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HIGHLIGHTS

» We review literature describing the dynamic interaction between brain networks in chronic pain.
» Chronic pain reflects a shift from nociceptive to mesolimbic circuitry over time.
» Plasticity of hierarchically organized networks underlies brain reorganization with persistent pain.

» Unique conditions reflect distinct patterns of network reorganization.

» Neuroplastic changes associated with emotional pain learning drive changes in brain structure and function.
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ABSTRACT

We briefly summarize recent advances regarding brain functional representation of chronic pain, reor-
ganization of resting state brain activity, and of brain anatomy with chronic pain. Based on these
observations and recent theoretical advances regarding network architecture properties, we develop
a general concept of the dynamic interplay between anatomy and function as the brain progresses
into persistent pain, and outline the role of mesolimbic learning mechanisms that are likely involved
in maintenance of chronic pain.
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1. Introduction

The progression of pain research has been hindered by the
dominating view that pain is a purely nociceptive phenomenon.
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In contrast, the future of pain research must lie in the expanded
understanding of how the brain interacts with pain across time, as
a function of different pain conditions.

Animal models have allowed us to induce, exaggerate, inhibit,
and prevent experimental acute and chronic pain states. Perhaps
the greatest lesson animal models have taught us is encapsulated in
the idea of central sensitization, as this concept expanded our focus
from peripheral pain processing to the spinal cord circuitry [38].
Central sensitization, defined as the enhanced nociceptive synap-
tic transmission within the spinal cord following persistent pain
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Fig. 1. Characteristics of the brain as a small-world network, and a conceptual model of its disruption with chronic pain. lllustrates the seminal theoretical observation that,
between regular (A) and random (C) connected networks, there is a group of network structures (small-world network, B) where a small number of long distance connections
increases the efficiency and stability of the network architecture (adapted from [36]). Given the observed properties of the brain connectome [31], it is more accurately
represented by an overarching hierarchy of nested, regional small-world networks (hierarchical small-world network, D). We speculate that over time, the presence of
chronic pain alters the functional connectivity of these nested regional networks and their cross-talk (through the preferential reduction and/or enhancement of local and

but not long-distance node interactions), in a pain condition-specific manner (E).

states, can explain some of the most perplexing clinical symptoms
of chronic pain. These symptoms include the dissociation of pain
perception from a noxious stimulus or injury, the expansion of
hyperalgesia beyond the site of injury, and the extra-dermatomal
hypersensitivity across other somatic and visceral structures. Yet
despite 20 years of intensive research, we have a limited under-
standing of the critical elements that drive the induction and
maintenance of central sensitization. Some pain scientists have even
questioned whether the standard animal models can allow us to
disentangle the principles of centrally maintained pain [24]. The
net result is the assumption that chronic pain is either driven by
primary afferent input or sustained by the local reverberating cir-
cuitry within the spinal cord and facilitated by descending pain
modulation. We have, in essence, decapitated pain by assuming
that the brain passively reflects spinal cord properties.

A Healthy

Central
mechanisms

Here, in contrast, we expand on the notion that the brain
is actively carving the properties of pain as it evolves from an
acute to chronic condition [1,2]. Pavlov taught us that pain is a
powerful learning signal, and this idea has shaped research on
learning and memory in the behavioral neuroscience field, whereas
it has been all but forgotten by pain researchers (until recently, see
[18]). Surprisingly, human brain imaging has brought these ideas
back into focus. Our recent work emphasizes the importance of
brain limbic circuitry in chronic pain, pointing to the underlying
learning mechanisms that mediate pain chronification. Here we
will briefly describe how the individual chronic pain conditions
leave different structural imprints on the brain and are associated
with unique patterns of brain activity. These features that distin-
guish chronic pain conditions provide evidence for the lability of
brain anatomy and function that are consequences of these learning
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Fig. 2. The brain as a network. (A) The brain can be represented as a network where the nodes correspond to constitutive elements, or nodes (voxels from MRI, neurons,
etc.), and these nodes form links based on some type of interaction between nodes. Complex networks also have a tendency to exhibit a modular topology, where links
are concentrated within modules. The presence of chronic pain may alter the properties of these modules through changes in inter- or intra-modular interactions, through
peripheral and central mechanisms (figure adapted from Bullmore et al. [23]). These may be viewed as subcomponents of the local modules depicted in Fig. 1. (B) Resting
state fMRI show that several networks composed of modules (regions) can be identified from the fluctuating patterns of intrinsic activity seen in the human brain. Shown
are four major resting state brain networks that might be relevant to pain processes (adapted from [8]). (C) Number of hits in PubMed for search of “Resting state AND fMRI".
The number of studies using resting state analyses exhibits an exponential growth over the last decade. Also shown are resting state studies performed in patients suffering
from Alzheimer’s disease and schizophrenia, which are a magnitude higher than the number of studies conducted in chronic pain.
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Fig. 3. Resting state changes in chronic pain cohorts. (A) Data adapted from Cauda et al. [10] showing that the default mode network (DMN) shows increased connectivity to
the anterior and posterior portions of the insula in patients suffering from diabetic neuropathic pain. (B) Similar results were observed during resting state in chronic back
pain patients from our lab, for which the MPFC, a main constituent of the DMN, showed increased correlation to the insula and ACC in patients [4]. (C) Similarly, Tagliazucchi
et al. [32] found that the insula is more likely to show increased activity immediately following MPFC activity, only in pain patients but not healthy controls (figure adapted
from [32]). (D) Napadow et al. showed that the correlation between DMN-insula activity reduces following treatment in fibromyalgia patients. In addition to these changes,
this coupling was related to a change in pain parameters (adapted from [25]). These results collectively suggest that the DMN shows increased coupling with pain-related

