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Abstract: We previously reported that effective treatment of chronic low back pain (CLBP) reversed
abnormal brain structure and functional MRI (fMRI) activity during cognitive task performance, partic-
ularly in the left dorsolateral prefrontal cortex (DLPFC). Here, we used resting-state fMRI to examine
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how chronic pain affects connectivity of brain networks supporting cognitive functioning and the effect
of treatment in 14 CLBP patients and 16 healthy, pain-free controls (scans were acquired at baseline
for all subjects and at 6-months post-treatment for patients and a matched time-point for 10 controls).
The main networks activated during cognitive task performance, task-positive network (TPN) and
task-negative network (TNN) (aka default mode) network, were identified in subjects’ task fMRI data
and used to define matching networks in resting-state data. The connectivity of these cognitive resting-
state networks was compared between groups, and before and after treatment. Our findings converged
on the bilateral insula (INS) as the region of aberrant cognitive resting-state connectivity in patients
pretreatment versus controls. These findings were complemented by an independent, data-driven
approach showing altered global connectivity of the INS. Detailed investigation of the INS confirmed
reduced connectivity to widespread TPN and TNN areas, which was partially restored post-treatment.
Furthermore, analysis of diffusion-tensor imaging (DTI) data revealed structural changes in white mat-
ter supporting these findings. The left DLPFC also showed aberrant connectivity that was restored
post-treatment. Altogether, our findings implicate the bilateral INS and left DLPFC as key nodes of dis-
rupted cognition-related intrinsic connectivity in CLBP, and the resulting imbalance between TPN and
TNN function is partially restored with treatment. Hum Brain Mapp 36:2075–2092, 2015. VC 2015 Wiley

Periodicals, Inc.
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INTRODUCTION

Chronic pain affects cognition. Functional MRI (fMRI)
studies show that brain regions involved in cognitive task
performance belong to either task-positive network (TPN)
or task-negative network (TNN) [Fox et al., 2005; Fransson,
2005]. The TPN, comprised of lateral prefrontal, posterior
parietal, anterior cingulate, and insula (INS) areas, shows
increased activation during cognitive tasks. The TNN con-
sisting of medial prefrontal, posterior cingulate/precuneus,
posterior inferior parietal, hippocampus, and temporal
areas, shows deactivation during cognitive tasks requiring
externally-directed attention. Task-related activity in the
TPN is enhanced when pain is simultaneously experienced,
suggesting that pain acts as a cognitive load [Seminowicz
and Davis, 2007b], supported by other studies with healthy
subjects [Mantini et al., 2009] and chronic pain patients
[Weissman-Fogel et al., 2011]. In contrast, the TNN shows
deactivation when subjects are attending to painful stimuli
[Kong et al., 2010; Loggia et al., 2012b]. The TPN and TNN
can be reliably reproduced using resting-state fMRI (i.e., in
the absence of a task), showing that the brain is intrinsically
organized into networks supporting cognitive functioning
[Smith et al., 2009]. Resting-state networks consist of brain
regions whose activity is correlated temporally. The TPN
and TNN are anticorrelated (when one network is acti-
vated, the other is deactivated). This anticorrelation is pre-
served during resting-state fMRI and has been suggested to
reflect the intrinsic balance of these networks needed for
optimal cognitive performance [Fornito et al., 2012; Kelly
et al., 2008].

Chronic pain has been associated with heightened activ-
ity (particularly in the left DLPFC) in both TPN and TNN

during cognitive task performance [Seminowicz et al.,
2011; Weissman-Fogel et al., 2011]. Importantly, altered
connectivity of brain networks has also been reported at
rest in chronic pain patients [Baliki et al., 2011, 2012;
Cauda et al., 2009, 2010; Cifre et al., 2012; Balenzuela et al.,
2010; Loggia et al., 2012a; Napadow et al., 2010; Russo
et al., 2012; Tagliazucchi et al., 2010; Tessitore et al., 2013],
suggesting a reorganization of intrinsic brain networks
due to persistent pain. One of the regions most consis-
tently showing aberrant resting state connectivity in
chronic pain is the INS. Some of these alterations are likely
due to hypervigilance to pain [Baliki et al., 2011; Napadow
et al., 2010]. INS, however, is also activated during cogni-
tive tasks and it is unknown if altered INS connectivity in
chronic pain conditions is related to altered cognitive net-
work connectivity.

We hypothesized that cognitive networks (TPN, TNN)
have aberrant connectivity to the INS and left DLPFC in
chronic low back pain (CLBP) patients compared to
healthy controls, and that treatment partially restores nor-
mal connectivity. We used cognitive networks during task-
performance to identify comparable networks in resting
state data, and then explored the connectivity of these
resting-state cognitive networks (TPN and TNN). We com-
plemented the findings with an independent, data-driven
approach, as well as diffusion-tensor imaging (DTI).

MATERIALS AND METHODS

Participants and Study Design

Fourteen patients with CLBP of intensity at least 4 out
of 10 for at least 1 year (mean (SD) duration: 4.8 (3.2)
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years) participated before treatment and 6 months follow-
ing treatment. CLBP patients were recruited sequentially
in an outpatient orthopedic spine clinic or multidiscipli-
nary pain centre. Patients enrolled in the study were per-
mitted to continue their normal pharmacological treatment
for pain. The following medication was used before treat-
ment: acetaminophen (N 5 8), non-steroidal anti inflamma-
tory drug (NSAID)s (N 5 10), selective serotonin reuptake
inhibitor (SSRI)s or serotonin norepinephrine reuptake
inhibitor (SNRI)s (N 5 3), tricyclic antidepressant (TCA)s
(N 5 3), antiepileptics/anticonvulsants (N 5 4), opioids
(N 5 5). Patients did not change their medication regimens
after treatment, except that one patient stopped using
opioids, and another patient started a new (anticonvulsant
class) medication. Sixteen healthy, pain-free, age and sex
matched controls also participated, and 10 of those sub-
jects returned 6 months following the first visit. Subjects
with other chronic pain disorders, neurological or psycho-
logical disorders, and other major medical illness or com-
plicating medical factors were excluded. At each study
session, subjects were given questionnaires to assess pain
and pain-related disability and underwent MRI. The CLBP
intervention was either spine surgery (8 of the patients) or
zygapophysial (facet) joint block (6 of the patients). For
individual information on duration of pain, as well as
diagnosis and treatment please refer to [Seminowicz et al.,
2011], Supporting Information. The procedures were
approved by the McGill University Faculty of Medicine
Institutional Review Board, the Montreal Neurological
Institute (MNI) and Hospital Research Ethics Board, and
the McGill University Health Centre Research Ethics
Office. Participants completed questionnaires about pain
(Short Form McGill Pain Questionnaire (SFMPQ)
[Melzack, 1987]) and pain-related disability (Oswestry
Disability Index (ODI) [Fairbank et al., 1980]).

