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Introduction

Abstract

Functional magnetic resonance imaging studies have shown that the insular cortex has a signif-
icant role in pain identification and information integration, while the default mode network is
associated with cognitive and memory-related aspects of pain perception. However, changes in
the functional connectivity between the default mode network and insula during pain remain
unclear. This study used 3.0 T functional magnetic resonance imaging scans in 12 healthy sub-
jects aged 24.8 + 3.3 years to compare the differences in the functional activity and connectivity
of the insula and default mode network between the baseline and pain condition induced by
intramuscular injection of hypertonic saline. Compared with the baseline, the insula was more
functionally connected with the medial prefrontal and lateral temporal cortices, whereas there
was lower connectivity with the posterior cingulate cortex, precuneus and inferior parietal
lobule in the pain condition. In addition, compared with baseline, the anterior cingulate cortex
exhibited greater connectivity with the posterior insula, but lower connectivity with the anterior
insula, during the pain condition. These data indicate that experimental low back pain led to
dysfunction in the connectivity between the insula and default mode network resulting from an
impairment of the regions of the brain related to cognition and emotion, suggesting the impor-
tance of the interaction between these regions in pain processing.
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at rest, and has become a widely used tool for investigating

Pain is commonly viewed as a sensation with multiple com-
ponents, which are shaped by a combination of cultural,
psychological and biological factors'?. Low back pain of
longer duration and increased severity causes cognitive
impairments beyond the feeling of pain, which include de-
pression, anxiety, sleeping disturbances and decision-making
abnormalities”™. Functional magnetic resonance imaging
(fMRI) studies have demonstrated that pain endurance al-
ters the brain dynamics beyond the feeling of pain itself”.
Pain processing is associated with pain perception, identi-
fication, memory, emotion functions, avoidance responses
and a broad dysfunction of pain modulation'®”. Recent
studies even suggest that prolonged pain can damage corti-
cal areas that are unrelated to pain'*”. Therefore, it appears
that low back pain may be a progressive disorder associated
with changes in pain modulation and the integration of the
sensory, affective and cognitive components of pain. Rest-
ing-state functional connectivity MRI is based on the obser-
vation that brain regions exhibit correlated slow fluctuations

spontaneous brain activity. Such resting-state studies have
been employed in the investigation of the pathological
mechanisms of several neuropathic diseases including fibro-
myalgia'”, migraine'", complex regional pain syndrome'"”
and diabetic neuropathic pain'’. Thus, it is critical to take
into account brain activity that occurs in the resting-state of
pain stimulation to further understand how pain networks
function. The default mode network is a key area in the rest-
ing state, involving the posterior cingulate cortex, precuneus,
medial prefrontal and lateral temporal cortices, and is char-
acterized by balanced positive and negative connections'*"”’
classified as the “hubs” of structural and functional connec-
tivity in brain studies"*"”. Current concepts suggest that a
broad pain processing dysfunction characterizes this com-
mon neurological disorder, and identify the default mode
network as a known region linked to memory, attention
and executive cognitive functions. Recent studies have also
shown that functional default mode network connectivity
is abnormal in patients with chronic back pain, and these
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changes may lead to behavioral dysfunctions'*"”.

The insula is typically activated during neuroimaging
studies of acute experimental pain in healthy subjects and
clinical pain syndromes, where the strength and range grow
significantly as the pain threshold intensity is increased "',
As a key region in the endogenous pain modulation system,
it is likely that the functional association between the in-
sula and other brain regions is changed when experiencing
pain. Neuroimaging studies have shown that the insula is
involved in multidimensional (sensory, affective and cogni-
tive) pain status”’. The insular cortex and limbic system are
also closely linked, suggesting that the insula is associated
with behavioral functions. Previous fMRI studies on pain
reactivity indicate that the anterior insula have greater pain
activation in the prefrontal regions, inferior parietal lobule
and superior temporal gyrus, and that the posterior insula
have higher activation in the medial prefrontal and cingulate
cortex””), Resting state modeling has largely focused on the
functional correlations among cortical structures, whereas
the interactions between functional mechanisms in various
brain regions remain unknown, particularly the changes in
the resting functionality of the connected insula involved in
low back pain.