regions, indicating that chronic pain alters brain dynamics at rest.

processes. In this review, we develop a working model of the cen-
tral mechanisms of chronic pain, based on the dynamic relationship
between the brain structural and functional networks that sustain
emotional pain learning. Ultimately, we suspect that the standard
view of central sensitization as a peripherally initiated process must
be supplemented with the supraspinal mechanisms of brain reor-
ganization that mediate this learning, in order to account for the
long-term maintenance of central sensitization (i.e., what differen-
tiates individuals who go on to transition from the acute to chronic
pain state).

2. A network view of brain function

The initial attempts to capture acute pain with functional mag-
netic resonance imaging (fMRI) yielded a predictable pattern of
regional brain activation, dubbed the “Pain Neuromatrix.” The
assumption that the experience of pain is reducible to a collec-
tion of regional activations, each with a circumscribed sensory or
affective role, has been challenged on two grounds: first, these
regions—individually and collectively—participate in a diverse set
of perceptual, motor, and cognitive-emotional functions that far
surpass pain processing [34]. Secondly, their interactions with the
rest of the brain need to be taken into account, in effect necessitat-
ing an examination of these brain regions in relation to underlying
functional and anatomical properties of the brain neural network.
The cortex is a densely connected network of regions (network
nodes), with reciprocal information flow between multiple hier-
archically organized and functionally distinct groups of cells. “Pain
Neuromatrix” brain regions show bidirectional interactions (e.g.,
[33]), with continuous dialogs of information flow occurring within
the order of milliseconds, and this information flow is contingent
on excitatory and inhibitory connections with the rest of the brain.

The brain can be conceptualized as a massive network, con-
nected across all scales. Recent advances in our understanding of
the architecture of neural networks have revealed how these differ-
ent hierarchies of networks can coordinate neural processing [23].
In 2005, we provided the first quantitative demonstration that the
brain can be characterized as a “small-world” network (also known
as “six degrees of separation,” which is logically equivalent to the
popular game “six degrees of Kevin Bacon”) [12]. This observation
was based on the properties of functional connectivity, which is
a measure of the extent of information shared between voxels or
regions [39], and were calculated for every voxel in relation to all
other voxels in the brain as individuals performed different tasks.
The scale invariance of brain functional connectivity (which is con-
served whether 2 or 2000 voxels, over 4 scales of magnitude, are
functionally correlated, independent of the task being performed)
defines it as a small world property. The practical implication is that
the brain can efficiently share information across brain regions and
it is more resilient to network disruptions (as compared to local
or random networks, see Fig. 1) [36]. The function and structure of
the groups of brain regions that make up the nodes in this network
likely shift with continued nociceptive input from the periphery as
itis integrated with ongoing central changes (a hypothetical model
is shown in Fig. 2A). The recent popularity of studying the brain in
its resting state is one such approach to explore global brain net-
work properties under conditions where the external perturbation
is random and thus the external inputs only randomly affect the
brain properties [27,30].

