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Abstract

Patients with persistent somatoform pain disorder (PSPD) usually experience various func-
tional impairments in pain, emotion, and cognition, which cannot be fully explained by a
physiological process or a physical disorder. However, it is still not clear for the mechanism
underlying the pathogenesis of PSPD. The present study aimed to explore the intra- and
inter-network functional connectivity (FC) differences between PSPD patients and healthy
controls (HCs). Functional magnetic resonance imaging (fMRI) was performed in 13 PSPD
patients and 23 age- and gender-matched HCs. We used independent component analysis
on resting-state fMRI data to calculate intra- and inter-network FCs, and we used the two-
sample t-test to detect the FC differences between groups. Spearman correlation analysis
was employed to evaluate the correlations between FCs and clinical assessments. As com-
pared to HCs, PSPD patients showed decreased coactivations in the right superior temporal
gyrus within the anterior default-mode network and the anterior cingulate cortex within the
salience network, and increased coactivations in the bilateral supplementary motor areas
within the sensorimotor network and both the left posterior cingulate cortex and the medial
prefrontal cortex within the anterior default-mode network. In addition, we found that the
PSPD patients showed decreased FNCs between sensorimotor network and audio network
as well as visual network, between default-mode network and executive control network as
well as audio network and between salience network and executive control network as well
as right frontoparietal network, and increased FNCs between sensorimotor network and left
frontoparietal network, salience network as well as cerebellum network, which were nega-
tively correlated with the clinical assessments in PSPD patients. Our findings suggest that

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 1/16


https://doi.org/10.1371/journal.pone.0176494
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176494&domain=pdf&date_stamp=2017-04-28
https://doi.org/10.1371/journal.pone.0176494
https://doi.org/10.1371/journal.pone.0176494
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Altered resting-state network connectivity in patients with persistent somatoform pain disorder

PSPD patients experience large-scale reorganization at the level of the functional networks,
which suggests a possible mechanism underlying the pathogenesis of PSPD.

Introduction

Patients with persistent somatoform pain disorder (PSPD) often suffer from persistent, severe
and distressing pain without fully explanatory peripheral pathology. In the recent ICD-11 beta
draft, PSPD is subsumed to bodily distress disorder (BDD), a disorder characterized by bodily
symptoms that are distressing to the individual and attention directed toward those symptoms
that far exceeds what is warranted in relation to the symptoms’ nature and progression [1].
Numerous studies have demonstrated that the pain system of human brain is involved in the
widely distributed regions, including the somatosensory cortices, thalamic nuclei, anterior cin-
gulate cortex (ACC), prefrontal cortex (PFC), insular cortex, and the default mode network
(DMN) (medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC) and posterior
parietal cortex), which are associated with the sensory-motivational and affective-discrimina-
tive aspects of pain [2-7]. So far, most of the studies related to PSPD focus on the behavioral
changes in PSPD patients. By utilizing the Toronto Alexithymia Scale and the Hospital Anxiety
and Depression Scale, the study [8] found that adolescents with PSPD had higher levels of alex-
ithymia and anxiety than healthy ones had. Another study [9] used a series of animated morph
clips to find that although PSPD patients’ ability to recognize facial expressions was normal,
they exhibited deficits in mind-reading abilities. Additionally, a recent study [10] showed that
PSPD patients scored lower relative to the general population on the SF-36 scale measuring
quality of life, which correlated with the pain, depression and anxiety scores. However, these
studies do not uncover the brain mechanism underlying the pathogenesis of PSPD.

Resting-state functional magnetic resonance imaging (fMRI) is a task-independent and
noninvasive method to assess brain regional and neural circuitry function. The low-frequency
(0.01-0.08 Hz) fluctuations of the blood oxygen level dependent (BOLD) signal detected dur-
ing resting state by fMRI are considered to reflect spontaneous neuronal activities [11-14].
Recently, we used the regional homogeneity method on the resting-state fMRI data to find
that, compared with healthy controls (HCs), the PSPD patients showed increased ReHo in the
PFC and inferior parietal lobe (IPL), and they showed decreased ReHo in the somatosensory
cortex as well as posterior cerebellum. The mean ReHo of IPL in the PSPD patients correlated
with the clinical assessments [15]. In order to further improve our understanding for the brain
mechanism of PSPD, there will need to be more studies investigating neuro-mechanisms. It is
well-known that the traditionally resting-state functional connectivity (FC) is primarily
applied to explore interregional temporal correlations of low frequency fluctuations in BOLD
signals [16]. Generally, in the analysis, we first choose a region of interest (ROI) as the seed.
Second, we calculate the reference time course by averaging the time series of all voxels in the
seed ROL. Finally, we perform a Pearson’s correlation analysis, namely FC, between the refer-
ence time course and time series of each voxel in the brain. Therefore, the traditional method
only detects the FC between two regions, but it fails to explain the change in the intra- and
inter-network connectivity of the whole brain. The present study explores the large-scale func-
tional organization of the brain in PSPD patients by investigating the intra- and inter-network
connectivity.

Independent components analysis (ICA) have revealed aberrant resting-state networks
(RSNs) in many disorder studies, such as schizophrenia [17], congenital blindness [18], amyo-
trophic lateral sclerosis [19] and somatoform pain disorder [20]. Nevertheless, the alterations
in the FC within and across RSNs in PSPD patients are still unknown. From the perspective of
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pain perception, we hypothesize that the intra-network FCs in PSPD patients are altered in
those networks associated with sensation, emotion and cognition. Because the changed FCs
have been reported between the brain regions of pain systems and those belonging to other
RSNs in some chronic pain disorders [3,4,20], we also hypothesize that the pain-related inter-
network FCs are altered in PSPD patients. In the present study, we used an ICA-based RSN
analysis to investigate whether both intra- and inter-network FCs are altered in PSPD patients.