MRI

Acquisition

MRI scans were acquired on a 3T Siemens Tim Trio
scanner equipped with an eight channel head coil. An ana-
tomical scan was acquired at the beginning of the session
and lasted 5 min. The following parameters were used:
echo time (TE) 30 ms, repetition time (TR) 2.3 s, flip angle
9, and resolution 1 3 1 3 1 mm. We acquired a resting state
functional scan of 5 min in which subjects were instructed
to “relax, keep your eyes open, and don’t think about any
one thing in particular.” Participants also performed a cog-
nitive task, the multisource interference task (MSIT; [Bush
et al., 2003; Seminowicz and Davis, 2007a, b]) in a separate
functional run. The MSIT is a cognitive conflict task rely-
ing on Stroop, Simon, and Flanker effects. The task had
three levels of difficulty based on the amount of cognitive
interference: a motor control (tapping), an easy level, and
a difficult level. The parameters for both functional scans
(rest and task) were the same: echo-planar imaging (EPI),

TE 3 ms, TR 2.26 s, flip angle 90, 133 frames, 64 3 64
matrix, 38 slices for whole brain coverage, resolution
4 3 4 3 4 mm. Functional images were acquired in the
axial plane, plus 30� from the AC-PC line to avoid the
eyes. A diffusion-weighted scan lasting about 5 min was
acquired at the end of the imaging session. The image was
acquired in the axial plane, with the following: EPI diffu-
sion with integrated parallel imaging technique (iPAT2),
TE 94 ms, TR 8.3 s, 96 3 96 matrix, 63 slices, 30 directions,
b value 1,000, resolution 2.5 3 2.5 3 2.5 mm.

fMRI preprocessing

SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) was used
to perform the following preprocessing steps: slice timing
correction, six-parameter rigid body correction for head
motion, coregistration to the anatomical image, segmenta-
tion, normalization to the MNI space [linear (12-parame-
ter affine) and nonlinear], and smoothing at 8 mm full
width at half maximum (FWHM). To ensure that there
were no differences in overall motion between groups
and time-points, we compared mean total displacement,
calculated as root-mean-square (RMS) of the translation
parameters (total displacement5square root (x2 1 y2 1 z2)
[Van Dijk et al., 2012]). RMS did not differ significantly
between patients pretreatment (mean (SD) 0.0062
(0.0047)) and controls (0.0043 (0.0016), P50.23), or in
patients pre- versus post-treatment (P50.09). The range
of head motions did not differ significantly between
patients pretreatment and controls (translations (mean
range (SD) in mm: x-direction patients 0.22 (0.19), con-
trols 0.24 (0.23), P50.84; y-direction patients 0.36 (0.17),
controls 0.33 (0.17), P50.61; z-direction patients 0.61
(0.37), controls 0.47 (0.27), P50.24), rotations (mean range
(SD) in mm: pitch patients 0.54 (0.39), controls 0.40 (0.23),
P50.24, roll patients 0.20 (0.10), controls 0.25 (0.13),
P50.32; yaw patients 0.24 (0.21), controls 0.25 (0.13),
P50.88). There was no significant difference in the range
of head motion in patients pre- versus post-treatment
(translations x-direction P50.78, y-direction P50.49, z-
direction P50.86; rotations pitch P50.29, roll P50.40, yaw
P50.64).

DTI preprocessing

Diffusion-weighted images were preprocessed with FSL
4.1 (http://www.fmrib.ox.ac.uk/fsl). Briefly, raw data
were corrected for eddy-currents and head motion, and
skull and nonbrain tissue removed using FSL’s Brain
Extraction Tool. FA images, reflecting the degree of water
diffusion anisotropy in each voxel, were created by fitting
a tensor model to the diffusion data using FSL’s Diffusion
Toolbox (FDT). All subjects’ FA data were aligned into a
common space via the supplied standard-space image
(FMRIB58_FA) using FSL’s Nonlinear Registration Tool,
followed by linear registration into standard (MNI) space.
Next, the mean FA image was built and thinned to create
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a mean FA skeleton representing the centers of all tracts
common to the study sample. Finally, each subject’s
aligned FA images were projected onto this skeleton.

fMRI analysis

The main analysis steps were:

i. Identification of TPN and TNN resting-state fMRI
networks based on similarity to brain networks with
increased (TPN) and decreased (TNN) activation
during cognitive task performance (MSIT task; sepa-
rate fMRI scan). These two resting-state networks
were then used as seeds in a functional connectivity
analysis.

ii. Resting state functional connectivity analysis to iden-
tify brain region(s) with aberrant functional connec-
tivity to TPN and TNN in patients pretreatment
versus controls, as well as patients-pretreatment ver-
sus post-treatment.

iii. Whole brain voxel-to-voxel connectivity analysis to
confirm decreased connectivity of the INS.

iv. DTI to investigate white matter changes in the INS
v. Detailed analyses of changes in INS connectivity and

relationship with treatment outcomes.
vi. Detailed analyses of changes in left DLPFC connec-

tivity and relationship with treatment outcomes.

Identification of Task-Positive and Task-Negative

Networks

We used independent component analysis (ICA) on the
fMRI data acquired during performance of a cognitive
task (MSIT) to identify sets of brain regions (i.e., networks)
whose activation increased (TPN) and decreased (TNN)
during the task. This approach was adopted because we
were interested in networks (rather that isolated regions)
related to cognitive task. The corresponding resting state
TPN and TNN were defined as those having the strongest
spatial similarity to ones identified in the task data.

Group ICA of fMRI Toolbox (GIFT; http://icatb.source
forge.net/groupica.htm [Calhoun et al., 2005]) was used on
the MSIT dataset. The components with the strongest posi-
tive and negative temporal correlation to the task paradigm
were considered to be the TPN and TNN, respectively. We
used the full blind source separation (FBSS) ICA algorithm
[Calhoun and Adalı, 2012] with 20 components. One com-
ponent for each of the anticorrelated TPN and TNN was
identified [Fox et al., 2005]. A conjunction analysis with
patient and control groups (first scan) was created for each
network and shown in Figure 1A. Figure 1B shows the
time-courses for the extracted TNN and TPN and the corre-
sponding difficult task block time-course convolved with
the hemodynamic response function (HRF). Next, TPN and
TNN were identified in the resting state scans using FBSS
and 20 components as above. Components were sorted
based on spatial similarity (correlation) to the TNN and

TPN identified in the ICA of the MSIT task data. There
were 4 networks that had r-values >0.3 to the spatial pat-
tern of MSIT TPN (a higher order visual network (visual
cortex and PPC, r 5 0.60), a motor network (bilateral premo-
tor, PPC, SMA, r 5 0.34), a bilateral frontopolar and cerebel-
lar network (r 5 0.33), and a primary visual network
(r 5 0.30) and these four networks were included in the
resting state TPN. One network had a very high correlation
with the MSIT TNN (r 5 0.74) and this was considered the
resting state TNN. Based on these identified networks, com-
ponent masks were created for TPN and TNN, after con-
verting to z scores and binarizing the maps at z >1.5 These
masks were used as TPN and TNN seeds in the proceeding
analyses.

