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Purpose: The remodeling of functional neuronal connectivity in chronic widespread pain
(CWP) patients remains largely unexplored. This study aimed to investigate functional
connectivity in CWP patients in brain networks related to chronic pain for changes related
to pain sensitivity, psychological strain, and experienced pain.

Patients and methods: Functional connectivity strength of the default mode network
(DMN) and the salience network (SN) was assessed with functional magnetic resonance
imaging. Between-group differences were investigated with an independent component
analysis for altered connectivity within the whole DMN and SN. Then, changes in con-
nectivity between nodes of the DMN and SN were investigated with the use of a seed-target
analysis in relation to the covariates clinical pain intensity, pressure pain sensitivity, psycho-
logical strain, and as an effect of experienced experimental cuff-pressure pain.

Results: CWP patients showed decreased connectivity in the inferior posterior cingulate cortex
(PCC) in the DMN and increased connectivity in the left anterior insula/superior temporal gyrus
in the SN when compared to controls. Moreover, higher pain sensitivity in CWP when compared
to controls was related to increased connectivity within the SN (between left and right insula) and
between SN and DMN (between right insula and left lateral parietal cortex).

Conclusion: This study shows that connectivity within the DMN was decreased and
connectivity within the SN was increased for CWP. Furthermore, we present a novel finding
of interaction of pain sensitivity with SN and DMN-SN functional connectivity in CWP.
Keywords: functional connectivity, functional magnetic resonance imaging, fMRI, default
node network, DMN, salience network

Introduction

Chronic widespread pain (CWP) and fibromyalgia (FM) are diagnoses that are
associated with widespread pain, hypersensitivity, and increased psychological
load."” In combination with the observation of altered central nervous system
(CNS) processing in CWP,** this explains the increasing interest in the association
between large-scale neural networks and pain conditions.®” However, the reports of
directionality of neuronal network changes related to chronic pain are showing
a complex picture, and the research on CWP and the influence of clinical pain
intensity, pain sensitivity, and psychological strain is currently only poorly
understood.® '* Therefore, this study investigates neural network changes in CWP
and their relation to clinical measures with the use of resting state functional
magnetic resonance imaging (rs-fMRI).

submit your manuscript

Dove n

http:

in 3

Journal of Pain Research 2019:12 1743-1755 1743

© 2019 van Ettinger-Veenstra et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.

o dovepress.com/terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/).
By accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is
properly attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3587-3568
http://orcid.org/0000-0001-8661-2232
http://orcid.org/0000-0002-9547-8992
http://orcid.org/0000-0002-7787-4860
http://orcid.org/0000-0003-2530-4126
http://orcid.org/0000-0002-2167-2450
http://orcid.org/0000-0002-4316-1264
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Journal of Pain Research downloaded from https://www.dovepress.com/ by 130.225.198.245 on 02-Oct-2019
For personal use only

van Ettinger-Veenstra et al

Dove

Functional connectivity changes in CNS related to
CWP or FM can be viewed as the result of long-term
remodeling upon chronic pain, but short-term changes
have been observed as well.* ' A stronger connectivity
within the default mode network (DMN) was observed in
FM.? while, in contrast, this network was disrupted in
chronic non-widespread pain patients.'""'> The DMN is
associated with self-referential processing, rumination,
and theory-of-mind processes that are not cued by external
stimuli.'*'®> Notably, the DMN is involved in modulation
of pain perception through both structural and functional
connections with antinociceptive and autonomic descend-
ing networks.'®'” The main nodes of the DMN are the
medial prefrontal cortex (MPFC), the posterior cingulate
cortex (PCC) and adjacent precuneus, and the lateral par-
ietal cortex (LPC).'®

Besides being characterized by DMN alterations,
chronic pain patients have also repeatedly exhibited con-
nectivity changes in insula and anterior cingulate cortex
(ACC), as concluded in a recent review.” FM patients
have expressed increased connectivity between the insula
and ACC when compared to healthy controls.'” The insula
and ACC are parts of a descending pain modulatory system
that facilitates or inhibits pain experiences through modula-
tory pain processing, but also through cognitive evaluation
and behavioral choice making.'”*® Furthermore, these
structures are involved in a neural signature for experimen-
tally induced pain and painful states, independent of pain
modality, location, or health condition.”?! Bilateral anterior
insular cortex (AIC) and dorsal ACC represent three major
regions or nodes of the salience network (SN).*?> The SN
processes “bottom-up” aversive or other salient attention-
demanding stimuli or experiences such as pain, is in parti-

