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Objective: To investigate the functional connectivity (FC) and its variability in the primary
somatosensory cortex (S1) of patients with low-back-related leg pain (LBLP) in the context
of the persistent stimuli of pain and numbness.

Patients and Methods: We performed functional magnetic resonance imaging on LBLP
patients (n = 26) and healthy controls (HCs; n = 34) at rest. We quantified and compared
static FC (sFC) using a seed-based analysis strategy, with 6 predefined bilateral paired
spherical regions of interest (ROIs) in the S1 cortex. Then, we captured the dynamic FC
using sliding window correlation of ROIs in both the LBLP patients and HCs. Furthermore,
we performed a correlational analysis between altered static and dynamic FC and clinical
measures in LBLP patients.

Results: Compared with controls, the LBLP patients had 1) significantly increased static FC
between the left Sly,. (the representation of the back in the S1) and right superior and
middle frontal gyrus (SFG/MFG), between the left S1.,.; and right SFG/MFG, between right
S1chest and right SFG/MFG, between the left Slg,.. and right MFG, and between the right
S1gce and right inferior parietal lobule (P < 0.001, Gaussian random field theory correction);
2) increased dynamic FC only between the right Slg,e. and the left precentral and post-
central gyrus and between the right S1;,,4 and the right precentral and postcentral gyrus (P <
0.01, Gaussian random field theory correction); and 3) a negative correlation between the
Barthel index and the increased static FC between the left S1g,.. and right inferior parietal
lobule (P = 0.048).

Conclusion: The present study demonstrated the hyperconnectivity of the S1 cortex to the
default mode and executive control network in a spatial pattern and an increase in the
tendency for signal variability in the internal network connections of the S1 cortex in patients
with LBLP.

Keywords: primary somatosensory cortex, static functional connectivity, dynamic functional
connectivity, chronic low-back-related leg pain, chronic pain, resting-state functional MRI

Introduction

Low-back-related leg pain (LBLP) is one of the most common subgroups of low-
back pain (LBP),"? but LBLP is usually associated with more serious disability and
pain and poorer outcomes and recovery than LBP alone.” Additionally, LBLP

patients also experience pain sensation and/or movement coordination

impairment.” > Neuroimaging findings are considered to be evidence in support
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of this observation, that is, significant structural and func-
tional alterations occur in chronic pain or chronic low-
back pain, especially in the “pain matrix” brain regions,
such as the anterior cingulate cortex,® medial prefrontal

cortex,”® 9-11

and primary somatosensory (S1) cortex.
Therein, the S1 cortex, as an important sensory processing
area, plays a prominent and highly regulatory role in pain
perception, including localization and discrimination.'*'
Furthermore, the S1 cortex is involved in peripheral-
stimulation-induced neuronal activity in downstream
brain regions associated with pain signals.” This indicates
that pain perception might not be only related to the
altered processing within the “pain matrix”, but also
related to the modulation of S1 itself. A number of studies
have found that there is a structural and functional reorga-
nization of S1 under long-term pain stimulation, such as
migraine,'® trigeminal neuropathic pain,'” diabetic periph-
eral neuropathy.'® However, a study has reported that pain
per se is not associated with cortical plasticity, and the
increased S1 inputs may be the key factor of cortical
functional reorganization.'’

A functional and structural MRI study issued a new
point that the plasticity of S1 is one of the causes of
chronic pain, is not a simple and passive epiphenomenon
thought.”°

Moreover, previous study proposed a dynamic character-

after tissue/nerve injury as previously
istic (variation across pain intensity) of FC in the S1 cortex
in chronic LBP patients.'" The results of this study indi-
cated that not only altered FC between chronic LBP
patients and healthy volunteers at S1 but also FC differs
as chronic LBP patients experienced different levels of
endogenous low-back pain (high-intensity pain condition
showed increased FC). Furthermore, they also found brain
structure differs between chronic LBP patients and healthy
volunteers at S1. The combined changes of neuroanatomy
and function of S1 suggest that this brain region may play
an important role in the pathophysiological process of
chronic LBP."!

