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Abstract: This study aims to characterize the psychological wellbeing of chronic headache (CH) patients,
to identify cortical structural abnormalities and any associations of those abnormalities with resting state
functional connectivity (rsFC), and to determine whether such rsFC abnormality is specific to CH patients.
Compared with healthy controls (CONCH), CH patients suffered from mild depression, sleep disturban-
ces, and relatively poor quality of life. CH patients also exhibited widespread cortical thickness (CT)
abnormalities in left premotor (BA6), right primary somatosensory (S1) and right prefrontal (BA10) corti-
ces, as well as in regions of default mode and executive control networks. Using cortical regions with
thickness abnormality as seeds, we found cortical region pairs showed strengthened rsFC in CH patients.
Using the same seeds, rsFC analysis from chronic low back pain (CLBP) patients and their controls
(CONCLBP) identified abnormalities in non-overlapping cortical region pairs. Direct comparison of rsFC
between CH and CLBP patients revealed significantly differences in thirteen cortical region pairs, includ-
ing the four identified in CH and CONCH comparison. Across all three groups (CH, CLBP and CON), the
rsFC between left multisensory association area (BA39) and left posterior cingulate cortex (BA23) differed
significantly. Eight regions showed CT abnormality in CLBP patients, two of which overlapped with those
of CH patients. Our observations support the notion that CH and CLBP pain are pathological conditions,
under which the brain develops distinct widespread structural and functional abnormalities. CH and CLBP
groups share some similar structural abnormalities, but rsFC abnormalities in several cortical region pairs
appear to be pathology-specific. Hum Brain Mapp 38:1815–1832, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Chronic headache (CH) patients experience recurring
pain and are at risk for psychological problems, such as
depression, anxiety, and sleep disturbances. Patients living
in chronic pain with psychological sequelae may need a
multi-modal (e.g., pharmacological, psychological, and sur-
gical) management strategy. Advances in noninvasive
brain imaging techniques have associated pain perception
with activations in specific brain regions and have
revealed diverse gray and white matter structural abnor-
malities in patients with various chronic pain conditions.
This has resulted in a greater recognition of the impor-
tance of supraspinal brain regions in the generation and
maintenance of chronic pain states [Apkarian et al., 2013;
Borsook et al., 2015; Davis and Moayedi, 2013; Mansour
et al., 2014; Moayedi and Davis, 2013]. Nevertheless, con-
troversy remains regarding the functional and behavioral
relevance of structural brain abnormalities, such as altera-
tions in cortical thickness (CT) (i.e., thickening vs. thin-
ning), and the roles of particular cortical areas in different
chronic pain conditions [Borsook et al., 2015; Davis and
Moayedi, 2013; Emerson et al., 2014; Vincent et al., 2007].
Continuing developments in brain imaging paradigms
may resolve these controversies, and perhaps elucidate
structural and functional abnormalities on a circuit level.
These advances would provide critical information about
mechanisms, diagnostic and prognostic biomarkers, and
putative therapeutic targets for chronic pain conditions.

The discovery of resting state functional connectivity
(rsFC) networks on both large macro- and local meso-
scales in humans and animals has revolutionized our
understanding of the functional organization of both
healthy and diseased brains [Biswal et al., 1995; Fox and
Greicius, 2010; Freund et al., 2010; Ichesco et al., 2016; Kim
et al., 2013; Sheline and Raichle, 2013]. Notably, brain
regions that are engaged in the same functions or behav-
iors often exhibit strong functional connectivity at rest, as
indicated by correlated fluctuations of low-frequency rest-
ing state functional MRI (rsfMRI) signals [Chen et al.,
2011; Wang et al., 2013]. Brain regions with strong rsFC
are usually connected anatomically [Vincent et al., 2007;
Zhang et al., 2010]. Consequently, parcellation of function-
al circuits can be achieved through rsFC analysis [Mishra
et al., 2014; Nelson et al., 2010].

Two observations motivated us to examine rsFC differ-
ences of cortical regions showing thickness abnormalities
in chronic pain patients. First, correlated brain structure
abnormalities (e.g., cortical thickness or volume), cortical
function, and/or rsFC alterations have been discovered in
several pathological conditions [Ceko et al., 2013; Jensen
et al., 2013; Kong et al., 2013], including chronic pain
[Apkarian, 2010; Hubbard et al., 2014]. Second, some of
the cortical regions showing thickness abnormalities are
known to be concurrently engaged in similar activities,
such as pain perception and sensorimotor functions
[Blankstein et al., 2010; Davis et al., 2008; Granziera et al.,

2006; Moayedi et al., 2011]. We therefore started this study
by asking: Do cortical regions that exhibit structural abnor-
mality also exhibit functional connectivity alterations? We
took a simple, hypothesis-driven, region of interest (ROI)
based approach, and sought to identify and parcellate
functionally connected regions and circuits among cortical
regions that are involved in chronic pain states. Previous
studies of CH have revealed compromised psychological
wellbeing [Blackburn-Munro and Blackburn-Munro, 2001;
Boakye et al., 2016] and have identified brain structural
and functional abnormalities using MRI [Fasick et al.,
2015]. However, questions remain as to whether abnormal-
ities in brain structural and functional connectivity relate
to each other and/or to psychological wellbeing, and if so,
which specific brain regions are implicated. We propose
that cortical regions exhibiting both structural and func-
tional connectivity abnormalities in chronic pain condi-
tions reflect a pathological abnormality underlying
multifaceted chronic pain. To test this hypothesis, the pre-
sent study focused on CH patients and addressed the fol-
lowing specific questions: (1) To what extent and in what
aspect do CH patients suffer from compromised psycho-
logical wellbeing? (2) Do psychological measures correlate
with the subjective pain magnitude? (3) Are there CH-
related structural (CT) abnormalities, and if so, does it cor-
relate with age and psychological measures? (4) Is cortical
structural abnormality (CT) associated with rsFC abnor-
mality, and if so, to what extent? (5) Do rsFC abnormali-
ties differ between CH and chronic low back pain (CLBP)
conditions? (6) Do CLBP patients exhibit similar CT abnor-
mality as CH patients? (7) Do specific CT and rsFC abnor-
malities generalize across chronic pain patient groups?

MATERIALS AND METHODS

Participants

A total of 128 CH patients and age- and gender-
matched controls (64 pairs) were recruited from outpatient
headache clinics in the Shanghai Clinical Research Center/
Xuhui Central Hospital, Chinese Academy of Sciences
(Shanghai, China). Since white matter lesions have been
consistently observed in CH patients and the general pop-
ulation [Kruit et al., 2004, 2010; Zheng et al., 2014] and the
impact on CT and rsFC have not been well established, we
used a participant exclusion criterion of greater than three
white matter lesions in the present study. Twenty-five
patients who met this criterion were excluded from the
final data analysis. We found overall comparable preva-
lence of white matter lesions in both CH patient (37%) and
control (32%) groups. Thus, 39 pairs of CH patients [10
men, 29 women; mean age 6 standard deviation (SD),
43.4 6 13.7 years] and their age- and gender-matched
healthy controls (CONCH; mean age 6 SD, 44.0 6 13.2
years) were studied. The CH group had a mean pain his-
tory of 14.0 6 14.2 years (6 SD; quartiles: 1.5, 7 and 23
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years; minimum of three months). Based on criteria in the
International Classification of Headache Disorders [ICHD-
3, beta version, Headache Classification Committee of the
International Headache Society (IHS), 2013], our CH group
included 19 migraine headache, 10 tension-type headache,
and 10 other primary headache participants.