To further explore the potential brain mechanisms under-
lying insular activation, we examined low back pain percep-
tion and pain-related processing over time. We hypothesized
that the major regions of the default mode network would
exhibit significant abnormal patterns in their functional
activity and connectivity with the insula. Thus, we tested for
differences between the anterior insula and posterior insula.
Our analysis was focused on changes in the functional con-
nectivity among regions that are known to be involved with
the default mode network (i.e., medial prefrontal cortex,
posterior cingulate cortex/precuneus and lateral temporal
cortex), as resting connectivity within this network was
found to be altered in chronic back pain patients compared
with healthy subjects, while pain processing was shown to
modulate resting default mode network connectivity'”. Fur-
thermore, multiple studies strongly suggest that the negative
effects can be attenuated by directing the attentional focus
away from certain aspects of a situation'””’. Thus, using fMRI
and alterations in functional connectivity, we examined the
functional connectivity changes to predict the extent of the
attenuation of negative effects.

Results

Quantitative analysis of subjects

Twelve healthy subjects (six men and six women) aged
24.8 + 3.3 years were included. Intramuscular injections of
0.3 mL hypertonic saline (5%) stimuli were performed at
2.0 cm on the right back muscle of the L, spine to induce
individual low back pain. For the muscle pain series, only
the visual set of subjects who rated the pain intensity > 3 us-
ing the visual analogue scale (0-10; 0 = “no pain” and 10 =
“worst pain imaginable”) were used to compare the changes
between the pain and non-pain status. All subjects’ rotation
of head movements were within 2 mm in translation and
2° in rotation. All twelve subjects were included in the final
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analysis.

Pain perception and the questionnaire results in the low
back pain models

Low back pain commenced within 10-15 seconds of the
injection, peaked within < 20 seconds, and then subsided
to pre-injection levels over > 8 minutes. Muscle pain was
described as dull and aching with mild numbness. The in-
tramuscular injections of hypertonic saline (5%) caused
moderate local pain. The individual average maximum pain
scores were 6.25 * 2.14 with a range of 3-9. In all subjects,
pain stimuli elicited pain unpleasantness that ranged from
mild distress to horror. “Distressing” (2.92 *+ 1.78) and “hor-
rible” (1.50 + 1.62) scores were higher during the test than
those before and after the test, although the differences were
not statistically significant (one-way analysis of variance;
P>0.05).

Functional connectivity alteration in the default mode
network areas

The results of the intrinsic connectivity in default mode
network for the pain status are shown in Figure 1. The group
analysis showed that low back pain was associated with sig-
nificant functional connectivity alterations in various brain
regions. Following intramuscular injection of hypertonic
saline into the back muscle as painful stimuli, the posterior
cingulate cortex/precuneus had greater intrinsic connectivity
compared with the anterior cingulate cortex, lingual gyrus
and prefrontal regions, particularly in the medial prefrontal
cortex. However, there was a significant decrease in several
regions of the cerebellum (mostly the pyramids), the para-
hippocampal and trans verse temporal gyri (Table 1) when
compared with baseline (P < 0.001; uncorrected). Further-
more, the connection between the medial prefrontal and lat-
eral temporal cortices was stronger during self experienced
pain.

In addition, deactivated regions were observed outside the
classical boundaries of the default mode network (i.e., the
brainstem and cerebellum). These data show that the intrin-
sic connectivity within the default mode network and pain
modulatory pathways was abnormal during low back pain.

Functional connectivity alteration in the insula in low back
pain subjects during resting state
Images of specific changes in functional connectivity within
the insula during pain are shown in Figure 2. Pain stimuli
led to stronger connectivity between the insula and the me-
dial prefrontal and lateral temporal cortices, whereas there
was a significant decrease in the connectivity with the poste-
rior cingulate cortex, precuneus and inferior parietal lobule
(P < 0.001, uncorrected, K > 10). Using the anterior insula
as a seed, experimental low back pain increased the connec-
tivity to the prefrontal cortex, but decreased connectivity to
several cortical regions that were primarily involved with the
anterior cingulate cortex, paracentral lobule and posterior
lobe of the cerebellum (mainly the cerebellar tonsil).