Functional connectivity (FC), one of the most widely
used and reliable statistical methods, is used to describe
the temporal correlation of the low-frequency blood-
oxygenation-level-dependent (BOLD) signal oscillations
between different brain areas or networks. Several studies
found decreased static FC (sFC, stationary connectivity at
the time) between the S1 subregion activated by an experi-

mental pain stimulus and other Sl 2122

subregions.
Moreover, a recent study based on a large-sample-size

investigation found that the abnormal cross-network sFC

in LBLP patients possessed S1 somatotopic specificity.>
However, these studies are based on the assumption of the
“static” brain and neglect the change in BOLD signal
variability at various time scales (eg, short-term state
versus long-term trait) between multiple brain areas or
networks. Resting-state dynamic functional connectivity
(dFC) could be a useful tool to study differences in intrin-
sic network dynamics between individuals and whether
those differences are associated with pain-related experi-
ences or behavior. In more recent studies, dFC or networks
have been investigated broadly, which can provide some
information about the variability of the brain in terms of
the strength of the spatial dynamic organization.>*

Hence, for LBLP patients, chronic and persistent
abnormal sensory input, including pain and numbness,
might affect the patient’s sensory processing. Recent
study puts forward a new standpoint: regional BOLD
signal variability represents a new dynamic perspective
to observe how individuals process and cope with pain.*’
In this study, we hypothesize that abnormalities in Sl
cortex FC (both static and dynamic FC), are susceptible
to the effects of the persistent stimuli of pain and numb-
ness on LBLP patients. Motivated by this hypothesis, we
first used a seed-based correlational analysis to examine
the sFC of the S1 cortex. dFC was measured by a sliding
window correlational analysis for each region of interest
(ROI), and a coefficient of variation (CV) map was calcu-
lated over time to quantify the temporal variations of dFC.
Next, the associations between FC and the clinical assess-
ments of tactile spatial resolution and pain intensity were
evaluated.

Patients and Methods

Participants

The participants included 30 patients with LBLP and
37 healthy controls (HCs; gender: 15 women/15 men vs
19 women/18 men, x> = 0.912; mean + SD age: 53.67 + 7.46
+years vs 54.41 £5.51,t=0.296). Patients with LBLP were
recruited from the First Affiliated Hospital of Nanchang
University, and HCs were recruited from the community
from Oct. 2016 to Jan. 2018. The inclusion criteria for the
patients were as follows: (1) age 35-65 years and voluntary
participation in the study; (2) a clear diagnosis of discogenic
compression on a lumbar CT and/or MRI (>1 ruptured
annulus fibrosus with compressed soft tissue); (3) the sen-
sation of radiating pain in the buttock(s) and lower limb(s)
for more than 3 months with scores on the visual analog
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scale (VAS) above 4; and (4) ineffective conservative treat-
ment with medications (eg, anti-inflammatory drugs
(Motrin, Advil and Naproxen) and acetaminophen (eg,
Tylenol) without opioids, exercise and physical therapy).
The exclusion criteria for the LBLP group were a history of
head or spinal cord injury or a major systemic disease;
a history of spinal stenosis due to calcifications on the spinal
protrusions, lateral recess stenosis, spinal stenosis, pyrifor-
mis syndrome, or sciatica; or a history of significant cardiac
events.

All participants provided informed written consent to
procedures approved by the Medical Research Ethics
Committee of the First Affiliated Hospital of Nanchang
University in accordance with the Declaration of Helsinki.

Clinical Assessment

Subjects were assessed in a series of clinical evaluations,
including the VAS (0-10) for pain intensity, the Japanese
Orthopaedic Association (JOA) Back Pain Evaluation ques-
tionnaire (—6 to 29) to examine the impact of neuropathic or
nociceptive pain on quality of life,”® the Fugl-Meyer assess-
ment for sensorimotor impairment measurement, the Barthel
index (0-100) for performance in activities of daily and the
2-point tactile discrimination (2PD) test was used to assess

the tactile spatial resolution ability.

Imaging Data Acquisition

All participants in the study underwent an MRI (3.0T, Trio
Tim, Siemens Medical Systems, Munich, Germany) scan.
Data acquisition included a high-resolution 3D, T1-weighted,
magnetization-prepared rapid gradient-echo (MP-RAGE)
sequence (repetition time (TR)/echo time (TE) = 1900
ms/2.26 ms, field of view (FOV) =215 mm x 230 mm, matrix
=240 x 256, thickness/gap = 1.0/0 mm and 176 sagittal slices)
and rs-fMRI scan (TR/TE = 2000/30 ms, matrix = 64 x 64,
FOV = 210 x 210 mm, 30 interleaved axial slice, 4 mm
thickness, interslice gap of 1.2 mm, and 240 volumes over
8 min). During data acquisition, participants received the
following instruction: “Keep your eyes closed, do not think
about anything and do not fall asleep.”