A total of 124 CLBP patients and their age- and gender-
matched controls (62 pairs) were recruited from outpatient
clinics in Shanghai, China. Thirteen patients were exclud-
ed from the final data analysis because of more than three
white matter lesions. We unexpectedly found high preva-
lence of white matter lesion in the CLBP (53%) and
CONCLBP (42%) groups. Thus, 49 CLBP patients (13 men,
36 women; mean age 6 SD, 55.4 6 9.4 years) and their age-
and gender-matched healthy controls (CONCLBP; mean
age 6 SD, 55.2 6 9.3 years) were included in the final anal-
ysis and quantification. The CLBP group had a mean pain
history of 6.4 6 8.3 years (6 SD; quartiles: 2, 4 and 7.4
years; minimum of 3 months). Chinese versions of Nordic
Musculoskeletal and Roland-Morris Questionnaires, as
well as physical examinations, were used to classify CLBP
patients [Takekawa et al., 2015; Yi et al., 2012]. Using the
CLBP classification criteria described by Chou and col-
leagues [Chou et al., 2007], included CLBP patients were
classified into three main categories: nonspecific (71.4%,
35/49), pain associated with radiculopathy (with the pres-
ence of sciatica, neuropathic; 28.6%, 14/49), and other spi-
nal pathology (secondary to known disease, such as tumor
or inflammation; 0/49).

All participants were of the Han Chinese ethnicity. Each
participant provided written consent for participating and
acknowledged that s/he had been informed about the pur-
pose of the study. Our research complied with the Code of
Ethics of the World Medical Association (Declaration of
Helsinki) and NIH guidelines on research performed on
human subjects. This study was approved by the Institu-
tional Review Board of the Shanghai Clinical Research
Center/Xuhui Central Hospital, Chinese Academy of
Sciences.

Questionnaires

Before the participants underwent an MRI scan, data
were collected via a pre-imaging questionnaire packet that
included the following components: (1) a general demo-
graphic and medical history (including condition duration)
survey, (2) the IHS diagnostic questionnaire (CH group
only); (3) the Short-Form Health Survey [SF-36; Ware and
Sherbourne, 1992]; (4) the Beck Depression Inventory [BDI;
Beck and Alford, 2009]; (5) the Pittsburgh Sleep Quality
Index [PSQI; Buysse et al., 1989]; (6) the State-Trait Anxi-
ety Inventory [STAI; Tilton, 2008]; and (7) the Hamilton
Rating Scale for Depression [HRSD; Hamilton, 1960; Wil-
liams, 1988]. Each patient was also instructed to report
his/her magnitude of pain on a numeric 0–10 rating scale
at the time the questionnaire was completed, anchored by

ratings of no pain to strongest pain imaginable,
respectively.

The SF-36 evaluates overall health status (i.e., vitality,
physical functioning, bodily pain, general health percep-
tions, physical, emotional role functioning, social role func-
tioning, and mental health), with a lower score indicating
a lower quality of life. The BDI is a self-report inventory
that rates severity of depression symptoms on affective
and somatic subscales, with higher scores indicating great-
er severity of depression. The HRSD is a structured inter-
view scale that assesses depression level based on
symptoms such as depressed mood, guilty feelings, suicid-
al ideation, sleeping disturbances, anxiety, and weight
loss, with a higher score indicating more severe depres-
sion. Both scales are used to fully characterize the severity
of depression. The PSQI assesses sleep quality (i.e., subjec-
tive sleep quality, sleep latency, sleep duration, habitual
sleep efficiency, sleep disturbances, use of sleeping medi-
cation, and daytime dysfunction), with a higher PSQI val-
ue indicating greater difficulty in sleeping. The STAI
assesses both state anxiety (i.e., anxiety about an event)
and trait anxiety (i.e., anxiety level as a personal character-
istic), with higher scores indicating higher levels of
anxiety.

MRI Data Acquisition

All participants were scanned in a 3-T Siemens MRI sys-
tem (Magnetom Verio) with a 32-channel head coil. T1-
weighted structural images were acquired with a three-
dimensional (3D) magnetization-prepared rapid gradient-
echo (MP-RAGE) sequence (echo time 5 2.98 ms, repetition
time 5 2,530 ms, acquisition matrix 5 224 3 256 3 192, iso-
metric voxel size 5 1 3 1 3 1 mm3). T2*-weighted rsfMRI
series were acquired with an echo-planar imaging
sequence (echo time 5 30 ms, repetition time 5 2,000 ms,
acquisition matrix 5 64 3 64, in-plane resolution 5 3 3

3 mm2, slice thickness 5 5 mm). For each participant, 28
axial image slices without gaps were obtained in an
interleaved-ascending manner covering the entire brain,
and rsfMRI data (300 volumes, 10 minutes duration) were
collected.

MRI Data Analysis

Structural MRI analysis

FreeSurfer software (https://surfer.nmr.mgh.harvard.edu/
) was used for image preprocessing and for quantifying
whole-brain CT differences between paired groups. For the
raw MP-RAGE structural images of each participant, we per-
formed motion correction, Talairach registration, intensity cor-
rection, brain extraction, and normalization based on a
Gaussian Classifier Atlas. The resulting volumes were used to
segment white matter and the gray–white matter interface to
estimate CT. Manual manipulations (i.e., adjusting Talairach
registration and adding points for gray-matter separation)
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were used to improve gray matter parcellation accuracy and
CT quantification. For group analysis, we used the Freesurfer
Qdec tool to average morphometric data across subjects.
Surface-based smoothing with a full-width at half-maximum
(FWHM) of 10 mm was applied. Finally, we assessed CT dif-
ferences between CH versus CONCH groups using two-
sample two-tailed t-tests without multiple comparison correc-
tion. To indicate the confidence level of a CT difference,
regions that survived Monte Carlo correction were labeled in
Tables I and III with Montreal Neurological Institute (MNI)
coordinates of the cortex showing the largest significant value
in each region. Cortical regions found to have significant
group differences (satisfying threshold P< 0.05, peak thresh-
old of P< 0.01 and cluster size� 60 mm2) in CT were overlaid
on inflated brain surfaces [Desikan/Killiany (DK) atlas; Desi-
kan et al., 2006] for display (see Fig. 2). To link DK atlas (used
by FreeSurfer) defined cortical regions to the known neuroan-
atomical regions (e.g., postcentral gyrus: primary somatosen-
sory cortex), we included the corresponding readouts as
Brodmann Areas (BA) using free online “MNI<->Talairach
with Brodmann” software (http://sprout022.sprout.yale.
edu/mni2tal/mni2tal.html) in our data reports. To determine
the main functions of each BA, we referenced the information
summarized in the free online “Brodmann’s Interactive Atlas
1.1” (www.fmriconsulting.com/brodmann/index.html) in
Tables I and III. These cortical regions were used as seed ROIs
in the subsequent rsFC analysis.