To define resting state networks whose connectivity could
be compared between groups across time-points, the TNN
and TPN masks specified above were used as seeds in func-
tional analyses using the Conn toolbox (ver 13l, Whitfield-
Gabrieli and Nieto-Castanon, 2012). White matter and CSF
signals (estimated from a highly eroded tissue segmentation
so that removal of gray matter signal was unlikely) and six
motion-related signals were used as regressors of no interest.
Data were initially bandpass filtered at 0.008–0.2 Hz.
Although most of the resting state signal is captured under
0.1 Hz [Biswal et al., 1995; Cordes et al., 2000], higher fre-
quency oscillations (up to �0.2 Hz) have been shown to con-
tribute to altered resting state connectivity in CLBP [Baliki
et al., 2011], as well in other chronic pain states [Cauda
et al., 2010; Hong et al., 2013; Kim et al., 2013; Malinen et al.,
2010; Otti et al., 2013]. Therefore, we present data at the full
bandwidth (0.008–0.2 Hz), as well as split into lower (0.008–
0.09 Hz) and higher frequency bands (0.09–0.2 Hz).

For statistical tests of ROI data we used IBM SPSS
Statistics (version 21.0, SPSS).

Identification of Aberrant Connectivity to Task-

Positive and Task-Negative Network in Patients

Compared to Controls, and in Patients Pre-

Treatment Compared to Post-Treatment

Beta maps for each subject from the resulting seed-
based analyses for TNN and TPN were entered in a
second-level GLM analysis in SPM8. Maps displaying con-
junction analyses (areas of connectivity common to con-
trols and patients) for these networks are shown in Figure
1C. Specific regions were identified with altered connectiv-
ity to TPN and TNN networks in patients compared to
controls (independent samples t-test) and in patients pre-
treatment compared to post-treatment (paired t-test), and
are presented in the Results section (Table I). Results were
thresholded at P<0.01 and corrected for multiple compari-
sons at a random field theory (RFT) based cluster level of
P<0.05. The significant clusters are presented in Table I.
Along with paired t-test analyses, RM-ANOVA (group 3

time) using the flexible factorial model in SPM was per-
formed and reported.
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Because we were mainly interested in regions that
showed altered connectivity to cognitive networks overall,
(i.e., TPN and TNN combined), we overlaid the F maps
showing group difference thresholded at P< 0.05 uncor-
rected with a minimum cluster size of 25 voxels to identify
such regions (Fig. 2A). We then created an intersection
map of the F maps for TNN and TPN (shown in Fig. 2B),
so that the remaining regions had altered connectivity in
patients to both TPN and TNN. The most prominent
regions to show altered connectivity to both TPN and
TNN were the bilateral anterior/mid INS cortex (a/mINS),
whose connectivity we investigated in more detail below.

Another prominent region to show altered connectivity to
TPN in patients was the left DLPFC (Fig. 2A). Because of
our previous findings on pain-related changes in DLPFC

structure and function [Seminowicz et al., 2011] we focused
on this area further by including it as a seed region.

Whole Brain Voxel-to-Voxel Connectivity

Analysis

To confirm global disruption in connectivity to INS in
patients, we used a voxel-to-voxel based intrinsic connec-
tivity contrast (ICC) analysis [Martuzzi et al., 2011] in the
Conn toolbox [Whitfield-Gabrieli and Nieto-Castanon,
2012]. This analysis determines the strength of functional
connectivity between each voxel and all other voxels in
the brain. We compared resulting ICC maps between
patients pretreatment and controls (independent samples

Figure 1.

Definition of the anticorrelated TPN and task negative network

(TNN). A. TPN (red-yellow) and TNN (blue-green) networks

identified with ICA of the cognitive task data (conjunction of

patients and controls, baseline time point; shown at T-values 6–

12). TPN was positively correlated with the task, and TNN neg-

atively (i.e., TPN and TNN are anticorrelated). B. Average time-

course across all subjects for the entire TPN (red) and entire

TNN (blue) identified in A. The gray line shows the modelled

task. C. TPN (red-yellow) and TNN (blue-green) from the seed-

based resting state analyses (conjunction of patients and con-

trols, baseline time point; shown at T 10–16). The seeds for

these networks were the TPN and TNN networks that were

spatially correlated with the cognitive task networks. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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TABLE I. Results from TPN and TNN comparisons between patients and controls and within patients pretreatment

and post-treatment

Region Freqa L/R Peak T-value
Peak MNI
coordinate

Cluster
volume (mm3)

Cluster
P-value

TPN: Controls>patients pretreatment
aINS Full L 4.3 244 2 0 12,024 <0.001

Full R 4.2 44 4 2 9,336 <0.001
m/pINS Full R 4.5 50 26 22 9,064 <0.001

Low R 3.8 38 218 26 9,264 0.033
DLPFC High L 4.0 234 14 40 4,528 0.004
Frontal pole Low R 4.0 24 44 12 3,120 <0.001
pACC/aMCC Low R 4.7 14 46 2 34,096 0.021
MTG/STG Full L 3.8 250 228 2 2,856 0.030

High L 5.0 246 232 22 4,656 0.004
High R 4.1 52 232 14 2,288 0.031
Low L 4.3 248 228 2 6,896 0.021

Cb Low L 4.5 244 270 226 3,136 0.021
Low R 4.4 46 280 234 3,120 0.001

TPN: Patients pre2treatment> controls
Occipital/cuneus Full L 4.7 210 280 42 11,968 <0.001

High R 4.9 12 288 36 19,224 <0.001
Low L 4.6 6 290 34 15,528 <0.001

TPN: Patients post-treatment>pretreatment
aINS/FroP/STG Low L 5.5 258 28 24 27,472 <0.001b

Low R 4.6 44 14 214 5,400 0.002b

DLPFC Full L 4.4 256 24 28 2,864 0.017
Low R 5.6 56 18 32 2,232 0.029

Frontal pole Low R 5.2 34 48 10 2,112 0.033
ITG Low R 5.0 62 226 222 2,248 0.021
TPN: Patients pretreatment>post-treatment
Frontal pole High R 8.4 4 64 26 2,272 0.020
Precuneus High L,R 10.0 28 278 44 8,472 <0.001
PPC Full R 5.5 38 274 36 11,544 <0.001

High R 5.8 32 282 42 3,176 0.007
Hc Full R 5.0 32 236 26 2,912 0.017
TNN: Controls>patients pretreatment
pINS Full L 3.5 240 224 10 5,144 0.010

Full R 3.9 40 210 8 5,728 0.007
OFC Full L 3.6 218 22 218 2,800 0.045
MTG/STG Full R 3.7 70 226 18 3,400 0.029

Low R 4.1 54 236 2 7,080 0.002
midbrain Full L 4.0 214 232 28 3,008 0.039
TNN: Patients pretreatment> controls
PCC/precuneus High R 5.6 14 242 44 2,632 0.026
TNN: Patients post-treatment>pretreatment
MTG/STG/mINS Low R 5.1 52 10 216 3,288 0.018
Occipital/lingual Low R 4.4 10 248 4 2,288 0.042b