13,20,23 and

cular involved in the affective processing of pain,
shows also chronic pain related alterations.'?
CWP and FM patients have been described as falling
on a continuum between peripherally and centrally driven
pain.”> More widespread chronic pain is associated with
more negative outcomes,** and negative outcomes in CWP
have been found to be affected by a complex interplay
between pain aspects and psychological symptoms.25
Psychological CWP
patients®* ?°—has been associated with changes within
the DMN and SN,27730 and is known to show interaction
effects with neural correlates to chronic pain.*' The con-
nectivity within the DMN and between the DMN and the
insula and the ACC in chronic pain patients is affected by

distress—often  reported by

chronic pain duration as well as by evoked experimental

pain and increased clinical pain.®''""'3**% When modu-
lating in the opposite direction; it has been shown that it is
possible to reduce DMN functional connectivity as an
effect
participants.>? Summing up; the literature strongly sug-

of experimentally induced pain in healthy
gests that modulatory roles of pain aspects and psycholo-
gical symptoms on functional connectivity—within as well
as between the DMN and SN— are likely to occur in
CWp**

DMN nodes normally show negative connectivity,
with SN

nodes.'*?° However, the SN has been hypothesized to be

sometimes described as anti-correlation,
“functionally damaged” in chronic pain patients as
a consequence of a barrage of repeated painful input.'
Consistent with the previously discussed literature,
a damaged SN may be an underlying cause for altered
connectivity of DMN with insula or ACC. Most previous
studies on CWP have focused on node-level interactions.
However, in line with the emerging view of the brain as
interactive network model, the current study aimed to
explore the network-level changes related to CWP and
the interaction of CWP and painful stimulation, pain sen-
sitivity, or psychological distress.

At baseline in comparison to healthy controls, it was
hypothesized that CWP would demonstrate (1) affected
(reduced or increased) connectivity within and between
the DMN and SN, and (2) altered connectivity related to
the DMN and SN affected by clinical pain intensity, pain
sensitivity, or psychological strain. Moreover, it was
hypothesized that (3) the connectivity patterns observed
at baseline were affected (reduced or increased) by experi-
mental cuff-induced pain.

Participants and methods

Participants

Thirty-nine female CWP patients and 40 female age-matched
healthy control (HC) participants between 20 and 65 years
were recruited. fMRI-data from 1 CWP patient and 3 HCs
were of insufficient quality because of movement artefacts and
brain coverage, and were excluded. Hence, 38 CWP patients
and 37 HCs were included in the analysis. The study was
granted ethical clearances by Linkdping University Ethics
Committee (Dnr: 2010/235-31); all participants gave their
written informed consent and the study was performed accord-
ing with the Helsinki Declaration. All participants underwent
a clinical examination, a questionnaire (Table 1), assessment
of pain sensitivity, and an fMRI scanning session.
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Table | Age, anthropometric data, blood pressure, clinical pain intensity and psychological variables together with pain detection

threshold for HCs and patients with CWP

Group HC (n=37) CWP (n=38)

Variables Mean SD Mean sD p-value
Age (years) 50.9 10.6 46.2 1.8 0.08
Weight (kg) 66.7 10.1 682 1.7 0.57
Height (m) 1.66 0.06 1.67 0.06 0.26
BMI (kg/m?) 239 32 243 37 0.66
SBP (mmHg) 123.6 14.9 125.4 15.4 0.62
DBP (mmHg) 793 83 81.2 9.6 0.37
Number of tender points - - 10.9 5.6 -
NRS-current (0-10) 0 0 48 2.1 <0.001
NRS-7 days (0-10) 0 0 5.9 1.9 <0.001
Pain intensity-global (VAS; 0—100 mm) 0.9 1.7 42.0 19.4 <0.001
HADS-A 23 24 6.6 4.6 <0.001
HADS-D 1.5 24 7.3 45 <0.001
BDI 33 5.1 17.2 12.6 <0.001
BAI 29 32 14.5 9.4 <0.001
ASI 6.6 5.6 16.0 12.3 <0.001
PASS 14.0 14.2 335 19.0 <0.001
PCS 8.1 8.5 16.5 .1 <0.001
Psychological strain -0.5 0.4 0.5 0.9 <0.001
Cuff pain detection threshold (PDT; kPa) 12.2 4.6 9.9 38 0.021
Cuff pain tolerance threshold (PTT; kPa) 434 17.0 316 13.9 0.001

Notes: The results of the statistical comparison (t-test) are shown in the right column, significance (in bold) was set at a Bonferroni corrected 0=0.05/19=0.003 to correct
for 19 correlations. NRS-current, current pain intensity according to a numerical rating scale (NRS); NRS-7 days, pain intensity according to NRS recent 7 days.