To determine anatomical brain abnormalities, T2-weighted
and fluid-attenuated inversion recovery (FLAIR) sequences
were collected. For diagnoses of the lumbar spine, additional
conventional sagittal and axial T1-weighted and T2-fat sup-

pression sequences were performed (Supplementary 1).

Preprocessing of fMRI Data

The preprocessing of all fMRI data was performed using the
toolbox for Data Processing & Analysis of Brain Imaging®’
(DPABI v4.2; http://rfimri.org/dpabi), based
on Statistical Parametric Mapping (SPM12, http://www.fil.

which is

ion.ucl.ac.uk/spm/software/spm12/) and runs on the
MATLAB2014b platform (MathWorks, Natick, MA, USA).
The following preprocessing steps were applied: (1) the first 10

volumes (20 s) of the rs-fMRI scan were discarded; (2) slice
timing, head motion correction and the individual registration
of high-resolution T1 images to echo-planar imaging images
were performed with the segmentation from the high-
resolution T1 template of the Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra (DARTEL)
toolkit; followed by (3) spatial normalization and transforma-
tion to Montreal Neurological Institute Space (MNI) space, (4)
resampling the image to 3 mm isotropic voxels and spatially
smoothing (6 mm full-width at half-maximum kernel), and (5)
detrend linear drift and nuisance linear regression, including
the white matter, cerebrospinal fluid (CSF) and head motion
parameters, according to the Friston-24 model;*® followed by
(6) temporal bandpass filtering (0.01-1 Hz). In addition, we
chose only subjects with head motion estimation parameters of
<2.0 mm maximal translation and <2.0° maximal rotation for
the final analysis. Notably, in the case of possible distortions of
intrinsic functional connectivity at the group level and
increased negative correlations, we did not perform the global
signal regression.

Definition of Seeds

We used seed-based correlational analysis to examine the FC
of the S1 cortex. Based on previous study,” we chose a total of
12 ROIs, and seed location within the S1 cortex included the
leg MNI: x =+ 8, y=-38,z=68), back MNI: x=+ 18,y =
—44, z = 64), chest (MNI: x = + 18, y = =36, z = 64), hands
(MNI: x = £ 28, y = =30, z = 50), fingers (MNI: x = £ 50,
y =—16, z = 50), and face (MNI: x = £ 60, y = —14, z = 40).
Then, we created a 4-mm radius sphere and extracted the
average time signal of the spherical seed area.

Static Functional Connectivity

sFC was measured between each seed of the S1 cortex and
other voxels in the whole brain and was then transformed
by Fisher r-to-z transformation to fit the normal distribu-
tion for statistical analysis. A two-sample ¢-test was per-
formed between the LBLP group and the HCs (two-tailed,
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voxel-level P < 0.001, Gaussian random field theory cor-
rection (GRF) with cluster-level P < 0.005).

Dynamic Functional Connectivity Analysis
Dynamic FC was measured by a sliding window correla-
tional analysis for each ROI, and the coefficient of varia-
tion (CV: SD/mean) map was computed across time
windows. In brief, the dFC analysis was performed as
follows: (1) the time-series signals from each ROI were
extracted; (2) a rectangular sliding window length of
30 TR (60 s) and a step of 1 TR was selected based on
previous studies;* (3) within each window (201 windows
in total), the temporal correlation coefficient to other vox-
els throughout the whole brain was computed for each
ROI (in total of 12), and a correlation coefficient map
was created for each participant; and (4) the CV map
was calculated over time to quantify temporal variations
of dFC. To improve the normality of the correlation dis-
tribution, a Z-standardization was applied to all maps.
Notably, each map was spatially smoothed by a full-
width half-maximum kernel of 6 mm. A two-sample
t-test was calculated to compare the group difference
between patients with LBLP and HCs (two-tailed, voxel-
level P < 0.01, GRF correction with cluster-level P<0.05),
and a group mask was constructed. The mean of each time
series of each ROI was extracted, and a two-sample #-test
was performed in SPSS, with age and gender as covari-
ates, to assess the between-group differences of each time
series.

Relationship with Clinical Measures

We analyzed clinical data by partial correlational analyses
between the sFC or dFC values of the region, with altera-
tion and clinical evaluation at the group level and with age
and gender as covariates (P < 0.05), using SPSS software
(version 21.0; IBM, Armonk, NY, USA).