Materials and methods
Participants

Thirteen patients were consecutively recruited from the Department of Psychosomatic Clinic
of Tongji University between May 2012 and May 2015. Two trained psychiatrists (Yanli Luo
and Tianming Huang) diagnosed the PSPD using Mini International Neuropsychiatric Inter-
view (M.LN.I) to exclude other psychiatric conditions and severe somatic comorbidities, such
as diabetes, hypertension, tumor, and hyperlipidemia. Inclusion criteria for PSPD patients
included: 1) right-hand dominance (The hand dominance was tested by using the Edinburgh
Handness Inventory [21]); 2) ages between 18 and 65 years; 3) duration of clinical pain of at
least 6 months; 4) diagnosis of PSPD according to ICD-10 criteria. Exclusion criteria for all
subjects included current or past history of any of the following as indicated: 1) presence of
pain symptoms due to severe somatic diseases; 2) existence of uncontrolled diseases, such as
congestive heart failure, hypertension, cerebrovascular disease, thyropathy; 3) substance or
depilatory abuse, such as alcohol and cocaine; 4) presence of mental diseases (such as affective
disorder, suicidal depression, anxiety disorder, phobic anxiety disorder, obsessive compulsive
disorder, and posttraumatic stress disorder); 5) electroconvulsive therapy within past 4 weeks;
6) current pregnancy; 7) participation in other clinical trials within past 4 weeks; 8) indications
as evidenced by magnetic resonance imaging (MRI) of cerebral atrophy diagnosed by a radiol-
ogist who visually analyzed the MRI images on the scene. In most cases, participants’ self-
reported pain was diffuse. The predominant clinical pain in the patient group was located in
the 1) head, neck, and face region (diffuse pain, n = 4); 2) lower back region (lower back pain,
n = 1); 3) pelvic region (lower abdomen pain, n = 4); and 4) upper and lower limbs (n = 2).
Two patients reported more than one predominant pain location (one patient with lower
abdomen pain as well as neck pain, and one patient with pain in the lower limbs along with
back pain). There was no significant difference (t = -0.10, p = 0.92) in the VAS score before
and after scanning in 13 patients. We considered the patients as severely affected for the diag-
nostic group of PSPD from a clinical point of view. All patients were previously exposed to
Duloxetine with a maximum dose of 60mg/day or Venlafaxine with a maximum dose of
150mg/day, and they underwent MRI scanning after a washout period of 7 days based on the
half-life of most antidepressants being used in previous studies [22,23]. Additionally, 23 HCs
matched in age, gender, and handedness were recruited (Table 1). All HCs had no chronic/
ongoing pain and did not meet ICD-10 criteria for any psychiatric disease. Demographic char-
acteristics and clinical assessment of individual for PSPD patients and HCs was displayed in
the S1 Table.

This study was approved by the local Ethics Committee of Tongji Hospital of Tongji Uni-
versity and conducted in accordance with the Declaration of Helsinki. Written informed con-
sent was obtained for all the participants.

Clinical assessments

The Visual Analogue Scale (VAS), Zung Self-Rating Anxiety Scale (SAS), and the Zung Self-
Rating Depression Scale (SDS) were used to assess pain characteristics, anxiety and depressive
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Table 1. Demographic characteristics and clinical assessment of participants.

HCs (n =23) Patients (n = 13) Patients vs HCs
mean % std mean % std p-value

Age (years) 2 46.1£12.7 46.0+14.3 0.99

Sex(male: female) ° 12:11 5:8 0.84

Hand dominance R R -

Duration of illness (years) 2 - 3.5+257 -

VAS? - 5.69+2.10 -

SAS? - 35.62+9.42 -

SDs? - 37.77 £ 8.57 -

FD® 0.08 £ 0.04 0.06 +0.03 0.25

a: Independent t-test
b: Chi-Square test.
VAS: Visual Analogue Scale; SAS: Self-Rating Anxiety Scale; SDS: Self-Rating Depression Scale; FD Frame-wise Displacement.

https://doi.org/10.1371/journal.pone.0176494.t001

symptom, respectively, in each patient. Detailed descriptions of these three assessments were
elaborated in our previous study [15].

MRI data acquisition

The MR images were acquired with a Siemens Trio 3.0 Tesla MRI scanner (Siemens, Erlangen,
Germany) at the Shanghai Key Laboratory of Magnetic Resonance, East China Normal Uni-
versity. All patients were asked to discontinue their pain medications 1-3 days before fMRI.
Before fMRI, the participant’s head was stabilized using foam pads to minimize both head
movement and scanner noise. Resting-state fMRI of the whole brain was performed using an
echo-planar imaging (EPI) sequence: axial slice: 33, slice thickness: 4 mm, no gap, matrix:

64 x 64, repetition time: 2,000 ms, echo time: 30 ms, flip angle = 90°, and field of view: 192
mm x 192 mm. During the fMRI scanning, all subjects were instructed to keep their eyes
closed, relax, and movements as little as possible without thinking about anything in particu-
lar. Each scan lasted for 8 minutes and 6 seconds, but the first six seconds would comprise

of dummy scanning. Thus, a total of 240 image volumes were collected. Additionally, T1-
weighted sagittal images covering the entire brain were obtained with a magnetization-pre-
pared rapid gradient echo sequence: slices per slab: 192, slice thickness: 0.9 mm, gap: 0.45 mm,
repetition time: 2530 ms, echo time: 2.4 ms, inversion time: 1100 ms, field of view: 256 mm x
256 mm, flip angle: 7°, and matrix: 256 x 256.

Pre-processing of fMRI data

Pre-processing of f{MRI data was performed using the Statistical Parametric Mapping software
package (SPMS, http://www.filion.ucl.ac.uk/spm) and the Data Processing Assistant for Rest-
ing-State fMRI Data Analysis Toolkit (DPARSEF, http://resting-fmri.sourceforge.net). The first
10 volumes of each participant’s data set were discarded to allow for magnetization equilib-
rium and environment adaptation. The remaining 230 images were corrected for time delay
between slices and for rigid-body head movement by co-registering them to the first image.
None were excluded due to excessive motion (translation > 2.5 mm or rotation > 2.5 degrees).
Also, there was no significant difference in the frame-wise [24] displacement between groups
(t=1.18, P = 0.25). Subsequently, the functional images underwent motion correction and
were then spatially normalized to the Montreal Neurological Institute (MNI) space using a
unified segmentation algorithm [25]. The data were re-sampled to an isotropic resolution of

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 4/16


http://www.fil.ion.ucl.ac.uk/spm
http://resting-fmri.sourceforge.net/
https://doi.org/10.1371/journal.pone.0176494.t001
https://doi.org/10.1371/journal.pone.0176494

@° PLOS | ONE

Altered resting-state network connectivity in patients with persistent somatoform pain disorder

3-mm using the parameters estimated during unified segmentation. Finally, the normalized
images were spatially smoothed using an isotropic Gaussian filter with a full-width-half-maxi-
mum (FWHM) of 6 mm to reduce spatial noises.