TNN: Patients pretreatment>post-treatment
DLPFC High R 4.8 32 62 24 8,120 <0.001
VLPFC High L 5.1 244 54 212 5,232 0.001
Frontal pole High R 6.2 32 56 216 8,608 <0.001
PPC Full R 4.7 52 266 34 8,808 <0.001

High R 6.9 58 258 38 24,152 <0.001
L 4.8 236 258 46 2,888 0.010

The threshold for these analyses was set at P<0.01, significant RFT multiple-comparison-corrected clusters at P<0.05 are reported.
aFrequency band; Full (0.008–0.2), High (0.09–0.2), Low (0.008–0.09). a/m/pINS, anterior/mid/posterior INS, I/M/STG, inferior/mid-
dle/superior temporal gyrus, A/PCC, anterior/posterior cingulate cortex, OFC, orbitofrontal cortex, Cb, cerebellum, FrOp, frontal
operculum, VL/DLPFC, ventrolateral/dorsolateral prefrontal cortex, PPC, posterior parietal cortex.
bSignificant group 3 timepoint interaction at cluster-corrected P<0.05 (RM-ANOVA, flexible factorial model, SPM)
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t-tests), and between patients pretreatment and post-
treatment (paired t-tests).

Analysis of Insula White Matter: Diffusion Tensor

Imaging

We used DTI to determine if treatment-related recovery
in functional connectivity of the INS was related to altera-
tions in the underlying structure. To this end, we compared
in the white matter of the INS the fractional anisotropy
(FA), a degree of water diffusivity (0 5 unconstrained to
15constrained (anisotropic)), assumed to reflect fiber den-
sity and/or myelination [Mori and Zhang, 2006]. FA was
compared in patients pretreatment versus post-treatment
and in controls at both time points. Covariate analyses were
performed to assess the effects of treatment outcomes
on FA.

DTI analysis

The left and right INS ROIs from the resting state seed
analyses were expanded to include the adjacent white
matter. Mean skeleton FA values were extracted from
these white matter INS ROIs and compared between
patients and controls (independent samples t-tests) and in
patients pretreatment compared to post-treatment (paired
t-tests) using IBM SPSS Statistics (version 21.0, SPSS). In
addition, we investigated the presence of whole-brain

white matter FA changes using TBSS (Tract-Based Spatial
Statistics) in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
TBSS). Briefly, TBSS was carried out using a permutation-
based inference tool for nonparametric statistical thresh-
olding, with the number of permutations set at 5,000
(default setting). Comparisons were performed at P<0.001
uncorrected threshold with a minimum cluster extent of
10 voxels to detect the presence of any additional whole
brain FA changes.

Connectivity Analysis of the Insula and

Relationship with Treatment Outcomes

To confirm large scale disruption of INS connectivity to
TPN and TNN, and to identify specific areas in the TPN
and TNN with which the connectivity was altered and
potentially recovered with treatment, we compared a/
mINS connectivity across the brain between patients and
controls (independent samples t-tests) and between
patients pretreatment versus post-treatment (paired t-
tests). The overlap ROI was used as a seed in the Conn
toolbox, as described above, and subsequent second-level
t-tests were performed in SPM to examine effects of group
and treatment. The peak coordinates for the seed regions
were: left a/mINS, center of mass MNI coordinates 242,0,
23 (ranges for coordinates: 250 to 236, 28 to 12, 214 to
14) ROI volume 5 1,736 mm3, right a/mINS, center of
mass MNI coordinates 44, 23,1 (ranges for coordinates: 38

Figure 2.

Identification of seed regions based on differences in connectiv-

ity between patients pretreatment and controls. A. Altered con-

nectivity between controls and patients to TPN (red) and TNN

(blue). This map is based on F-contrasts thresholded at P<0.05.

B. Image showing the areas of overlap in A. Yellow arrows point

to the bilateral a/mINS clusters and left DLPFC cluster, which

are used for seeds in further analyses (Figs. 4 and 5, respec-

tively). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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to 52, 212 to 12, 212 to 12) ROI volume 5 2,296 mm3. To
relate connectivity recovery to treatment outcomes, we
assessed the whole brain correlations between improve-

ment in SFMPQ and ODI scores (post-treatment minus
pretreatment) and the change in connectivity of the INS
(post-treatment minus pretreatment connectivity map).
These tests were thresholded at P<0.001 and corrected for
multiple comparisons using RFT at a cluster level of
P<0.05.

Connectivity Analysis of the Left Dorsolateral

Prefrontal Cortex and Relationship with

Treatment Outcomes

To assess in more detail altered connectivity of the left
DLPFC region in which we previously reported altered
structure and function and partial recovery with treatment
[Seminowicz et al., 2011], we compared the connectivity of
the left DLPFC ROI between patients and controls (inde-
pendent samples t-tests) and between patients pretreat-
ment versus post-treatment (paired t-tests). The peak
coordinates for the left DLPFC seed region was: center of
mass MNI coordinates 248,22,31 (ranges for coordinates:
258 to 234, 12 to 38, 22 to 40) ROI volume 5 2,864mm3.
Because we previously showed that left DLPFC thickness
recovery was inversely correlated with the change in
SFMPQ scores, such that greater thickening was associated
with a greater reduction in pain [Seminowicz et al., 2011],
we assessed the whole brain correlations between
improvement in SFMPQ and ODI scores (post-treatment
minus pretreatment) and the change in connectivity of the
left DLPFC (post-treatment minus pretreatment connectiv-
ity map). These tests were thresholded at P<0.001 and cor-
rected for multiple comparisons using RFT at a cluster
level of P<0.05.

RESULTS

Questionnaire Data

Patients included in this study had SFMPQ total scores of
(mean 6 SD) 17.6 6 9.7 before treatment and 10.1 6 7.1 after
treatment (P50.056), and ODI scores of 45.3 6 16.5 before
treatment and 25.7 6 19.8 after treatment (P50.005).

Identification of Aberrant Connectivity to Task-

Positive and Task Negative-Networks in Chronic

Low Back Pain Patients Compared to Controls

TPN and TNN in resting state scans were identified
based on ICA and spatial correlation with the networks
from the cognitive task data (Fig. 1). The most prominent
regions showing aberrant connectivity in patients pretreat-
ment compared to controls were bilateral INS cortices for
both the TPN and TNN (Fig. 2A). The significant clusters
are presented in Table I. An overlap of the F maps for
TNN and TPN is shown in Fig. 2B; the resulting a/mINS
region, which showed aberrant connectivity to both TNN
and TPN, was used as a seed in later analysis.

Figure 3.