3. Functional impact of chronic pain

To date, half a dozen studies have looked at resting state net-
works (RSNs), a measure of the brain’s intrinsic connectivity, across
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Fig. 4. Chronic pain is associated with increased high frequency oscillations in the brain. (A) The resting state brain shows robust frequency-dependent organization. Brain
maps show the spatial distribution of spectral power for four frequency bands (0.01-0.05Hz, 0.05-0.1 Hz, 0.1-0.15Hz, and 0.15-0.2 Hz) in healthy subjects. The lowest-
frequency band (0.01-0.05 Hz) has the highest power, and is localized mainly in the prefrontal, parietal, and occipital cortices. The higher-frequency bands exhibit less power,
and localize more within the cingulate, insula, temporal cortex, and subcortical structures (adapted from [8]). (B) The DMN showed increased power in high frequency BOLD
oscillations (0.05-0.1 Hz) in diabetic neuropathic pain patients (adapted from [10]). (C) Chronic pain patients show higher frequency oscillations in the insula. Line plots
represent the normalized spectra for insular activity (individual subject data superimposed), separately for healthy controls and patients. Bar graphs show the mean + SEM
spectral power for different frequency bands in healthy and patients (adapted from [22]). (D) MPFC activity in chronic back pain patients, indicating higher frequency

oscillations in the MPFC, to a lesser extent than in the insula (C).

various chronic pain conditions (Fig. 2) [5,10,21,25,32,37]. RSNs
consist of brain regions that temporally and spatially share a com-
mon pattern of fluctuations, across subjects (usually around 7-10
resting state networks can be distinctly identified [30]). Their spa-
tial distribution and underlying functions have been used to define
them. Four major RSNs known as default mode (DMN), salience,
sensory/motor engagement, and attention networks are illustrated
(Fig. 2B). In general, the representation of chronic pain studies
within the RSN literature lags far behind when compared to other
neurological and psychiatric conditions (Fig. 2C). The DMN is the
most extensively studied RSN and reflects a coherent set of brain
regions that are active in the absence of tasks [15,27]. The inter-
pretation of DMN activity is controversial, yet this network is
preferentially (and likely distinctly) affected by the presence of
chronic pain (see Fig. 3) [5,10,21,25,32,37]. Multiple laboratories
have found that functional connectivity between the DMN and the
insula is enhanced across pain populations, including chronic back
pain, fibromyalgia, and diabetic neuropathy [5,10,25], suggesting
that pain disrupts the DMN through increased nociceptive input
from the insula.

Another expression of this intrinsic connectivity is captured by
the regional blood oxygen level dependent (BOLD) frequency pat-
terns that characterize the temporal and spatial interrelationships
between brain regions. The brain exhibits specific, frequency-
dependent organization, with a combination of transient and
sustained interactions occurring between different brain regions
to optimize the relay of information (see Fig. 4A) [8]. BOLD

fluctuations across brain regions (detected at the spectral power
distributions <0.25 Hz) were first described in chronic pain popu-
lations by [10,21]. Subsequently we showed that the whole-brain
resting state has an anatomically constrained pattern of BOLD
oscillations [8], with a shift toward higher frequencies in chronic
back pain patients within the DMN that was related to pain per-
ception (Fig. 4C and D) [4]. Thus the presence of pain may interfere
with the transmission of information by altering how pain-relevant
regional frequencies co-oscillate. Moreover, the DMN frequency
shifts directly reflect the presence of ongoing pain, indicating that
pain influences intrinsic variations in brain activity.

The DMN activity is assumed to represent the sum total of
activity when individuals are engaged in interoception (i.e., when
ruminating), implying that it may be critical in human conscious-
ness. Within this framework, the disruption of DMN with chronic
pain can be viewed as the extent to which chronic pain interferes
with information processing. It isimportant to note that DMN prop-
erties are usually studied only in low frequency BOLD oscillations
(<0.1 Hz), while DMN disruption in chronic pain is seen mainly at
high frequencies. Thus, it would be important to test if the DMN
would remain disrupted with chronic pain under anesthesia.

