified in awake humans the dynamical states of acute laser
evoked pain while recording from dozens of subdural electrodes
that covered the surface of primary somatosensory cortex (SI),
parasylvian cortex and medial frontal (MF) cortex (Ohara et al.,
2006). Their results show a specific pattern of high frequency
synchrony (across many electrodes) preceding the stimulus only if
the subject paid attention to the stimulus. The stimulus arrival
destroyed this coherent pattern and was replaced by a low
frequency oscillation with strong synchrony between MF and SI,
only when the subject was paying attention to the stimulus. This
lower frequency synchrony was weakened when the subject was
distracted. These observations are the first demonstration of
populational shifts in frequency and coherence in relation to pain
perception, for further comments see (Apkarian and Chialvo,
2006). There is growing literature of the use of EEG and
magnetoencephalographic (MEG) studies to delineate electrical
sources of activity for pain perception and the relative timings
of such events. However, this work remains mainly focused on
brain circuitry for acute pain (Apkarian et al., 2005; Kakigi et al.,
2005).

2.4. Animal studies regarding the role of supraspinal circuitry

in chronic pain

2.4.1. Ascending pathways

The spinothalamic pathway has classically been assumed to be
the primary thruway for imparting nociceptive information to
supraspinal targets, even though multiple other pathways have
repeatedly been shown to emanate from nociceptive neurons in
the spinal cord and terminate in many diverse targets. The
spinoreticular, spinomesencephalic, spinoparabrachial, and spino-
hypothalamic pathways all transmit nociceptive information
cephalad (Bernard et al., 1996; Gauriau and Bernard, 2004; Willis
and Westlund, 1997). Direct spinal projections to the frontal cortex
and basal ganglia have also been identified (Newman et al., 1996).
More recent data indicates that the spinal basal ganglia projection
is from a unique population of spinal cord neurons transmitting
IB4, lamina II to lamina V pathway nociceptive information
cephalad (Braz et al., 2005).

The spinothalamic tract has been subdivided to functionally
distinct lateral and medial components, with the former associated
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with intensity and localization and the latter in the affective
component of pain. This functional separation has been repeatedly
used in human brain imaging studies to explain potential
functional segregations for brain regions seen activated, especially
on acute pain, stemming from anatomical findings that medial
spinothalamic terminations project to prefrontal cortical targets,
particularly the anterior cingulate (Apkarian et al., 2005), and also
based on differential response properties of nociceptive neurons in
the lateral versus medial thalamus. Our studies regarding chronic
pain conditions cast doubt regarding the pre-eminence of the
spinothalamic pathway in chronic pain conditions, and instead
imply that other pathways may become more important as pain
persists over months and years, especially in more neuropathic
conditions.

Although nociceptive-responsive neurons have been found in
the dorsal column pathway, at least in monkeys and rodents (Al
Chaer et al., 1997), their role in acute nociception has not been
considered substantial, perhaps because dorsal column lesions in
humans spare pain perception, instead disrupting only touch and
proprioception (Aminoff, 1996). Moreover, when the anterolat-
eral quadrant is transected, the patient is unable to feel pain of any
pathological condition on the opposite side of the body and
cannot feel pain or warmth or cold when suitable stimuli are
applied (Nathan and Smith, 1979; White and Sweet, 1969). As
shown by Peter Nathan’s group, the clinical effects of lesions of the
dorsal columns are much more complicated than those of lesions
of the anterolateral quadrant. It may well be that transections
confined to the dorsal columns not only disrupt an ascending
pathway but also interfere with descending modulatory mechan-
isms. Perhaps an improved knowledge of these influences might
help us understand the complex modifications of sensory
perception that have been reported to follow lesions of the
dorsal columns in human beings—including changes in tactile
sensations, tactile and postural hallucinations and increases in