Correlation analysis between CT and psychometrics

To understand the relationship of CT measures with
age, pain rating, and psychological scores, we generated
scatter plots of different measures (i.e., CT and age) across
all subjects (i.e., CH and CONCH), and performed linear
regression and a Pearson’s correlation analysis. The slope

of the linear fit line (b1), correlation r-values, and statisti-
cal P-values were evaluated (e.g., Figs. 3 and 4).

RsfMRI analysis

Seed ROI-based rsfMRI data analysis was performed
with a custom toolbox in Statistical Parametric Mapping
software, version 8 (SPM8, http://www.fil.ion.ucl.ac.uk/
spm/). Preprocessing steps included: the removal of the
first 10 image volumes, slice time correction for inter-
leaved acquisitions, within subject 3D motion correction of
image time series, within subject co-registration of the
rsfMRI and structural MRI images with rigid-body trans-
formation, normalization via registering source images to
a software-provided template, and spatial smoothing by
convolving image volumes with a Gaussian kernel
(FWHM 5 6 mm) in SPM8. RsfMRI signals were band pass
filtered (0.01–0.08 Hz). The 3D motional parameters were
regressed out as nuisance signals. We did not observe sta-
tistically different motion noise between CH and CONCH

groups, nor did we observe significant correlations
between the age and the motion parameters in both CH
and CONCH groups (see the time plots and quantification
in Supporting Information Fig. 1). Segmented white matter
and CSF masks in SPM were used to extract the RsfMRI
signal time courses of white matter and CSF voxels. PCA
(principle component analysis) components accounting for
70% of the variance in white matter and CSF signals were
used as nuisance signals for regression analysis with cus-
tom Matlab scripts.

Inter-regional correlation coefficients were quantified to
evaluate differences in rsFC strength (i.e., enhanced or
weakened) between pre-defined ROI seeds. Seed locations
were defined by the trilinear coordinates of the cortical
regions in the MNI space that showed the greatest

TABLE I. Cortical regions with CH-associated thickness changes (Fig. 2) [Color table can be viewed at wileyonlineli-

brary.com]

Index DK atlas BA t value Coordinates (x,y,z) Size (mm2)

8 1 L medial orbitofrontal cortex L anterior cingulate cortex (ACC) (BA24) 4.5212 26.4 16.0 216.2 126.43
2 L inferior parietal cortex L multisensory association area (BA39) 2.4505 239.6 268.2 44.9 100.93

8 3 L precentral gyrus L premotor cortex (BA6) 22.4185 248.7 21.7 40.6 229.64
8 4 L posterior cingulate

cortex (PCC)
L PCC (BA23) 2.7635 24.0 212.6 33.1 282.06

5 L middle temporal gyrus L multimodal posterior area (BA21) 22.4923 259.0 215.1 223.8 164.05
8 6 L lingual gyrus L visual association area (BA18) 22.4268 225.1 264.0 1.1 225.26
8 7 R rostral middle frontal gyrus R prefrontal cortex (BA10) 22.8411 22.7 56.4 16.2 271.50
8 8 R superior parietal cortex R secondary sensorimotor cortex (BA7) 23.5559 33.5 244.7 48.9 112.13

9 R inferior parietal cortex R multisensory association area (B39) 2.3254 47.6 253.8 33.2 122.50
10 R postcentral gyrus R primary somatosensory cortex (S1) 2.7027 5.4 238.1 74.0 141.30

8 11 R lateral occipital cortex R secondary visual cortex (V2) 22.9200 30.0 280.8 29.1 421.42
8 12 R cuneus cortex R primary visual cortex (V1) 22.8644 10.1 269.3 17.9 328.96

Note: “8” indicates regions survived the multiple comparison corrections (Monte Carlo simulation, P< 0.05, FreeSurfer). Regions in left
(L) or right (or R) hemispheres are highlighted by blue or red background, respectively. x-y-z coordinates are in MNI space. Positive
and negative numbers indicate cortical thickening and thinning in CH patients, respectively.
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significant CT abnormality. Each seed was spherical with
a 10-mm radius; rsfMRI signal time series from all voxels
within each ROI were extracted for analysis. A pairwise
correlation coefficient (r-value) was calculated for each
ROI pair combination to indicate the strength of inter-
regional rsFC. Two-sample two-tailed t-tests adjusted for
multiple comparisons using Benjamini–Hochberg false dis-
covery rate (FDR 5 0.05) correction were used to compare
the rsFC strength differences between groups, with
P< 0.05 being considered statistically significant.

Functional connectivity map generation

We used BrainNet Viewer [Xia et al., 2013] to summa-
rize and display the cortical structural and functional con-
nectivity abnormalities in a 3D whole-brain platform.
Mean correlation values of pre-defined ROI pairs were
selected and rearranged as the inputs for BrainNet Viewer
(MATLAB toolbox). BrainNet Viewer provides enhanced
visualization of the mean correlation levels of the ROI
pairs. We used the template “surface” file ICBM152 as the
underlying 3D structural image, and then applied the
information (e.g., coordinates, labels, colors, etc.) from the
pre-defined ROI seeds to form the “node” file. The triline-
ar coordinates of the ROI seeds, which yielded CT abnor-
mality between the CH and CONCH groups (Fig. 6C),
were input as nodes for the 3D visualization. Nodes resid-
ing at close distances, as measured by their coordinates,
were coded with similar colors and re-grouped together.
The ROI pairs (nodes) showing significantly altered rsFC
were linked with lines whose weights represent correlation
strength, such that thicker lines indicate greater group dif-
ferences in rsFC.

RESULTS

Psychometrics

The mean psychometric results for the questionnaires
completed by the CH and CONCH groups are reported in
Supporting Information Table. Briefly, SF-36, BDI, PSQI,
and HRSD scores differed significantly between the two
groups (P< 0.05). Relative to the CONCH group, the CH
group had a lower overall quality of life, along with more
fatigue problems, sleep disturbances, and depression
symptoms. The CH group also displayed slightly more
anxiety. The distribution of scores relative to diagnostic
criteria is shown in Figure 1A. The average pain rating of
our CH cohort was 6.2 6 2.2 (mean 6 SD; quartiles: 4, 6,
and 8). Interestingly, we found relationships between the
psychological scores and the subjective pain ratings (Fig.
1B). Patients with more pain tended to be less healthy
overall than those with less pain: those with more pain
experienced more fatigue, sleep disturbance, and depres-
sion, but interestingly experienced less anxiety. Statistical-
ly, however, the trends were not significant, indicating a

large variability in the severity of symptoms across CH
patients and pain ratings.