Abbreviations: HC, healthy control; CWP, chronic widespread pain; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; NRS, numerical
rating scale; VAS, visual analogue scale; HADS-A, Hospital Anxiety and Depression Scale-Anxiety; HADS-D, Hospital Anxiety and Depression Scale-Depression; BDI, Beck
Depression Inventory; BAI, Beck Anxiety Inventory; ASI, Anxiety Sensitivity Index; PASS, Pain Anxiety Symptoms Scale-20; PCS, Pain Catastrophizing Scale; PDT, pain

detection threshold; PTT, pain tolerance threshold.

Clinical examination

The brief clinical examination was assessed primarily to check
inclusion and exclusion criteria. Patients with CWP used
various medications related to pain and psychological symp-
toms: paracetamol (37%), nonsteroidal anti-inflammatory
drugs (NSAID)/anti-inflammatory drugs (34%), antidepres-
sants (29%), opioids (26%), tricyclic antidepressants (11%),
anticonvulsants (5%), triptans (5%), muscle relaxants (8%),
and hypnotics for sleep (16%). In the CWP group, 10 patients
(26.3%) were diagnosed with FM. HCs were pain-free accord-
ing to their medical history. None of the HCs used medication
related to pain or psychological symptoms. All participants
were asked to refrain from pain medication during the
experiment day. Inclusion criteria for CWP was widespread
pain according to the American College of Rheumatology
(ACR) criteria,®> with registered number of tender points,
current pain intensity, and pain intensity during the last 7
days assessed on a numeric rating scale (NRS; range: 0-10,
no pain to worst pain imaginable) during a clinical examina-
tion. Exclusion criteria for both groups were rheumatoid

arthritis, metabolic disease, malignancy, cardiovascular dis-
ease, unregulated thyroid disease, lung disease, severe psy-
chiatric conditions, pregnancy, difficulties understanding the
Swedish language, and MR-incompatibility.

Questionnaires
Sociodemographic and anthropometric data
Age, self-reported weight and height were collected.

Clinical pain intensity

Pain intensity in nine different anatomical regions (neck,
shoulders, arms, hands, upper back, low back, hips, knees
and feet) was registered using an electronic visual analo-
gue scale (VAS) where 0 cm was defined as “no pain” and
10 cm as “worst pain imaginable”. The mean value of pain
VAS scores across the nine anatomical regions was calcu-
lated (denoted as pain intensity-global).

Psychological strain
The two subscales from the Hospital Anxiety and
Depression Scale of depressive (HADS-D) and anxiety

Journal of Pain Research 2019:12
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(HADS-A) 0-21.2°-¢

Symptoms of depression were also assessed with Beck
32437

symptoms were used; range:

Depression Inventory (BDI); range: 0—6 and symp-
toms associated with anxiety and panic with Beck Anxiety
Inventory (BAI); range: 0-63.%% Furthermore, Anxiety
Sensitivity Index (ASI) to measure fear of sensations
related to arousal; range: 0-64,7° Pain Anxiety
Symptoms Scale-20 (PASS-20) to measure fear and anxi-
ety elated 0-100%>4
Catastrophizing Scale regarding catastrophic

to pain; range: and Pain
(PCS)
thoughts related to pain; range: 0-522>*' were used. For
this study, the mean of the normalized scores (ie, mean=0
and SD=1 for all subjects taken together) of these seven
psychological variables (HADS-D, HADS-A, BDI, BAI,
ASI, PASS-20, PCS) was calculated as a construct of
psychological strain, ie, high values indicated high psy-
chological strain. The internal consistency of the construct
in this sample was excellent (Cronbach’s a =[0.912]).

Assessment of pain sensitivity

The pain sensitivity was assessed by cuff algometry to record
the cuff pressure pain detection thresholds (PDT) and pain
tolerance threshold (PTT) on leg and arm.** The experimen-
tal setup consisted of a double chamber 13-cm wide tourni-
quet cuff (VBM Medizintechnik GmbH, Sulz, Germany)
applied around the arm or the leg. A computer-controlled
cuff algometer (NociTech, Denmark, and Aalborg
University) inflate  the cuff by
1 kPa/second to a maximum pressure limit of 100 kPa. The

was used to
inflation could be aborted at any time by the participant or the
experimenter.* Simultaneously with the cuff stimulation, the
participants scored the pain intensity on the pain VAS scale
and aborted the stimulation when they could not tolerate
further increase of cuff pressure. PDT was defined as the
pressure equivalent to the moment of transition from strong
to painful pressure (VAS >0.1 for the first time), PTT was
defined as the equivalent of the moment of transition from
painful to unbearable pressure. PDTs and PTTs were
recorded twice at the right arm (ie, the cuff around the
heads of biceps and triceps muscles) and right lower leg (ie,
the cuff around the triceps surae). Mean PTT across trials and
extremities was used as a measure of the general pain sensi-
tivity; lower PTT corresponds to higher pain sensitivity.

