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Brief Communications

Beyond Feeling: Chronic Pain Hurts the Brain, Disrupting
the Default-Mode Network Dynamics

Marwan N. Baliki,' Paul Y. Geha,' A. Vania Apkarian,'2>* and Dante R. Chialvo'
Departments of 'Physiology, 2Anesthesia, and *Surgery, and “Lurie Cancer Center, Feinberg School of Medicine, Northwestern University, Chicago,
Mlinois 60611

Chronic pain patients suffer from more than just pain; depression and anxiety, sleep disturbances, and decision-making abnormalities
(Apkarian etal., 2004a) also significantly diminish their quality oflife. Recent studies have demonstrated that chronic pain harms cortical
areas unrelated to pain (Apkarian et al., 2004b; Acerra and Moseley, 2005), but whether these structural impairments and behavioral
deficits are connected by a single mechanism is as of yet unknown. Here we propose thatlong-term pain alters the functional connectivity
of cortical regions known to be active at rest, i.e., the components of the “default mode network” (DMN). This DMN (Raichle et al., 2001;
Greicius et al., 2003; Vincent et al., 2007) is marked by balanced positive and negative correlations between activity in component brain
regions. In several disorders, however this balance is disrupted (Fox and Raichle, 2007). Using well validated functional magnetic
resonance imaging (fMRI) paradigms to study the DMN (Fox et al., 2005), we investigated whether the impairments of chronic pain
patients could be rooted in disturbed DMN dynamics. Studying with fMRI a group of chronic back pain (CBP) patients and healthy
controls while executing a simple visual attention task, we discovered that CBP patients, despite performing the task equally well as
controls, displayed reduced deactivation in several key DMN regions. These findings demonstrate that chronic pain has a widespread
impact on overall brain function, and suggest that disruptions of the DMN may underlie the cognitive and behavioral impairments

accompanying chronic pain.
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Introduction
Imaging studies have shown a set of brain regions that usually
decrease their activity during task performance (Shulman et al.,
1997) when compared with the average brain activity at rest. The
fact that these regions were more active at rest than during task
performance suggested the existence of a resting state in which
the brain remained active in an organized manner, which was
called the “default mode” of brain function (Raichle et al., 2001).
The regions exhibiting a decrease in activity during task perfor-
mance are the component members of the “default-mode net-
work” (DMN), which in concerted action maintain the brain
resting state (Raichle et al., 2001). Further characterization of the
DMN (Raichle et al., 2001; Greicius et al., 2003; Fox et al., 2005;
Vincent et al., 2007), either by identifying decreases in brain ac-
tivity during a task or by the study of correlation patterns of
spontaneous brain activity at rest, have provided valuable insight
into the intrinsic large-scale functional architecture of the brain
(Fox and Raichle, 2007).

Recent studies have already demonstrated that the brain DMN is
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disrupted in autism (Kennedy et al., 2006), Alzheimer’ disease (Gre-
icius et al., 2004), depression (Greicius et al., 2007), schizophrenia
(Liang et al., 2006; Williamson, 2007), and attention deficit hyper-
activity disorder (Tian et al., 2006), suggesting that the study of brain
resting activity can be useful to understand disease states as well as
potentially provide diagnostic information.

The goal of the present work is to study the integrity of the
DMN of a population of chronic pain patients. Pain is considered
chronic when it lasts longer than 6 months after the healing of the
original injury. Chronic pain is particularly suitable to be studied
from this perspective for various reasons. It is known that pain in
these patients (at some point) becomes a spontaneous percept,
i.e., an intrinsic brain activity occurring even in the absence of
explicit brain input or output (Foss et al., 2006). Thus, the alter-
ations in the patient’s brain at “rest” can result in a different
DMN organization. In turn, potential changes in the DMN activ-
ity could be related to symptoms (other than pain) commonly
exhibited by chronic pain patients, including depression and
anxiety, sleep disturbances, and decision-making abnormalities
(Apkarian et al., 2004a), which also significantly diminish their
quality of life. The results to be described below show that chronic
pain patients display a dramatic alteration in several key DMN
regions, suggesting that chronic pain has a widespread impact on
overall brain function.