CT Abnormality in CH Patients

Compared with the CONCH group, the CH group had
widespread gray matter thickening or thinning in numer-
ous cortical areas: left medial orbitofrontal cortex [left
anterior cingulate cortex (ACC, BA24)], bilateral inferior
parietal cortex [bilateral multisensory association area
(BA39)], left precentral gyrus [left premotor cortex (BA6)],
left posterior cingulate cortex [left PCC (BA23)], left mid-
dle temporal gyrus [left multimodal posterior area
(BA21)], left lingual gyrus [left visual association areas
(BA18)], right rostral middle frontal gyrus [right prefrontal
cortex (BA10)], right superior parietal cortex [right second-
ary sensorimotor cortex (BA7)], right postcentral gyrus
[right primary somatosensory cortex (S1)], right lateral
occipital cortex [right secondary visual cortex (V2)], and
right cuneus cortex [right primary visual cortex (V1)]
(Fig. 2 and Table I). The thickness abnormalities were gen-
erally asymmetric, though a bilateral change in the multi-
sensory association area (within inferior parietal cortex)
was observed. Several pain-related cortical regions, includ-
ing the ACC (a medial orbitofrontal region that is engaged
in emotional, motivational and executive functions), pre-
motor cortex, S1 cortex, and PCC regions showed consid-
erable abnormalities (regions surviving multiple
comparison correction are labeled in Table I). Of twelve
identified regions with significant CT abnormality, five
regions [left ACC (BA24), left PCC (BA23), bilateral multi-
sensory association area (BA39) and right S1 cortex in Fig.
2] showed thickening, while seven regions [left premotor
cortex (BA6), left multimodal posterior area (BA21), left
visual association area (BA19), right prefrontal cortex
(BA10), right secondary sensorimotor cortex (BA7), right
V1 and V2 cortices] exhibited thinning. The cortical loca-
tions, peak statistical significances (t values), MNI coordi-
nates, and cluster sizes of all 12 of these regions are
reported in Table I. Notably, 8 of the 12 regions exhibited
a higher level of statistical confidence (i.e., survived multi-
ple comparison correction) in CT differences between the
two groups. Box plots of the distributions of the CT mea-
sures of five representative cortical ROIs regions are
shown in Figure 3B, D, F, H, and J.

Distribution of CT as a Function of Age

We then directly compared CT abnormality as a func-
tion of age to determine whether CH patients are at higher
risk for CT abnormalities. With increases in age and rela-
tive to CONCH group measurements, the CH group
showed significant thinning in left PCC (P 5 0.03, cluster
4), the left multimodal posterior (middle temporal gyrus,
P 5 0.02, cluster 5) and left visual association (lingual
gyrus, P 5 0.05, cluster 6) areas (red lines in Fig. 3D, F,
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and H). For the CONCH group, we observed no correla-
tions of CT changes with increases of age in the above
mentioned regions, with the exception of one temporal
region (multimodal posterior area) that showed a thinning
trend (Fig. 3F). The most pronounced age-associated CH
group-specific change was thinning in the left multimodal
posterior area (0.3 mm, Fig. 3D).

Relationships Between Regional CT Measures

and Psychological Scores in Both CH and

CONCH Groups

Since the regions showing both abnormal structural and
functional connectivity are very likely among those most
severely affected brain regions during the course of chron-
ic pain, we plotted CT measures as a function of the differ-
ent psychological scores for the five ROIs showing
significantly different rsFC between CH patients and
CONCH groups (Fig. 4) to understand whether CT corre-
lates with psychological wellbeing and/or pain rating in

both patients and their controls. In all five ROIs, CT
showed no relationship with the pain ratings in CH
patients (see the last column in Fig. 4). Across all five
ROIs and psychological measures, there were no strong
correlations shared between CH and CONCH groups. For
CONCH, significant inverse correlations between CT and
SF-36 scores were detected in the left multisensory associa-
tion and right S1 regions (first column in Fig. 4A, E), indi-
cating normal subjects with a higher quality of life and
less fatigue exhibited thinning in these cortices. The CT of
the left multisensory association area also showed an
inverse correlation with sleep disturbance scores (PSQI),
but this did not reach a level of significance (P 5 0.09;
third panel in Fig. 4C). For CH, the CT of the left visual
association area showed significant inverse correlation
(P 5 0.03) with the PSQI and trending (P 5 0.06) positive
correlation with anxiety scores (SATI; third and fourth
panels in Fig. 4D). The CT of the left multisensory associa-
tion area also showed strong, but not significant (P 5 0.07),
inverse correlation with the depression score (HRSD; fifth
column in Fig. 4C).

Figure 1.

Statistical distribution of psychometric results for the CH and

CONCH groups (Supporting Information Table) and the correla-

tions between psychometric scores and pain ratings for CH

patients. (A) Box plots of psychometric results with their diag-

nostic criteria (gray arrows on the right side of box) of the

patients (red boxes) and controls (blue boxes). *P< 0.05;

**P< 0.01. (B) Scatter plots of psychometric measures as a func-

tion of self-reported subjective pain ratings (0–10 scale) in CH

patients. Thick black lines: linear regression results with the

slope b1; dashed magenta lines: quartiles on the vertical axis.

[Color figure can be viewed at wileyonlinelibrary.com]
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RsFC Between Regions Showing Abnormal CT

in CH Patients

Matrix plots (Fig. 5) of average Pearson’s inter-regional
correlations of rsFC between all possible combinations of
the twelve ROIs with CH-associated structural abnormality
(Table I) for the CH and CONCH groups revealed several
interesting features. First, inter-regional connectivity
strengths were generally stronger for the CH group than
for the CONCH group (mean r 5 0.52 vs. r 5 0.47, respec-
tively), as illustrated by the number of high-correlation
pixels (red-orange) in Figure 5A,B. Second, only 6 of the
10 ROIs showing the strongest correlations in each group
were shared between the two groups (Fig. 5C,D), includ-
ing a right secondary sensorimotor cortex correlation with
the right S1 cortex and a left PCC correlation with the
right V1 cortex (dark red pixels in Fig. 5C,D). A strong
connection between the left multisensory association areas
and left PCC (r 5 0.68) was only present in the CH group,
whereas a strong connection between premotor and S1
cortices was only observed in the CONCH group. Third,
there were no consistent relationships between rsFC
strength and CT change direction (i.e., thickening or thin-
ning). That is, strong rsFCs did not show a preference for
the nature of thickness abnormality; they occurred

between thickened regions, between thickened and
thinned regions, and between thinned regions.