fMRI

Resting state fMRI paradigm

Rs-fMRI was obtained directly before (baseline) and
directly after experimental cuff-induced pain (post-pain)

in sessions lasting 10 minutes, with eyes closed, on
a Philips Ingenia 3T scanner with a SENSE head coil
using a single-shot echo planar imaging (EPI) gradient
echo sequence. MR parameters for the functional images
were: repetition time =2.2 seconds, echo time =35 ms, flip
angle =77 degrees, field-of-view =240x240x105, voxel
size =3x3%3 mm (no gap), number of slices =35. The
alignment for the fMRI images was at the AC-PC line,
with coverage of the whole cerebrum.

Experimental pain stimulation

Experimental pain after the baseline rs-fMRI scan was
applied in two back-to-back cuff pain blocks each of
about 7 minutes consisting of 20 seconds of pain inter-
spersed with 20 seconds of rest. The experimental pain
blocks consisted of one block of cuff pressure of 20 kPa
healthy
and one block of individualized cuff pres-

(corresponding to low pain intensity in

participants)****
sure corresponding to a pain intensity of 7 cm on a 10 cm
VAS. Participants with a 7 cm VAS score (VAS-7) at
a pressure lower than 20 kPa (5 HCs and 16 CWP patients)
were given a cuff pressure stimulation with a pressure 3 kPa
lower than the VAS-7 pressure during the second pain
session in order not to evoke intolerable pain. The cuff
was applied to the lower dominant leg, and inflation and
deflation was instantaneous by a cuff algometer (NociTech).
Only the resting state sessions (prior- and post-pain) and not
the task-fMRI data from the pain sessions in-between were

analyzed for the purpose of this study.

Data analysis and statistics

The clinical measurement parameters are presented as
mean and SD. Correlation results for group with the clin-
ical measures covariates (pain intensity, pain sensitivity,
and psychological strain) were calculated, tested for sig-
nificance at a Bonferroni-corrected threshold of a=0.05/
19=0.003 to correct for 19 correlations, and reported with
their effect size as Cohen’s d.

Preprocessing of the rs-fMRI data was done with the
Functional Connectivity Toolbox (CONN) version 15 g for
MATLAB (Mathworks, Inc., Natick, MA, USA)* using
SPM12 (Wellcome  Trust
Neuroimaging, London, UK). Preprocessing consisted of

functions Centre  for
rs-fMRI data realignment, coregistration to individual ana-
tomical data, segmentation of white and grey matter and
cerebrospinal fluid, normalization to a standard brain tem-
plate in the Montreal Neurological Institute (MNI) coordi-

nate space and smoothing by an 8-mm full-width at half
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Figure | Node connections of the default mode network and the salience net-
work. Cartoon of node connections used in this study as seen on a see-through
brain. Green shows the connections between the nodes of the DMN and orange
the connection between the nodes of the SN.

Abbreviations: DMN, default mode network; SN, salience network.

maximum Gaussian kernel. From the individual datasets,
confounding effects defined as motion regressors (calcu-
lated during realignment), scrubbing parameters to filter
out excessive motion spikes (calculated with the ART-
plugin in CONN with conservative settings aiming to
remove 5% of normative data), white matter, cerebrospinal
fluid, and a term for linear detrending were regressed out,
and the data was band-pass filtered (0.008-0.09 Hz).

For hypothesis (1), the main effect of group was
investigated with the use of independent component
analysis (ICA) in the MATLAB-based GIFT toolbox
version 3.0a (Medical Image Analysis Lab, http://mia
lab.mrn.org/software/gift), which enabled connectivity
investigation in the whole DMN or SN based on group-
derived neural network connectivity maps. For hypoth-
esis (2), we investigated the functional connectivity
changes resulting from the interaction of group with
the variables of interest available for both CWP and
HC (pain
Furthermore, we investigated the correlation of clinical

sensitivity, psychological strain).
pain intensity with functional connectivity measures for
the CWP group specifically. These covariate analyses
were performed with region of interest (ROI)-to-ROI
analysis in the CONN toolbox, which enables the inves-
tigation of connectivity changes between specific prede-
fined ROIs. For hypothesis (3), again a ROI-to-ROI

analysis was used to investigate the interaction of

group with condition (baseline and post-experimental
pain) in relation to the included covariates.