Results

Clinical Characteristics and Indices

Among the subjects, 2 LBLP patients and 3 HCs were
excluded for excessive head motion. Furthermore, 2 LBLP
patients were excluded due to vascular malformation and
infarction. Ultimately, 26 LBLP patients and 34 HCs par-
ticipated in the study, and the detailed clinical character-
istics and indices are summarized in Table 1. Among the
LBLP patients, lower scores of JOA Back Pain Evaluation
(14.38 = 4.92) indicated an effect on the quality of life due

Table | Demographic Data and Clinical Characteristics of the
LBLP and HCs Groups

Characteristics LBLP Healthy P values
Patients Controls
Mean (SD) Mean (SD)
Gender (M/F) 14/12 16/18 02717%
Age (y) 54.15 (7.83) 54.62 (5.62) 0.249
Duration of symptoms 36.81 (49.40) | n/a (n/a) n/a
(months)
VAS scores 5.65 (1.04) nfa (n/a) nla
JOA scores 14.38(4.92) nfa (n/a) nla
Fugl-Meyer scores 20.12 (1.90) n/a (n/a) n/a
Barthel index 86.15 (12.59) | n/a (n/a) n/a
2PD of right hand 23.77(4.74) n/a (n/a) n/a
2PD of left hand 24.27(5.68) n/a (n/a) n/a
2PD of right foot 28.88(7.65) nfa (n/a) nla
2PD of left foot 29.31(6.11) nfa (n/a) nla

Note: * Chi-squared tests.

Abbreviations: LBLP, low-back-related leg pain; F, female; M, male; n/a, not avail-
able; SD, standard deviation; JOA, Japanese Orthopaedic Association; VAS, visual
analog scale; 2PD, the two-point tactile discrimination; y, years.

to neuropathic or nociceptive pain, and high VAS scores
(5.65 £ 1.04) indicated tolerable or moderate pain. The
mean Fugl-Meyer score was 20.12 + 1.90 (range from 15.0
to 22.0). The higher Barthel index scores (LBLP: 86.15 +
12.59) could mean a better ability to live independently. In
those LBLP patients, decreased performance on the 2PD
test was observed in the right feet (28.88 = 7.65 mm), left
feet (29.31 £ 6.11 mm), right hands (23.77 + 4.74 mm) and
left hands (24.27 £ 4.74 mm), which indicate cortical
reorganization of somatosensory cortices. Finally, LBLP
patients and HCs group exhibited no significant differ-
ences in age (P = 0.249), or gender (¢° test, P = 0.271).

sFC of the S| Cortex

Static connectivity spatial distributions are shown in
Figure 1 and S1. The results from LBLP patients showed
that a portion of the somatotopic S1 subregions (left back,
bilateral chest) demonstrated increased sFC only to the
right superior and middle frontal gyrus (SFG/MFG)
(Figure 2A-C, Table 2); LBLP patients also demonstrated
increased sFC of the left Slg,. (the representation of the
face in the primary somatosensory) to the right MFG
(Figure 2D, Table 2) and increased sFC of the right
Slface to the right inferior parietal lobule (IPL)
(Figure 4A, Table 2), when compared with the HCs
group. In the LBLP patients, there were no significant
differences in several S1 subregions (bilateral leg, hand,
finger and right back) compared to HCs.
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Figure | Static functional connectivity spatial distributions were observed at the group level for LBLP patients and healthy controls (the left somatotopic S| subregions).
Abbreviations: sFC, static functional connectivity; S|, primary somatosensory cortex; LBLP, low-back-related leg pain; HCs, healthy controls.
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Figure 2 Differences in the alterations of sFC between the LBLP patients and healthy controls (two-sample t-test, two-tailed, voxel-level P < 0.001, GRF correction, cluster-
level P < 0.005).
Notes: (A-C) Patients with LBLP exhibited increased sFC to the right SFG/MFG. (D) Patients with LBLP exhibited increased sFC to the right MFG. Values of sFC are the
mean + SEM.
Abbreviations: sFC, static functional connectivity; LBLP, low-back-related leg pain; HCs, healthy controls; SFG, superior frontal gyrus; MFG, middle frontal gyrus; Slp,ci 1,
representation of the left back in the primary somatosensory cortex.
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Table 2 Differences in the Alterations of sFC of the S| Cortex Between the LBLP and HCs Groups (Two-Sample t-Test, Two-Tailed,