Independent component analysis

The ICA was performed using the free soft GIFT (http://icatb.sourceforge.net/, version 2.0h)
for all fMRI data with three distinct stages [26]: First, a three-step principal component analy-
sis (PCA) was used to decompose the data set into 34 components. Subsequently, the indepen-
dent components (ICs) were estimated using the Informax algorithm [27]. Finally, the group
ICA 3 (GICA3) approach, a reliable method to explore ICs [28], was used to back-reconstruct
the individual subject components. After back-reconstruction, the time-courses of ICs and
spatial ICs for each participant were acquired, and the subject-specific spatial maps were trans-
formed to z scores. Each individual z map was entered into a random-effect two-tailed one-
sample t-test to determine the group spatial map and the corresponding spatial pattern of each
Resting-State Network (RSN) in SPM8 (P < 0.001, FDR corrected). Then, a two-tailed two-
sample t-test was performed to compare the coactivation difference within each RSN between
PSPD patients and HCs with a statistical significance level of P < 0.001 and cluster > 270 mm’
(uncorrected), with gender and age as nuisance covariates.

Functional network connectivity analysis

The ICs are independent in spatial domain, however, the time-courses of ICs are not indepen-
dent in time domain and exhibit significant temporal dependence among ICs [18]. Compared
to the traditional FC analysis, which focuses on the correlation between a seed region and the
remaining regions of the whole brain, the present study primarily focused on the temporal
correlation between different RSNs. The present study by the visual inspection identified 12
meaningful RSNs (the detail descriptions see in the Result part) which have been reported in
the previous studies [18,29-31]. The time-courses of 12 RSN for each participant were ex-
tracted from the ICA analysis, and the Pearson’s correlation coefficient of the time-courses of
each pair of the 12 RSNs, namely the functional network connectivity (FNC) [18], were calcu-
lated and normalized with Fisher r-to-z transformation. To compare the FNC differences
between PSPD patients and HCs, a two-tail two-sample t test was performed with a statistical
significance level of P < 0.05 (FDR corrected).

Correlation analysis

To determine the relationship between FC with significant difference between groups and clin-
ical characteristics, the Spearman correlation (nonparametric) analysis was performed
between the FCs with significant difference and VAS, SAS, SDS and duration of illness in
PSPD patients. A value of P < 0.05 was considered statistically significant.

Results
Resting-state networks

In 34 ICs estimated from ICA, the identified 12 ICs were consistent with RSNs described in
previous studies [18,29-31](Fig 1). The sensorimotor network (SMN) includes the bilateral
pre- and postcentral gyrus (Pre/PostCG), and supplementary motor areas (SMA). The anterior
default-mode network (aDMN) consists of the mPFC and PCC/precuneus, and the posterior
default-mode network (pDMN) consists of bilateral lateral parietal cortices (LPC) and precu-
neus. The frontoparietal network (FPN) is mainly involved in the dorsolateral prefrontal
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cortex (DLPFC) and posterior parietal cortex (PPC). The executive control network (ECN)
includes the bilateral DLPFC, ventrolateral PFC (VLPFC), dorsomedial PFC, and LPC. The
salience network (SN) is composed of the bilateral VLPFC, anterior insula (AI), and dorsal
ACC (dACC). The auditory network (AN) primarily includes the bilateral superior temporal
gyrus (STG). The visual network (VN) mostly includes the bilateral occipital lobe (OL). The
cerebellum network (CN) includes the bilateral cerebellum (Cb).

Altered coactivations of RSNs in PSPD patients

Compared with HCs, PSPD patients showed decreased coactivations in the right STG within
aDMN and the right ACC within SN while increased coactivations were found in the bilateral
SMA within SMN, and the left mPFC and PCC within aDMN (Fig 2 and Table 2) (P < 0.001
and cluster > 270 mm”, uncorrected). These significant differences within networks between
groups disappeared when the results were corrected by the FDR (P < 0.05).

Altered FNCs in PSPD patients

As compared to HCs, PSPD patients showed significantly reduced FNCs in the SMN-VN and
-AN, ECN-SN and -pDMN, AN-VN and -aDMN, RFPN-SN. Additionally, significantly
enhanced internetwork connectivity was observed in the SMN-LFPN, and -SN and -CN

(P < 0.05, FDR corrected). When the threshold was P < 0.01 (FDR corrected), only decreased
FNCs between SMN and VN as well as AN were survived in PSPD patients (Fig 3).

L-Lateral R-Lateral L-Medial R-Medial

©e N Q@&
~ER e - CaDe
ERQe ~Qae
“EROe el
R Q@R - RS
~ € & & 2 L LS
"R - G P

15

Fig 1. Cortical representation of brain networks identified in an independent component analysis. SMN: sensorimotor network;
aDMN: anterior default-mode network; pDMN: posterior default-mode network; RFPN: Right frontoparietal network; LFPN: Left
frontoparietal network; SN: Salience network; ECN: Executive control network; AN: Audio network; VN: Visual network; CN: Cerebellum
network. L: left; R: right. Color bar represents the t values ranging from 5 to 15. Data are displayed on the lateral, medial surfaces of each
hemisphere.

https://doi.org/10.1371/journal.pone.0176494.9001
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Fig 2. Brain regions with significant differences between PSPD patients and HCs in the intra-network connectivity without (a) and
with (b) removal of the effect of age and gender. aDMN: anterior default-mode network; SMN: sensorimotor network; SN: Salience network.
Red and blue denote higher and lower coactivations, respectively, in PSPD patients as compared to HCs, and the color bars indicate t-value
(P < 0.001 and cluster size > 270 mm®, uncorrected).

https://doi.org/10.1371/journal.pone.0176494.9002

Table 2. Regions showing significantly different coactivations within RSNs between groups.
MNI coordinates (X,Y,Z)

Regions RSN
PSPD <HC

superior temporal gyrus aDMN
anterior cingulate cortex SN
PSPD > HC

supplementary motor area SMN
posterior cingulate cortex aDMN
medial prefrontal cortex aDMN

Correlation analysis between altered FC and clinical assessments

In the intra-network, significant negative correlations between mean coactivation of mPFC
within aDMN and SAS (r = -0.57, P = 0.043) as well as duration of illness (r = -0.62, P = 0.025)

BA

40
9

6
31
9

57
12

3
-18
-9

-48
48

-15
-63
51

15
18

63
9
36

Cluster (mm?®)

270
297

1809
351
324

-4.09
-3.96

4.97
3.82
4.67

RSN represents the corresponding brain network of the regions. aDMN: anterior default-mode network; SMN: sensorimotor network; SN: Salience network.