sensations of pain, tickle, warmth and cold. The role of the dorsal
columns in neuropathic pain is emphasized primarily in the case
of tactile allodynia. Evidence indicates that tactile allodynia and
thermal hyperalgesia may involve separate pathways, since
complete and partial spinal cord lesions block allodynia, but
not hyperalgesia, in neuropathic injured rats. Furthermore,
lesions of the dorsal column and microinjecting lidocaine into
dorsal column nuclei block only tactile allodynia. Conversely,
thermal hyperalgesia is blocked by desensitization of C-fibers. It
has therefore been proposed that tactile allodynia is mediated by
large diameter A beta fibers, whereas hyperalgesia is mediated by
unmyelinated C-fibers (Ossipov et al., 2000). Recent studies,
however, cast doubt on this clean functional segregation. It seems
that dorsal column lesions in two separate models of neuropathic
pain decrease tactile sensitivity (a behavioral marker for
decreased touch allodynia), as well as cold and heat hyperalgesia.
Moreover, these decreases seem to be reversible, as two to
three weeks following the dorsal column lesions, all neuropathic
signs return back to their initial, post-peripheral nerve injury
induced and prior to dorsal column lesion, heightened sensitivity
(El Khoury et al., 2002; Saade et al., 2002). Thus, besides a lack
of functional segregation, the latter animal studies also demon-
strate the continuous reorganization of nociceptive information
transmission, even weeks after the initial peripheral injury. In a
sense the dorsal column lesion simply becomes another neuro-
pathic injury that then reorganizes spinocephalad nociceptive
processing.

2.4.2. Descending modulation

The role of descending modulation on acute pain has been
extensively studied and reviewed (Basbaum and Fields, 1984).
Recent research indicates that descending antinociceptive path-
ways projecting from the periaqueductal gray (PAG) through
multiple brainstem links is complemented by additional pathways
that act in a pro-nociceptive fashion as well (Lima and Almeida,
2002). Moreover, there is now good evidence that this descending
modulatory circuitry may be involved in more general tasks than
just adjustments to pain and injury, such as micturition and sleep
(Mason, 2005). Still, two recent studies emphasize the critical role
that descending projections from the brainstem may play in
maintenance of neuropathic pain states. The possibility that
descending facilitation from the rostral ventromedial medulla may
be required for maintenance of central sensitization was
examined following ablation of mu-opioid receptor-expressing
cells within the region. In contrast with controls, neuropathic
injured rats whose mu-opioid cells were ablated showed
enhanced behaviors and touch-evoked neural activity (FOS
expression) in the spinal dorsal horn at day 3, but not at days 5
and 10, post-spinal nerve ligation, indicating that once initiated,
maintenance of nerve injury-induced central sensitization in the
spinal dorsal horn requires descending facilitatory mechanisms
arising from the rostral ventromedial medulla (Vera-Portocarrero
et al., 2006). A complimentary study also showed that cells in the
rostral ventromedial medulla involved in descending nociceptive
modulation (on-cells, shown to be pro-nociceptive, and off-cells
shown to be antinociceptive) exhibited enhanced activity to
innocuous and noxious stimuli, consistent with the notion that
these cells are involved in the maintenance of spinal cord circuitry
involved in sensitization (Carlson et al., 2007). Regarding
mechanisms that induce this brainstem reorganization one has
to hypothesize that both ascending pathways from the spinal to
the brainstem, as well as descending projections from various
cortical and sub-cortical sources (Zhang et al., 2005), convergently
participate in shifting the system to this new state. How and to
what extent different sources of inputs affect the descending
modulatory system after neuropathic injury remains to be
identified. Another difficulty in attempting to correlate the
activity of bulbo-spinal modulatory systems with behavioral
analgesia, is that several pain descending modulation networks
operate in parallel and so the net effect cannot be attributed
exclusively to activity in any single network (Bee and Dickenson,
2007).

The report of stimulation-induced analgesia from the peria-
queductal gray (Reynolds, 1969) unraveled the circuitry for
descending modulation of nociception. This discovery also paved
the way for uncovering the mechanisms underlying opiate
analgesia and the description of endogenous opiate receptors
and their interactions with descending modulation of nocicep-
tion. This work has emphasized opiate inhibitory circuitry within
the spinal cord and its modulation by opiate circuitry in the
periaqueductal gray through descending pathways. However,
opiate receptors have been described in many diverse brain
regions as well as outside the central nervous system, and the
nociceptive and antinociceptive function of opiates outside of
descending modulation must also be recognized. Recent human
brain imaging studies now provide convincing evidence that
opiate receptor turnover within the thalamus, basal ganglia, and
the cortex directly relate to pain and its various perceptual
properties, both in acute pain (Zubieta et al., 2001, 2003) as well as
in chronic pain conditions, such as fibromyalgia (Harris et al.,
2007b).

2.4.3. Supraspinal reorganization with persistent pain: evidence

for an active role of the cortex in chronic pain

Animal models advanced over the last 15 years have
revolutionized our understanding of chronic pain mechanisms.
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However, this work has for the most part concentrated on
delineating abnormalities in afferent sensory inputs, spinal cord
re-organization as a result of neuropathic or inflammatory injury,
and changes in descending modulatory circuitry, all of which at
least implicitly assume that the role of the cortex in such
conditions is a passive reflection of events occurring in the spinal
cord. With the advent of brain imaging studies, however, a new
picture has emerged—one that clearly indicates an active role of
the cortex in the processing of pain. In light of these new findings
and consistent with them there is a growing literature of animal
studies focusing on the full role of the central nervous system in
chronic pain.