Materials and Methods

Subjects. Participants were seven female and eight male healthy control
subjects (age: 39.6 & 3.43 years; Beck depression index: 8.96 * 1.3; Beck
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anxiety index: 7.46 * 1.98) and seven female and eight male chronic back
pain (CBP) patients [age: 43.8 * 4.11 years; Beck depression index:
7.25 * 1.3; Beck anxiety index: 9.12 * 17; pain duration: 6.3 = 0.98 years
(mean *= SEM)]. They were all right-handed, and all gave informed
consent to procedures approved by Northwestern University Institu-
tional Review Board. Note that there is no significant difference in de-
pression indices between the groups. The patients participated in an
earlier study, and their clinical and demographic data, as well as pain-
related parameters, have been described (Baliki et al., 2006).

Task. Participants used a finger-spanning device to continuously rate
and log the height of a bar varying in time during fMRI data collection
(Baliki et al., 2006). Subjects underwent a training session before scan-
ning, in which they learned to use the finger-span device. The finger span
device was synchronized with the fMRI acquisition and connected to a
computer. Functional MR data were acquired with a 3T Siemens (Mu-
nich, Germany) Trio whole-body scanner with echo planar imaging ca-
pability using the standard radio-frequency head coil [scanning param-
eters were as in Baliki et al. (2006); see supplemental material, available at
Www.jneurosci.org].

Preprocessing of fMRI data. Blood oxygen level-dependent (BOLD)
fMRI time series preprocessing steps included removal of the first four
volumes, slice time correction, motion correction using MCFLIRT, spa-
tial smoothing using a Gaussian kernel of full-width-half-maximum 5
mm, linear high-pass temporal filtering, and intensity normalization.

General linear model analysis. To identify significant brain activity
BOLD signals were analyzed using FEAT [FMRIB expert analysis tool
(Jezzard et al., 2001); www.fmrib.ox.ac.uk/fsl] The fMRI signal was lin-
early modeled on a voxel-by-voxel basis using FILM (FMRIB’s improved
linear model) with local autocorrelation correction (Woolrich et al.,
2001, 2004), yielding statistical parametric maps for each subject and
condition. Average group statistical maps were generated using second-
level random effects group analysis. A cluster-based correction of the
z-statistic images was performed and thresholded at z scores >2.3. For
each resulting cluster of spatially connected voxels surviving the z thresh-
old, a cluster probability threshold of p = 0.01 was applied to the com-
puted significance of that cluster, which corrects for multiple compari-
sons (Friston et al., 1995).

Correlation analysis. Correlation maps were produced following the
procedures of Fox et al. (2005). In brief, the preprocessed data were
bandpass filtered (0.009 < f < 0.08 Hz), and motion artifacts were re-
moved through linear regression with the six parameters obtained by
rigid body correction of head motion. Correlation maps were con-
structed by first extracting time series for the seeds (average of a cube of
3 X 3 X 3 voxels centered at the coordinates indicated below) and then
computing its correlation coefficient with the time series from all other
brain voxels. We examined correlations associated with six predefined
seed regions: three regions, referred to as task-positive regions, that ex-
hibited activity increases during our task performance, and three regions,
referred to as task-negative regions, that typically exhibited activity de-
creases (deactivation) during the attention task (Corbetta and Shulman,
2002; Fox et al., 2005). Task-positive regions were centered in the in-
traparietal sulcus (IPS; —38, —46, 54), the frontal eye field region (FEF;
26, —12, 50), and the middle temporal region (MT; —46, —68, —2).
Task-negative regions were centered in the medial prefrontal cortex
(mPFC; —2, 46, —16), posterior cingulate/precuneus (PCC; —4, —50,
40), and lateral parietal cortex (LP; —46, —68, 36).

For each subject and each region, correlation coefficients were con-
verted to normally distributed z scores using the Fischer’s transform, i.e.,
dividing by the square root of the variance, estimated as 1/\V/(df — 3),
where df corresponds to the degrees of freedom in our measurement (i.e.,
240 data points). Because BOLD’s consecutive samples are not statisti-
cally independent, the degrees of freedom were corrected by a factor of
2.86, in accordance to Bartlett theory (Jenkins and Watts, 1968), result-
ing in 240/2.86 = 84.5 degrees of freedom. Finally, group-averaged z
scores were computed by combining individual maps using a fixed-
effects analysis (Smith et al., 2004). The resulting t values were converted
to equally probable z scores and thresholded at significance levels of p <
0.01.