https://doi.org/10.1371/journal.pone.0176494.t1002
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Fig 3. Inter-network function changes between groups (a) and the quantitative display of differences (b). SMN: sensorimotor network;
DMN: Default-mode network; LFPN: Left frontoparietal network; RFPN: Right frontoparietal network; SN: Salience network; ECN: Executive
control network; AN: Audio network; VN: Visual network; CN: Cerebellum network. @ represents that the DMN is the combination of aDMN
and pDMN. The blue line between DMN and VN represents the connectivity between aDMN and VN, and the blue line between DMN and ECN
represents the connectivity between pDMN and ECN. The y-coordinate in the subfigure b indicates z-score. Red and blue denote higher and
lower FNC, respectively, in PSPD patients as compared to HCs, and the color bars indicate t-value (*indicate P < 0.05 and **indicate P < 0.01,
FDR corrected).

https://doi.org/10.1371/journal.pone.0176494.9003
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Fig 4. Significantly negative correlations between FC and clinical assessments. mPFC: medial prefrontal cortex; SMN:
sensorimotor network; aDMN: anterior default-mode network; pDMN: posterior default-mode network; ECN: Executive control network;
VN: Visual network (P < 0.05, uncorrected).

https://doi.org/10.1371/journal.pone.0176494.9004

were found in PSPD patients. For FNCs between networks, the mean FNC of pPDMN-ECN in
the PSPD patients was negatively correlated with SAS (r =-0.79, P = 0.001) and SDS (r = -0.66,
P =0.014), and the mean FNC of SMN-VN was negatively correlated with VAS (r = -0.56,

P =0.019) (uncorrected, Fig 4). However, there was no positive correlation.

Reproducibility

Due to the small sample size in the present study, the reliability of these findings on FC may be
challenged. Therefore, to validate the reproducibility and robustness of all findings on FC in
the current study, the group comparisons were performed again using a permutation-based
non-parametric test (5, 000 permutations; covariates: age and gender). Multiple comparisons
across space were corrected using the threshold-free clustering enhancement (TFCE) method
[32]. The relatively high-reproducible patterns of FC changes for the intra-network (p<0.05,
FWE corrected) and inter-network (p<0.05, uncorrected) across the permutation test as well
as the original test reported were showed in Fig 5. The original results were completely repli-
cated except for the decreased FNC of VN-aDMN in PSPD group compared with HCs.

Discussion

As far as we know, this was the first study to detect the altered intra- and inter-network FCs in
PSPD patients. Results in the present study support our hypothesis that PSPD patients exhibit
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Fig 5. Permutation test in the intra- (a) and inter-network (b) connectivity. a: yellow circle represents the brain regions with between-group
difference in intra-network. Hot and blue color show the higher and lower coactivations within network in the PSPD group compared with HCs,
respectively. Color bar represents the p value (FWE corrected). b: the x and y coordinates represent the brain network. Color bar represents p
value (uncorrected). L: left; R: right. aDMN: anterior default-mode network; SMN: sensorimotor network; SN: Salience network.

https://doi.org/10.1371/journal.pone.0176494.9005

the changes in FCs related to pain when compared to HCs. Significantly decreased coactiva-
tions were found in the right ACC within the SN and the right STG within the aDMN in PSPD
patients, whereas increased coactivations were observed in the bilateral SMA within the SMN
and both the left mPFC and PCC within the aDMN. The reduced FNCs were found in the
SMN-VN and -AN, ECN-SN and -pDMN, AN-VN and -aDMN, and RFPN-SN, whereas the
FNCs between SMN-LFPN and -SN and -CN were enhanced. Moreover, significant negative
correlations were found between mean coactivation of mPFC within the aDMN as well as

the FNC of the pDMN-ECN and the SAS, between the FNC of the SMN-VN and the VAS,
between the FNC of the pPDMN-ECN and the SDS, and between mean coactivation of mPFC
within aDMN and duration of illness. These findings provide a novel insight for us to under-
stand the large-scale functional reorganization in PSPD patients.
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Altered RSN coactivations in PSPD patients

Compared with HCs, PSPD patients showed increased coactivation in the bilateral SMA
within the SMN. The SMA belongs to a part of sensorimotor cortex, which is mainly involved
in sensorimotor integration, voluntary movements control, and motor-related information
processing [5]. The structure base of pain processing includes multiple ascending pathways
projecting to several brainstem and cortical regions, in some of which SMA is anatomically
interconnected with S1 as well as ACC and associated with the precise coding of the intensity
of nociceptive stimulation [33]. A recent review of structural brain imaging on chronic pain
suggests that the gray matter is changed in the motor cortex (SMA or M1) of patients as com-
pared to controls in a number of studies [34]. In the studies on somatoform pain disorders,
more activations induced by pain are found in the SMA of patients compared with controls
[35], and significant change in the signal intensity is detected in this region as responses to
pain perception between patients and controls [36]. Therefore, we speculate that the increased
coactivations of bilateral SMA within SMN in our study may be closely related to abnormal
sensory-discriminative processing and the coding of pain intensity in PSPD patients. More-
over, it should be acknowledged that patients with a long course of pain and very high pain
scores often reduce their exercise levels, which may be ascribed to their functional changes in
SMN.

PSPD patients also showed increased coactivations in the left PCC and mPFC while de-
creased coactivation in the right STG within the DMN. The alterations of the DMN caused by
chronic pain have been reported in many studies. For instance, a recent study by the resting-
state f/MRI demonstrated that the ReHo values of DMN regions in healthy subjects were in-
creased after a painful stimulation [6]. The power spectra analysis showed that the BOLD fluc-
tuations were higher in the DMN than in other brain regions of patients with chronic pain
disorder, especially in the high-frequency band [6,37]. In a positron emission tomography
(PET) study, increased regional cerebral blood flow (rCBF) of the bilateral PCC was found in
patients with somatoform pain disorder [38]. A voxel-based morphometry (VBM) analysis
also revealed decreases of gray matter density in the mPFC and PCC of pain patients compared
to controls [39]. These findings consistently suggest that chronic pain commonly causes
disruptions of DMN in the function and structure, which may underlie the cognitive and
behavioral impairments accompanying chronic pain [40]. Corroborating these findings, the
abnormal coactivations within DMN were noted in PSPD patients in the present study. More
importantly, significantly negative correlations were found between mean coactivations of
mPFC and SAS and duration of illness. This indicates that the changed coactivations are
associated with the processing of pain involving emotionally intense information in PSPD
patients.

