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Abstract

Background: Previous studies have found widespread pain processing alterations in the brain in chronic low back pain
(cLBP) patients. We aimed to (1) identify brain regions showing altered amplitude of low-frequency fluctuations (ALFF)
using MRI and use these regions to discriminate cLBP patients from healthy controls (HCs) and (2) identify brain regions
that are sensitive to cLBP pain intensity changes.

Methods: We compared ALFF differences by MRI between cLBP subjects (90) and HCs (74), conducted a discriminative
analysis to validate the results, and explored structural changes in key brain regions of cLBP. We also compared ALFF
changes in cLBP patients after pain-exacerbating manoeuvres.

Results: ALFF was increased in the post-/precentral gyrus (PoG/PrG), paracentral lobule (PCL)/supplementary motor area
(SMA), and anterior cingulate cortex (ACC), and grey matter volume was increased in the left ACC in cLBP patients. PCL/
SMA ALFF reliably discriminated cLBP patients from HCs in an independent cohort. cLBP patients showed increased ALFF
in the insula, amygdala, hippocampal/parahippocampal gyrus, and thalamus and decreased ALFF in the default mode
network (DMN) when their spontaneous low back pain intensity increased after the pain-exacerbating manoeuvre.
Conclusions: Brain low-frequency oscillations in the PCL, SMA, PoG, PrG, and ACC may be associated with the neuro-
pathology of cLBP. Low-frequency oscillations in the insula, amygdala, hippocampal/parahippocampal gyrus, thalamus,
and DMN are sensitive to manoeuvre-induced spontaneous back pain intensity changes.
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Editor’s key points

e Brain pain processing alterations in chronic low back

pain (cLBP) patients may be useful for diagnosis and

guiding therapy.

Amplitude of low-frequency fluctuations (ALFF) and

structural data were measured by magnetic resonance

imaging (MRI) in cLBP patients and healthy controls.

Subjects with cLBP showed selective regional increases

in ALFF and grey matter volume increases in the ante-

rior cingulate cortex.

e ALFF was sensitive to manoeuvre-induced sponta-
neous low back pain intensity changes in cLBP.

e These changes may be useful for classifying chronic
low back pain and monitoring symptom changes
clinically.

Low back pain (LBP) is a leading cause of disability worldwide.!
However, the current treatment methods for chronic LBP
(cLBP) are far from satisfactory, and markedly increased rates
of opioid overdose and addiction amongst cLBP patients
highlight the urgent need to better understand the patho-
physiology of the disorder and develop new therapeutic
options.?

Accumulating evidence suggests that cLBP is associated
with brain functional and structural changes in widespread
brain regions, including the primary and secondary so-
matosensory/motor cortex, paracentral lobule (PCL), sup-
plementary motor area (SMA), anterior cingulate cortex
(ACC), amygdala, thalamus, and insula."®> °> However, the
results of cLBP brain-imaging studies vary widely,* calling
for studies with larger sample sizes to validate previous
findings. Determining the physiological significance of these
alterations and applying these findings to clinical practice
remain challenging.® Brain regions that show structural/
functional differences in cLBP patients compared with
healthy controls (HCs) may be useful as biomarkers to
distinguish cLBP patients from HCs.” Brain regions that are
sensitive to cLBP pain intensity changes may have potential
for cLBP severity monitoring and measurement of treatment
response.®

Recently, amplitude of low-frequency fluctuations (ALFF),
an index of low-frequency oscillations, has gained increased
attention. Although still under investigation, studies have
linked ALFF with cerebral blood flow” and task-evoked acti-
vation' in human subjects. An animal study using an acute
stroke model in rats found that the signal intensity of
abnormal ALFF increased and migrated from the core of
ischaemic lesion areas to the periphery.’' One advantage of
ALFF is that it can focus on the neural processes of key regions
rather than correlations among regions. In addition, ALFF has
the best balance between test—retest reliability and replica-
bility among commonly used resting state (RS)-functional MRI
(FMRI) metrics.*?

We aimed to identify brain regions showing functional
changes (as measured by ALFF) and structural changes in
cLBP patients, apply a support vector machine (SVM) classi-
fier'® to explore the most promising brain regions for
discriminating cLBP patients from HCs based on ALFF results,
and identify brain regions sensitive to cLBP pain intensity
changes.