Conjunction analysis. The group z-score maps for the six seed regions
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were combined by using a conjunction analysis (see Fig. 3) in which
voxels were included in the map only if they were significantly correlated
or anticorrelated with five of the six seed regions.

Surface-based mapping. Surface-based mapping (see Fig. 3) was con-
structed using the PALS (population-average, landmark- and surface-
based) average fiducial surface from 12 individual subjects as the atlas
target (Van Essen, 2005).

Results

Results were obtained from experiments as illustrated in Figure 1.
The task consisted of tracking the height of a moving bar on a
computer screen using a modified joystick attached to one’s in-
dex finger and thumb. The bar was either quiescent low on the
screen (hereafter referred to as “rest”) or changing in height with
a slow, unpredictable but fixed pattern across subjects (Fig. 1).
Subjects’ performance was measured by the linear correlation
coefficient between the target and tracking time series, and did
not differ between the two groups (Fig. 1, top). Despite their
similar performance, there were significant differences in brain
activity between the groups as demonstrated by the three differ-
ent methods of analysis described below.

General linear model

We first used a general linear model to identify the brain regions
in which brain BOLD signal changed during the attention task
relative to rest. Consistent with extensive earlier work examining
visuospatial attention tasks (Vandenberghe et al., 2001; Corbetta
and Shulman, 2002; Pihlajamaiki et al., 2005), dominant activa-
tions were located in posterior parietal and lateral prefrontal cor-
tices, whereas deactivations occurred mainly within mPFC and
PCC. Although activations in CBP patients’ and controls’ brains
were similar, CBP patients exhibited significantly less deactiva-
tions than healthy subjects in mPFC, amygdala, and PCC (Fig. 1;
supplemental Table 1, available at www.jneurosci.org as supple-
mental material). Potential artifacts that might contribute to such
a difference were investigated and discarded [i.e., different de-
grees of compliance, and nonstationarity of task performance
(see supplemental material, available at www.jneurosci.org)].
Further analysis was directed to identify the origin of these dif-
ferences as described in the next paragraphs.

Task-triggered BOLD average

The main group differences shown in Figure 1 are linked to de-
activation with respect to the attention task; thus, we specifically
investigated the phase relation between the BOLD signals and the
task. Figure 2 shows the results for two relevant regions. One is
the left intraparietal sulcus (LIPS), which is activated during the
task, and the other the mPFC, which is deactivated by the task.
Simple inspection of the time courses of LIPS and mPFC activity
(Fig. 2a) confirms that they move in opposite directions with
respect to the task. Nevertheless, quantitative analysis in both
groups reveals important differences. Although mPFC activity in
both groups was negatively correlated with the task, the magni-
tude value of the correlation was significantly attenuated in CBP
patients. This is quantified by the average BOLD responses asso-
ciated with the rest-to-active phase task transition, i.e., the task-
triggered BOLD average (Fig. 2b), which demonstrates a signifi-
cant deactivation failure in the mPFC of CBP patients.
Meanwhile there were no significant group differences in both
LIPS activity and magnitude tracking. Further calculations, as
shown in the next section, reveal the spatial extent of these simi-
larities and differences.
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Seed correlation maps

To characterize the full impact of the CBP-
associated changes in BOLD activation—
deactivation, we used recently described
methods (Fox et al., 2005) (see supple-
mental material, available at www.
jneurosci.org). Briefly, a given region was
used as a seed to compute its linear corre-
lation coefficients against all other brain
voxels’ time series (Fig. 3). The resultant
correlation maps summarize the func-
tional coactivation between the seed re-
gion with the rest of the cortex. Three of
the seeds (mPFC, PCC, and LP) are known
to be deactivated during an attention task
(“task-negative”) and three others (IPS,
FEF, and MT) are activated during the task
(“task-positive”).

The correlation maps that we obtained
from the control group (Fig. 3, left) repli-
cate very closely the DMN described at rest
(Raichle et al., 2001; Fox et al., 2005;
Raichle, 2006; Mason et al., 2007), a find-
ing consistent with observations already
showing that in minimally demanding
tasks brain functional connectivity ap-
proximates the functional connectivity
seen during rest (Greicius et al.,, 2003,
2004; Fox et al., 2005). A dramatic differ-
ence is immediately apparent in the pa-
tients’ data. The maps computed from the
CBP patients’ data (Fig. 3, right) show
much smaller cortical domains with nega-
tive correlations, and larger domains with
positive correlations compared with con-
trols. In the bottom plots, the conjunction
maps provide a summary of the consis-
tency of these correlations across all seeds.
To provide a quantitative estimation of
these alterations, we calculated the ratio
between the area (in number of voxels)
correlated versus anticorrelated for each of
the six seeds (Fig. 4). Whereas healthy sub-
jects maintain a ratio close to unity, CBP
patients exhibit ratios up to thirty times
larger.