For the purposes of this study, the DMN was defined as
a network containing the PCC, left LPC, right LPC, and
MPFC.'#%¢ The SN was defined as a network containing
the ACC, left AIC and right AIC.**> DMN and SN tem-
plates that contained these regions were taken from the
published template data from Laird and colleagues (com-
ponent 4 for SN, component 13 for DMN).*® These tem-
plates were then used to select DMN and SN components
from the group ICA on our data from all participants.
Furthermore, ROIs were created by extracting the four
DMN nodes (PCC, left LPC, right LPC, MFPC) and
three SN nodes (ACC, left AIC, right AIC) from the
DMN and SN templates, with an applied threshold of
z>5 (schematic overview of network nodes in Figure 1).

Main effect of group

A group ICA algorithm was performed in GIFT with the
use of default settings including subject-specific principal
component analysis for data reduction and the calculation
of 25 maximally spatially independent components with
an infomax algorithm. Stability of ICA findings were
ensured by rerunning ICA 100 times with the use of
ICASSO; the best stable run estimates were used to back-
reconstruct components for each participant. The mean
component maps for all participants were then spatially
mapped to the predefined DMN and SN templates*® to
select the two components best matching each network.
Within each component, the connectivity differences
between groups were investigated with a correlation ana-
lysis in SPM12. The initial significance threshold was set
at P<0.001 uncorrected to select voxels for a small-volume
investigation that tested only within the DMN and SN
template regions (as a combined mask), and tested for
significance with a threshold of P<0.05 corrected for
family wise error rate (FWE) with the use of small-volume
correction.

ROI-to-ROI connectivity analysis of clinical measures
To determine functional connectivity values for each indi-
vidual within our seven predefined ROIs defined as DMN
and SN nodes, bivariate correlations were calculated
between time signals for each combination of two ROlIs.
To establish that the choice of ROIs for nodes in the DMN
and SN was consistent with literature findings on strong
connectivity within the DMN and within the SN as well as
negative connectivity between the DMN and SN, the
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connectivity of the DMN PCC seed with all other nodes
was investigated with a significance threshold of P<0.001
false discovery rate (FDR) corrected for multiple measure-
ments over all six target nodes.

The individual bivariate correlation values were
entered in correlation and linear regression ROI-to-
ROI analyses for hypothesis testing. For these ROI-to-
ROI functional connectivity analyses, the PCC node of
the DMN and the left and right AIC nodes of the SN
were selected as seed nodes in separate analyses, with
the remaining six DMN and SN nodes as target nodes.
Clinical pain intensity was only measured for CWP and
thus the CWP group with
a correlation analysis at baseline and a regression ana-

only tested within
lysis to investigate the interaction of pain intensity
with post-pain functional connections compared to
baseline. The other two covariates; pain sensitivity
and psychological strain, were tested with separate
regression analyses that compared the slopes of each
covariate for between-group differences related to the
ROI-to-ROI functional connections at baseline or the
interaction of group and post-pain functional connec-
tivity compared to baseline.

The significance threshold for seed node analy-
sis was set at p<0.05 FDR-corrected for multiple mea-
surements (six targets), an additional Bonferroni
correction of 3 was applied to correct for tests for
each of the three seed ROIs used. To remove any
confounding effect of age,
all

Significant results that emerged are presented with

we modeled age as

a nuisance variable in covariate analyses.
their ¢- or R?-values. This resulted in total in 6 separate
two-tailed #-tests to test all between- and within-group
covariate effects of hypotheses (2) and (3). Effect sizes
are reported as Cohen’s d for the correlation analysis
and Cohen’s f2 for the multivariate linear regression

analyses.

Results

In line with expectations, group differences between CWP
and HC were observed in relation to pain intensity as
a huge effect (p<0.001, Cohen’s d =2.99), psychological
variables as a very large effect (p<0.001, Cohen’s
d =1.49), PTT as a medium to large effect (»p=0.001,
Cohen’s d =0.78), and PDT as a medium effect (p=0.021,
Cohen’s d =0.55 (Table 1). No significant differences in
age, anthropometric variables or blood pressures were
found.

Baseline DMN and SN connectivity
Whole group baseline connectivity in DMN and SN
High baseline connectivity for the whole participant
population was found within the DMN (#(73)=42.2,
p<0.001 FDR-corrected); and SN (#(73)=33.1, p<0.001
FDR-corrected). For confirmation of expected DMN-SN
negative connectivity, we observed the connectivity cor-
relation of the PCC node of the DMN with all other
nodes in all participants. Connectivity in the PCC node
correlated positively to connectivity in all DMN nodes
and negatively to connectivity in all SN nodes (p<0.001
FDR-corrected for all target nodes).