By contrast, there was significant functional connectivity
with the posterior insula including the prefrontal regions,
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Figure 1 Resting-state functional connectivity map showing positively (A) and negatively (B) correlated voxels for seed regions of interest
(mPFC, PCC, LTC, aIC and pIC) in low back pain subjects (P < 0.001, K > 10, uncorrected).

Color area: Regions with differences between pain state and normal. mPFC: Medial prefrontal cortex; PCC: posterior cingulate cortex; LTC: lateral
temporal cortex; alC: anterior insula; pIC: posterior insula.

Table 1 Brain areas with increased connectivity during resting-state functional magnetic resonance imaging in low back pain subjects

Peak MNI coordinate

Region of interest ~ Brain region Brodmann’s area Cluster size (voxels) T X Y Z
Posterior cingulate R medial prefrontal cortex 6 19 8.03 24 -18 51
cortex/precuneus R cingulate cortex 32 13 7.99 18 21 33

L lingual gyrus 18 14 6.08 -9 -90 24

L cerebellum pyramids - 11 -7.57 -21 —66 -39

R parahippocampal gyrus 19 13 -9.36 24 =51 -6

R transverse temporal gyrus 41 12 -7.57 48 21 12

R angular gyrus 39 29 —6.63 45 =72 36
Anterior insula L/R prefrontal cortex 6/8 17/22 6.61/7.44 —-36/39 —-3/24 48/51

L/R cerebellar tonsil - 12/11 -7.51/-6.06  —36/12 —42/-57  -51/51

L/R paracentral lobule 5/31 19/11 —6.83/-6.61  -9/3 —39/-24  57/48

L anterior cingulate cortex 32 51 -11.13 —6 6 39

L precuneus 7 27 -6.91 -9 —57 60
Posterior insula L medial prefrontal cortex 10 14 9.42 —24 66 15

L medial frontal gyrus 10 15 6.54 -12 63 0

L anterior cingulate cortex 24 19 8.91 1 -18 36

L thalamus - 18 16.08 -6 -9 12

R parahippocampal gyrus 23 18 11.59 27 -12 -18

R lateral temporal cortex 21 10 8.97 —45 0 -30

L inferior parietal lobule 40 27 -7.81 -30 —45 48

L precuneus 7 15 -5.94 —6 —63 39

L/R angular gyrus 39/39 18/20 —-7.30/-7.19 —54/41 —63/61 36/33

Statistical threshold corresponds to T > 4.02, uncorrected cluster significance of P < 0.001 corresponding to at least 10 contiguous voxels. Voxel
size =3 mm x 3 mm X 3 mm. L: Left; R: right; MNI: Montreal Neurological Institute.

thalamus and parahippocampal gyrus, but negative con-
nectivity to the lingual gyrus and inferior parietal lobule
(Table 1). Of interest, the anterior cingulate cortex had
enhanced negative correlations with the anterior insula
at rest, but positive correlations with the posterior insula,
suggesting that it had different connectivity with the ante-
rior insula and posterior insula. Our results demonstrate
that pain changed the connectivity between the insula and
medial prefrontal and posterior cingulate cortices, precu-
neus and inferior parietal lobule, consistent with studies
suggesting that changes in the experience of pain arise

from differences in pain processing based on the known
organization of the insula"*”.

Discussion

Functional connectivity measurements based on low-
frequency BOLD signal fluctuations are used to define
correlations between spatially remote neurophysiologi-
cal events'™*””. Recent studies have shown that correlated
low-frequency fluctuations can be detected, and can identify
the brain functional regions where signal changes are associ-
ated with seed regions of interest””.
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Figure 2 Resting-state group functional activation of positively and negatively correlated voxels for posterior cingulate cortex (a), anterior

insula (b) and posterior insula (c) seeds (n =12).

Areas with significant differences in connectivity with the left and right posterior cingulate cortex, anterior insula and posterior insula that were
changed during pain compared with the baseline. Areas with decreased changes in connectivity are shown in blue, whereas areas where the con-
nectivity change was high are shown in red (significance threshold of P < 0.001, uncorrected; paired t-test). A minimum of 10 contiguous voxels
was used. The color of each activated voxel corresponds to its T-value, as shown in the color bar scales.