The reduction in the total area exhibit-
ing anticorrelation (Fig. 3) is consistent
with the results presented in Figure 1, as
well as with the calculations presented in

Figure 2. Thus, the three methods provide consistent evidence of
a disruption in the cortical functional connectivity in CBP
patients, with impaired deactivation of the DMN.

In addition, we evaluated the relationship between each pa-
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Figure 1. Task design and brain activity differences between (BP patients and normal controls. a, lllustration of the changing

vertical height of the target (gray trace) and an example of its height tracking with the modified joystick (black trace; shifted 10
units for ease of visualization) in a subject performing the visual attention tracking task. The active/rest time plot shown below
represents the vector (after convolving with the hemodynamic response function) used to identify brain regions where the BOLD
signal was activated or deactivated during the task. Periods of active tracking were modeled either as +1 or —1 to identify
task-activated or task-deactivated regions respectively, relative to periods of rest, which were modeled as 0. Right inset, Group-
averaged correlation coefficients == SD between the target course and its tracking demonstrate that the two groups performed
the task similarly. b, Group-averaged activations (red—yellow) and deactivations (blue—green) in CBP and healthy controls
(random effects z > 2.3, cluster p << 0.01; overlaid on standard space). Activations were comparable between the two groups,
whereas deactivations were more extensive in the controls. The last column shows the contrast (t test; p << 0.01) between controls
and (BP patients. (BP patients exhibit less deactivation than normal subjects mainly in mPFC, amygdala, and PCC, all of which are
considered part of the DMN.

differences in the way CBP patients’ brains process information
not related to pain. This was motivated by the hypothesis that
unrelenting pain could leave a mark beyond cortical circuits in-
volved in perception. Thus, from this viewpoint, using an atten-
tion task to infer something relevant about the status of pain in

tient’s fMRI activity with his or her pain characteristics (e.g.,
intensity, duration, depression, and anxiety), and we found that
the extent of mPFC deactivation correlated with the number of
years of pain suffering endured (r = 0.45; p = 0.09).

Discussion

These experiments were designed to search in CBP patients for
potential differences in their brain resting activity as reflected by
the default mode network. Hence, the focus was on identifying

CBP patients’ brains is fully justified.

The approach proved very prolific. This is the first study dem-
onstrating that CBP patients exhibit severe alterations in the
functional connectivity between brain regions implicated in the
default mode network. It seems that enduring pain for along time
affects brain function in response to even minimally demanding
attention tasks completely unrelated to pain. Furthermore, the
fact that the observed task performance, compared with healthy
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Figure 2.  Differences in time course of BOLD signal between (BP patients and healthy controls. a, Group-averaged BOLD

signals from mPFC (blue) and LIPS (red) for controls (top) and CBP patients (bottom) are shown superimposed on the respective
group-averaged tracking time courses (gray). The main result illustrated here is that mPFC BOLD signal is more deactivated in
normal subjects than in (BP patients each time the subject engages in tracking. The arrow indicates a time in which these
differences can be appreciated even by simple inspection of the traces. b, Time course of average BOLD responses for mPFC (top)
and LIPS (bottom) relative to transition from rest to tracking. Task-triggered BOLD signals averaged over 135 tracking events were
significantly smaller in mPFC of (BP patients selectively in the deactivation phase (*p << 0.01), at times of peak tracking (1020
s from start of tracking), whereas task performance (magnitude tracking) did not differ between the two groups (top right). The
LIPS responses were similar between the groups. Middle, Cross-correlations between BOLD signal and tracking time course for
each group for different time lags (— 10 to 10s) revealed that the mPFCBOLD signal was anticorrelated to the task time course in
normal subjects (meanr = —0.35 == 0.2, SEM, atlag = 2.55), and that this anticorrelation was significantly attenuated (mean
r=—0.110.20,SEM, atlag = —2.5s;p << 0.001) in (BP patients. LIPS signal was positively correlated to task execution and
did not differ between the groups.
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that we observe in CBP patients suggests
that these functions may be compromised,
something that deserves further studies.
Data collected in CBP patients during rest-
ing state should exhibit similar disruption
of the correlated—anticorrelated maps,
given the reported (Fox and Raichle, 2007)
correspondence between DMN and rest-
ing state fluctuations.