ACC is an important brain area of the medial pain system, which primarily receives exten-
sive projections from the mediodorsal thalamic nucleus and broadly connects with relevant
regions of the descending modulation system [3]. Numerous studies have shown that aberrant
signals, such as the reduced gray matter [34], ReHo [41], regional cortical activity [42] and
increased rCBF [43], are commonly observed in the ACC of patients with chronic pain as com-
pared to HCs. Studies on pain stimulation in healthy subjects have revealed that the painful
heat induces a significant activation in the ACC using functional MRI and PET [44,45]. This
activation is consistent with the encoding of perceived unpleasantness [45]. An fMRI study on
heat stimulation suggests that the experimentally induced pain activation in the ACC corre-
lates negatively with the intensity of clinical pain in patients [46], and the positive correlation
is also found between blood flow of ACC and both pain sensation and discomfort in another
PET study [47]. Using FC as an index, a recent functional study showed that the rostral ACC
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plays a crucial role in placebo analgesia, in which increased FC response to endogenous pain
control [20]. These findings suggest that the ACC is related to the pain transmission and con-
trol of pain processing. Therefore, the decreased coactivations in the ACC within the SN in the
present study may be associated with the dysfunctions of sensation and pain control in PSPD
patients.

Altered FNCs in PSPD patients

The present study also investigated how pain-related FNCs were changed in PSPD patients at
rest. With the use of ICA approach, the SMN, bilateral FPN, ECN, DMN, SN, CN, VN, and
AN were isolated. The SMN primarily involves in the sensory-discriminative aspect of pain
processing [4,5]. Our results demonstrated that increased FNCs were observed between SMN
and high-order networks (CN, SN and LPFN) while decreased FNCs were found between
SMN and low-order networks (AN and VN). Most importantly, a significantly negative corre-
lation was also found between FNC of SMN-VN and VAS. The strong interactions of SMN
with the LEPN, SN, CN, VN and AN suggest that sensory-discriminative processing of pain
may be highly related to the affective processing, cognitive control and weak visual as well as
auditory perception. This may explain the influence of various subjective states for PSPD, such
as anxiety, sadness, and individual predictions on the perception of pain via sensory systems.
Hence, patients suffering from PSPD may be able to benefit from the psychological interven-
tions that focus on the disturbed affect regulation and aim to enhance emotional awareness
[9].

In PSPD patients, abnormal FNCs were also found among high-order networks, including
ECN, DMN, SN and LFPN. These networks commonly involve the processing of emotion,
attention, control and cognition in human brain [18,29,30]. Studies demonstrate that the FPN
primarily mediates attention, working memory, and higher order cognitive processes [18]
while the DMN is related to the cognitive control of emotions and self-referential processing,
and memory encoding [48]. ECN acts as a feasible modulator between those two networks
[49], which involves the cognitive control over both emotional and non-emotional materials
[50]. Additionally, the SN, which identifies salient stimuli from the vast and continuous stream
of sensory stimuli, has a critical and causal function in switching between ECN and DMN
across task paradigms and stimulus modalities, and modulating information flow across other
brain networks involved in attention processing and cognition [51]. In the present study, the
uncoupled FNCs were found in the ECN-pDMN and -SN, SN-RFPN of PSPD patients, and
significantly negative correlations were noted between the FNC of pDMN-ECN and SAS as
well as SDS, which reflects that atypical FNCs of these networks in PSPD patients may be
related to some pathophysiological mechanisms underlying the functionally impaired emo-
tional state decoding and cognitive control in PSPD patients.

A recent resting-state fMRI study on somatoform pain disorder shows significant FNCs
between the cingular-insular network and SMN, the aDMN and pDMN/SMN, and the pPDMN
and SMN in both patient and control groups, respectively, while no significant differences
were found in FNCs between the two groups [20]. In contrast to this study, the present study
showed that PSPD led to significant changes in FNCs among pain-associated networks at rest
in patients as compared to HCs. Because chronic pain has been shown to be a strong disruptor
of intra-network FC within the sensory, affective and cognitive neural systems, these FNC
findings suggest that functional networks of the brain may be not operated independently in
encoding different aspects of pain but are highly interactive. Moreover, when the multiple cor-
rection is more restricted (P < 0.01), only the differences in FNCs among low-order percep-
tion networks (SMN, VN and AN) persisted between groups. We speculate that these effects of
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PSPD on the large-scale functional networks may mirror the underlying neural mechanism
that sensory attributes of pain can be conceived as important causal links in the production of
pain-related emotional [33] and cognitive disturbances modulated by some high-order net-
works (ECN, DMN, SN and FPN). These functional reorganizations in the network scale may
be helpful for interpreting the complex experience of pain involving sensory-discriminative,
affective-motivational and cognitive-evaluative components in PSPD patients [52].

It is worth to note that our recent study using the ReHo method found, compared with the
HC group, PSPD patients exhibited decreased ReHo in the bilateral primary somatosensory
cortex, posterior cerebellum, and occipital lobe, while they displayed increased ReHo in the
prefrontal cortex (PFC) and default mode network. Additionally, significant positive correla-
tions were found between the mean ReHo of both right IPL and left supramarginal gyrus and
participants’ SAS scores, and between the mean ReHo of the left middle frontal gyrus and VAS
scores. Consistent with this study, the current study also found those changed coactivations
within DMN and SMA of primary somatosensory cortex within SMN in PSPD patients. Addi-
tionally, we found the altered coactivation in the ACC within SN and numerous disruptions in
inter-network FCs negatively correlated with the clinical assessments in PSPD patients among
high- and low-order networks. Although both the current study and the published work [15]
belong to the same project and the resting-state fMRI data were identical in two studies, their
purpose and method of research were significantly different. The study [15] used the Regional
Homogeneity method to assess the difference in regional spontaneous activity between PSPD
patients and HCs at rest, whereas the present study utilized the independent component analy-
sis to explore the intra- and inter-network functional connectivity changes in the PSPD
patients compared with HCs. Therefore, these two studies revealed the PSPD pathologies from
different perspective.

Although we utilized the ICA method to reveal abnormal functional connectivity in the
intra- and inter-networks associated with pain in PSPD patients, the present study still had
several issues. First, the sample size is relatively small and participants’ self-reported pain was
diffuse due to the characteristics of PSPD. This may limit the robustness of the findings. There-
fore, a larger sample size is needed to confirm our findings in the future. Second, some treat-
ments (e.g., antidepressants) which influenced the pain perception of PSPD may affect our
results, and this was not included as an exclusion criterion. Finally, the results within RSNs
were not survived after the multiple comparisons correction. Therefore, we adopted a compro-
mised threshold (P < 0.001, uncorrected) to display the trends of the group difference.