Voxel-Level P < 0.001, GRF Correction, Cluster-Level P < 0.005)

Brain Regions BA | Peak MNI Cluster Size zFC-values*(LBLP vs | Effect Size
T-Scores | Coordinates | (Voxels) HCs) (Cohen’s d)
x |y z
Seed: left Sy, (LBLP vs HCs)
Right superior and middle frontal 9, 5.498 30 | 27 36 | 130 —0.008 + 0.022 vs 1.545
gyrus (SFG/MFG) 10 —0.175 £ 0.018
Seed: left Sl es¢ (LBLP vs HCs)
Right SFG/MFG 8 4.345 30 | 24 39 | 109 0.005 £ 0.017 vs —0.146 | 1.746
+0.015
Seed: right Sl hes¢ (LBLP vs HCs)
Right SFG/MFG 10 | 4707 36 | 48 27 | 99 0.070 £ 0.018 vs —0.083 | 1.699
+0.015
Seed: left Sl (LBLP vs HCs)
Right MFG 10 | 5.748 33| 42 18 [ 98 0.026 £ 0.019 vs —0.128 | 1.519
+0.019
Seed: right Sl¢,.. (LBLP vs HCs)
Right Inferior parietal lobule (IPL) 40 | 5.487 60 | -39 | 27 | 89 0.123 + 0.036 vs —0.087 | 1.275
+0.024

Note: *mean + standard error.

Abbreviations: LBLP, low-back-related leg pain; HCs, healthy controls; sFC, static functional connectivity; Slp,c, representation of the back in the primary somatosensory
cortex; BA, Brodmann’s area; MNI, Montreal Neurological Institute Coordinate System.

dFC of the S| Cortex

Figure 3 and Table 3 show the alterations of the dFC of the
S1 cortex in LBLP patients with P < 0.01 with GRF
correction. The dFC of the right S1;,,4 to the left precen-
tral and postcentral gyrus (PRG/POG) was increased
(Figure 3A). Furthermore, the dFC of the right Slg,ge, to
the right PRG/POG in the LBLP group was increased
(Figure 3B).

Relationship with Clinical Measures in
cLBLP Patients

Moreover, a negative correlation was found between the
increased sFC of the right Slg. and the Barthel index
(p= 0.408, P = 0.048) (Figure 4B). However, the other S1
subregion connectivity changes did not show a significant
correlation with the clinical index (P = 0.054 ~ 0.978)
(Table S1). Similarly, there was no significant correlation
found between dFC and clinical parameters (P = 0.115 ~
0.963) (Table S2).

Discussion
This study provides novel insights into the pain perception
features of LBLP patients by the alterations of sFC and

dFC, which represent the functional reorganization of the
S1 cortex. Our key findings can be summarized as follows:
(1) alterations of the sFC of the S1 cortex were mostly
exhibited in default mode network (DMN) regions (the
right SFG/MFG and IPL); (2) the dFC of the S1 cortex
was increased in sensorimotor network regions (PRG/
POG); and (3) the Barthel index was related to abnormal-
ities of sFC between the right IPL and the right Slg..
Collectively, our study indicates that our sFC and dFC
findings are distinct in patients with LBLP.

Increased Static S| Connectivity Mostly
Within the DMN in LBLP Patients

We performed a comparison between groups to detect
alterations of sFC in LBLP patients. Interestingly, altera-
tions of the sFC of the S1 cortex were mostly exhibited in
the DMN and partly located in the dorsolateral prefrontal
cortex (dIPFC). The S1 cortex is a critical component of
sensory processing and receives and processes sensory to
encode the intensity of nociceptive stimuli and pain.'?
Furthermore, the dIPFC is a key node of the executive
control network (ECN), has been implicated a central role

in top-down pain processing, and it has extensive
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Figure 3 Differences in the alterations of dFC between LBLP patients and healthy controls (two-sample t-test, two-tailed, voxel-level P < 0.01, GRF correction, cluster-level

P < 0.05).

Notes: (A) Increased dFC between the right Sy, cortex and the left PRG/POG in LBLP patients. (B) Increased dFC between the right Sl cortex and the right PRG/

POG in LBLP patients.