Recent animal studies show that cortical manipulations can
modulate pain behavior (Baliki et al., 2003; Han and Neugebauer,
2005; Jasmin et al., 2003; Johansen and Fields, 2004; Senapati et al.,
2005). Results emphasize the role of the insula, anterior cingulate,
mPFC, and amygdala in pain, which are limbic structures with
strong interconnectivity. Particularly relevant is a study by
Johansen and Fields (2004) demonstrating that anterior cingulate
activity is necessary and sufficient for noxious stimuli to produce
an aversive memory, via a glutamate-mediated neuronal activa-
tion. Anatomically, the anterior cingulate and mPFC are in close
proximity to one another and tightly interconnected. It is possible
that the two structures are involved in different phases of
acquisition and extinction of pain-related memory traces, and
differences in brain activity patterns in clinical and acute pain
conditions are consistent with this idea (Apkarian et al., 2005).
Researchers have also demonstrated that the NR2B component of
the NMDA receptor undergoes transient upregulation within the
anterior cingulate in rats following an inflammatory injury, and
administration of NR2B receptor-selective antagonists inhibit
behavioral responses to peripheral inflammation (Wu et al.,
2005). Two recent studies have further implicated anterior
cingulate in contextual fear memory acquisition (Malin and
McGaugh, 2006; Zhao et al., 2005), as well as the amygdala,
hippocampus, and show NMDA in anterior cingulate is critical for
fear acquisition. A similar study examined plasticity of amygdala
central nucleus neurons following induction of arthritis and
showed that pain-related synaptic plasticity is accompanied by
protein kinase A (PKA)-mediated enhanced NMDA-receptor
function and increased phosphorylation of NMDA-receptor 1
(NR1) subunits. Synaptic plasticity in the arthritis pain model, but
not normal synaptic transmission in control neurons, was
inhibited by a selective NMDA receptor antagonist (Bird et al.,
2005). These results provide solid evidence that NMDA receptors
undergo long-term plastic changes in the brain after injury, and
contribute to persistent pain by changing neuronal activity.
Consistent and complementary to these results we have evidence
that rats with neuropathic injury show increased expression of
cytokines in the prefrontal cortex and thalamus/striatum (Apkar-
ian et al., 2006). The temporal relationship of these changes and
differences between neuropathic and inflammatory conditions
remain unknown and remain to be tackled. Nevertheless, it
appears clear that the anterior cingulate is critical for fear
acquisition, and investigation of the NMDA’s role in this region
and others will be vital to understanding cortical mechanisms of
pain.

2.5. Pain and memory

2.5.1. Pain and learning and memory are intimately related, and

chronic pain can be defined in this context

Chronic pain is defined as a state of continued suffering,
sustained long after the initial inciting injury has healed (Merskey
and Bogduk, 1994). In terms of learning and memory one could
recast this definition as: Chronic pain is a persistence of the memory

of pain and/or the inability to extinguish the memory of pain evoked

by an initial inciting injury. From this viewpoint the peripheral
afferent barrage can be considered as part of the inciting event and
the central representation/reorganization/sensitization can be
viewed as the memory trace; relative contributions of each would
then delineate types of pain conditions (acute, inflammatory,
neuropathic) within the framework of mechanisms of memory
of pain.

Part of the survival value of pain is its intimate association with
learning. Pain induces single event learning, the memory of which
can last for the rest of life; the saying that ‘‘one only burns the
finger once’’ is literally true. This property is taken advantage of in
many Pavlovian paradigms to study learning and memory,
especially in fear conditioning where the more painful the
unconditioned stimulus (US) the fewer trials it takes to establish
an aversive negative emotional association to a conditioning
stimulus (CS) that was originally affectively neutral (Schafe et al.,
2001). The ability to extinguish aversive associations of fearful or
painful events with repeated exposure to the unconditioned
stimulus is also important for normal behavior; impaired ability to
extinguish is clinically relevant (e.g., in people suffering from
phobias, panic disorder, and post-traumatic stress disorder), and
its mechanisms have recently become a major focus of research
(Myers and Davis, 2002; Sotres-Bayon et al., 2004). The novel
hypothesis that we advance is that chronic pain is a state of