Conclusion

The present study investigated the alterations of RSN connectivity in PSPD patients, and
found significantly altered coactivations within the SMN, aDMN and SN, and FNCs between
the SMN and LFPN, SN, CN, VN as well as AN, and between the ECN and SN as well as
pDMN, between the RFPN and SN, between the AN and VN as well as aDMN between PSPD
patients and HCs. The large-scale functional reorganization in PSPD patients may be helpful
for us to understand the pathological mechanism underlying the dysfunctions of PSPD in
multi-dimension aspects of pain.

Supporting information

S1 Table. Demographic characteristics and clinical assessment of individual for PSPD
patients and HCs.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176494.s001
https://doi.org/10.1371/journal.pone.0176494

@° PLOS | ONE

Altered resting-state network connectivity in patients with persistent somatoform pain disorder

Acknowledgments

We thank all of the patients and volunteers for their participation in this study.

Author Contributions

Conceptualization: YLL DRX ZYZ.

Formal analysis: ZYZ TMH.

Funding acquisition: YLL DRX.

Investigation: KN XDP CY.

Methodology: ZYZ CZT.

Project administration: YLL.

Resources: YLL.

Software: ZYZ.

Supervision: YLL DRX.

Validation: ZYZ.

Visualization: ZYZ.

Writing - original draft: ZYZ.

Writing - review & editing: ZYZ DRX YLL CZT XDF.

References

1.

10.

Gureje O (2015) Classification of somatic syndromes in ICD-11. Current opinion in psychiatry 28: 345—
349. https://doi.org/10.1097/YC0O.0000000000000186 PMID: 26181667

Sewards TV, Sewards MA (2002) The medial pain system: neural representations of the motivational
aspect of pain. Brain research bulletin 59: 163-180. PMID: 12431746

Xie Y-f, Huo F-q, Tang J-s (2008) Cerebral cortex modulation of pain. Acta Pharmacologica Sinica 30:
31-41. https://doi.org/10.1038/aps.2008.14 PMID: 19079295

Seifert F, Maihdfner C (2011) Functional and structural imaging of pain-induced neuroplasticity. Current
Opinion in Anesthesiology 24: 515-523. https://doi.org/10.1097/AC0O.0b013e32834a1079 PMID:
21822136

Quintero GC (2013) Advances in cortical modulation of pain. Journal of pain research 6: 713. https://
doi.org/10.2147/JPR.S45958 PMID: 24092997

Otti A, Guendel H, Wohlschlager A, Zimmer C, Noll-Hussong M (2013) Frequency shifts in the anterior
default mode network and the salience network in chronic pain disorder. BMC psychiatry 13: 84.
https://doi.org/10.1186/1471-244X-13-84 PMID: 23497482

ShiY, LiuZ, Zhang S, Li Q, Guo S, et al. (2015) Brain Network Response to Acupuncture Stimuliin
Experimental Acute Low Back Pain: An fMRI Study. Evidence-Based Complementary and Alternative
Medicine 501:210120.

Burba B, Oswald R, Grigaliunien V, Neverauskiene S, Jankuviene O, et al. (2006) A controlled study of
alexithymia in adolescent patients with persistent somatoform pain disorder. Canadian journal of psychi-
atry 51:468. https://doi.org/10.1177/070674370605100709 PMID: 16838829

Schénenberg M, Mares L, Smolka R, Jusyte A, Zipfel S, et al. (2014) Facial affect perception and men-
talizing abilities in female patients with persistent somatoform pain disorder. European Journal of Pain
18: 949-956. https://doi.org/10.1002/].1532-2149.2013.00440.x PMID: 24395204

Luo Y-L, Heeramun-Aubeeluck A, Huang X, Ye G, Wu H, et al. (2014) Factors influencing quality of life
in Chinese patients with persistent somatoform pain disorder. Psychology, health & medicine: 1-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 14/16


https://doi.org/10.1097/YCO.0000000000000186
http://www.ncbi.nlm.nih.gov/pubmed/26181667
http://www.ncbi.nlm.nih.gov/pubmed/12431746
https://doi.org/10.1038/aps.2008.14
http://www.ncbi.nlm.nih.gov/pubmed/19079295
https://doi.org/10.1097/ACO.0b013e32834a1079
http://www.ncbi.nlm.nih.gov/pubmed/21822136
https://doi.org/10.2147/JPR.S45958
https://doi.org/10.2147/JPR.S45958
http://www.ncbi.nlm.nih.gov/pubmed/24092997
https://doi.org/10.1186/1471-244X-13-84
http://www.ncbi.nlm.nih.gov/pubmed/23497482
https://doi.org/10.1177/070674370605100709
http://www.ncbi.nlm.nih.gov/pubmed/16838829
https://doi.org/10.1002/j.1532-2149.2013.00440.x
http://www.ncbi.nlm.nih.gov/pubmed/24395204
https://doi.org/10.1371/journal.pone.0176494

@° PLOS | ONE

Altered resting-state network connectivity in patients with persistent somatoform pain disorder

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

LuH, Zuo Y, Gu H, Waltz JA, Zhan W, et al. (2007) Synchronized delta oscillations correlate with the
resting-state functional MRI signal. Proceedings of the National Academy of Sciences 104: 18265—
18269.

Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007) Electrophysiological signatures
of resting state networks in the human brain. Proceedings of the National Academy of Sciences 104:
13170-13175.

Tang C, Zhao Z, Chen C, Zheng X, Sun F, et al. (2016) Decreased Functional Connectivity of Homoto-
pic Brain Regions in Chronic Stroke Patients: A Resting State fMRI Study. PloS one 11: e0152875.
https://doi.org/10.1371/journal.pone.0152875 PMID: 27074031

Zhao Z, Wang X, Fan M, Yin D, Sun L, et al. (2016) Altered Effective Connectivity of the Primary Motor
Cortex in Stroke: A Resting-State fMRI Study with Granger Causality Analysis. PloS one 11:
€0166210. https://doi.org/10.1371/journal.pone.0166210 PMID: 27846290

Huang T, Zhao Z, Yan C, Lu J, Li X, et al. (2016) Altered Spontaneous Activity in Patients with Persis-
tent Somatoform Pain Disorder Revealed by Regional Homogeneity. PloS one 11: e0151360. https:/
doi.org/10.1371/journal.pone.0151360 PMID: 26977802

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in the motor cortex of rest-
ing human brain using echo-planar MRI. Magnetic resonance in medicine 34: 537-541. PMID:
8524021

Jafri MJ, Pearlson GD, Stevens M, Calhoun VD (2008) A method for functional network connectivity
among spatially independent resting-state components in schizophrenia. Neuroimage 39: 1666—1681.
https://doi.org/10.1016/j.neuroimage.2007.11.001 PMID: 18082428

Wang D, Qin W, LiuY, Zhang Y, Jiang T, et al. (2014) Altered resting-state network connectivity in congeni-
tal blind. Human brain mapping 35: 2573-2581. https://doi.org/10.1002/hbm.22350 PMID: 24038713

Fang X, Zhang Y, Yue W, Zhang Y, Hu J, et al. (2016) Disrupted effective connectivity of the sensorimo-
tor network in amyotrophic lateral sclerosis. Journal of Neurology 263: 1-9.