Comparison of group-averaged correlation coefficients
of each ROI pair revealed significantly different correlation
strengths (P< 0.05, two-sample double-tailed t-test, Fig.
6A,B) in four ROI pairs (among five ROI regions) between
the two groups, with the CH group exhibiting stronger
rsFC correlations in all four of these comparisons. Four of
the five regions involved (clusters 2, 4, 5, and 6 in Fig. 2)
were located in the left hemisphere, whereas only one
(cluster 10 in Fig. 2) was located in the right hemisphere.
The left multisensory association area (cluster 2) appeared
to be a hub of the altered rsFC network in CH patients,
which included: the left multisensory association area–left
PCC (2–4), the left multisensory association area–left mul-
timodal posterior area (2–5), the left multisensory associa-
tion area–left visual association area (2–6), and the left
multisensory association area–right S1 cortex (2–10) rela-
tionships. A 3D whole-brain visual representation of the
distributed cortical network exhibiting significant thickness
(color-coded nodes) and rsFC abnormality (line-connected
nodes) in the CH group is shown in Figure 6C.

Because our CH patient population is heterogeneous, we
then evaluated whether data of any one sub-group biased
the population results. The matrix plots of the pair-wise
correlation analysis of different sub-group patients (i.e.,
migraine, tension type, or others) and their controls
showed that population results were not driven by any
one of the sub-groups (see Supporting Information Fig. 2).
Only one ROI pair (the left multisensory association area
and left PCC) showed a significant strengthened rsFC dif-
ference in the migraine group (compare Supporting Infor-
mation Fig. 2A,B).

RsFC Abnormality in CLBP Patients

To determine whether CLBP patients share similar rsFC
abnormalities between brain regions exhibiting CT abnormal-
ity in CH patients, we used the 12 ROIs identified in CH ver-
sus CONCH comparisons as the seeds to quantify the rsFC in
three group comparisons: (1) between CLBP and CONCLBP

groups, (2) between CH and CLBP groups, and (3) between
CONCH and CONCLBP groups. We observed generally similar
inter-regional rsFC patterns in the CLBP group, relative to the
CH group, for the aforementioned set of 12 ROI pairs (com-
pare Fig. 7A,B with Fig. 5A,B). The 10 ROI pairs with the
strongest rsFC in the CLBP group are plotted in Figure 7C,D.
Strong inter-regional correlations for the left multisensory
association area–right S1 cortex and the left PCC–right V1
cortex region pairs were identified in both CH and CLBP
patients (see dark red pixels with diamonds in Fig. 7C,D).
Interestingly, two ROI pairs (left multisensory association
area–left PCC, and left premotor cortex–left PCC) showed
stronger rsFC in the CLBP patients than in CONCLBP, whereas
two others (left premotor cortex–right V1 cortex, and right
multisensory association area–right V1 cortex) exhibited

Figure 2.

Widely distributed CT abnormality in CH relative to CONCH

groups (39 pairs). Cortical regions that exhibited thickness

abnormality are illustrated on an inflated, parcellated brain sur-

face (color coded for 64 cortical areas, DK atlas). Light blue-

blue and yellow-red colors indicate thickening and thinning,

respectively. Horizontal color bar shows the range of CT abnor-

mality (t-values). Thickness abnormality (two-sample two-tailed

t-test) was thresholded at P< 0.05 (|t|> 1.3), peak significant

value P< 0.01 (|t|> 2), and minimal cluster size of 60 mm2.

Patches are numbered from left (L) to right (R) hemispheres.
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Figure 3.

Distribution of CT measurements as a function of age in CH

and CONCH groups for five representative regions. (A, C, E, G,

I) Inflated brain surface maps show the location and size of

regions with thickness abnormality. Inserts in the middle column

show zoomed-in views of these regions. (B, D, F, H, J). Scatter

(left) and box (right) plots of CT distributions in left inferior

parietal cortex (2), left PCC (4), left middle temporal gyrus (5),

left lingual gyrus (6), and right postcentral gyrus (10) for both

groups. Solid lines represent linear regression with the slope b1;

dotted lines indicate quartiles. The Pearson’s correlations

between CT and age are also shown (r and p values). The CT of

PCC (4), middle temporal gyrus (5) and lingual gyrus (6) in CH

patients decreases with increasing age (P< 0.05). In the box

plots, red lines indicate median values; top and bottom blue lines

indicate 75% and 25% quartiles; error bars (whiskers) show SDs;

outliers are plotted as red crosses. ** P< 0.01. [Color figure

can be viewed at wileyonlinelibrary.com]
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Figure 4.

CT of five ROIs distributed with psychometric results (SF-36,

BDI, PSQI, STAI, HRSD) of CH and CONCH and pain rating of

CH patients. Red and blue lines represent linear regression of

patient and control groups with the slope b1. The Pearson’s cor-

relations (r and P) of CT and questionnaires are also shown. The

CT of left lingual gyrus (6) [left visual association area (BA18)] in

patients decreases with increasing PSQI scores (P< 0.05); and

the CT of left inferior parietal cortex (2) [left multisensory asso-

ciation area (BA39)] and right postcentral gyrus (10) (right S1

cortex) in controls decreases with increasing SF-36 scores

(P< 0.05). [Color figure can be viewed at wileyonlinelibrary.

com]
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stronger rsFC in the CONCLBP than in CLBP patients (pixels
without diamonds in Fig. 7C,D). Two ROI pairs (left premo-
tor cortex–right V1 cortex and right V2 cortex–right V1 cor-
tex) showed significantly weakened rsFC (P< 0.05) in CLBP
patients compared with the CONCLBP group (Fig. 7E,F).

Direct comparisons of inter-regional rsFC between CH
versus CLBP groups identified significantly different
rsFC in thirteen ROI pairs (CH>CLBP), which did not
overlap with the two ROI pairs (left premotor cortex–-
right V1 cortex and right V2 cortex–right V1 cortex)
detected between the CLBP and CONCLBP comparison
(compare Fig. 8A with Fig. 7E). We also computed rsFC
differences between the two control groups (CONCH vs.
CONCLBP) as a test of the representativeness of our con-
trols, and found that there was only one region [left
ACC (an emotional/motivational/executive function
region)–left visual association area] that showed a differ-
ence (Fig. 8B).

In summary, pair-wise inter-regional rsFC analysis
revealed that different groups (CH vs. CONCH, CLBP vs.
CONCLBP, CH vs. CLBP, CONCH vs. CONCLBP) exhibited
significantly different inter-regional rsFC in unique sets

of ROI pairs (Table II). ROI pairs showing abnormal
rsFCs in the CH versus CONCH comparison did not over-
lap with those in the CLBP versus CONCLBP comparison.
Four ROI pairs showed strengthened rsFC in both the
CH versus CONCH and CH versus CLBP comparisons.
Only one ROI pair (left multisensory association area–left
PCC) showed significant difference among all three
groups (CN, CLBP, CONCH 1 CLBP; P< 0.05, one-way
ANOVA).

CT Abnormality in CLBP Patients

Lastly, to understand the association between CT abnor-
malities in different chronic pain conditions, we quantified
the CT differences between the CLBP and CONCLBP

groups (Fig. 9), and then compared these differences with
those identified in the CH versus CONCH comparison. We
found that the CLBP group exhibited widely distributed
CT abnormalities in eight cortical regions, of which two
overlapped with those of the CH group (region pairs sur-
viving multiple comparison correction are labeled in
Tables I and III). These regions included: the left inferior

Figure 5.