4. Chronic pain re-shapes the brain
In 2004, the first human imaging study of brain gray matter

atrophy was reported in chronic back pain patients [3]. A recent
PubMed search with “voxel based morphometry AND chronic
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Fig. 5. Cortical gray matter interrelationships (structural covariance) are specific for different chronic pain groups. (A) The relationships between gray matter regions were
studied by calculating pair-wise correlations of gray matter density between the 82 Brodmann Area-defined regions (left panel) across subjects, separately for healthy
controls, CBP, CRPS, and OA. The resulting correlation matrices show widespread increases in correlation strength (i.e., more blue and red, indicating decreased and increased
similarities in gray matter pairs) in all three patient groups, compared to controls. (B) Line plots show the pair-wise correlations (for 41 regions in left hemisphere) plotted
against the mean distance between pairs of regions. Healthy subjects show a linear dependency on distance, indicating that gray matter density in proximal pairs of regions
is more similar than density between distal pairs of regions. This relationship is disrupted in unique ways in each chronic pain condition, where patients show higher
correlations between pairs of regions that are far apart (for statistical details, see [7]). (C) Graph representation of the data in (A) showing the association between the pairs
of regions. Red and blue lines represent positive and negative correlations (links), gray date are the pairs of regions (nodes). (D) The left plot shows relative locations of
individual subjects based on the global gray matter structural reorganization that characterizes each condition (indicated by the extremities of the plot, in relation to the
center, healthy brains). Right scatter plots show the relationship between global gray matter structural reorganization to pain duration, which follows an exponential growth
function, distinct in patients with different pain conditions.

All figures adapted from [7].

pain” now yields 35 papers, most of which show brain regional
decreases in gray matter. In contrast, only a handful of studies
have evaluated the impact of chronic pain on brain white matter
(via diffusion tensor imaging, DTI). Given the covariance between
brain structure and function [17], the unique patterns of struc-
tural reorganization observed across chronic pain conditions likely
reflects the long-term consequences of the pain-related changes in
brain activity. Patterns of gray matter changes distinguish chronic
back pain, osteoarthritis, and complex regional pain syndrome
from healthy individuals and are driven by networks of regions,
including areas associated with nociceptive and prefrontal regions
(Fig. 5) [1,7]. In the presence of chronic pain, the pattern and
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number of links between brain regions shifts, with local regions
increasingly becoming connected to distant regions. The extent of
structural reorganization follows distinct trajectories for different
types of chronic pain, with the mechanisms driving this long-term
restructuring process unfolding over a period of years. The net
result is a long-term change in brain architecture, although the
precise mechanisms of this restructuring have yet to be identified.
Given that a large spectrum of studies of chronic pain popula-
tions have shown reductions in gray matter that are not found in
healthy cohorts, and that the successful treatment of chronic back
pain appears to partially reverse gray matter atrophy [28], this evi-
dence collectively reinforces the notion that the brain’s structure
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showed increases in DLPFC cortical thickness following treatment.
Figures adapted from [28].
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Fig. 7. Chronic pain disrupts the global gray-white matter relationship. (A) The healthy brain is characterized by a positive correlation between gray and white matter
integrity (estimated with diffusion tensor imaging using fractional anisotropy, FA) after correcting for age, suggesting that this anatomical interrelationship reflects the
brain’s natural organizational properties. In contrast, the brains of individuals with (B) complex regional pain syndrome (CRPS) and (C) male chronic pelvic pain syndrome
(CPPS) show a complete dissolution of this gray-white matter relationship. These findings indicate that some chronic pain conditions are associated with massive brain
anatomical changes that may dramatically impact how neurons communicate, locally and globally.

Figures adapted from [13,14].

dynamically reflects the clinical pain state (Fig. 6). Although these
observations do not preclude the role of predisposing factors in the
initiation of pain development, they constitute the strongest evi-
dence of a causal relationship between a biological parameter (i.e.,
brain anatomy) and the development and resolution of pain. It is
tempting to speculate that these structural changes can directly
account for the cognitive and emotional disturbances described in
the pain literature [20]; however, this too requires future study.

