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Intrinsic Brain Connectivity in Fibromyalgia Is Associated
With Chronic Pain Intensity

Vitaly Napadow,' Lauren LaCount,> Kyungmo Park,’ Sawsan As-Sanie,*
Daniel J. Clauw,* and Richard E. Harris*

Objective. Fibromyalgia (FM) is considered to be
the prototypical central chronic pain syndrome and is
associated with widespread pain that fluctuates sponta-
neously. Multiple studies have demonstrated altered
brain activity in these patients. The objective of this
study was to investigate the degree of connectivity
between multiple brain networks in patients with FM, as
well as how activity in these networks correlates with the
level of spontaneous pain.

Methods. Resting-state functional magnetic reso-
nance imaging (FMRI) data from 18 patients with FM
and 18 age-matched healthy control subjects were ana-
lyzed using dual-regression independent components
analysis, which is a data-driven approach for the iden-
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tification of independent brain networks. Intrinsic, or
resting-state, connectivity was evaluated in multiple
brain networks: the default mode network (DMN), the
executive attention network (EAN), and the medial
visual network (MVN), with the MVN serving as a
negative control. Spontaneous pain levels were also
analyzed for covariance with intrinsic connectivity.

Results. Patients with FM had greater connectiv-
ity within the DMN and right EAN (corrected P [P,,,]
< 0.05 versus controls), and greater connectivity be-
tween the DMN and the insular cortex, which is a brain
region known to process evoked pain. Furthermore,
greater intensity of spontaneous pain at the time of the
FMRI scan correlated with greater intrinsic connectiv-
ity between the insula and both the DMN and right EAN
(Peorr < 0.05).

Conclusion. These findings indicate that resting
brain activity within multiple networks is associated
with spontaneous clinical pain in patients with FM.
These findings may also have broader implications for
how subjective experiences such as pain arise from a
complex interplay among multiple brain networks.

corr

Chronic pain disorders cause significant disability
and dysfunction in patients and are particularly trouble-
some for both researchers and clinicians. Since pain is
inherently a subjective sensation, clinicians and re-
searchers must rely on the patient’s self-report of pain
severity. As such, the identification of objective markers
that could simultaneously validate chronic pain symp-
toms and be used in elucidating underlying pathologic
processes would be of significant benefit. Recent neuro-
imaging studies have focused on identifying neural cor-
relates of chronic pain in human patients (1,2). How-
ever, this approach has been notoriously problematic,
because chronic pain is difficult to elicit in a controlled
manner, since it arises spontaneously and can fluctuate
in magnitude (3).

Fibromyalgia (FM) is considered to be the pro-
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totypical central, or “functional,” chronic pain syndrome
(4) and is associated with widespread pain. FM is also
characterized by increased sensitivity to noxious and
non-noxious stimuli (i.e., hyperalgesia and allodynia, re-
spectively) and augmented brain responses to experi-
mental painful stimuli (5,6). Although their findings are
informative, these latter studies, which have assessed
thresholds of evoked experimental pain on brain imag-
ing, provide little information regarding the underlying
constituents of endogenous clinical pain. In fact, mea-
sures of experimental pain only show modest correla-
tions with self-reported clinical pain in patients with
FM (7).

Resting-state functional-connectivity magnetic
resonance imaging (MRI) is a recent adaptation of
functional MRI (FMRI) that may be promising for the
assessment of associations of spontaneous functional
pain with specific brain network activity (see Table 1 for
key terminology). This method examines intrinsic con-
nectivity, which is defined as ongoing neural and meta-
bolic activity that occurs in the resting basal state. This
intrinsic, or resting, state of the brain actually demands
the bulk of brain-energy metabolism, in contrast to the
relatively small fraction (<5%) of energy metabolism
demanded by stimulus-evoked activity (8). Although the
role of intrinsic brain connectivity has not been defini-
tively resolved, it may be important for maintenance of
synaptic connectivity, such as the magnitude and extent
of neuronal transmission between brain regions. Intrin-
sic connectivity may also involve information transfer
between disparate brain regions, comprising known pri-
mary sensory, executive, and associative networks (9).

FMRI investigations of brain regions showing
correlated activity in the resting state, referred to as
intrinsic connectivity networks (ICNs), are conducted
with an MRI scanner while the patient is in a resting
state. The data derived from these investigations can
then be analyzed with independent components analysis
(ICA), which is a data-driven method of isolating inde-
pendent brain networks that have temporally correlated
FMRI findings on time-series scans. These brain net-
works are thought to be connected synaptically, since
the FMRI signal between brain areas in these networks
is correlated over time. Specifically, correlations of the
ICN signal on FMRI follow known structural mono-
synaptic and polysynaptic pathways (10,11), which is
likely a reflection of neurophysiologically meaningful
activity (12).