To examine the hypothesis that chronic pain stimuli can
leave a mark beyond the cortical circuits involved with
perception, we identified a matrix of cortical regions that
support interoceptive cognition and emotion involving the
bilateral medial prefrontal cortex, posterior cingulate cortex/
precuneus, lateral temporal cortex, anterior insula and pos-
terior insula. In addition, we observed that pain-processing
pathways were unaffected compared with healthy subjects.
Thus, these data suggest that using back muscle pain to infer
the status of pain in the brains of patients with low back pain
is fully justified. Group analysis revealed that the experimen-
tal low back pain caused an abnormal default mode network
and other cortical and subcortical areas, i.e., the frontal and
temporal cortices, parietal lobe, cingulate gyrus and insular
cortex. It is not surprising that the default mode network as
a dynamic system would converge toward a state in which
the major hubs of connectivity were preferentially represent-
ed. In agreement with previous studies'® ", the experimen-
tal low back pain produced significant dysfunctions in the
functional default mode network connectivity. The posterior
cingulate cortex has dense structural connectivity as a major
node in the component brain regions, where it appears to be
involved with the formation of cognitive activities and inter-
nally directed thought™, In the present study, the posterior
cingulate cortex/precuneus had significant connectivity in
the superior frontal and anterior cingulate cortices, but de-
creased connectivity in the posterior lobe of the cerebellum,
parahippocampal, lingual and transverse temporal gyri.
These changes may reflect abnormalities during the
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experience-dependent maturation of cortical functional
specialization, and simultaneously deactivated regions may
be observed as a result of increased inhibitory drive or asyn-
chronous neuronal firing. Muscle pain produced stronger
connectivity between the bilateral medial prefrontal cortex
and most seed regions of interest, including the posteri-
or cingulate and lateral temporal cortices, anterior insula
and posterior insula. The higher medial prefrontal cortex
activation suggests that this region plays a specific role in
mediating the attenuation of pain perception via cognitive
control mechanisms'” and may be related to symptoms of
anergia and the loss of motivated behaviors””. Furthermore,
a previous investigation showed that affective instability may
be caused by a pattern of limbic hyperreactivity paired with
dysfunctional prefrontal regulation mechanisms”', where
painful stimulation was found to decrease affective arousal
at the neural level, possibly underlying the effect of lessening
pain.

The insula does not simply process pain signals, and has
been associated with multiple aversive or otherwise salient
experiential states, both interoceptive™” and exteroceptive™.
The anterior insula was proposed to receive nociceptive
information via direct inputs from the ventromedial tha-
lamic nucleus, whereas the posterior insula receives direct
projections from the secondary somatosensory cortex and a
pain-specific region in the thalamus (i.e., the posterior por-
tion of the ventromedial thalamic nucleus)”*. Using func-
tional neuroimaging, the endurance of painful stimulation
was found to produce dysfunction of the anterior insula,
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which showed a significantly decreased functional connectiv-
ity with cortical regions such as the anterior cingulate cortex,
precuneus, paracentral lobule and cerebellum, suggesting
that inhibitory systems may be a possible pathogenic mech-
anism during prolonged low back pain'*”, The present study
found that anterior insula had increased resting connectivity
to the inferior and middle frontal gyri, similar to the results
described by Tagliazucchi et al."”’. In addition, we identified
the bilateral posterior insula as the seed regions of interest,
which changed posterior insula functional connectivity to
several cortical and subcortical regions involved primarily
with the prefrontal cortex, thalamus, parahippocampal gy-
rus, precuneus, anterior cingulate and lateral temporal cor-
tices, lingual gyrus and inferior parietal lobule. These areas
modulate attention, memory, execution and other cognition
function by different projections. These findings are consis-
tent with previous reports that pain endurance may disrupt
functional connectivity between the cortical regions of the
default mode network and the insula™ ', which is a key re-
gion implicated in internally generated thought processes''.
Moreover, the right posterior insula had a higher intrinsic
connectivity to the left thalamus and right parahippocampal
gyrus, suggesting that the pain stimuli led to more nocicep-
tive input into the thalamus via the spinothalamic tract. In
particular, the parahippocampal gyrus plays an important
role in the evaluation of pain intensity and other somatic
signals”™, and it was highly activated during pain, which
may reflect that pain disrupts various cognitive processes
that mediate the attenuation of pain perception via cognitive
control mechanisms'™’.