Abbreviations: dFC, dynamic functional connectivity; LBLP, low-back-related leg pain; HCs, healthy controls; PRG, precentral gyrus; POG, postcentral gyrus; Slhang rs
representation of the right hand in the primary somatosensory cortex; values of sFC are the mean + SEM.

connections with sensory and motor cortices and contribute
to regulating thought, attention, and action.*' Previous
study proposed that left dIPFC exhibited a negative correla-
tion with pain affect, but the right dIPFC primarily dis-
played an association with a weakened relationship with
both pain intensity and pleasantness.*> Another study indi-
cated that pain-related activity within the dIPFC was asso-
ciated with pain catastrophizing and its relationship was
related to the pain intensity.> Moreover, this study also
proposed pain catastrophizing has no relationship with the
activity of the area related to sensory-discriminative aspects
of pain, such as the primary or secondary somatosensory
cortex. However, a dynamic causal modeling study
observed both nociceptive and neuropathic pain patients’
groups revealed an additional forward and backward con-
nection between the somatosensory cortex and right dIPFC
when compared to HCs.** This could reflect that chronic
patients have paid more attention towards pain and might be
explained by the higher levels of pain catastrophizing in
these patients. Consistent with this finding, our study also
indicated increased sFC between the right S1 (left back,
bilateral chest subregions) cortex and right dIPFC,

suggesting that pain catastrophizing might be related to
the progression or persistence of chronic pain.

Meanwhile, increased sFC of the S1 cortex were mostly
found in DMN (including the dorsal medial prefrontal cortex
and IPL), which were generally identified because of their
consistent deactivation, focusing attention on pain.*
A previous study found an increased intensity of pain in
LBP patients following increased blood flow in the SI
cortex,>® and structural alterations, for example, increased S1
cortical thickness, were also found in patients with chronic
low-back pain when compared with HCs.?' Furthermore, the
dysfunction of the DMN in chronic back pain®’*® and altera-
tions in regional homogeneity in evoked, experimental pain
stimulus-induced low-back pain have been reported,®
together emphasizing the effect of persistent pain and beha-
vioral and cognitive deterioration following chronic pain.
Recently, rs-fMRI studies demonstrated increased DMN con-
nectivity to the S1p,ck in patients with chronic low-back pain,
implying a greater intrinsic transfer of pain information
between and S1.%
Combined with previous studies, results from LBLP patients

self-referential processing areas

demonstrated that increased static S1 connectivity with the
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Figure 4 (A) Patients with LBLP exhibited increased sFC to the right IPL. Values are the mean * SEM (two-sample t-test, two-tailed, voxel-level P < 0.001, GRF correction,
cluster-level P < 0.005). (B) Partial correlational analysis between sFC alterations and the Barthel index in LBLP patients.
Abbreviations: sFC, static functional connectivity; LBLP, low-back-related leg pain; IPL, inferior parietal lobule; Slg,c. g, representation of the right face in the primary

somatosensory cortex.

DMN may be related to increased intrinsic transfer of pain
information between DMN and S1 cortex. Otherwise, in this
study, increased connectivity with the DMN was not only
found in the S1 subregions of the back. These results may
provide evidence that sustained chronic back pain promotes
the threshold value of somatosensory processing, and we
reasoned that alterations in intrinsic activity at baseline might
lead to LBLP patients developing persistent pain and numb-
ness, even after disc decompression procedures.

Increased Dynamic Internal Network
Connections of the S| Cortex in LBLP

Patients

dFC is a measure of fluctuations correlated over time.
Compared with HCs, we also demonstrated increased dFC
of the S1 cortex to the PRG/POG in patients with LBLP. The

higher signal variability of internal network connections of
sensorimotor network regions may reveal alterations in the
internal structure of the S1 cortex and the increased transmis-
sion of neural signals. To the best of our knowledge, several
studies have revealed the functional and structural plasticity
in the S1 cortex associated with chronic low-back pain.*’ In
this study, increased BOLD signal variability may indicate
the functional plasticity of the S1 cortex in LBLP patients.
Furthermore, higher BOLD signal variability might reveal
increased low-frequency oscillations in the S1 cortex com-
pare to HCs. The low-frequency BOLD fluctuations have
physiological significance and are related to the neural spon-
taneous activity.*” Our previous studies found that LBLP
patients showed hyperamplitude of low-frequency oscilla-
tions in the pain matrix and information-processing regions
and its intrinsic functional plasticity affects the amplitude of
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Table 3 Differences in the Alterations of dFC of the S| Cortex Between the LBLP and HCs Groups (Two-Sample t-Test, Two-Tailed,