Although ICNs have been implicated as traits in
several patient populations, the relationship of ICNs to
state-dependent processes, such as chronic pain percep-
tion, remains largely unexplored. If intrinsic brain con-
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Table 1. Glossary of relevant terms in the analysis of brain connec-
tivity by FMRI in patients with FM*

DMN This brain network is a constellation of
brain regions thought to be engaged
in self-referential thinking. This
network is “deactivated” during
various externally focused task
conditions—i.e., it is more active at
rest. Anatomically, it includes the
inferior parietal lobule, the posterior
cingulate cortex and precuneus, areas
of the medial frontal gyri, the
hippocampal formation, and lateral
temporal cortex.

This technique to analyze resting FMRI
data allows for the estimation of
resting-state, or intrinsic, functional
connectivity networks. FMRI data
from each subject are combined and
evaluated with ICA. These group
ICNs are then used to find individual
ICNs specific to each subject, which
are then used for within- and
between-subject analyses.

EAN This brain network is involved with
cognitive processing of working
memory and attention. Anatomically,
it comprises the frontal and parietal
lobe regions, including the
dorsolateral prefrontal cortex
(roughly, the frontal eye fields) and
posterior parietal regions overlapping
the superior parietal lobule and
intraparietal sulcus.

ICNs Networks of different brain regions that
are connected to each other in a
resting basal (as opposed to stimulus-
evoked) state.

MVN This brain network includes primary
visual processing areas (VI) on both
hemispheres. Anatomically, it
includes regions along the calcarine
sulcus and lingual gyrus.

Spontaneous clinical In FM, clinical pain fluctuates
pain spontaneously over time. In the
present study, spontaneous pain was
self-reported by patients with FM at
the time of the FMRI scan, and the
data were used to guide statistical
analysis.

Pertaining to the state of mind that the
subject is in during the FMRI brain
scan.

Brain regions connected to one another
through at least one synapse between
two neurons. Information is
exchanged between these regions.

Dual-regression ICA

State-specific

Synaptic connectivity

* FMRI = functional magnetic resonance imaging; FM = fibromyal-
gia; DMN = default mode network; ICA = independent components
analysis; ICNs = intrinsic connectivity networks; EAN = executive
attention network; MVN = medial visual network.

nectivity were found to be correlated with the chronic
pain state, it might lay the groundwork for the identifi-
cation of much-needed objective biomarkers of clinical
pain perception and open up several interesting avenues
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for research. Interestingly, the time scale of spontaneous
pain fluctuation (in seconds to minutes [13]) is on the
same order as the low-frequency intrinsic connectivity of
the ICNs, providing an additional rationale for investi-
gating the association between intrinsic brain connectiv-
ity and chronic pain.

Several ICNs have been identified in healthy
subjects (14), while 2 important networks related to
cognition and potential clinical pain are the default
mode network (DMN) and executive attention network
(EAN). The DMN (9,15) is a constellation of brain
regions thought to be engaged in self-referential think-
ing that are “deactivated” during various externally
focused task conditions. Pain is known to influence both
the DMN response and cognitive capacity. Whereas
acute experimental pain induces DMN deactivation in
healthy subjects (16), chronic back pain is associated
with mitigated DMN deactivation during visual atten-
tion tasks (17). The frontoparietal EAN is a brain
network that appears to be involved with cognitive
processing of working memory and attention (18,19).
Patients with FM are known to experience concomitant
cognitive deficits, which affect both working memory
and attention processing (20), providing a rationale for
the evaluation of intrinsic connectivity in the EAN.

Given that 1) the DMN response may be dis-
rupted during a state of chronic pain, 2) cognitive
deficits specific to working memory and attention are
common in patients with FM (20), and 3) accumulating
evidence suggests that intrinsic brain connectivity may
be state-dependent (21,22), we hypothesized that intrin-
sic DMN and EAN connectivity would be altered in
patients with FM, and that these alterations would be
associated with the level of spontaneous clinical pain. In
order to strengthen the specificity of our findings, we
also examined intrinsic connectivity in the medial visual
network (MVN) as a negative control, since dysfunction
in this primary sensory network has not been noted in
patients with FM.

PATIENTS AND METHODS

Subjects and data collection. Data were collected from
36 female subjects in 2 separate groups, comprising 18 patients
with FM (mean *= SD age 38.9 *= 10.8 years) and 18 age-
matched healthy control subjects (mean * SD age 36.1 + 15.3
years; P = (0.53 versus patients with FM). All participants gave
their written informed consent, and the University of Michigan
Institutional Review Board approved all study protocols.