Previous functional imaging studies have detected the
pain-related activation of the parasylvian cortical structures
(such as the insula), medial frontal cortical structures (anterior
cingulate and middle cingulate cortices and supplementary
motor area) and the primary somatosensory cortex, which are
often described as modules in a “pain network" ", The ante-
rior cingulate cortex and insula exhibited abnormal intrinsic
connectivity in this pain network during experimental low
back pain. We found that the anterior cingulate cortex had
enhanced negative correlations with the anterior insula, and
positive correlations with the posterior insula, suggesting
that the anterior insula is more likely to lower the response
to peripheral nociceptive stimuli via a self-control function.
Similarly, the emotional components of nociceptive stimuli
are processed within the insula as lesions encompassing the
insula can result in pain asymbolia, a condition where the
intensity and quality of nociceptive stimuli are preserved
Thus, it seems reasonable to suggest that the persistent,
self-reflective thoughts that occur during pain may have led
to disruption of the modular organization and increased the
number of connections with the anterior cingulate cortex”'’.
In addition, the subjects all suffered mild anxiety and hor-
ror during the test, which further supported a hypothesis
that the anterior cingulate cortex is involved mainly with
affective responses to pain*™. Of interest, it was recently
shown that both the posterior lobes of the cerebellum and
brainstem had a lower intrinsic connectivity with most brain
regions, including the medial prefrontal and posterior cin-
gulate cortices, precuneus, and insular and lateral temporal

cortices. In terms of the midbrain in the resting state and its
correlation with the pain unpleasantness level, our findings
are inconsistent with those of previous studies suggesting
that self-generated feelings of sadness, anger, happiness and
fear produce midbrain activation*”. An investigation of the
functional connectivity in the cerebellum also suggested that
this region is involved with emotional modulation*"’. Inter-
actions between the cerebellum and frontoparietal cortex are
involved with cognition via the cerebellothalamocortical or
corticopontocerebellar circuits, which were deactivated in a
study that showed they have important roles in mood-cog-
nitive processing and self-awareness mechanisms; these re-
sults were consistent with the findings replicated by position
emission tomography'**. Furthermore, the brain regions
with decreased functional connectivity were concentrated in
the left hemisphere, which suggests that the left hemisphere
corresponds to the affective consequences of pain, whereas
the right hemisphere corresponds mainly to homeostatic
and autonomic control*”.

In conclusion, this study clearly demonstrated alterations
in the resting-state functional connectivity in a range of
cortical and subcortical areas during experimental low back
pain. The three main findings were as follows: (1) the de-
fault mode network was dysfunctional; (2) the insula had
significant connectivity to the medial prefrontal and lateral
temporal cortices, but decreased connectivity to posterior
cingulate cortex, precuneus and inferior parietal lobule; and
(3) the anterior insula and posterior insula may be involved
with attention, memory, execution and cognition functions
(especially the anterior insula, which has a significant role
in pain processing). These findings suggest that the brain
affected by low back pain is not healthy during the process-
ing of pain information, but rather is changed by persistent
pain, particularly with respect to the higher mental activities
associated with cognition and emotion.

Our data further support the concept that prolonged mus-
cle pain, representing a sustained pain, is encoded primarily
in the insular cortex””. These results may help to improve
our understanding of abnormal neural activities in brain re-
gions and the mechanisms of pain.

Subjects and Methods
Design
A non-randomized, controlled study.

Time and setting

The experiment was performed in the Department of Ra-
diology of Zhujiang Hospital, Southern Medical University,
China, from July 2011 and March 2012.