Between-group connectivity differences in PCC and
AIC

At baseline, within the independent component for the DMN,
the HC group showed stronger connectivity than the CWP
group in the inferior PCC [10 —56 4] T=5.02, p=0.04
FWE-corrected (Figure 2). For the SN component, the
CWP group had stronger connectivity than the HC group in
the left AIC/superior temporal gyrus [-44 10 —18] T=5.27,
p=0.016 FWE-corrected (Figure 3).

Effects of clinical measurements

No effect of pain intensity on baseline connectivity
Clinical pain intensity measured as VAS pain intensity-
global was not found to correlate with altered functional
connectivity related to DMN or SN nodes in the CWP

group.

Effect of pain sensitivity on baseline connectivity

A comparison of pain sensitivity measured as the PTT
between CWP and in HC showed that higher pain sensitiv-
ity in CWP predicted significantly increased connectivity
between left and right AIC nodes of the SN as a small-to-
medium effect, and increased connectivity between right
AIC of the SN and left LPC of the DMN as a medium
effect (Table 2).

No effect of psychological strain on baseline
connectivity

There were no significant between- or within-group effects
observed of functional connectivity related to DMN or SN
nodes correlating with higher psychological strain.

No post-experimental pain effects

No between-group effects of post-experimental pain com-
pared to baseline were found. No regression effects for
pain sensitivity or psychological strain were found for the
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Figure 2 Between-group difference within the default mode network independent component. Connectivity differences for HCs compared to CWP. The blue overlay
shows the DMN template, the green overlay shows the SN template, these two templates together were used for small-volume-correction and results were significant at
p<0.05 FWE-corrected. For illustrative purposes, in this figure the connectivity result map was thresholded at p<0.01 uncorrected (t-value is shown in the legend insert), not
masked by the templates. The numbers denote the x-coordinate, significant difference in connectivity was found at x =10 and adjacent slides in the PCC.

Abbreviations: HC, healthy control; CWP, chronic widespread pain; DMN, default mode network, SN, salience network; FWE, family-wise error rate; PCC, posterior cingulate

cortex.

group x condition interactions post-experimental pain
compared to baseline. No signficant effects were found
post-experimental pain within the CWP group for the
CWP-only pain intensity covariate.

Discussion

The CWP group differed significantly from the HC group
and showed decreased connectivity in the inferior PCC in
the DMN network and increased connectivity in the left
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Figure 3 Between-group difference within the salience network independent component. Connectivity differences for CWP compared to HCs. The blue overlay shows the
DMN template, the green overlay shows the SN template, these two templates together were used for small-volume-correction and results were significant at p<0.05 FWE-
corrected. For illustrative purposes, in this figure the connectivity result map was thresholded at p<0.01 uncorrected (t-value is shown in the legend insert), not masked by
the templates. The numbers denote the x-coordinate, significant difference in connectivity was found at x=—44 and adjacent slides in the left anterior insula/superior

temporal gyrus.

Abbreviations: CWP, chronic widespread pain; HC, healthy control; DMN, default mode network, SN, salience network; FWE, family-wise error rate.

AIC in the SN network. This supported our first hypothesis
on affected DMN and SN connectivity in CWP.
Furthermore, functional connectivity differences between
CWP and HC proved to be dependent on pain sensitivity

I 750 submit your manuscript
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as stated in our second hypothesis. However, there were no
differences observed between CWP and HC in functional
connectivity related to DMN or SN nodes as an effect of
psychological strain, nor in the CWP group as an effect of
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Table 2 Regression analysis for baseline rs-fMRI comparison between the CWP group and the HC group on the covariates PTT as

a measure of pain sensitivity, and the construct psychological strain

Covariate Seed-ROI Target-ROI t-value (df=70) R? Effect size (Cohen’s f2) p-value

Baseline resting state

PTT SN RAIC DMN LPC 331 0.15 0.176 0.026
SN RAIC SN LAIC 292 0.10 0.111 0.043
SN LAIC SN RAIC 292 n.s. 0.085
DMN PCC n.s. >0.1

Psychological strain ns. >0.1

Post-pain versus baseline resting state

PTT ns. >0.1

Psychological strain ns. >0.1

Notes: The p-value is FDR -corrected for seven targets, subsequently Bonferroni-corrected for three seeds. Target ROls and t-values of results with p-value below 0.1 are

shown.