All patients in this study were diagnosed as having FM
according to the American College of Rheumatology (ACR)
criteria for FM (23), with a disease duration of at least 1 year,
and had reported the continued presence of pain for more than
50% of each day, were willing to limit the introduction of any
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new medications or treatment strategies for control of their
FM symptoms during the study, were older than age 18 years
and under age 75 years, were female, were right-handed, and
were capable of giving their written informed consent. Patients
with FM were excluded if they were currently taking or had a
history of taking opioid or narcotic analgesics, had a history of
substance abuse, had a concurrent autoimmune or inflamma-
tory disease that causes pain, such as rheumatoid arthritis,
systemic lupus erythematosus, or inflammatory bowel disease,
were concurrently participating in other therapeutic trials,
were pregnant or currently a nursing mother, had a severe
psychiatric illness (e.g., current schizophrenia, major depres-
sion with suicidal ideation, or substance abuse within the past
2 years), or currently had major depression, the latter of which
was assessed with either the Hospital Anxiety and Depression
Scale (HADS) (n = 8) or the Center for Epidemiologic Studies
Depression Scale (CES-D) (n = 10) (24,25). Categorization of
patients with FM according to a low versus high level of
depression was achieved by defining a high level as =8
symptoms on the HADS and =16 on the CES-D.

All healthy control subjects were between the ages of
18 and 75 years, were female, were capable of giving their
written informed consent, were right-handed, and were willing
to complete all study procedures. Exclusion criteria for healthy
control subjects were having met the ACR criteria for FM,
having any chronic medical illness, including a psychiatric
disorder (e.g., psychosis, schizophrenia, or delusional disor-
der), and current pregnancy.

Six minutes of resting-state FMRI data were collected
in the first functional scan run in the session. We used a spiral
in—out gradient-echo T2*-weighted BOLD pulse sequence
(repetition time [TR]/echo time [TE] 2,000/30 msec, 180
volumes, 43 anterior commissure—posterior commissure—
aligned slices, voxel size 3.13 X 3.13 X 4.0 mm) that was run on
a 3T Signa EXCITE scanner (General Electric), equipped with
an 8-channel head coil. Subjects were instructed to close their
eyes and to rest comfortably during the functional scan,
without moving or falling asleep. Structural data were also
collected using a spoiled gradient-recalled acquisition in the
steady state pulse sequence (TE 5.5 msec, TR 14 msec,
inversion time 300 msec, flip angle 20°, number of excita-
tions = 1, 124 contiguous axial slices, voxel size 1 X 1 X 1.5
mm). Prior to undergoing the scan, subjects were asked to rate
the intensity of their FM pain on a visual analog scale of 0-10,
where 0 is equivalent to “no pain present” and 10 is equivalent
to “the worst pain they could imagine.”

Physiologic data were collected at the same time as the
FMRI scan, because cardiorespiratory fluctuations are known
to influence FMRI estimation of intrinsic connectivity within
several brain networks (26,27). Cardiac data were acquired
using an infrared pulse oximeter (General Electric) attached to
the right middle finger. Respiratory volume data were ac-
quired using an MR-compatible belt (General Electric), which
was placed around the subject’s rib cage.

Analysis of FMRI data. Analyses of the FMRI data
were performed using the validated software package FSL
(available from the FMRIB Software Library at
www.fmrib.ox.ac.uk/fsl). Data were corrected for motion arti-
fact, compensating for any head movements using an FSL
linear (affine) transformation (FSL-MCFLIRT) procedure.
Extraction of functional data from the brain scan was per-
formed using the FSL brain extraction tool (FSL-BET). Func-
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tional data were smoothed using a Gaussian kernel of 5-mm
full width at half maximum. High-pass temporal filtering (f =
0.006 Hz) was also performed, since we wanted to remove very
low frequency scanner-drift artifacts, and the ICNs in our
patients showed peak power at higher frequencies (~0.03 Hz)
(28,29).

Analyses of the within- and between-subject resting-
state FMRI data were performed using ICA with the FSL
Multivariate Exploratory Linear Optimized Decomposition
into Independent Components (FSL-MELODIC) tool and a
previously validated dual-regression approach (30). This tech-
nique allows for voxel-wise comparisons of resting-state func-
tional connectivity by, first, temporally concatenating resting-
state FMRI data from all subjects, followed by back-
reconstructing the group ICNs for individual subjects, yielding
data that can then be used for within-subject and between—
subject group difference maps. This technique has been found
to have moderate-to-high test-retest reliability in previous
studies (31).

Functional data were first projected to standard Mon-
treal Neurological Institute space using structural/functional
linear (affine) coregistration (FSL-FLIRT) and nonlinear
structural/template coregistration using the FMRIB Nonlinear
Image Registration Tool (FNIRT). These BOLD functional
data (180 volumes for each subject) were then concatenated in
time across all subjects, creating a single 4-dimensional (4-D)
data set. We then applied probabilistic ICA (with the FSL-
MELODIC tool) to identify global, distinct (independent)
patterns of functional connectivity in the entire subject popu-
lation (covering both patients with FM and healthy control
subjects). We limited the number of independent components
(ICs) in this step to 25. This was done to minimize IC split
ting into subcomponents, as recommended by Filippini et al
(30).