continuous learning, in which aversive emotional associations are

continuously made with incidental events simply due to the persistent

presence of pain. Simultaneously, continued presence of pain does not

provide an opportunity for extinction because whenever the subject
is re-exposed to the conditioned event he/she is still in pain. Failing
to extinguish, therefore, makes the event become a reinforcement
of aversive association. A concrete example might further clarify
this idea: A person with chronic pain enters his/her bedroom.
Depending on the intensity of the pain at that moment, the person
establishes a negative association with the bedroom (place
conditioned avoidance), and the stronger the pain the longer
lasting will be the memory of this negative association. Given that
the person has pain all the time, whenever he/she re-enters the
bedroom, the negative association is reinforced, and thus there is
no chance for extinction (erasing the negative association) by
exposure to the space in the absence of pain. Of course, the person
is rationally aware that the bedroom is not the source of the pain
but his/her emotional system continues to provide contradictory
cues. We propose that living with this conundrum and the effort of
disentangling its associations underlies at least some of the
suffering of chronic pain, and comprises an important component
of the cortical negative emotional impact of neuropathic pain.

If one regards chronic pain as continuous presence of an
unconditioned stimulus and as an inability to extinguish its
associations with random events, then the brain circuitry under-
lying reward/punishment-induced learning must be in a heigh-
tened state. Moreover, this state should interfere with or decrease
the ability of associative learning for other events, especially for
associations mediated through emotional cues.

Taking the discussion of learning and memory more broadly
inevitably leads to the topic of nature vs. nurture in relation to pain.
Learned associations that reinforce and sustain pain in the chronic
state might also be coupled with genetic predispositions. Indeed,
there is now data implicating specific genes in various pain
phenotypes (Lacroix-Fralish et al., 2007). While recent genetics
research on pain remains for the most part unclear, particularly
regarding brain derived signals in human clinical conditions; it is
an unavoidable topic that will need to be addressed in the near
future.
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2.5.2. Novel pharmacotherapeutic approaches can be advanced by

accounting for the role of the cortex in chronic pain

If the above notions are true, then one should be able to
demonstrate novel pharmacological therapies for chronic pain. We
tested this by examining the effects of treatment of neuropathic
injured rats with D-cycloserine (Millecamps et al., 2007). D-
Cycloserine (DCS) given systemically or centrally enhances
cognitive processes (Stromme and Myhrer, 2002), improves
attention and memory (Hughes, 2004; Vertes, 2006), and facil-
itates fear extinction (Richardson et al., 2004; Walker et al., 2002)
through de novo memory trace formation involving n-methyl-D-
aspartic acid (NMDA) plasticity (Falls et al., 1992; Milad and Quirk,
2002; Santini et al., 2004). We tested the effects of DCS on chronic
neuropathic pain behavior, hypothesizing that it should enhance
the extinction of pain-related memories and, thus, exhibit
antinociceptive properties for neuropathic pain. The main finding
was that repeated treatment with DCS, a partial agonist at the
strychnine-insensitive glycine-recognition site on the NMDA
receptor complex (Furukawa and Gouaux, 2003), reduces tactile
sensitivity and protective paw posturing in rat models of
neuropathic pain. This antinociception was dose-dependent and
increased in efficacy for up to 3 weeks. Upon cessation of
treatment, DCS effects on pain behavior persisted for a duration
proportional to the length of treatment. When antinociception was
assessed by measuring changes in mechanical sensitivity, the
effect of the treatment was relatively small; however, a much
larger effect of DCS treatment was revealed when antinociception
was assessed by an operant stimulus avoidance task. Moreover,
selective infusions of DCS into mPFC and amygdala (but not the
spinal cord, thalamus, insula, or occipital cortices) were anti-
nociceptive, and dependent on NMDA receptor availability. We
presume that DCS-induced reinforcement of NMDA-receptor
mediated transmission within mPFC works to disengage sponta-
neous pain from its associations previously formed in learning and
memory. While there is as of yet no data as to the efficacy of this
Fig. 3. A simplified working diagram of the main theoretical construct upon which this re

and thalamus is from Braz et al. (2005); cortical connectivity is derived from Price (2000

populations. The cartoon is basically an expansion of a diagram originally proposed by (M

(Amyg), and medial prefrontal cortex (mPFC) constitutes the emotional, motivational an

and also modulate nociceptive processing at the spinal cord level through descending p

more involved in sensory coding, including inputs to the thalamus, primary and secondar

dorsolateral prefrontal cortex (DLPFC) is mutually inhibitory. We hypothesize that blue

involved in acute pain. The specific interactions between ascending and descending mo

chronic pain conditions, which would reflect peripheral as well as learned central reorga

in fact comprises of a multipliscity of descending projections.
drug treatment in human chronic pain, we hope that initial human
clinical trials will begin sometime this year.