By design, the present study cannot
provide mechanistic explanations. How-
ever, the disruption of functional connec-
tivity observed here with increased CBP
duration may be related to the earlier ob-
servation of brain atrophy increasing with
pain duration also in CBP patients (Apkar-
ian et al., 2004b). CBP patients exhibit in-
creased mPFC activity in relation to spon-
taneous pain (Baliki et al., 2006), in
addition to dorsolateral prefrontal cortex
(dIPFC) atrophy. Therefore, the decreased
deactivations described here may be re-
lated to the dIPFC/mPFC mutual inhibi-
tory interactions perturbed with time. If
that is the case, it will support the idea of a
plastic, time-dependent, reorganization of
the brain as patients continue to suffer
from CBP. Mechanistically, the early
stages of this cortical reorganization may
be driven by peripheral and spinal cord
events, such as those that have been docu-
mented in animal models of chronic pain
(Woolf and Salter, 2000; Julius and Bas-
baum, 2001), whereas later events may be
related to coping strategies necessary for
living with unrelenting pain. It is impor-
tant to recognize that transient but repeti-
tive functional alterations can lead to more
permanent changes. Accordingly, long-
term interference with normal DMN ac-
tivity may eventually initiate plastic
changes that could alter irreversibly the
stability and subsequently the conforma-
tion of the resting state networks. Elucida-
tion of the interaction between such mecha-
nisms with brain atrophy and with
peripheral and spinal cord reorganization
will require future studies.

How do the disrupted correlation—an-
ticorrelation patterns relate to patterns of
neural activity? Our current understand-
ing is clearly insufficient to answer this

subjects, is unaffected, whereas the brain activity is dramatically
different, raises the question of how other behaviors are impaired
by the altered brain activity.

Given that CBP patients report a fluctuating but relentless
pain percept (Foss et al., 2006) rendering their brain never truly at
rest, it is reasonable to expect them to have an altered brain rest-
ing state as described here. It has been proposed that in the nor-
mal brain, the DMN provides “a balance of opposing forces”
(Raichle, 2006) to enhance “the maintenance of information for
interpreting, responding to, and even predicting environmental
demands” (Raichle, 2006). Therefore, the “unbalanced” DMN

question, and further studies are needed, but we can speculate
that, up to a certain degree, increases in positive correlations
could be interpreted as relative increases in neuronal synchrony
and/or activity. Conversely, deactivated regions could be seen as a
result of increased inhibitory drive or asynchronous neuronal
firing. These relations, however, cannot be easily treated in isola-
tion or dissected, because they emerge from mutual interactions
among all the members of the DMN. Finally, an additional layer
of complexity is added to these interactions because they seem to
be frequency dependent, as suggested by recent modeling (Honey
et al., 2007) and experimental (Mantini et al., 2007) results.
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Figure3. Disrupted correlation mapsin CBP patients. Group-averaged z-score maps (n = 15
in each group) showing regions with significant correlations with the six seed regions (small
circles) in normal controls (left) and in (BP patients (right). Results are shown for the three
task-negative seed regions (mPFC, PCC, and LP) and three task-positive seed regions (IPS, FEF,
and MT). Regions with positive correlations (red—yellow) have z scores >2.3 ( p << 0.01), and
those with negative correlations (blue— green) have zscores less than —2.3 ( p <<0.01). Notice
that in the CBP patients’ map, the majority of regions identified in the control subjects as being
negatively correlated (i.e., blue colored) are missing.
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In conclusion, these findings suggest that the brain of a
chronic pain patient is not simply a healthy brain processing pain
information, but rather is altered by the persistent pain in a man-
ner reminiscent of other neurological conditions associated with
cognitive impairments. Unraveling the mechanisms involved
would be critical to understand brain changes underlying cogni-
tive and behavioral alterations (Apkarian et al., 2004a; Acerra and
Moseley, 2005) commonly seen in chronic pain patients.
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