From this pool of 25 ICs, ICNs of interest were
selected using our goodness-of-fit method (21), with previously
defined templates from Beckmann et al (14). Briefly, the
best-fit component was selected by calculating the average Z
score of voxels both inside and outside of the template, and
then selecting the component maximizing the inside—outside
difference. This process was completed for the following
networks of interest: the DMN, EAN, and MVN, the latter of
which is a control network with less direct association with the
chronic pain state. Characteristically, the DMN includes the
inferior parietal lobule (IPL) (Brodmann area 40 [BA40],
BA39), the posterior cingulate cortex (PCC) (BA30, BA23,
BA31) and precuneus (BA7), areas of the medial frontal gyri
(BAS, BAY9, BA10, BA47), the hippocampal formation, and
the lateral temporal cortex (BA21) (32). The EAN is typically
split, by ICA, into a right and a left lateralized network, and
includes the dorsolateral prefrontal cortex (dIPFC), compris-
ing (roughly) the frontal eye fields (BA4, BA6, BAS8) and
posterior parietal regions overlapping the superior parietal
lobule (BA7) and intraparietal sulcus (iPS) (BA7, BA40)
(14,18). The MVN primarily includes the primary visual cortex
(VD) in the calcarine sulcus and medial parastriate regions,
including the lingual gyrus (BA17, BA18) (14).

In the next stage of the dual-regression approach, the
spatial IC maps identified from the population data were used
as a spatial regressor in a generalized linear model (GLM) of
the subject’s resting-state FMRI data. This model was then
used to find the subject-specific temporal dynamics within the
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25 ICNs defined above. The time series for each component
were then variance normalized (by subtracting the mean and
dividing by the SD) and used as a temporal regressor in a GLM
of the subject’s resting-state FMRI data. In order to limit any
residual shared variance with non-neuronal (e.g., cardiorespi-
ratory physiologic) processes, this GLM also included tempo-
ral regressors from the white matter and ventricular regions
(similar to that discussed in ref. 11), as well as regressors
representing cardiac and respiratory variability, defined by
convolving the heart rate time series and respiratory variations
with appropriate cardiac and respiratory transfer functions,
respectively, as suggested by Chang et al (33) and Birn et al
(34). This allowed us to estimate subject-specific spatial maps
for each component. These maps were then entered into our
higher-level analyses (see below).

Group analyses were performed to evaluate differ-
ences in intrinsic brain connectivity between our 2 groups
(patients with FM and healthy controls), as well as how this
intrinsic connectivity shows covariance with spontaneous pain
intensity in patients with FM. Group main-effects maps for
both patients with FM and healthy controls, as well as
between-group difference maps (calculated using unpaired
t-tests for patients with FM versus healthy controls) were
determined for each of our ICNs of interest (the DMN, EAN,
and MVN). For both analyses, the FMRIB Local Analysis of
Mixed Effects (FLAME) procedure was used, which involves
Markov chain Monte Carlo sampling to estimate the true
random-effects component of the between-subject mixed-
effects variance (with degrees of freedom) at each voxel. For
the results of the difference maps calculated by unpaired ¢-test,
the threshold for significance was set at P values less than 0.05,
cluster-corrected for multiple comparisons.

In order to more closely link intrinsic connectivity with
the chronic pain state in patients with FM, an analysis of
covariance (ANCOVA) was also performed for ICNs that
demonstrated significant differences in intrinsic connectivity
between patients with FM and healthy control subjects. The
covariate of interest was the spontaneous level of pain (as-
sessed as the pain intensity score) reported by the patients
immediately prior to the resting-state FMRI scan. This pain
score was adjusted for age, since age is known to influence ICN
connectivity (35) and there was a significant correlation be-
tween spontaneous pain and age (r = 0.61). The ANCOVA
was performed using a mixed-effects model, and the threshold
for significance was set at P values less than 0.05, cluster-
corrected for multiple comparisons.