If brain regions can be conceptualized as nodes of a network,
these nodes require pathways of myelinated axons to commu-
nicate across short and long distances. As a result, white matter
(axonal) properties are essential for understanding local and global
changes in brain architecture, and these are quantifiable with
DTI. We first described selective alterations in white matter con-
nectivity between atrophied regions (including the ventromedial
prefrontal cortex, anterior insula, and nucleus accumbens) in
complex regional pain syndrome (CRPS) [14]. Clinical pain charac-
teristics of irritable bowel syndrome also correlate with regional
changes in an indirect measure of white matter integrity (frac-
tional anisotropy) in the insula, thalamus, and fornix [11]. Although
these findings suggest that white matter changes are localized to
regions associated with nociception and valuation, it is unclear
whether these changes reflect local and/or global axonal prop-
erties. We observed a dissociation between the global elements
of brain structure across chronic pain conditions that may clar-
ify the mechanisms underlying the pain-related reorganization of
neural networks. In the healthy brain, gray matter density (cor-
rected for age) and fractional anisotropy are positively correlated;
in contrast, this correlation is null in CRPS and chronic pelvic
pain (Fig. 7) [13,14]. Chronic pain can therefore be conceptualized
as an imbalance in the axonal-neuronal relationship. However, a
closer inspection of this data shows that, because the white matter
properties are roughly equivalent between controls and patients,
changes in white matter likely cannot account for the disruption of
the gray-white matter relationship. From a network architecture
perspective, the local network properties (neurons) rather than the
large-scale pathways (axon tracts) have adapted to the presence
of pain. Accordingly, the brain in chronic pain exhibits abnormal-
ities in local gray matter and white matter restructuring, thereby
degrading local networks but preserving large scale white matter
tracks (Fig. 1E).

5. Parallels with neurodegenerative disease
In general, a convergence between brain structure and function

has been demonstrated across both healthy and neurodegener-
ative states. Some exceptions have been identified, specifically

for regional correspondences and mismatches between func-
tional connectivity and white matter properties [e.g., 1,26].
Nevertheless, the interrelation between brain function and struc-
ture is a property of the normally developing brain, with the
sensorimotor and DMN-related regions emerging before regions
that mediate cognitive-emotional and social processes [40]. In
adulthood, higher intelligence is correlated with decreased net-
work path length (the number of nodes required to travel from
one region to another), suggesting that intelligence is characterized
by more efficient network architecture [35]. Therefore the proper-
ties of network architecture provide critical information about the
efficiency of brain function.

Disruptions of the underlying networks that maintain nor-
mal brain function may occur with disease, including chronic
pain and brain injury. A network disruption could occur through
reduced/strengthened of existing pathways, or through regional
shifts in connectivity, leading to the degradation of network coher-
ence. Moreover, it suggests that the primary site of reorganization
is limited to local circuitry, rather than alterations in large-scale
connectivity. Just as distinct neurodegenerative diseases involve
the atrophy and degradation of their corresponding RSNs [26], we
have identified chronic pain condition-specific changes in unique
patterns of network reorganization and brain functional properties

[1].
6. Chronic pain as aversive learning

The continued experience of chronic pain is essentially a form
of emotional learning, with the chronic pain state reflecting a
shift from sensory to hedonic brain circuitry. The integration of
pain and hedonic information processing may have far-reaching
effects on the appraisal of and interaction with aversion and reward
[6,9,18,19,29]. These neuronal memory traces are forged through
functional changes in synapses that underlie the experience of
pain, which result in the structural alterations of synapses that
define the establishment of a long-term memory. Chronic pain is
maintained by these continually reinforced memory traces that
strengthen the abnormal processing of pain by spinal cord cir-
cuits (i.e., central sensitization), via descending modulation. New
learning (i.e., the acquisition of new habits and abilities) is associ-
ated with concurrent and diverse regional increases and decreases
in gray matter density. These neuronal changes are consistent
with targeted regional increases and decreases synaptic strength,
reflecting long term potentiation and depression at the single cell
level, respectively. The consistent finding of gray matter loss in
chronic pain patients suggests our novel working hypothesis that
this atrophy is mediated by long-term depression, perhaps through
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the central endocannabinoid system [16], although multiple alter-
native explanations for decreased gray matter have been suggested
(e.g., water content, vasculature, neuronal cell size changes, glial
recruitment, etc.) [22]. Therefore, the exposure of the mesolimbic
learning circuitry to repeated pain establishes the pain memory
traces, resulting in the reorganized network architecture that we
observe in chronic pain (Fig. 5A-C).

7. Future directions

Whereas the general clinical expectation is that a single com-
mon network underlies all types of chronic pain, which has been
speculated to explain pain comorbidity, the structural and func-
tional comparisons across diverse pain conditions have revealed
distinct patterns of altered brain anatomy and pain perception
representation. For the past 50 years, treatments for pain have
been indiscriminately applied across all chronic pain populations,
assuming common mechanisms. In contrast, we believe that recent
advances in brain imaging are revealing the unique brain imprints
of different forms of chronic pain, which will direct the develop-
ment of treatments tailored to the individual conditions and their
respective genetic signatures.
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