Pairwise rsFC between cortical regions showing thickness abnormality between CH and CONCH

groups. Matrix plots of mean rsFC in (A) CH and (B) CONCH with their top 10 values shown,

respectively, in (C) and (D). The dark diamond indicates ROI pairs shown strong rsFC (CH:

r> 0.62; CONCH: r> 0.59) in both groups.
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parietal cortex [left multisensory association area (BA39)],
left precentral gyrus [left premotor cortex (BA6)], left PCC
(BA31), left middle temporal gyrus [left multimodal poste-
rior area (BA21)], right rostral middle frontal gyrus [right
prefrontal cortex (BA9)], right superior parietal cortex
[right secondary sensorimotor cortex (BA7)] and right pre-
central gyrus [right primary motor cortex (M1, BA4)].
When taking into account the confidence level of the CT
measure differences by looking at the regions that sur-
vived the multiple comparison correction, the only two
regions showing robust cortical thickness abnormality in
both CH and CLBP conditions are the left PCC and right
rostral middle frontal gyrus (right prefrontal cortex).

DISCUSSION

In the present study, we found that our group of CH
patients were suffering from mild depression and sleep
disturbances, and had a lower quality of life than their
demographically matched controls. They also exhibited
diverse CT abnormality, in core pain regions, such as the
premotor and S1 cortices, PCC, and regions in the default
mode network (DMN). RsFC analysis of rsfMRI data for
ROIs selected based on CT findings revealed four ROI pairs
(among five regions) with altered rsFC in CH patients, and
only two such pairs in the CLBP group. Compared with the
rsFC of the CH group, CLBP patients exhibited significant

Figure 6.

Matrix plots and 3D visualization of ROI pairs with rsFC differ-

ences between CH and CONCH groups. (A) Four ROI pairs

with significant group difference in rsFC. (B) Box plots of rsFC

distributions for each group for those four ROI pairs. Red lines

indicate medians; top and bottom blue lines indicate 75% and

25% quartiles; error bars (whiskers) show SDs; outliers are plot-

ted as red crosses. *P< 0.05; **P< 0.01. (C) Colored nodes

represent ROI seeds with same color scheme representing ROIs

within the same lobe (e.g., frontal and parietal cortices). Inter-

nodal lines are weighted to reflect magnitude of mean correla-

tion coefficient values between the groups. The four ROI pairs

(2–4, 2–6, 2–5, and 2–10) with significant differences in correla-

tion coefficients between the two groups (Fig. 6A) are linked

with lines. LH and RH: left and right hemispheres. [Color figure

can be viewed at wileyonlinelibrary.com]
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rsFC strength differences in partially overlapping and
unique sets of ROI pairs. These observations support the
notion that CH pain is a pathological condition character-
ized by structural and functional abnormality, and suggest
that rsFC alterations in some cortical regions do not general-
ize across different chronic pain conditions.

Compromised Psychological Wellbeing

of CH Patients

CH patients’ scores on five psychometric instruments
suggested that they had compromised psychological well-
being characterized by fatigue (SF-36), depression

Figure 7.

Pairwise rsFC between CLBP patients and their controls

CONCLBP (49 pairs) using the same ROI seeds as in Fig. 6.

Matrix plots of mean rsFC in (A) CLBP and (B) CONCLBP with

their top 10 values shown, respectively, in (C) and (D). Shared

pixels are indicated by the diamond. (E) rsFC of left precentral

gyrus (left premotor cortex) – right cuneus cortex (right V1

cortex) (3–12) and right lateral occipital cortex (right V2

cortex) – right cuneus cortex (right V1 cortex) (11–12) differed

between the two groups. (F) Box plots of the group FC (r value)

distributions for ROI pairs of 3–12 and 11–12. Red lines indicate

medians; top and bottom blue lines indicate 75% and 25% quar-

tiles; error bars (whiskers) show SDs; outliers are plotted as

red crosses. *P< 0.05, two-sample double-tailed t-test. [Color

figure can be viewed at wileyonlinelibrary.com]
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symptomology (BDI, STAI, HRSD), and sleep disturbances
(PSQI), compared with their age- and gender-matched
controls. These findings are in general agreement with pre-
vious reports of various chronic pain conditions [for
reviews, see Boakye et al., 2016; Menefee et al., 2000; Nee-
lakantan et al., 2004]. Importantly, compromised wellbeing
in CH patients, such as sleep disturbance or fatigue, corre-
lated with CT abnormalities in multisensory association
area (BA39), a region that processes somatic, visual and
auditory information, and multimodal posterior area
(BA21). Interestingly, these psychological measures did not
correlate closely with subjective pain ratings at the time
data were acquired. Together, these observations indicate
that compromised psychological wellbeing in chronic pain

patients (CH in our study) is linked to brain structural
abnormality. Therefore, effective management of chronic
pain patients should include psychological evaluations.
Furthermore, given the observed widespread structural
and functional abnormalities observed in chronic pain
patients, early intervention with a combination of psycho-
logical, pharmacological, rehabilitative, and surgical thera-
peutic approaches may be necessary to optimize their
overall quality of life.

CT Abnormality in CH and CLBP Patients

Cortical structural abnormality has been reported in var-
ious chronic pain conditions [DaSilva et al., 2007a;

Figure 8.

2D matrix of ROIs pairs showing significant rsFC differences.

(A) Direct rsFC comparison of two patients’ groups: 39 CH and

49 CLBP patients (P< 0.05, t-test). (B) Comparison of two con-

trols’ groups: 39 CONCH and 49 CONCLBP. One ROI pair [left

medial orbitofrontal cortex (left ACC) – left lingual gyrus (left

visual association area) (1–6)] showed rsFC differences at

P< 0.05 level (t-test). (C) RsFC comparison across 39 CH, 49

CLBP, and 88 CONCH 1 CLBP. One ROI pair [left inferior parietal

cortex (left multisensory association area)–left PCC (2–4)]

showed rsFC difference (P< 0.05, one-way ANOVA). [Color fig-

ure can be viewed at wileyonlinelibrary.com]

TABLE II. Cortical regions showed significantly differences in rsFC between CH and CLBP [Color table can be

viewed at wileyonlinelibrary.com]

ROI Name Name ROI

CH vs. CLBP (Fig. 8A)
1 L ACC L multimodal posterior area 5
2 L multisensory association area L PCC 4
2 L multisensory association area L multimodal posterior area 5
2 L multisensory association area L visual association area 6
2 L multisensory association area R S1 cortex 10
2 L multisensory association area R V2 cortex 11
2 L multisensory association area R V1 cortex 12
4 L PCC R S1 cortex 10
5 L multimodal posterior area R prefrontal cortex 7
5 L multimodal posterior area R secondary sensorimotor cortex 8
7 R prefrontal cortex R V2 cortex 11
10 R S1 cortex R V2 cortex 11
10 R S1 cortex R V1 cortex 12
CLBP vs. CONCLBP (Fig. 7E)
3 L premotor cortex R V1 cortex 12
11 R V2 cortex R V1 cortex 12

Note: Shaded ROI pairs are those shared with CH vs. CONCH comparison in Fig. 6A.
Main functions of ACC (medial orbitofrontal cortex): emotional/motivational executive functions.
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Granziera et al., 2006]. The two most commonly used
structural analysis methods are volumetric and surface
based. We started our study with CT analysis, because it
has been shown to be sensitive to identifying meaningful
abnormalities in various disease conditions, such as
migraine [Granziera et al., 2006], chronic temporomandib-
ular pain [Moayedi et al., 2011], and irritable bowel syn-
drome [Blankstein et al., 2010; Davis et al., 2008].