RESULTS

FMRI and clinical findings. Resting-state FMRI
data were collected from all 36 female subjects in the
study. In addition, clinical data on pain intensity at the
time of the scan (self-reported pain score on a 0—10-mm
visual analog scale) were also collected from the patients
with FM, and pain scores ranged from 0.0 to 8.1
(mean * SD 4.8 * 2.4). As part of our dual-regression
probabilistic ICA approach, we identified 25 ICs in the
temporally concatenated 4-D population data set, from
which the DMN, EAN, and MVN were robustly defined
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Figure 1. Within-group and between-group difference maps of intrinsic connectivity networks (ICNs) as assessed on functional magnetic resonance
imaging. Group maps for healthy controls (HC) and patients with fibromyalgia (FM) (left) demonstrate the expected anatomic scope of the canonical
default mode network (DMN), executive attention network (split into a right [TEAN] and left [IEAN] lateralized network), and medial visual network
(MVN) for both groups. Difference maps contrasting patients with FM and healthy controls (right) demonstrate that patients with FM have greater
intrinsic DMN connectivity to several brain regions that are outside of the DMN but are known to process evoked pain (the left anterior insula
[L ains] and left middle insula [L mins]), as well as greater rEAN connectivity within this ICN (to the intraparietal sulcus [R iPS]). Bars show the

mean and SD Z scores for functional connectivity in each group. L SII = left secondary somatosensory cortex.

(see group maps in Figure 1). As typically noted in past
studies (14,36), the EAN was split into 2 lateralized
networks, the right EAN and the left EAN.

Intrinsic brain connectivity in patients with FM
compared with healthy controls. Of the ICNs evaluated,
intrinsic connectivity within the DMN and right EAN
demonstrated significant differences between patients
with FM and healthy controls. Notably, in the DMN,
the regional differences between the 2 groups were
uniformly driven by greater positive DMN connectivity
among patients with FM as compared with healthy
controls (Table 2 and Figure 1). Patients with FM
demonstrated greater intrinsic DMN connectivity to
brain regions outside of the classic boundaries of the
DMN, namely, the left anterior, middle, and posterior
insula and the left secondary somatosensory cortex. No
brain regions showed a greater correlation with the

DMN in healthy control subjects as compared with
patients with FM.

Connectivity differences between patients with
FM and healthy controls were also noted in the right
EAN (Table 2 and Figure 1). Specifically, patients with
FM demonstrated greater intranetwork connectivity
within the right iPS. No brain regions showed a greater
correlation with the right EAN in healthy control sub-
jects as compared with patients with FM. Moreover, no
differences between patients with FM and healthy con-
trols were found in the left EAN or the MVN (our
control network) (Figure 1).

Covariation between intrinsic connectivity and
spontaneous pain. For analyses of covariation, AN-
COVA was performed, with subjective pain intensity at
the time of the scan serving as the covariate of interest.
This analysis more closely links intrinsic brain connec-



2550 NAPADOW ET AL

Table 2. Difference maps for comparison of intrinsic connectivity between patients with FM and healthy controls*

Location Between- Z score by groupt
group
Side Size of area, mm? X Y V4 Z score Patients with FM Healthy controls

DMN

Anterior insula Left 552 —34 6 10 3.33 1.04 = 1.05 -0.12 = 1.15

Middle insula Left 848 =36 -8 18 4.08 1.98 = 0.96 0.92 = 0.81

Posterior insula Left 704 —46 —30 22 3.25 1.80 = 0.95 0.75 £ 0.93

S1I Left 1,480 =52 —34 28 3.88 1.07 £0.72 0.02 = 0.53
Right EAN, Right 1,032 30 —44 44 3.59 3.46 = 1.28 2.00 = 0.90

intraparietal sulcus

*No differences between groups were observed in the left executive attention network (EAN) or the control medial visual network. FM =

fibromyalgia; DMN = default mode network; SII = secondary somatosensory cortex.
T Values are the mean = SD within-group Z scores of intrinsic connectivity.

tivity to the chronic pain state. In the DMN, ANCOVA
analysis demonstrated that greater spontaneous pain at
the time of the FMRI scan was associated with greater
DMN connectivity to the right anterior and right middle
insula (Table 3 and Figure 2). A positive covariation
with the intensity of spontaneous pain was also noted in
the dIPFC, cerebellum, and subgenual anterior cingulate
cortex.

In the right EAN, greater spontaneous pain
correlated with greater intrinsic connectivity to the right
anterior and left middle and posterior insula (Table 3
and Figure 3). A positive correlation with greater spon-
taneous pain was also noted between the right EAN and
putamen, while a negative correlation (greater right
EAN connectivity in relation to lower pain levels) was
noted for the hippocampus, periaqueductal gray (PAG),
nucleus cuneiformis, and pontine raphe.

In order to test for the influence of depression on
any of our pain-related results, we also evaluated whether
patients with FM classified as having a high level of
depression (according to the number of symptoms of
depression) had greater ICN connectivity to any of the
brain regions implicated above. Based on our criteria,
7 patients had a high level of depression, while the
remaining 11 patients were classified as having a low
level of depression. We found no significant differences
(all P > 0.2) between these 2 FM patient subpopulations
(results not shown) in terms of ICN connectivity to
regions of interest, as noted both in the FM-healthy
control difference maps and in the ANCOVA results.