Abbreviations: rs-fMRI, resting state functional magnetic resonance imaging; CWP, chronic widespread pain; HC, healthy control; PTT, pain tolerance threshold; ROI,
region of interest; df, degrees of freedom; SN, salience network; RAIC, right anterior insular cortex; LAIC, left anterior insular cortex; DMN, default mode network; LPC,

lateral parietal cortex; PCC, posterior cingulate cortex; n.s., not significant.

clinical pain intensity. Neither did functional connectivity
after experimental pain show significant changes from
observed baseline connectivity, thus no support for our
third hypothesis was found. The results are obtained
from an all-female study population, which enables better
comparison to literature on FM—a female-dominated
diagnosis.

The decreased connectivity within the DMN has pre-
viously been observed in studies on chronic non-widespread
pain."""'? There are a few studies that identified the PCC in
the DMN as a differentiating region of altered functional
connectivity between controls and patients.'"*” However,
decreased DMN connectivity is not in concordance with the
finding of FM patients exhibiting upregulation of DMN
connectivity.® The AIC has been observed in several studies
to have increased connectivity with the DMN. Increased
connectivity within the SN regardless of covariates in CWP
or FM has not often been reported, but increased correlation
of the AIC with ACC as well as the hippocampus has been
shown as an effect of acute pressure pain in FM.'® That
study reports AIC ROIs which have coordinates overlap-
ping with our significant cluster within the AIC of the SN,
however, it can be observed that this significant cluster is
anatomically located in the superior temporal gyrus
(Figure 3, at x-coordinate —44).'% Our finding of between-
group differences in the SN without accounting for applied
pressure pain is to the best of our knowledge a novel find-
ing. Interestingly, the visible but not significant cluster that
is located anatomically in the left AIC (Figure 3, at x-coor-
dinate —36) was overlapping with the AIC ROI from the

2014 study of Ichesco et al that found significant between-
group differences related to left AIC unrelated to any
covariate.”® Our results could indicate that the CWP
patients are dissimilar from FM patients, and have different
connectivity changes in the left AIC. However, since the
literature on FM is sparse and not highly consistent, our
results in combination with the literature might suggest that
there are multiple regions in the left AIC/superior temporal
gyrus that contribute to chronic widespread pain character-
istics, in a fluid rather than consistent fashion. We may even
speculate that if the left AIC/superior temporal cluster is
modulated by acute pain, any pain caused by the discomfort
of an fMRI scanning session may have been affecting the
CWP patients more than the HCs. We believe that our
findings of between-group differences contribute to the
scarce literature on CWP, and gives insight of connectivity
changes in the whole DMN and SN in contrast to other
studies that present findings within small ROIs.

Salience network disruption correlates to
higher pain sensitivity

In the current study, higher pain sensitivity but not higher
pain intensity was associated with increased connectivity
between DMN and SN nodes as well as with increased
within-network SN connectivity for CWP compared to HC
at baseline. Pain sensitivity in this study was measured as
the tolerance threshold for pain. In the study of Napadow
et al on FM where a network analysis was obtained with
an ICA, the authors showed an association of increased
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connectivity between DMN and insula to higher pain
intensity.® Baliki et al showed a strong correlation between
pain intensity and connectivity between the MPFC and
insula that reproduced over different chronic regional
pain diagnoses."' Furthermore, ankylosing spondylitis
patients showed increased connectivity between the
DMN and SN, mainly driven by a node in the temporo-
parietal junction, in relation to pain intensity.'* This region
has not been included in our SN investigations as it is not
primarily implied in chronic pain connectivity changes.’
That pain intensity does not evoke a similar effect as pain
sensitivity in the current study may reflect the diffuse
nature of CWP conditions, which is especially in FM
characterized by varying painful sites all over the body
in contrast to localized intense pain.

It has been suggested that a disturbed SN is the cause
of increased connectivity between the DMN and SN.'* It
is plausible that observed SN disturbance by chronic pain
may be an effect of structural changes in the SN, such as
observed as volume decrease of the ACC and AIC in
FM.* In conclusion, this new finding of interaction of
pain sensitivity with SN and DMN-SN functional connec-
tivity in CWP further strengthens the theory of SN disrup-
tion in chronic pain patients by the continuous input of
salient stimuli containing nociceptive information.'® This
study shows a differentiation between the influence of pain
sensitivity and pain intensity, advocating the use of pain
sensitivity measurements as a modulating factor in net-
work connectivity studies.