Otti A, Guendel H, Henningsen P, Zimmer C, Wohlschlaeger AM, et al. (2013) Functional network con-
nectivity of pain-related resting state networks in somatoform pain disorder: an exploratory fMRI study.
Journal of psychiatry & neuroscience: JPN 38: 57.

Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh inventory. Neuropsy-
chologia 9: 97—113. PMID: 5146491

de Souza Filho JH, Bonifacio FN, Bedor DCG, Ramos VL, de Sousa CEM, et al. (2010) Relative bio-
availability of two formulations of venlafaxine extended-release 75-mg capsules in healthy brazilian
male volunteers: A single-dose, randomized-sequence, open-label, two-period crossover study in the
fasting and fed states. Clinical therapeutics 32: 2088—-2096. https://doi.org/10.1016/j.clinthera.2010.11.
002 PMID: 21118744

Shilyansky C, Williams LM, Gyurak A, Harris A, Usherwood T, et al. (2016) Effect of antidepressant
treatment on cognitive impairments associated with depression: a randomised longitudinal study. The
Lancet Psychiatry 3: 425—435. https://doi.org/10.1016/S2215-0366(16)00012-2 PMID: 26995298

Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimization for the robust and accurate
linear registration and motion correction of brain images. Neuroimage 17: 825-841. PMID: 12377157

Ashburner J, Friston KJ (2005) Unified segmentation. Neuroimage 26: 839-851. https://doi.org/10.
1016/j.neuroimage.2005.02.018 PMID: 15955494

Schmithorst VJ, Holland SK (2004) Comparison of three methods for generating group statistical infer-
ences from independent component analysis of functional magnetic resonance imaging data. Journal of
Magnetic Resonance Imaging 19: 365—368. https://doi.org/10.1002/jmri.20009 PMID: 14994306

Bell AJ, Sejnowski TJ (1995) An information-maximization approach to blind separation and blind
deconvolution. Neural computation 7: 1129—1159. PMID: 7584893

Erhardt EB, Rachakonda S, Bedrick EJ, Allen EA, Adali T, et al. (2011) Comparison of multi-subject ICA
methods for analysis of fMRI data. Human brain mapping 32: 2075-2095. https://doi.org/10.1002/hbm.
21170 PMID: 21162045

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, et al. (2007) Dissociable intrinsic connectiv-
ity networks for salience processing and executive control. The Journal of neuroscience 27: 2349—
2356. https://doi.org/10.1523/JNEUROSCI.5587-06.2007 PMID: 17329432

Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, et al. (2009) Correspondence of the brain’s functional
architecture during activation and rest. Proceedings of the National Academy of Sciences 106: 13040—
13045.

Riedl V, Valet M, Wéller A, Sorg C, Vogel D, et al. (2011) Repeated pain induces adaptations of intrinsic
brain activity to reflect past and predict future pain. Neuroimage 57: 206—213. https://doi.org/10.1016/j.
neuroimage.2011.04.011 PMID: 21514392

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 15/16


https://doi.org/10.1371/journal.pone.0152875
http://www.ncbi.nlm.nih.gov/pubmed/27074031
https://doi.org/10.1371/journal.pone.0166210
http://www.ncbi.nlm.nih.gov/pubmed/27846290
https://doi.org/10.1371/journal.pone.0151360
https://doi.org/10.1371/journal.pone.0151360
http://www.ncbi.nlm.nih.gov/pubmed/26977802
http://www.ncbi.nlm.nih.gov/pubmed/8524021
https://doi.org/10.1016/j.neuroimage.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18082428
https://doi.org/10.1002/hbm.22350
http://www.ncbi.nlm.nih.gov/pubmed/24038713
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1016/j.clinthera.2010.11.002
https://doi.org/10.1016/j.clinthera.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21118744
https://doi.org/10.1016/S2215-0366(16)00012-2
http://www.ncbi.nlm.nih.gov/pubmed/26995298
http://www.ncbi.nlm.nih.gov/pubmed/12377157
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1016/j.neuroimage.2005.02.018
http://www.ncbi.nlm.nih.gov/pubmed/15955494
https://doi.org/10.1002/jmri.20009
http://www.ncbi.nlm.nih.gov/pubmed/14994306
http://www.ncbi.nlm.nih.gov/pubmed/7584893
https://doi.org/10.1002/hbm.21170
https://doi.org/10.1002/hbm.21170
http://www.ncbi.nlm.nih.gov/pubmed/21162045
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17329432
https://doi.org/10.1016/j.neuroimage.2011.04.011
https://doi.org/10.1016/j.neuroimage.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/21514392
https://doi.org/10.1371/journal.pone.0176494

@° PLOS | ONE

Altered resting-state network connectivity in patients with persistent somatoform pain disorder

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Smith SM, Nichols TE (2009) Threshold-free cluster enhancement: addressing problems of smoothing,
threshold dependence and localisation in cluster inference. Neuroimage 44: 83-98. https://doi.org/10.
1016/j.neuroimage.2008.03.061 PMID: 18501637

Price DD (2000) Psychological and neural mechanisms of the affective dimension of pain. Science
288: 1769—-1772. PMID: 10846154

May A (2011) Structural brain imaging: a window into chronic pain. The Neuroscientist 17: 209-220.
https://doi.org/10.1177/1073858410396220 PMID: 21489967

Stoeter P, Bauermann T, Nickel R, Corluka L, Gawehn J, et al. (2007) Cerebral activation in patients
with somatoform pain disorder exposed to pain and stress: an fMRI study. Neuroimage 36: 418—430.
https://doi.org/10.1016/j.neuroimage.2007.01.052 PMID: 17428684

Yoshino A, Okamoto Y, Yoshimura S, Shishida K, Toki S, et al. (2013) Distinctive neural responses to
pain stimuli during induced sadness in patients with somatoform pain disorder: an fMRI study. Neuro-
Image: Clinical 2: 782-789.