DISCUSSION

In this study, we present the first direct evidence
of linkage between elevated intrinsic brain connectivity

Table 3. Covariation between intrinsic connectivity and spontaneous pain*

Size of Location Z score by pain intensityf
area, Z
Side mm? X Y V4 score Low pain High pain
DMN
Anterior insula Right 464 42 14 8 3.29 —-1.72 £ 0.81 0.55 = 1.32
Middle insula Right 688 38 —10 6 3.43 0.80 = 0.47 3.06 = 0.49
dIPFC Right 736 60 —14 34 3.09 —0.84 = 1.44 1.07 = 0.99
Cerebellum Left 808 =22 -74 —40 3.86 —1.37 = 0.49 0.33 = 0.71
sgACC Right 248 6 26 —12 3.75 —1.11 = 0.98 1.12 = 0.30
Right EAN
Anterior insula Right 816 28 26 -6 3.78 0.57 = 0.48 2.72 = 0.95
Middle insula Left 400 -36 -8 10 2.88 -1.28 = 1.11 1.14 = 0.89
Posterior insula Left 336 =32 =20 14 2.79 -117 = 1.37 0.24 £ 0.51
Hippocampus Right 160 18 -20 —18 -3.07 1.39 = 0.86 —0.10 = 0.48
Putamen Right 408 24 16 ) 3.12 —0.02 = 0.47 1.80 = 1.11
PAG Left 256 -2 —26 -10 —3.58 1.45 £ 091 —0.52 = 1.68
Nucleus cuneiformis Right 320 12 —26 —16 —3.40 1.07 = 1.32 —0.63 = 0.70
Pontine raphe Left 496 -2 =30 —28 —4.15 1.55 = 0.56 0.02 = 0.63

*DMN = default mode network; dIPFC = dorsolateral prefrontal cortex; sgACC = subgenual anterior cingulated cortex; EAN = executive
attention network; PAG = periaqueductal gray.

T Values are the mean = SD Z scores for intrinsic connectivity in the 4 patients with fibromyalgia reporting the highest and lowest spontaneous pain
intensities (on a visual analog scale of 0-10 mm) at the time of the scan.
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DMN Z-5core
DMM Z-Score

Figure 2. Covariation between default mode network (DMN) connectivity and
age-adjusted spontaneous pain as assessed on functional magnetic resonance imaging
(top) and as DMN Z scores according to visual analog scale (VAS) scores of pain
intensity. Greater spontaneous pain intensity correlated with linearly increasing
intrinsic DMN connectivity to the right (R) anterior and right middle insula. Circles
represent individual patients with fibromyalgia. Representative images are shown.
Color figure can be viewed in the online issue, which is available at http:/www.
arthritisrheum.org.

and spontaneous pain intensity in patients with FM. We right EAN and between the DMN and the insular
applied ICA to resting-state FMRI data and found that cortex, a brain region linked to evoked pain processing.
patients with FM had greater connectivity within the Furthermore, our data directly link ratings of self-
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Figure 3. Covariation between right executive attention network (rEAN) connec-
tivity and age-adjusted spontaneous pain as assessed on functional magnetic reso-
nance imaging (top) and as DMN Z scores according to visual analog scale (VAS)
scores of pain intensity. Greater spontaneous pain intensity correlated with linearly
increasing intrinsic rEAN connectivity to the right anterior insula and left posterior
insula. Circles represent individual patients with fibromyalgia. Representative images
are shown. Color figure can be viewed in the online issue, which is available at
http://www.arthritisrheum.org.
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reported spontaneous pain at the time of the scan to the
degree of both right EAN and DMN connectivity to the
insula. Our findings have implications for a better un-
derstanding of the underlying brain mechanisms of
endogenous clinical pain in FM, potentially pointing
toward markers of disease progression. More broadly,
these findings have implications for clarifying how sub-
jective experiences such as pain arise from a complex
interplay among multiple brain networks.

Our results strongly implicate the insular cortex
as being a key node in the elevated intrinsic connectivity
in patients with FM. Patients demonstrated greater
DMN connectivity to the left anterior, middle, and
posterior insula. Furthermore, patients with FM who
reported experiencing greater spontaneous pain dis-
played increased intrinsic connectivity between both the
DMN and right EAN and insular cortex. Many studies
have found insular involvement in the multidimensional
(sensory, affective, cognitive) pain state. The insula
comprise one of the most commonly activated brain
regions in neuroimaging studies of acute experimental
pain (37). The posterior insula has been associated with
sensory intensity encoding (38), while the anterior insula
may be more strongly related to affective dimensions of
pain, such as anticipatory anxiety related to pain (39).
However, the insula do not simply process pain signals;
rather, they have also been implicated in multiple asso-
ciative processes related to both interoceptive (40) and
exteroceptive (18) salience. In fact, it has been hypoth-
esized that the insula integrate subcortical homeostatic
information, such as that arising from a pain state (41),
into a higher-order cognitive and affective conscious
state of awareness (42). Our data support this view, in
that ratings of spontaneous pain were correlated with
increased insular connectivity in brain networks (the
DMN and EAN) known to support cognition.