Voxel-to-voxel analysis confirms disrupted INS cortex connectiv-

ity and restoration with treatment. A. Overlap map of controls

(red) and patients pretreatment (blue) (threshold T 5 3.5) show-

ing areas of highest voxel-to-voxel connectivity in the whole

brain and highlighting the absence of INS connectivity in

patients. B. Areas with increased (red) or decreased (blue)

whole brain voxel-to-voxel connectivity in controls compared to

patients pretreatment (P<0.05 cluster corrected). C. Area with

increased (red) whole brain voxel-to-voxel connectivity in

patients post-treatment compared to pretreatment (P< 0.05

cluster corrected). D. Red, a/mINS overlap cluster from TPN,

TNN controls versus patients pretreatment (as in Fig. 2A). Blue,

ICC (whole brain voxel-to-voxel analysis) controls versus

patients pretreatment. Yellow ICC (whole brain voxel-to-voxel

analysis) patients post-treatment versus pretreatment, E. White

matter finding in a/mINS cluster showing disconnectivity with

TPN/TNN: increased white matter FA in a/mINS in patients

post-treatment versus pretreatment (*P<0.05), while no change

in controls between visits (n.s.). F. White matter FA in a/mINS

post-treatment is positively correlated with magnitude of recov-

ery in pain (SFMPQ) scores. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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TABLE II. Results from left mINS seed analyses comparisons between patients and controls and within patients

pre- and post-treatment

Region Freqa L/R Peak T-value
Peak MNI
coordinate

Cluster
volume (mm3)

Cluster
P-value

Left mINS: Controls>patients pretreatment
aINS/frOP Full R 4.6 46 20 8 5,280 <0.001
FrOP Full L 4.8 252 20 22 1,280 0.035

High L 5.3 242 26 4 3,176 <0.001
High R 5.0 56 26 2 2,864 0.001
Low L 5.6 248 6 22 2,552 0.004

DLPFC Full R 4.2 36 12 34 1,336 0.032
High L 4.5 246 26 38 2,528 0.001

Frontal pole Full L 5.6 230 60 2 3,560 0.001
Full R 5.0 32 56 16 3,952 0.001
High L 4.6 236 48 6 1,568 0.008
High R 5.9 28 48 12 3,064 0.001

SMA/aMCC Full L 3.9 22 20 52 2,640 0.004
PCC/precuneus Full L 6.7 28 246 46 11,840 <0.001

Low R 4.9 10 246 52 5,960 <0.001
MTG/STG Full L 4.8 246 230 0 1,960 0.012

Full R 4.5 60 216 24 4120 0.001
High L 5.8 246 232 0 2,296 0.002

PPC Full L 4.4 228 258 46 1,880 0.013
Low L 5.0 250 226 0 2,408 0.004

S1/M1 Full L 5.2 230 214 50 4,344 0.001
Full R 4.4 46 222 36 1,296 0.034
Low L 4.9 254 2 38 1,312 0.027
Low R 4.4 44 26 56 2,640 0.003

PMC Full L 4.3 236 4 42 2,304 0.007
Occipital/lateral Full L 4.0 248 270 4 1,984 0.011
Occipital/lingual High L 4.3 224 256 2 816 0.044
Occipital/cuneus Full R 5.6 22 266 14 44,608 <0.001

High R 4.3 20 280 30 792 0.047
Low R 5.7 16 262 14 10,832 <0.001

Left mINS: Patients pretreatment> controls: no significant clusters
Left mINS: Patients post2treatment>pretreatment
DLPFC Full R 6.3 38 48 24 2,384 0.001b

VLPFC Full L 6.5 248 36 10 1,920 0.002b

SMA/DMPFC Full R 6.3 2 24 52 2,824 <0.001
FrOP/aINS High L 7.2 256 18 4 1,784 0.001b

High L 6.6 232 18 14 1,328 0.003b

ITG Low R 8.0 52 248 216 1,808 0.003
PCC/precuneus Low R 8.0 214 242 40 2,200 0.003b

Occipital/lingual Low R 5.2 16 296 210 1,232 0.010
Left mINS: Patients pretreatment>post-treatment: no significant clusters
Correlations with improvement in pain (SFMPQ) and pain-related disability (ODI)
Left a/mINS: Negative correlations with change in SFMPQ
DLPFC High L 7.6 246 24 34 176 0.017
Th High R 9.2 14 214 24 5,408 <0.001

High L 8.3 212 28 8 5,816 <0.001
Occipital/lateral High L 6.4 238 280 42 112 0.001
SPL High L 5.9 242 260 52 4,120 <0.001
Cb High L 5.3 210 252 236 576 0.025
SMA High L 5.0 24 26 66 464 0.042
PCC High R 4.9 212 252 36 1,264 0.002
IPL/SMG Full L 6.8 250 268 14 1,216 0.007
Left a/mINS: Negative correlations with change in ODI
IPL/SMG Low L 7.8 252 264 30 6,280 <0.001

Low R 7.8 50 260 20 1,552 0.004
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Identification of Aberrant Connectivity to Task-

Positive and Task-Negative Networks in Patients

Pre- and Post-Treatment

Posthoc paired t-tests of the data extracted from INS
clusters with decreased connectivity to TPN (a/mINS) and
TNN (p/mINS) in patients pretreatment compared to con-
trols revealed partial recovery of this connectivity in
patients after treatment, as shown in Supporting
Information Figure 1 (high frequency band: TNN-p/mINS
t1352.4, P<0.05, TPN-a/mINS t1352.3, P<0.05; low fre-
quency band: TNN-p/mINS t1350.8, P>0.1, TPN-a/mINS
t1351.4, P>0.1; full band: TNN-p/mINS t1351.1, P>0.1,
TPN-a/mINS t1351.0, P>0.1). There was no significant
change in these regions in healthy controls (P>0.1).
Moreover, TPN had increased connectivity to left DLPFC
post-treatment compared to pretreatment, as shown in
Supporting Information Figure 1 (MNI coordinates 256,
24, 28, Table I; high frequency band: t1352.9, P<0.05; low
frequency band: t1351.8, P>0.1; full band: t1353.6, P<0.01)
in an area where patients had less connectivity compared
to controls pretreatment (Table I, coordinates 234, 14, 40).
There was no significant change in these regions in
healthy controls (P>0.1).

Whole Brain Voxel-to-Voxel Analysis

Using voxel-to-voxel whole brain analysis, two bilateral
a/mINS clusters were the only regions to show signifi-
cantly less global connectivity in patients pretreatment
compared to controls. Conversely, the mediodorsal thala-
mus had increased global connectivity in patients pretreat-
ment compared to controls. A marginally significant
increase in global connectivity was seen in the left aINS in
patients post-treatment compared to pretreatment (Fig. 3,
Table IV).

White Matter Findings in the Insula

Fractional anisotropy (white matter tract integrity) in left
INS white matter (ROI based on Fig. 2C) did not differ sig-
nificantly in patients pretreatment versus controls
(t520.767, P50.451). However, post-treatment patients

had significantly higher FA in left INS white matter versus
pretreatment (t52.191, P50.046), while in controls the FA
did not change significantly between visits (t51.293,
P50.228). Results are shown in Figure 3E. No significant
differences were observed for right white matter INS. No
significant differences were observed anywhere else in the
brain (whole brain analysis of white matter FA) between
controls and patients or for patients pretreatment versus
post-treatment

FA values in the INS post-treatment were negatively
correlated with magnitude of improvement in SFMPQ
scores (i.e., higher FA with more pain improvement;
r520.536, P50.040). A similar trend was observed for FA
values in the right INS post-treatment (negative correlation
with SFMPQ difference scores t50.471, P50.077).