Cauda F, Sacco K, Duca S, Cocito D, D’Agata F, et al. (2009) Altered resting state in diabetic neuro-
pathic pain. PLoS One 4: e4542. https://doi.org/10.1371/journal.pone.0004542 PMID: 19229326

Karibe H, Arakawa R, Tateno A, Mizumura S, Okada T, et al. (2010) Regional cerebral blood flow in
patients with orally localized somatoform pain disorder: a single photon emission computed tomography
study. Psychiatry and clinical neurosciences 64: 476—-482. https://doi.org/10.1111/j.1440-1819.2010.
02119.x PMID: 20727111

Valet M, Glndel H, Sprenger T, Sorg C, Miihlau M, et al. (2009) Patients with pain disorder show gray-
matter loss in pain-processing structures: a voxel-based morphometric study. Psychosomatic Medicine
71: 49-56. https://doi.org/10.1097/PSY.0b013e31818d1e02 PMID: 19073757

Baliki MN, Geha PY, Apkarian AV, Chialvo DR (2008) Beyond feeling: chronic pain hurts the brain, dis-
rupting the default-mode network dynamics. The Journal of Neuroscience 28: 1398—1403. https://doi.
org/10.1523/JNEUROSCI.4123-07.2008 PMID: 18256259

Zhang S-s, Wu W, Liu Z-p, Huang G-z, Guo S-g, et al. (2014) Altered regional homogeneity in experi-
mentally induced low back pain: a resting-state fMRI study. Journal of neuroengineering and rehabilita-
tion 11: 115. https://doi.org/10.1186/1743-0003-11-115 PMID: 25080831

Stefanie K, Peter A, Gerda S-Z, Marion F, Bernd S, et al. (2011) Dysfunctional pain modulation in soma-
toform pain disorder patients. European archives of psychiatry and clinical neuroscience 261: 267—
275. https://doi.org/10.1007/s00406-010-0148-4 PMID: 20924589

Hsieh J-C, Belfrage M, Stone-Elander S, Hansson P, Ingvar M (1995) Central representation of chronic
ongoing neuropathic pain studied by positron emission tomography. Pain 63: 225-236. PMID:
8628589

Talbot JD, Marrett S, Evans AC, Meyer E, Bushnell MC, et al. (1991) Multiple representations of pain in
human cerebral cortex. Science 251: 1355-1358. PMID: 2003220

Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC (1997) Pain affect encoded in human ante-
rior cingulate but not somatosensory cortex. Science 277: 968-971. PMID: 9252330

Giindel H, Valet M, Sorg C, Huber D, Zimmer C, et al. (2008) Altered cerebral response to noxious heat
stimulation in patients with somatoform pain disorder. Pain 137: 413—421. hitps://doi.org/10.1016/j.
pain.2007.10.003 PMID: 18022320

Lorenz J, Minoshima S, Casey K (2003) Keeping pain out of mind: the role of the dorsolateral prefrontal
cortex in pain modulation. Brain 126: 1079—1091. PMID: 12690048

Gusnard DA, Akbudak E, Shulman GL, Raichle ME (2001) Medial prefrontal cortex and self-referential
mental activity: relation to a default mode of brain function. Proceedings of the National Academy of Sci-
ences 98: 4259-4264.

Jiang L, Xu T, He Y, Hou X-H, Wang J, et al. (2014) Toward neurobiological characterization of func-
tional homogeneity in the human cortex: regional variation, morphological association and functional
covariance network organization. Brain Structure and Function: 1-23.

Ochsner KN, Gross JJ (2005) The cognitive control of emotion. Trends in cognitive sciences 9: 242—
249, https://doi.org/10.1016/j.tics.2005.03.010 PMID: 15866151

Menon V, Uddin LQ (2010) Saliency, switching, attention and control: a network model of insula func-
tion. Brain Structure and Function 214: 655-667. https://doi.org/10.1007/s00429-010-0262-0 PMID:
20512370

Apkarian AV, Bushnell MC, Treede RD, Zubieta JK (2005) Human brain mechanisms of pain perception
and regulation in health and disease. European Journal of Pain 9: 463-463. https://doi.org/10.1016/j.
ejpain.2004.11.001 PMID: 15979027

PLOS ONE | https://doi.org/10.1371/journal.pone.0176494  April 28, 2017 16/16


https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
http://www.ncbi.nlm.nih.gov/pubmed/18501637
http://www.ncbi.nlm.nih.gov/pubmed/10846154
https://doi.org/10.1177/1073858410396220
http://www.ncbi.nlm.nih.gov/pubmed/21489967
https://doi.org/10.1016/j.neuroimage.2007.01.052
http://www.ncbi.nlm.nih.gov/pubmed/17428684
https://doi.org/10.1371/journal.pone.0004542
http://www.ncbi.nlm.nih.gov/pubmed/19229326
https://doi.org/10.1111/j.1440-1819.2010.02119.x
https://doi.org/10.1111/j.1440-1819.2010.02119.x
http://www.ncbi.nlm.nih.gov/pubmed/20727111
https://doi.org/10.1097/PSY.0b013e31818d1e02
http://www.ncbi.nlm.nih.gov/pubmed/19073757
https://doi.org/10.1523/JNEUROSCI.4123-07.2008
https://doi.org/10.1523/JNEUROSCI.4123-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18256259
https://doi.org/10.1186/1743-0003-11-115
http://www.ncbi.nlm.nih.gov/pubmed/25080831
https://doi.org/10.1007/s00406-010-0148-4
http://www.ncbi.nlm.nih.gov/pubmed/20924589
http://www.ncbi.nlm.nih.gov/pubmed/8628589
http://www.ncbi.nlm.nih.gov/pubmed/2003220
http://www.ncbi.nlm.nih.gov/pubmed/9252330
https://doi.org/10.1016/j.pain.2007.10.003
https://doi.org/10.1016/j.pain.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18022320
http://www.ncbi.nlm.nih.gov/pubmed/12690048
https://doi.org/10.1016/j.tics.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15866151
https://doi.org/10.1007/s00429-010-0262-0
http://www.ncbi.nlm.nih.gov/pubmed/20512370
https://doi.org/10.1016/j.ejpain.2004.11.001
https://doi.org/10.1016/j.ejpain.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15979027
https://doi.org/10.1371/journal.pone.0176494