Intrinsic connectivity between the posterior in-
sula and DMN areas such as the PCC has been shown to
exist even in healthy subjects (43). Substantial positive
DMN connectivity to the posterior insula was also noted
in our analysis, both in patients with FM and in healthy
controls. This suggests that existing links between the
DMN and insula may be hyperactive in patients with
FM. This hyperactive connectivity has been suggested by
proton magnetic resonance spectroscopy studies in pa-
tients with FM in whom posterior insula glutamate levels
appeared to be elevated (44). Future studies should also
explore increased glutamate concentrations within the
DMN, since we found increased intrinsic DMN connec-
tivity in patients with FM. In addition, greater DMN-
insula connectivity in the resting state could lead to an
altered DMN response to external sensory input in
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patients with FM, an anomaly that was previously ob-
served in patients with chronic low back pain responding
to cognitive/visual tasks (45).

It is also interesting to speculate that pain-related
reorganization of ICNs associated with working memory
and attention (i.e., the EAN) provides a potential neuro-
biologic mechanism for the known cognitive deficits in
patients with FM (for review of FM-related dyscogni-
tion, see ref. 20). Perhaps not coincidentally, these
deficits appear predominantly in the cognitive areas of
working memory and attention, and are particularly
exacerbated with increasing distraction. Of particular
note, cognitive deficits in patients with FM are corre-
lated more with their level of pain than with psychiatric
comorbidities (e.g., depression, anxiety, or sleep disrup-
tion), as shown in a recent study by Dick et al (46). Our
results indicate that connectivity of the insula with the
right EAN in patients with FM increases with increasing
levels of spontaneous pain. Interestingly, PAG-right
EAN connectivity decreases with increasing pain, con-
sistent with the hypothesis that cognitive controls for
descending inhibition (antinociception) might modulate
pain levels in patients with FM. Our results suggest that
the insula, which are intimately involved with multi-
dimensional aspects of pain processing, become more
hyperconnected to the right EAN as pain levels increase
in patients with FM, thus diverting resources away from
normal right EAN functioning and thereby leading to
deficits in working memory and attention.

We found altered intrinsic connectivity in the
right, but not left, EAN. The ICA approach commonly
separates the EAN into a right and a left lateralized
network (14,36). Laterality in working memory and
attention tasks has been noted in previous neuroimaging
studies (47), and lesions of the iPS typically result in
spatial attention deficits when localized to the right side
(48). This laterality corroborates our suggestion that
altered intrinsic right EAN connectivity may play a role
in dyscognition in patients with FM. Future studies
should explore the significance of right, versus left, EAN
connectivity in patients with FM.

Another interesting finding was that the differ-
ences in DMN and EAN connectivity between patients
with FM and healthy controls were driven entirely by the
alterations observed in the FM group, and not in the
healthy controls. Although this result could indicate that
the observed differences were either the consequence of
or the cause of lingering chronic pain, it certainly
supports the growing body of evidence that FM, and
likely other chronic pain syndromes, are accompanied by
altered brain neurophysiology. Moreover, this result was
qualitatively similar to that reported recently in a study
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showing altered ICN connectivity in patients with other
forms of chronic pain (49). Specifically, Cauda et al
found an enhanced resting-state DMN connectivity
within DMN component regions (precuneus, IPL), sen-
sorimotor regions (bilateral thalamus and insula), and
cognitive/evaluative pain-modulatory regions (dIPFC)
(49). However, our findings substantially add to this
intergroup comparison, since we found that the degree
of DMN connectivity was associated with the level of
state-specific self-reported pain at the time of the scan,
which is an important finding because it specifically links
intrinsic functional connectivity to the chronic pain
state. The specificity of our results was buttressed by the
fact that a control brain network, the MVN (not previ-
ously implicated in FM pathology), did not display
altered intrinsic connectivity. Thus, our findings of al-
tered brain connectivity do not appear to be widespread,
but are localized to the ICNs of the DMN and right
EAN.