Connectivity of the Anterior/Mid Insula

The results for left a/mINS connectivity are shown in
Table II and Figure 4. The left a/mINS had decreased
connectivity in patients pretreatment versus controls to
bilateral aINS/FrOP, bilateral DLPFC, bilateral VLPFC/
frontal pole, left SMA/aMCC, PCC/precuneus, left PMC,
left PPC, bilateral S1/M1, bilateral temporal, and bilateral
visual. There were no significant clusters where patients
had more connectivity than controls. In patients, left a/
mINS had increased connectivity post-treatment versus
pretreatment to left FrOP/aINS, right DLPFC, left
VLPFC, right SMA/MPFC, PCC/precuneus, right tempo-
ral and right visual. There were no areas where patients
had more connectivity pretreatment versus post-
treatment. Group and time point results for the right a/
mINS overlap seed maps were largely similar
(Supporting Information Table I). Therefore, these analy-
ses revealed widespread disconnectivity of the bilateral
a/mINS in patients with CLBP that partially recovered
after treatment.

Relationship Between Anterior/Mid Insula

Connectivity and Treatment Outcomes

The results for a/mINS correlations with SFMPQ
(pain) and ODI (pain-related disability) are shown in

TABLE II. (continued).

Region Freqa L/R Peak T-value
Peak MNI
coordinate

Cluster
volume (mm3)

Cluster
P-value

Full L 5.9 250 260 20 1,232 0.006
Cb Low L 6.2 26 288 224 1,288 0.007
MPFC Low L 6.0 28 72 12 704 0.036
Th High L 5.8 216 210 8 624 0.024

The threshold for these analyses was set at P<0.001, significant RFT multiple-comparison-corrected clusters at P<0.05 are reported.
aFrequency band; Full (0.008–0.2), High (0.09–0.2), Low (0.008–0.09)
bSignificant group 3 timepoint interaction at cluster-corrected P<0.05 (RM-ANOVA, flexible factorial model, SPM).
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Table II. The change in increases in connectivity of the
left a/mINS (post-treatment minus pretreatment connec-
tivity map) was correlated with the magnitude of
improvement in SFMPQ scores following treatment in
left DLPFC, right PCC, left IPL/SMG, left SPL, left
SMA, bilateral thalamus and left Cb. Correlation analy-
sis between the change in connectivity in the left a/
mINS and the magnitude of improvement in ODI scores
yielded similar results (see Table II). No correlations
were found between decreases in connectivity with the
left a/mINS with either SFMPQ or ODI. Therefore,
these analyses revealed that increased INS connectivity
was related to improvement in pain and pain-related
disability with treatment.

Connectivity of the Left Dorsolateral Prefrontal

Cortex

The results for DLPFC connectivity are shown in Table
III and Figure 5. The left DLPFC had decreased connectiv-
ity in patients pretreatment versus controls to the cerebel-
lum. There were no significant clusters where patients had
more connectivity than controls. In patients, the left
DLPFC had increased connectivity post-treatment versus
pretreatment to pMCC, bilateral S1/M1, right PMC, right
PPC, left Cb, left temporal, bilateral fusiform, and bilateral
visual. Decreased post-treatment connectivity was seen to
one cluster, sACC/VMPFC. Therefore, these analyses
revealed widespread changes, largely increases, in left
DLPFC connectivity with treatment.

TABLE III. Results from left DLPFC seed analyses comparisons between patients and controls and within

patients pretreatment and post-treatment

Region Freqa L/R Peak T-value Peak MNI coordinate Cluster volume (mm3) Cluster P-value

L DLPFC: Controls>patients pretreatment
Cb Full R 4.5 6 270 228 1,112 0.041
L DLPFC: Patients pretreatment> controls: no significant cluster
L DLPFC: Patients post-treatment>pretreatment
pMCC High mid 6.7 0 26 30 464 0.051b

PMC Full R 6.8 40 4 58 720 0.035
STG Full L 5.4 248 4 210 720 0.035
ITG Full L 5.7 244 256 216 800 0.027b

fusiform Low L 7.8 230 248 222 4,520 <0.001b

Low R 6.0 34 260 218 1,472 0.004b

S1/M1 Low R 6.2 22 228 46 976 0.015
PPC Low R 5.1 30 252 46 1,312 0.006

Low R 5.0 24 274 40 648 0.042
Cb Low L 5.5 210 270 234 1,184 0.009
Occipital/lateral Full L 6.6 240 280 20 3,056 <0.001

Full R 5.0 38 274 26 864 0.023b

Occipital/lingual Full L 6.3 22 296 26 792 0.028b

High mid 5.7 0 296 28 568 0.033
Low R 4.7 10 264 28 1,328 0.006

L DLPFC: Patients pretreatment>post-treatment
sACC/VMPFC High L 6.3 28 38 214 496 0.045b

Left DLPFC: Negative correlations with change in SFMPQ
DLPFC Full R 7.8 36 26 44 1,624 0.002

Full L 5.5 218 22 66 672 0.034
OFC Full R 7.2 24 18 216 2,032 0.001
M1 Full L 5.3 252 26 46 536 0.054
Occipital/lateral Full L 6.1 220 292 222 1,040 0.011

Full R 7.1 26 286 18 1,968 0.001
Left DLPFC: Negative correlations with change in ODI
DLPFC Full R 7.1 38 24 46 872 0.017
M1 Full R 6.4 56 0 46 800 0.022
MTG/STG High R 6.1 64 212 28 608 0.025
ITG/fusiform Full R 5.6 40 260 22 1,088 0.009

Full R 9.2 68 226 222 680 0.032
Cb Low L 5.4 246 266 248 720 0.029

The threshold for these analyses was set at p<0.001, significant RFT multiple-comparison-corrected clusters at P<0.05 are reported.
aFrequency band; Full (0.008–0.2), High (0.09–0.2), Low (0.008–0.09).
bSignificant group x timepoint interaction at cluster-corrected P<0.05 (RM-ANOVA, flexible factorial model, SPM).

r Cognitive Networks in Chronic Back Pain r

r 2085 r



Figure 4.

Results from seed-based resting state connectivity of the left

anterior/mid INS overlap (identified in fig 2). A. Conjunction

seed map of controls and patients at the pretreatment time

point. T scale is 6–12. B. Controls> patients pretreatment, T

scale 2–5, demonstrating disconnectivity of left a/mINS to vast

regions of cortex and subcortical and brainstem areas. C.