Voxel-Level P < 0.01, GRF Correction, Cluster-Level P < 0.05)

Brain Regions BA | Peak MNI Cluster Size zFC-values*(LBLP vs Effect Size
T-Scores | Coordinates (Voxels) HCs) (Cohen’s d)
x y z
dFC of the right S1,,,,q4 (LBLP vs HCs)
Left precentral and postcentral gyrus 3,4 3.271 —24 | 48 [ 57 | 75 0.003 + 0.001 vs —0.001 1.004
(PRG/POG) + 0.007
dFC of the right Slg,ger (LBLP vs
HCs)
Right PRG/POG 3,4, | 4207 57 —18 | 36 | 129 0.004 + 0.001 vs —0.001 1.413
6 + 0.007

Note: *meantstandard error.

Abbreviations: LBLP, low-back-related leg pain; HCs, healthy controls; dFC, dynamic functional connectivity; Sly,.g, representation of the hand in the primary
somatosensory cortex; BA, Brodmann’s area; MNI, Montreal Neurological Institute Coordinate System.

fluctuations of the pain matrix and sensory-processing
regions.*'**> Besides, a previous study proposed that low-
frequency oscillations play an important part in the context of
identifying and assessing dFC.* In the present study, higher
BOLD signal variability might be associated with the func-
tional reorganization of the S1 cortex and greater low-
frequency signal oscillations.

Meanwhile, previous studies have also found that S1 is
1020222344 and that the dys-

function of the S1 cortex in migraineurs may affect nociception

activated during pain experience

pathways.*> Furthermore, peripheral nerve injury can indeed
elicit rapid and dynamic neural circuit rewiring in the S1
area.”*® Functional BOLD MRI measures the hemodynamic
response, a correlate of neural activity that is relevant to blood
flow.*” However, no articles have revealed alterations in the
blood flow of the S1 cortex in LBLP patients. Interestingly, we
found that dFC was altered only in the sensorimotor internal
network, which may indicate that the variability in the BOLD
signal may be more specific in revealing alterations of structure
and the increased transmission of neural signals of the Sl
cortex in patients with chronic back pain. Although this study
found alterations of dFC only at the threshold of P < 0.01 with
GREF correlation, when the statistical P value threshold was set
at 0.001 without correlation, we also did not find significantly
different coefficients of variation between the two groups.

Association of an Altered Connectivity
Index with Clinical Measures in LBLP

Patients
For LBLP patients, we found that only the increased sFC
of the left Slge. to the IPL was negatively associated

with the Barthel index. A recent study found that brain
structural changes following peripheral vestibulocochlear
lesions and functional impairments of daily living were
negatively correlated with a relative GMV increase in the
IPL.** As a brain region for attention control and cogni-
tive control, the IPL plays a regulatory role in risk
decision-making. We hypothesize that the reorganization
of functional connectivity may be associated with the
aggravation of pain perception after repeated thinking
and action in patients with persistent pain. In addition,
there were no correlations between the sFC of other
subregions of the S1 cortex or the dFC of the S1 cortex
with the clinical variables (the duration of disease, JOA,
VAS, 2PD, etc.) in LBLP patients, implying the lower
clinical relevance of connectivity in these regions.

Limitations

The limitations of this study should not be ignored. First,
this is a relatively small-sample-size study in which only
individuals < 65 years old participated. Age is also
known to alter brain function; therefore, our study design
does not permit the analysis of factors related to age,
such as brain atrophy. Second, another potential con-
founding factor is that the patients were not required to
stop taking medications; the potential physiological
effects of these medications on the BOLD fMRI signal
are unknown in this study. There are differences in
p-value between static functional connectivity and
dynamic functional connectivity analysis. It may be arbi-
trary to use different p-value. For that, we added the
effect size for statistical power analysis, and high
strength of association between variables or the degree
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of difference in this study (> 1.0). Finally, the connectiv-
ity between the S1 subregions was not evaluated, though
a previous study found that a pain stimulus could reduce
the sFC between the S1 subregion activated by that
stimulus and other S1 subregions.*?

Conclusion

In conclusion, the present study demonstrated hypercon-
nectivity of the S1 cortex to the DMN and ECN in
a spatial pattern and an increased tendency for signal
variability in the internal network connections of the S1
cortex in patients with LBLP. This finding might provide
novel insight into the capture of neural plasticity feature
effects by the persistent stimuli of pain and numbness in
LBLP patients.
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