To date, with respect to headache, controversies remain
regarding the nature of CT abnormality (i.e., thickening vs.
thinning) and the specific areas involved [for reviews, see
May, 2009, 2011, 2013]. Here, we showed that surface-
based [Lester and Liu, 2013; May, 2009] CT measurement
is sufficiently sensitive to detect structural abnormality
between pain (i.e., headache) and no pain conditions. In
our heterogeneous CH group, we detected CT abnormality
in a wide variety of regions, including premotor and S1
cortices around the central sulcus, multisensory association
areas, right secondary sensorimotor cortex, and left PCC.
These cortical regions are parts of different resting state
networks [Damoiseaux et al., 2006], including DMN [cin-
gulate cortices, such as PCC; Raichle, 2015a], sensorimotor

(premotor, S1, and secondary sensorimotor cortices), and
executive control [prefrontal and parietal regions; Seeley
et al., 2007].

Numerous studies report that headache (e.g., migraine)
patients have a higher risk of brain structural abnormality
than their age-matched controls [Bashir et al., 2013; Hou-
gaard et al., 2014; Kruit et al., 2010; Palm-Meinders et al.,
2012]. However, the reported prevalence of subcortical
structural abnormality in headache patients, including
white matter lesion, varies across studies. This issue of the
prevalence of subcortical white matter lesions in normal
adult, CH patients, and CLBP patients motivated us to (1)
quantify the prevalence of white matter lesions in CH,
CONCH, CLBP, and CONCLBP groups, and (2) examine the
relationships between CT as a function of age in both CH
and CONCH groups. We found overall comparable preva-
lence of white matter lesions in both CH patient (37%) and
control (32%) groups. These numbers are higher than most
of the previous reports [for reviews, see Hougaard et al.,
2014; Kruit et al., 2004, 2005], which primarily employed
1.5T MRI and computed tomography images in the analy-
sis [Eller and Goadsby, 2013; Ellerbrock et al., 2013]. We

Figure 9.

Widely distributed CT abnormality in CLBP relative to

CONCLBP groups (49 pairs). Cortical regions that exhibited

thickness abnormality are illustrated on an inflated, parcellated

brain surface (color coded for 64 cortical areas, DK atlas). Light

blue-blue and yellow-red colors indicate thickening and thinning,

respectively. Horizontal color bar shows the range of CT abnor-

mality (t values). Thickness abnormality (two-sample two-tailed

t-test) was thresholded at P< 0.05 (|t|> 1.3), peak significant

value P< 0.01 (|t|> 2), and minimal cluster size of 60 mm2.

Patches are numbered from left (L) to right (R) hemispheres.
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attribute at least part of the high detection rate of white
matter lesions in our study to the use of 3T MRI FLAIR
(fluid-attenuated inversion recovery) images, which have
higher imaging contrast than 1.5T MRI and computed
tomography images. Interestingly, we unexpectedly found
high prevalence of white matter lesion in the CLBP (53%)
and CONCLBP, (42%) groups. The mean age of the CLBP
and CONCLBP groups (55.4 and 55.2 years old) was
approximately 12 years older than that of the CH and
CONCH groups (43.4 and 44.0 years old). The older mean
age of the CLBP and CONCLBP groups may have contrib-
uted to the high prevalence of white matter lesions, which
is known to increase with age in the general population.
Importantly, the degrees of CT thinning in the PCC and
multimodal posterior area (engaged in visual and auditory
information process) in CH patients exceeded the effect of
age alone, indicating that age-related CT effects (primarily
thinning) are not universal, but occur on a regional basis.

Additionally, we observed structural abnormality in spe-
cific cortical regions, such as S1, PCC, prefrontal, and visu-
al (V1, V2, and visual association) cortices, which are
consistent with regions identified in previous studies of
migraine and headache patients [for reviews, see Borsook
et al., 2015; May, 2013]. This provides further evidence of
their involvement in CH pain. CT differences in these CH
patients, however, did not correlate with the subjective
self-reported pain magnitude at the time of data collection,
indicating CT abnormality likely results from long-term
course of insults. For example, a CT abnormality in right

S1 cortex in CH is well aligned with its role in processing
pain-related information [DaSilva et al., 2007a,b; Kong
et al., 2013]. The constant processing of painful inputs in
S1 might drive progressive cortical thickening [Kong et al.,
2013]. Furthermore, the PCC is a core region of the posteri-
or subnetwork of the DMN, which has been implicated in
consciousness and memory processing via its relation to
the hippocampus [Frokjaer et al., 2012; Hemington et al.,
2015]. PCC thickening may reflect its constant engagement
in the chronic pain experienced by CH patients. Further-
more, CT abnormality in the inferior parietal cortex (multi-
sensory association area, BA39), which is a node of the
executive control network, may be related to the multisen-
sory association of pain with visual and auditory informa-
tion, pain memory, attention, or other aspects of internal
mentation in CH patents. Future longitudinal evaluation
or interventional studies are needed to determine whether
these structural abnormalities are causative of or conse-
quential to CH.

Interestingly, findings in CLBP patients indicate that
there are common regions (i.e., premotor cortex, PCC,
multisensory association area, and prefrontal cortex) that
may be associated to the chronic pain states, regardless of
the specific pathology. These cortical regions exhibited
similar CT abnormality in both CH and CLBP conditions.
These regions indeed are widespread and belong to differ-
ent functional networks. These structural abnormalities
may be the underlying pathology for the multi-
dimensional feature of chronic pain, and could be a

TABLE III. Cortical regions with CLBP-associated thickness changes (Fig. 9) [Color table can be viewed at wileyonli-

nelibrary.com]

Index DK atlas BA t value Coordinates (x,y,z) Size (mm2)

8 1 L caudal middle frontal gyrus L premotor cortex (BA6) 22.3804 238.2 5.7 54.5 303.44
2 L inferior parietal cortex L multisensory association area (B39) 22.8401 243.0 256.1 24.9 122.86
3 L precentral gyrus L premotor cortex (BA6) 22.0593 249.2 2.6 5.1 122.33

8 4 L posterior cingulate cortex L posterior cingulate cortex (BA31) 22.7967 28.8 229.5 40.2 186.69
5 L superior temporal gyrus L Wernicke’s area (BA22) 2.7841 263.3 241.3 10.0 118.31