Subjects

Twelve healthy subjects recruited by advertising in Zhujiang
Hospital, with similar residence (southern region, Guang-
zhou, Guangdong Province, China), age (21-30 years old,
average 24.8 £ 3.3 years), education (14-21 years, average
17 years) and gender (6 men and 6 women) participated in
this study. All subjects were right-handed. Inclusion criteria
included: (1) Body mass index range for standard = 10%;
(2) no psychiatric illnesses or medical illnesses (i.e., multiple
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sclerosis, epilepsy); (3) no pain (including dysmenorrhea)
and drug (i.e., antipyretics, sleeping pills) experience with-
in the last 1 month; and (4) self-rating anxiety scale and
self-rating depression scale scores < 50 (lower than 50 rep-
resents “normal”). The general exclusion criteria were organ-
ic brain disease, a history of skull or brain damage, substance
dependency, severe neurological illnesses, metallic compo-
nents in the body, claustrophobia and analgesic medication
(during the last 4 weeks). All experiments and protocols
were approved by the Ethics Committee of Zhujiang Hospi-
tal Affiliated to Southern Medical University, China. Accord-
ing to the State Council of China*, each subject provided
written informed consent after detailed instructions on the
experimental procedures and risks were fully explained.

Methods

Hypertonic saline as pain stimulus (experimental induced
pain) and 3.0 T MRI for data acquisition

Prior to scanning for 10 minutes, a fine plastic cannula (24
gauge) was attached to a 1 mL syringe containing a sterile
hypertonic (5%) saline stimuli that was inserted 2 c¢m into
the right-sided erector spinae muscle at the level of lumbar
vertebra 4 (Figure 3). The pain caused by the needle subsid-
ed to pre-injection levels within approximately 20 seconds
under the non-anesthesia condition. The imaging volume
extended from the dorsal side of the pons to the primary so-
matosensory cortices, covering most of the cortical and sub-
cortical regions associated with pain perception. T2-weight-
ed functional images were acquired in a single-shot gradient
echo-planar imaging sequence (24 axial slices, repetition time/
echo time = 3,000/40 ms, in-plane resolution = 3.54 mm X
3.54 mm, field of view = 220 mm X 220 mm, slice thickness
= 5 mm and interslice gap = 0.5 mm) using a 3.0 T Philips
Achieva scanner (Royal Philips Electronics, Eindhoven, the
Netherlands) equipped with an eight- channel head coil. The
subjects were instructed to close their eyes and rest com-
fortably throughout scans, without moving or falling asleep.
Prior to obtaining the functional measurements, high-reso-
lution anatomical T1-weighted images were collected using a
fast-spin-echo scan (repetition time/echo time = 500/14 ms,
matrix = 256 X 256 and flip angle = 90°). Each subject under-
went two identical fMRI of 318 seconds at baseline and after
5% hypertonic saline as the pain stimulus.

After the first fMRI, each of the 12 subjects received an
intramuscular injection of 5% hypertonic saline (0.3 mL) in
the right-sided erector spinae muscle at the level of lumbar
vertebra 4, which was followed by the second scan at 20 sec-
onds after the injection'***. The subjects remained inside
the scanner after the scans and were asked to describe when
(1) they felt the onset of pain, (2) the pain began to subside
from its peak and (3) the pain ceased. Furthermore, the sub-
jects were asked to complete a linear 10-point visual analogue
scale to record the maximum pain intensity (0 = no pain and
10 = maximum imaginable pain) and an in-house mood
scale to measure the pain unpleasantness (i.e., distressing and
horrible, ranging from 0-10, where 0 = infinitely small and
10 = excruciating). The pain differences in unpleasantness
were compared before, during and after the test.
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Figure 3 Area of the low back pain (LBP) model during the
hypertonic saline (5%) infusion projected into the muscle.

A fine plastic cannula (24-gauge) was attached to a 1 mL syringe con-
taining sterile hypertonic (5%) saline stimuli that was inserted 2 cm
into the right-sided erector spinae muscle at the level of lumbar verte-
bra 4.