Absence of psychological strain or

experimental pain effects

The psychological strain variable in this study included
scales reflecting on depression, anxiety, and pain catastro-
phizing. The high internal consistency of the construct
together with its observed correlation to connectivity
changes advocates the useability of employing this con-
struct for psychological strain. Many sub-aspects of major
depression have been associated with increased DMN
connectivity, however previous findings are not highly
consistent.>® In contrast, higher trait anxiety has been
associated with reduced DMN connectivity.>” This study,
however, found no evidence for a distinctive effect of
psychological strain on connectivity related to DMN and
SN nodes. Therefore, we cannot conclude that general
psychological strain is a cause or an effect of DMN or
SN alterations. Indeed it is possible that depressive

symptoms may increase DMN connectivity in CWP
patients while anxiety symptoms decrease this connectiv-
ity, which would then not be observed as a clear effect on
DMN connectivity for the construct psychological strain.
However, when we freely explored our data, we did not
find clear effects linked to just the depression or anxiety
measures. Thus, there might be an absence of consistent
correlation of psychological strain aspects in CWP with
DMN and SN connectivity. This may lead to a shift of
focus towards other neural networks in order to better
understand changed neural aspects of CWP in relation to
psychological strain.

Existing literature on connectivity alterations as effect
of acute or experimental pain in chronic pain patients is
conflicting and sparse. Applied pressure pain has been
shown to increase connectivity of the ACC with the hip-
pocampus which is part of the descending pain modulatory
system in FM patients.’® Chronic lower back pain patients
with an increased clinical pain caused by physical maneu-
vering have exhibited increased connectivity between the
DMN and mid-insula—a region adjacent to the AIC node
of SN and involved in affective pain processing.*® In
contrast, the DMN showed decreased connectivity with
the pregenual ACC, adjacent to the ACC associated with
the SN.** A study that investigated functional connectivity
after a physical exercise intervention aimed at improve-
ment of symptoms in FM showed to affect insular con-
The authors
suggested that a restoration of functional connectivity

nections with the sensorimotor cortex.’!

through physical exercise could have been established.”’
However, our results do not indicate an altering effect of
experimental pain on functional connecitvity differences
within- or between-groups in relation to either of the
covariates. We may tentatively conclude that any effects
previously observed between the DMN, insula and ACC
are likely either not associated with the anterior part of the
insula or very short-lived and regulated back to normal
connectivity in CWP after several minutes.

Limitations

Whereas the current study population was larger than most
studies on CWP and FM, it still is a limited sample size for
more complex analyses, therefore we could not control
factors such as smoking, alcohol, or exercise in the CWP
group. The group size and heterogeneity also limited the
separate analyses that could be included; it would be
informative to investigate in future studies whether differ-
ent types of psychological strain and the different
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questionnaires would have differentiating results. The
choice for a compound variable was based on the rela-
tively low scores on several scales included in the psycho-
logical strain constructs. Also in this case, future research
is needed to understand whether anxiety symptoms have
a modulatory role in decreased DMN connectivity in
CWP, and moreover, whether other intrinsic neural net-
works such as those regulating executive control functions
may be affected, as executive control networks have been
implied in chronic pain conditions in some literature.’*

We have used a VAS to measure pain intensity as well
as pain sensitivity because this measure is quickly applied,
sensitive to pain experience, and widely used and therefore
more easily comparable over studies.>® The limitations of
using a VAS are the confounding effects of inconsistent
interpretation of scale by the participants as well as possi-
ble ceiling effects in patients with high pain. Healthy
partipants tested for pain sensitivity may report stimulus
intensity rather than pain for low-pain trials, and therefore
the measurement may lose sensitivity.>> Follow-up studies
would therefore preferably include several pain measures
to validate findings.

Most patients were on different types of prescribed
medication. The patients were asked to refrain from pain
medication during the experiment day, but due to both
ethical aspects and practical issues it was not possible to
investigate these patients taken off their medication for
several days/weeks. It is likely that medication intake

' and because of the

affects functional connectivity,'
limited wash-out period medication has to be regarded
as a possible confounding factor of the presented results.
However, even though the current study cannot model
CWP functional connectivity alterations fully, it can
contribute to the currenty incomplete understanding of
differences between CWP patients and HCs, and of the
contribution of pain

sensitivity to the differences

between groups.

Conclusion

The results of this study demonstrate functional connec-
tivity changes in the DMN and SN for CWP patients and
an effect of pain sensitivity measured as pain tolerance
threshold on SN and SN-to-DMN connectivity. Pain sen-
sitivity is related to increased connectivity between left
and right AIC as well as to increased connectivity between
the right AIC and the left LPC in CWP. Pain intensity nor
psychological strain showed any correlations with func-
tional connectivity changes in either the DMN or SN.

Also, no effect of experimental pain was observed. This
study contributes to the understanding of DMN and SN
alterations in CWP, and implies that increased connectivity
between these networks is modulated by pain sensitivity.
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