8 6 L inferior temporal gyrus L fusiform gyrus (BA20) 22.6886 248.4 237.9 224.0 409.15
7 L middle temporal gyrus L multimodal posterior area (BA21) 22.3804 257.9 219.1 216.0 133.30
8 L precuneus cortex L secondary sensorimotor area (BA7) 22.2237 213.3 266.5 34.0 92.34

8 9 L supramarginal gyrus L outside BAs 23.1154 248.8 244.4 26.0 192.40
8 10 L banks of the superior

temporal sulcus (banksts)
L outside BAs 23.6427 248.1 239.6 20.8 197.85

11 L parahippocampal gyrus L fusiform gyrus (BA37) 22.0265 226.7 241.3 29.8 186.60
8 12 R rostral middle frontal gyrus R prefrontal cortex (BA9) 23.2359 40.2 29.1 31.2 315.80

13 R inferior parietal cortex R fusiform gyrus (BA37) 22.4404 44.4 248.1 13.1 86.61
14 R superior parietal cortex R secondary sensorimotor cortex (BA7) 22.1987 32.0 246.7 38.4 71.52

8 15 R precentral gyrus R primary motor cortex (M1, BA4) 23.2219 37.3 218.3 35.0 170.69
16 R precentral gyrus R outside BAs 22.7641 23.7 212.4 53.4 131.23
17 R inferior temporal gyrus R fusiform gyrus (BA20) 22.6355 54.3 241.5 219.5 95.66

8 18 R middle temporal gyrus R multimodal posterior area (BA21) 22.2227 61.9 243.4 27.3 235.26
19 R supramarginal gyrus R multimodal association area (BA40) 22.0915 52.3 243.8 35.4 98.18

Note: “8” indicates regions survived the multiple comparison corrections (Monte Carlo simulation, P< 0.05, FreeSurfer). Regions in left
(L) or right (or R) hemispheres are highlighted by blue or red background, respectively. x-y-z coordinates are in MNI space. Positive
and negative numbers indicate cortical thickening and thinning in CLBP patients, respectively
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possible mechanism for the cognitive and emotional issues
that a high percentage of chronic pain patients experience.
More detailed analyses are needed to reveal these poten-
tial associations.

Correlated Structural and RsFC Abnormality

Brain regions that are engaged in processing the same
peripheral inputs (e.g., pain signals) or behavior are often
connected functionally at rest, as reflected by rsFC data.
Correlated structural and functional connectivity abnor-
malities have been reported in various disease conditions
[Bar et al., 2015; Jensen et al., 2013; Kregel et al., 2015;
May, 2009]. Building upon this concept, we parcellated
cortical regions showing structural abnormality, and
regrouped them into functionally relevant networks by
measuring the inter-regional correlation strength of their
rsfMRI signals. We used the correlation analysis of the
low-frequency fluctuations (0.01–0.08 Hz) of rsfMRI signals
to evaluate intrinsic inter-regional rsFC [for reviews of
mechanism and applications, see [Raichle, 2015b; Ramani,
2015; Zhang and Raichle, 2010]. In line with previous
observations indicating coordinated activity during the
processing of nociceptive heat inputs in non-human pri-
mates [Wang et al., 2013], we identified strong rsFC
between premotor and S1 (areas 1, 2, 3a,b) cortices in con-
trols. This finding indicates that sensory and motor regions
do exhibit strong intrinsic functional connectivity. The
strong connection between premotor and S1 cortices was
weakened in CH patients suggesting that they may have
some form of compromised communication in sensory-
motor networks. Pairwise rsFC comparisons between the
CH patients and their controls revealed only four ROI pairs
with significantly enhanced connectivity. Within these func-
tional circuits, the left inferior parietal cortex, where multi-
sensory association area [BA39, engaged in somatosensory
(includes pain), visual and auditory information] resides,
serves as a core hub connecting S1 cortex (right postcentral
gyrus), left PCC, left multimodal posterior area (BA21), and
left visual association area. These findings indicate that
rsFCs among multisensory, sensorimotor, sensory associa-
tion areas, cingulate, multimodal posterior and prefrontal
regions are disrupted in CH patients.

RsFC Abnormality Differ Across Chronic Pain

Conditions

Given the complexity of chronic pain experiences, it is
possible that some brain regions are involved in encoding
pathology-specific information (i.e., head vs. lower back)
whereas others are responsible for encoding different
information, such as pain quality [Apkarian et al., 2005,
2009, 2013; Kregel et al., 2015]. When we compared abnor-
malities in inter-regional rsFC between CLBP and their
controls, only two ROI pairs, between the left premotor
and right V1 cortices, and V1 and V2 visual cortices in the

right hemisphere, showed rsFC difference (Table II). The
observations of no overlap abnormality in rsFC between
CH versus CONCH and CLBP versus CONCLBP, but shared
rsFC disturbance in CH versus CLBP, indicate that rsFC
strengthening in the four core ROIs likely relates to the
specific pathology of CH versus CLBP conditions. It also
suggests that neural circuits involved in CLBP differ from
those involved in CH. Furthermore, only one ROI pair of
multisensory association area of the inferior parietal cortex
and PCC showed significantly different rsFC when we
compared all three groups (CH, CLBP, and CON). Both of
these regions are core nodes of DMN and executive con-
trol networks.

RsFC differences between CH and CLBP patients indi-
cate that connectivity abnormalities are specific to local
cortical regions and strongly relate to the underlying
pathology of the chronic pain condition. However, we
speculate that age and gender differences between these
groups likely resulted in a loss of statistical power in
detecting differences in other ROI pairs. Fine-scale func-
tional organization differences within a single functional
region and the size of the ROI seeds likely influence rsFC
measures. We think that the use of ROI seeds with a radi-
us of 10 mm in our rsFC analysis improved our ability to
differentiate between the groups, at least in those regions
showing CT abnormality in CH patients [Eickhoff et al.,
2006]. The detection of structural and functional abnormal-
ity in multiple sites of the same large region (e.g., multi-
sensory association area) provides evidence for the
existence of functionally distinct subregions. It is possible
that the size of the ROI likely captured rsfMRI signal fluc-
tuations originating from a cortical region containing more
functionally homogenous neurons. It also likely contrib-
utes to the discrepancy in what brain regions are found to
be involved in mediating abnormality in specific pain
related multi-dimensional experiences. Finally, rsFC differ-
ences between CH and CLBP patients indicate that con-
nectivity abnormalities are specific to local cortical regions
and strongly related to the underlying pathology of the
chronic pain condition.

CONCLUSION

We observed compromised psychological wellbeing and
widespread CT abnormality in CH patients. CT abnormali-
ty was associated with rsFC alterations (i.e., left multisen-
sory association area–right S1 cortex, left multisensory
association area–left PCC, left multisensory association
area–left multimodal posterior area, and left multisensory
association area–left visual association area). The CT
abnormality shared some common features with those of
CLBP, whereas rsFC abnormality observed in CH patients
differed from that observed in CLBP patients. The func-
tional connectivity between PCC and multisensory associa-
tion regions was the most robust measure that could
differentiate the three groups of CH, CLBP, and CON.
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