2.6. A working model for chronic pain

Based on brain activity as well as changes in chemistry and
morphometry of the human brain in chronic pain, as well as the
recent evidence from animal studies, we propose a general
working model for chronic pain (Fig. 3). It hinges on two
fundamental hypotheses. The first is that chronic, particularly
neuropathic, pain in contrast with acute, subacute, and inflam-
matory pain states involves distinct spinal cord nociceptive
neurons with distinct supraspinal projections, resulting in distinct
supraspinal modifications of pain and hedonic circuitry (Fig. 3,
red = inflammatory, impinging mainly on sensory pathways for
nociception; blue = neuropathic, impinging more on affective and
hedonic pathways), and that the perception of chronic pain is an
integrated sensory, emotional and hedonic construct, where threat
value assessment and memory traces of pain directly modulate the
extent to which a pain condition is rendered affective or sensory.
The second hypothesis is that the transition from acute to chronic
pain involves a time dependent neural reorganization that initiates
a series of events that potentiate one pathway at the cost of the
other. The temporal component should be interacting with the
specific peripheral and central parameters where the injury related
reorganization and experience related reorganization together
shift the brain circuitry to distinct states in specific clinical chronic
pain conditions. This model is an expansion of earlier models
emphasizing the medial and lateral spinothalamic pathways, and
takes into consideration many brain regions that have not been
thought to be pain specific. The main conclusion of the model is
that the transition from acute to chronic pain entails also a
transition in the salience of pain, wherein the condition shifts from
viewing a painful percept as a sign of external threat into an
indication of an internalized disease state.
view is based. The afferent inputs and their segregation in the spinal cord, brainstem

) and Apkarian et al. (2005); and based on our fMRI studies of clinical pain patient

elzack and Casey, 1968). The interaction between basal ganglia (Gl Pal), amygdala
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pathways are strengthened in chronic neuropathic pain and red pathways are more

dulations would determine the specific brain activity patterns identified in distinct

nization. The descending pathway indicated through the periaqueductal gray (PAG)
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3. Conclusions
� I
f one assumes the simple notion that the brain is a dynamical
network, wherein detailed connectivity is constantly modified by
the instantaneous experience of the organism, then it should be
evident that quantifying chronic pain as an outflow of spinal cord
processing (and primarily focusing on spinothalamic pathway
transmission), is simplistic and inadequate.

� O
bservations of apoptosis in the spinal cord of neuropathic rats

parallel recent findings of decreased brain regional gray matter
density in human chronic pain conditions (Apkarian and Scholz,
2006). These findings indicate that the brain in chronic pain is a
distinct state with properties that may not be reversible. The
specific mechanisms underlying brain regional atrophy remain
to be determined. However, part of this process may be initiated
by the apoptotic events observed in the spinal cord.

� T
he observation that brain activity for performing a trivial task is

not the same between healthy subjects and chronic pain patients
further reinforces the last point. Adding support are recent data
indicating that medial thalamic nociceptive signals access large
portions of the cortical mantle, particularly the prefrontal
cortical superficial layers, allowing modification of cortical
activity in a widespread manner (Monconduit and Villanueva,
2005). Taken together these findings substantiate the conclusion
that the salience of pain in chronic and acute conditions has
marked implications for the organism.

Integrating the evidence from human and animal studies, we
presented an overall working model for the transition from acute
to chronic pain. One strength of our model is that it can be adapted
to specific clinical conditions, and hence mechanistically reflect
differences between patients who live with pain to varying extents.
The details of this model and its final state should be different for
different clinical conditions and reflect the experience of a life lived
with pain. Can we actually devise methods with which we can read
past and present pain in individual patients by simply reading the
mind? Research findings on the interrelationships and correlations
between brain and clinical parameters (Section 2.2.5), the
advancing discoveries in animal research (Section 2.4), and the
ever-increasing sophistication of brain imaging techniques indi-
cate this idea is a very real possibility. Finally we conclude by
quoting (Nathan, 1976) (provided by one of the reviewers of this
manuscript): ‘‘Ideas need to be fruitful; they do not have to be right.

And, curiously enough, the two do not necessarily go together.’’
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