Controls> patients pretreatment, significant clusters (P<0.05

cluster corrected). There were no areas where patients had

more connectivity than controls. D. Patients post-

treatment> pretreatment, T scale 2–5, demonstrating increased

connectivity of left a/mINS post-treatment to multiple cortical

regions, particularly prefrontal. E. Patients post-treatment>
pretreatment, significant clusters (p<0.05 cluster corrected).

There were no areas with increased connectivity pre- compared

to post-treatment. For C and E, results are shown for different

bandwidths: white 5 full band (0.008–0.2 Hz), blue 5 low fre-

quency (0.008–0.09 Hz), red 5 high frequency (0.09–0.2 Hz).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Relationship Between the Left Dorsolateral

Prefrontal Cortex Connectivity and Treatment

Outcomes

The results for DLPFC correlations with SFMPQ (pain)
and ODI (pain-related disability) are shown in Table III.
The change in connectivity of the left DLPFC (post-treat-
ment minus pretreatment connectivity map) was corre-
lated with the magnitude of improvement in SFMPQ
scores following treatment in bilateral DLPFC, right
VLPFC/OFC/aINS, left S1, and bilateral visual Correlation
analysis between the change in connectivity in the DLPFC
and the magnitude of improvement in ODI scores yielded
largely similar results, including the right DLPFC cluster
(see Table III). No correlations were found between
decreases in connectivity with the left DLPFC with either
SFMPQ or ODI. Therefore, these analyses revealed that
increased prefrontal connectivity was related to improve-
ment in pain and pain-related disability with treatment.

Effect of Frequency Band on Functional

Connectivity of the Insula and Dorsolateral

Prefrontal Cortices

The contribution of lower (0.008–0.09 Hz) and higher
frequency (0.09–0.2 Hz) to full band (0.008–0.2 Hz) connec-
tivity changes between groups and time points were eval-
uated for the INS and DLPFC seeds. Isolated analysis in
the high frequency band revealed decreased connectivity
to INS areas in patients pretreatment versus controls, and
increased connectivity post-treatment versus pretreatment
to VLPFC, DLPFC and MCC (all areas belonging to TPN).
Similarly, isolated analysis of the lower frequency revealed
decreased connectivity in patients pretreatment versus
controls, as well as partial recovery with treatment, pri-
marily to PCC/precuneus, fusiform, and ITG, areas that
belong to the TNN. Decreased connectivity in patients
post-treatment versus pretreatment, which was only
observed for the DLPFC, was found in the higher fre-

quency (0.09–0.2 Hz) in VMPFC/sACC, a node of the
TNN. While the physiological role of these different fre-
quency bands is largely unknown, studies have implicated
frequency band-specific changes in chronic pain.

DISCUSSION

Our findings indicate that intrinsic connectivity of cogni-
tive networks is altered in CLBP and that treatment par-
tially restores connectivity toward normal patterns. Our
analyses converged on aberrant connectivity of cognitive
networks to the bilateral INS in CLBP, with evidence com-
ing from ICA, seed-based, and voxel-to-voxel connectivity
analyses. Abnormal INS connectivity to multiple areas of
the TPN and TNN was partially restored after treatment.
Furthermore, changes in underlying white matter structure
support these functional connectivity findings. The DLPFC
also showed aberrant connectivity that was restored after
treatment. The partial recovery of INS and DLPFC connec-
tivity to cognitive networks was related to treatment out-
comes. Altogether, our findings implicate the bilateral INS
and left DLPFC as key areas of (disrupted) intrinsic con-
nectivity in CLBP.

Treatment Restores Aberrant Insula and DLPFC

Connectivity

Aberrant functional connectivity of the INS to both TPN
and TNN in CLPB patients was partially restored with
treatment, suggesting that insults to intrinsic cognitive net-
works due to prolonged pain are reversible. Moreover,
increased connectivity of INS to DLPFC and several other
TPN and TNN areas was related to treatment-related pain
reduction. A/mINS white matter FA, reflecting the degree
of water diffusion anisotropy in each voxel, was increased
after treatment. As increased white matter FA has been
related to increased axonal density and myelination
[Blumenfeld-Katzir et al., 2011; De Groof et al., 2008], both

TABLE IV. Results from voxel-to-voxel analyses comparisons between patients and controls and within patients pre-

treatment and post-treatment

Region Peak T-value Peak MNI coordinate Cluster volume (mm3) Cluster P-value

Voxel-to-voxel

Controls>patients pretreatment
L a/mINS 4.9 232 8 8 1,640 0.001
L STG/pINS 4.8 246 228 0 1,040 0.005
R S2/pINS 4.8 50 234 16 928 0.007
R mINS 4.7 52 22 0 3,472 <0.001
Patients pretreatment> controls
MD thalamus 4.18 4 22 10 648 0.020
Patients post-treatment>pretreatment
L aINS 5.14 242 18 210 200 0.092a

The threshold for these analyses was set at P<0.001, significant multiple-comparison-corrected clusters are reported.
aResult did not reach significance.
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of which are associated with increased structural connec-
tivity, this increase in patients could indicate improved
robustness of the white matter scaffolding underlying the

intrinsic functional network [van den Heuvel et al., 2009].
The FA increased in patients post-treatment only, whereas
it remained stable in controls between two sessions, and

Figure 5.

Results from seed-based resting state connectivity of the left

DLPFC (identified in Fig. 2). A. Conjunction seed map of con-

trols and patients at pretreatment time point. T scale is 6–12. B.

Controls> patients pretreatment, T scale 2–5, demonstrating

disconnectivity of the left DLPFC to vast regions of the cortex,

and subcortical, and brainstem areas. C. Controls> patients pre-

treatment, significant cluster (P<0.05 cluster corrected, yellow

circle). There were no areas where patients had more connec-

tivity than controls. D. Patients post-treatment> pretreatment,

T scale 2–5, demonstrating increased connectivity of left DLPFC

post-treatment to multiple cortical regions, particularly prefron-

tal. E. Patients post-treatment> pretreatment, significant clusters

(P<0.05 cluster corrected). For C and E, results are shown for

different bandwidths: white 5 full band (0.008–0.2 Hz), blue-

5 low frequency (0.008–0.09Hz), red 5 high frequency (0.09–0.2

Hz). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the FA values post-treatment were correlated with pain
reduction. Similarly, we previously reported that increased
INS cortical thickness was correlated with pain reduction
after treatment [Seminowicz et al., 2011].

Functional connectivity between the left DLPFC and the
TPN was reduced in patients and restored after treatment.
We previously reported decreased cortical thickness in the
same patients in the left DLPFC [Seminowicz et al., 2011],
which reversed after treatment. The extent of increased left
DLPFC cortical thickness in that study, and the increased
connectivity between left and right DLPFC in this study were
correlated with reduced pain and pain-related disability.

INS and DLPFC are amongst the most highly connected
brain regions, serving as “hubs” for integration of informa-
tion across different parts of the brain [van den Heuvel and
Sporns, 2013]. Thus, an impaired connectivity of these two
regions will likely have consequences on brain function. Our
findings provide evidence that chronic pain-related alterations
in INS and DLPFC connectivity negatively affect networks
supporting cognitive functioning, and these findings are sup-
ported by the fact that these networks can partially be
restored with treatment and this recovery is at least in part
related to improvement on pain and pain-related disability.