Preprocessing of experimental functional MRI data

The fMRI image data were preprocessed and analyzed us-
ing the Data Processing Assistant for Resting-State fMRI
(DPARSE http://www.restfmri.net) by routines in MATLAB
R2010a. The blood oxygen level-dependent (BOLD) time
series preprocessing steps included removal of the first 10
volumes, slice-time correction, motion correction, inten-
sity normalization, spatial smoothing and linear high-pass
temporal filtering. The first 10 volumes of each scan were
discarded to eliminate any non-equilibrium effects of mag-
netization and to allow subjects to become familiar with the
scanning environment. The motion time courses were used
to select subjects head movements of < 2 mm in translation
and 2° in rotation, who were used for further analysis (no
subjects were excluded). For the muscle pain series, only the
image sets of subjects who rated the pain intensity > 3 were
used in subsequent analysis (no subjects were excluded).
Each individual’s functional images were normalized using
the symmetric echo-planar imaging templates and resa-
mpled at a resolution of 3 mm X 3 mm X 3 mm. The nor-
malized functional images were smoothed spatially using a
Gaussian kernel of full-width half-maximum 6 mm. Finally,
voxel-wise linear trend removal and temporal high-pass fil-
tering (0.01 Hz < f < 0.08 Hz) were applied.

Seed regions of interest for the functional connectivity analysis
DPARSF was used to create individual subject seed-to-voxel
connectivity maps. The seed regions of interest were spheres
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Table 2 Regions of interest of the functional connectivity analysis

MNI coordinate
Seed X Y Z
mPFC
Left -2 46 -16
Right 3 46 -16
PCC/precuneus
Left -3 -55 17
Right 1 -55 17
Lateral temporal
Left —45 —69 -2
Right 50 —69 -3
Insula
Left anterior -32 16 6
Right anterior 32 16 6
Left posterior -39 -15 1
Right posterior 39 -15 8

mPFC: Medial prefrontal cortex; PCC: posterior cingulate cortex; MNI:
Montreal Neurological Institute.

of 6 mm radius that were centered on the Montreal Neuro-
logical Institute coordinates used to identify the correspond-
ing networks in previous resting-state functional connectiv-
ity studies'*****. We extracted the individual time course of
activity from the regions of interest relative to the standard
echo-planar imaging template for the insular cortex that
contained the anterior insula and posterior insula, and the
default mode network that included the medial prefrontal
cortex, posterior cingulate cortex/precuneus and lateral tem-
poral cortex (Table 2). Regressors corresponding to the six
motion correction parameters and their global gray matter,
white matter and cerebrospinal fluid were also included to
remove variance related to motion, the global, white matter
and the cerebrospinal fluid signals, respectively. Regressors
were created by extracting the BOLD time courses from the
tissue class segmented images, averaged across all voxels
within each tissue class. The modeled group effect size and
standard error were then divided to produce a volume where
the voxels were T scores, which were subsequently trans-
formed to Z scores. The resulting Z distribution had a zero
mean and a standard deviation of unity.

Statistical analysis

SPSS 13.0 software (SPSS, Chicago, IL, USA) was used to
calculate descriptive statistics (mean + SD) for age, gender,
pain intensity and pain unpleasantness (data obeyed a nor-
mal distribution). One-way analysis of variance was used to
compare the unpleasantness ratings before, during and after
the injection (data obeyed a normal distribution). Random
effects analysis was used to create intragroup statistical para-
metric mapping (SPM8, http://www.fil.ion.ucl.ac.uk) for the
regions of interest and to explore to evaluate functional con-
nectivity differences between pain and healthy conditions.
Regions that were positively correlated with the seed regions
of interest in each status were identified at the cluster level
because of P < 0.05, after correcting for multiple compari-

sons using the false discovery rate and applying a minimum
cluster size of 10 contiguous voxels.

The intrinsic brain connectivity differences between base-
line and pain status were calculated using two-tailed paired
t-tests at P < 0.001 (uncorrected) with a minimum cluster
size of 10 voxels for regions of interest (anterior insula, pos-
terior insula, medial prefrontal cortex, posterior cingulate
cortex/precuneus and lateral temporal cortex).
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Peer review: Hypertonic saline was used as a low back pain stim-
ulus. This study explored potential brain mechanisms underlying
insular activation, and made observations over time based on low
back pain perception and pain-related processing. Furthermore, us-
ing functional magnetic resonance imaging and alterations in func-
tional connectivity, this study found functional connectivity changes
that predict the extent of the attenuation of negative effects.
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