Other neuroimaging approaches have also at-
tempted to evaluate the brain correlates of spontaneous
clinical pain. Positron emission tomography with opioid-
binding agents has shown that patients with FM have
decreased binding potential within the nucleus accum-
bens, and this is correlated with increasing spontaneous
pain (50). A proton magnetic resonance Spectroscopy
study found that reductions in resting glutamate concen-
trations in the posterior insula are associated with
reductions in the level of self-reported clinical pain in
patients with FM (51). Finally, in a study that used
continuous, online patient self-report of spontaneous
pain fluctuation to guide the statistical analyses of the
FMRI data, the results indicated that the FMRI signal in
the medial prefrontal cortex (MPFC) is correlated with
spontaneous pain intensity (1). Our results add to this
growing literature on neural correlates of chronic pain.
The MPFC is a cardinal node of the DMN, and our
results point to increased intrinsic DMN connectivity to
the insula, with increasing connectivity directly corre-
lated with increasing levels of spontaneous clinical pain
in patients with FM.

There are a number of limitations to our study
that should be discussed. First, our results were derived
strictly from patients with FM and may not be general-
izable to other chronic pain states, a possibility that we
are currently evaluating. However, qualitatively similar
findings have been observed in patients with neuropathic
pain (49), and therefore our results likely do have some
generalizability. Furthermore, all of our participants
were female, leaving open the possibility that FM patho-
physiology may, in fact, be different in male patients.
Finally, some of our patients with FM were taking
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medications during the time of the scan (details avail-
able from the corresponding author upon request), and
thus some findings may have been influenced by phar-
macologic modulation of neural connectivity. For ethical
reasons, subjects were not asked to titrate down their
existing pain medications for this study. However, none
of our patients were taking opioid medications, and
since the effects of other medications (e.g., selective
serotonin reuptake inhibitors or serotonin-
norepinephrine reuptake inhibitors) on intrinsic brain
connectivity are unknown, they should be explored in
future studies. Larger studies, which could group partic-
ipants by medication usage, can also address this issue.

In conclusion, the results of this study provide
direct evidence of disrupted intrinsic connectivity within
multiple brain networks in patients with FM. These
findings are in agreement with other brain imaging
results that have indicated that individuals with FM have
altered brain function (5,6,44,50). Emerging evidence
suggests that pain associated with FM may be mediated
by central nervous system hyperexcitability rather than
peripheral dysfunction. Our results clearly show that
individuals with FM have greater connectivity between
multiple brain networks and the insular cortex, which is
a brain region previously linked with evoked pain pro-
cessing and hyperexcitability in FM. Our data also
demonstrate that intrinsic connectivity to the insula is
directly associated with increasing spontaneous pain.
Thus, our approach represents a novel step forward in
finding the neural correlates of spontaneous clinical
pain.
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Errata

In the article by Kavanaugh et al in the April 2009 issue of Arthritis & Rheumatism (pages 976-986), there were
several errors in Tables 1 and 2, resulting from an unintentional systematic programming error pertaining to
CRP units used in the DAS28-CRP calculations. In Table 1, the mean = SD DAS-CRP values in the placebo
group, the golimumab 50 mg group, and the golimumab 100 mg group, respectively, should have been
reported as 4.9 + 1.0,5.0 = 1.1,and 4.9 = 1.1. In Table 2, the mean + SD change in the DAS28-CRP at week
14 should have been —0.19 = 0.81, —1.49 = 1.19, and —1.41 = 1.19, respectively, and the mean = SD
change in the DAS28-CRP at week 24 should have been —0.12 = 1.01, —1.53 *= 1.38, and —1.67 = 1.13,
respectively. Also in Table 2, the number (%) of patients in the placebo group, the golimumab 50 mg group,
and the golimumab 100 mg group, respectively, achieving EULAR response at week 14 should have been
reported as 27 (24), 100 (69), and 100 (69), and the number (%) achieving EULAR response at week 24 should
have been 25 (22), 95 (65), and 117 (80) (no changes in P values). The errors did not affect the significance
of the DAS-CRP analyses or the interpretation or conclusions of the study.

DOI 10.1002/art.27674

In the review by Monach et al in the January 2010 issue of Arthritis & Rheumatism (pages 9-21), there were
several errors in the text of the fourth paragraph on page 15. The paragraph should have read as follows:
“The recommended dosing of IV mesna is a total dose equal to 60% (weight/weight) of the total
cyclophosphamide dose, in the form of 3 equal doses of mesna (20% each of the total dose), with the first
dose administered 15-30 minutes prior to cyclophosphamide and the others administered 4 hours and 8
hours following cyclophosphamide (67). When mesna is given orally, the dose should be equal to 40% of the
cyclophosphamide dose (oral or 1V), based on the 50% oral bioavailability of mesna. For convenience, a
combination of IV and oral doses can be given: an initial IV dose (equal to 20% of the cyclophosphamide
dose) followed by 2 oral doses (each equal to 40% of the cyclophosphamide dose). If the first dose of mesna
is administered orally, it should be given 2 hours before cyclophosphamide (oral or V), but the second and
third oral doses can still be given 4 hours and 8 hours after cyclophosphamide, as with IV mesna dosing.”

We regret the errors.