Anterior/Mid Insula as the Connectivity Hub in

CLBP

We propose that the a/mINS, which had decreased con-
nectivity in patients compared to controls to both TPN
and TNN, is a hub of (aberrant) connectivity in CLBP.
Given that TNN and TPN are “anti-correlated” (Fig. 1),
this observation is initially counterintuitive; however on
closer examination, the findings fit well with the existing
literature. The pINS is often deactivated during cognitive
tasks [Mayer et al., 2010; Spreng et al., 2010], and the more
anterior part of the INS is commonly activated during cog-
nitive tasks. Thus, the reduced connectivity of both of
pINS and aINS to the rest of TNN and TPN, respectively,
suggests impaired efficiency of and a compromised rela-
tionship between these networks.

The overlapping a/mINS region that was functionally
disconnected from both TPN and TNN in CLBP is involved
in cognitive (task) control [Dosenbach et al., 2007; Power
et al., 2011] as part of the overarching cognitive control net-
work (CCN). The CCN encompasses both TPN and TNN
regions [Fox et al., 2005; Fransson, 2005], including the INS
and DLPFC. In terms of cognitive control, these regions are
required for goal-directed actions and suppression of irrele-
vant information [Spreng et al., 2010; Vincent et al., 2008]. It
has been suggested that the CCN maintains task control by
sending regulatory top-down signals to TPN [Dosenbach
et al., 2006] and TNN [Wen et al., 2013] brain areas, thereby
serving as a “cortical mediator” that facilitates the balance
between the TPN and TNN necessary for optimal behavior.
Accordingly, the CCN has been shown to flexibly couple
(positively correlate) with either TPN or TNN depending

on task domain in support of goal-directed cognition [Gao
and Lin, 2012; Spreng et al., 2010]. This flexibility is
impaired in older adults, resulting in a failure to deactivate
the TNN during a cognitive task [Spreng and Schacter,
2012]. Failure to deactivate the TNN (as well as TPN hyper-
activation) has been observed in CLBP [Baliki et al., 2008;
Seminowicz et al., 2011] and in other chronic pain condi-
tions [Glass et al., 2011; Weissman-Fogel et al., 2011]. We
here show that altered function of TPN and TNN regions
in chronic pain might be mediated by their impaired con-
nectivity to the CCN, specifically the a/m INS and the
DLPFC, and that this can be partially restored with treat-
ment (see schematic in Fig. 6). In future studies using tasks
to activate the TPN and TNN separately, their relative con-
tribution to impaired connectivity with the CCN could be
explored in chronic pain conditions.

“Clinical” Pain: Current (Ongoing) Pain Versus

Disease State of Chronic Pain

Studies in chronic pain have reported increased connec-
tivity between TNN and a/mINS, while we here report
decreased connectivity between TNN (as well as TPN) and
a/mINS. An explanation for these differences is that in the
studies reporting increased TNN-aINS connectivity,
patients were largely experiencing ongoing pain at the
time of the scan [Baliki et al., 2012; Loggia et al., 2013;
Napadow et al., 2010]. In contrast, in our study deliberate
effort was made to make patients as comfortable as possi-
ble for the scan, resulting in minimal to no pain during
the short scanning period (despite an average daily pain
of 4/10 or higher as dictated by inclusion criteria).
Consistent with our findings, two recent studies in
migraine patients who were pain-free at the time of the
scan also reported reduced connectivity compared to con-
trols between INS and TNN (precuneus) [Schwedt et al.,
2013], or the entire CCN and TPN (right PMC/DLPFC)
[Russo et al., 2012]. This reduced connectivity was corre-
lated with increased pain reported for previous migraine
attacks [Russo et al., 2012] and with duration of symptoms

Figure 6.

Schematic summary of findings. Treatment of CLBP results in

partial recovery of intrinsic functional connectivity between the

CCN, comprising the INS and DLPFC, and the TPN and TNN.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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[Schwedt et al., 2013]. Together, these findings suggest dif-
ferential effects on intrinsic connectivity between current
pain and changes related to long-term chronic pain as a
disease state. Indeed, increased connectivity between TNN
and widespread brain areas (including the INS) was
recently reported in a group of CLBP patients during
moderate pain, but not during the pain-free state [Loggia
et al., 2013].

Effects of Bandwidth

Lower-frequency oscillations contributed primarily to
decreased connectivity of INS to TNN areas in patients
compared to controls and high frequency oscillations con-
tributed primarily to decreased connectivity between
DLPFC/INS and TPN areas, the latter of which was par-
tially restored with treatment. Though their physiological
origin and significance are largely unknown, higher fre-
quency cortical oscillations have been shown to contribute
to resting state alterations in CLBP [Baliki et al., 2011] and
other chronic pain states [Cauda et al., 2009; Malinen
et al., 2010; Otti et al., 2013]. These high frequency oscilla-
tions are proposed to reflect increased disinhibition of tha-
lamocortical projections [Baliki et al., 2011; Seminowicz
et al., 2012], potentially due to prolonged/increased affer-
ent nociceptive input. Conditions of chronic pain are asso-
ciated with enhanced thalamic neural activity and
spontaneous oscillations [Walton et al., 2010; Whitt et al.,
2013] that have been shown to release cortical neurons
from inhibition [Leznik et al., 2002]. We observed
increased global connectivity of mediodorsal thalamus in
patients before treatment (Fig. 3), suggesting increased
influence of the thalamus across the brain. In EEG studies,
increased functional connectivity of thalamus with cortex
has been associated with persistence of chronic pain, and
has been shown to normalize after successful treatment
[Sarnthein et al., 2006; Stern et al., 2006]. Thus, our find-
ings of increased high frequency synchrony between corti-
cal areas, together with increased thalamic connectivity
across brain, may support the current view implicating
thalamocortical disinhibition in chronic pain pathology.

CONCLUSIONS

We show impaired functional connectivity of the INS—
and supported by structural connectivity findings—to the
two major brain networks involved in the processing of
cognitively demanding tasks in patients with CLBP that is
partially restored with treatment. DLPFC also shows par-
tial recovery of altered connectivity after treatment, and in
both INS and DLPFC, the recovery of connectivity is
related to improvements in pain and pain-related disabil-
ity. We propose that this disconnect reflects impaired cort-
ical control of INS and DLPFC over normally efficiently
balanced processing of cognitive signals. This thesis is sup-
ported by evidence showing inefficient bilateral DLPFC

connectivity, which was restored with treatment and corre-
lated to improvement in pain and disability. This work
highlights the importance of INS and DLPFC as hubs of
chronic pain-related dysregulation of intrinsic functional
connectivity, in particular in terms of altered cognitive
processing, which is increasingly being recognized as a
major comorbidity in chronic pain.
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