Methods
Participants

Two cohorts of non-specific cLBP patients and HCs were used
in this study. The first cohort included 90 cLBP patients aged
22—-50 yr and 74 age- and gender-matched HCs. Only patients
whose pain duration was longer than 6 months and whose
pain intensity was 4 or higher on a 0—10 VAS during screening
were included. The second cohort, used to validate the ma-
chine learning results obtained from the first cohort, included
18 cLBP patients and 18 age- and gender-matched HCs. Char-
acteristics and pain-related parameters for cLBP and HC sub-
jects are presented in Table 1. The study was approved by the
Institutional Review Board at Massachusetts General Hospital
(Boston, MA, USA), and all subjects signed informed consent
forms. See Supplementary material for the inclusion/exclu-
sion criteria for cLBP subjects.

Experimental procedures

All cLBP patients underwent two MRI scan sessions. The first
MRI session included a three-dimensional structural T1-
weighted MRI and an RS-fMRI scan. Subjects were required
to rate their pain intensity on a 0—100 continuous VAS before
and after the RS-fMRI scan. Then, subjects stepped out of the
scanner and performed pain-exacerbating manoeuvres to in-
crease their LBP by ~30%. The manoeuvres were tailored to
each subject based on what the subject reported would exac-
erbate their LBP, such as lumbar flexion, extension, or rota-
tion.™ After the manoeuvres, which took 10—15 min, subjects
entered the scanner for an identical RS-fMRI scan. Manoeu-
vres were not performed if subjects were reluctant to increase
their pain or if their pain was too strong (>70 on a 0—100 VAS).
HCs did not perform manoeuvres and underwent only one MRI
scan session. We also assessed cLBP for the past week using
the Pain Bothersomeness Scale, a tool that has demonstrated
substantial construct validity in measuring the severity of
LBP,’® and we had participants complete the Beck Depres-
sion Inventory (BDI) before the MRI scan. See Supplementary
material for details of the experimental procedures and MRI
data acquisition.

Functional analysis

Functional data preprocessing and statistical analysis were
performed in Data Processing Assistant for Resting-State fMRI
(DPABI) version 2.3 (Institute of Psychology, Chinese Academy
of Sciences, Beijing, China), Statistical Parametric Mapping 12
(SPM12, Wellcome Trust Centre for Neuroimaging, University
College London, London, UK), and FMRIB Software Library
(FSL) version 5.0 (Analysis Group, FMRIB, Oxford, UK). After
preprocessing and a fast Fourier transform, ALFF was calcu-
lated as the mean of amplitudes within 0.01—0.10 Hz." The
ALFF map was transformed to z-scores for analysis. Further
ALFF analysis was performed based on a 90% group mask
(meaning 90% of subjects have this voxel) generated in DPABI.
Subjects whose head motion exceeded the group mean (mean
relative root mean square [RMS] displacement)+2xGroup
standard deviation (SD) (mean relative RMS displacement)
were excluded.’® See Supplementary material for details on
data preprocessing and ALFF calculation.

We conducted a two-sample t-test to compare whole-brain
ALFF between cLBP subjects (pre-manoeuvre) and HCs
(including age and gender as covariates). A paired t-test was
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Table 1 Demographic subject characteristics and behavioural statistics data of chronic low back pain (cLBP) and healthy control (HC)
subjects. The values presented are ‘mean (minimum—maximum)’ for age and ‘mean (standard deviation)’ for others.

Characteristics Cohort 1 Cohort 2
cLBP (n=90) HC (n=74) cLBP (n=18) HC (n=18)
Age (yr) 34.46 (20-50) 32.44 (23-50) 36.11 (23—49) 37.11 (23-50)
Gender (male/female) 38/52 31/43 7/11 6/12
Pain duration (yr) 6.94 (6.21) NA 5.27 (3.66) NA
Pain bothersomeness” 5.06 (1.88) NA NA NA
BDI 6.12 (6.00) NA NA NA
Pain intensity (low/high pain condition)’ 31.34 (18.70)/55.23 (19.56) NA NA NA

" Pain bothersomeness: low back pain bothersomeness during the past week.
f Pain intensity of 76 cLBP subjects whose pain intensity increased in the post-maneuver scan; the pain intensity of patients in the high pain condition
was significantly higher than that of patients in the low pain condition (P<0.001). BDI, Beck Depression Inventory.

conducted to compare whole-brain ALFF between subjects in
the high pain condition and subjects in the low pain condition
(including age and gender as covariates). Similar to a previous
study,’” we utilised permutation testing with threshold-free
cluster enhancement (TFCE) to threshold our results at
P<0.05 corrected. The TFCE was conducted in the Permutation
Analysis of Linear Models package'® in DPABI with 5000 per-
mutations and cluster-forming threshold z>2.3. Partial corre-
lations controlling for age and gender were applied in SPSS
version 24.0 (SPSS Inc., Chicago, IL, USA) to identify ALFF z-
values related to cLBP duration, cLBP bothersomeness, and
pain intensity. All results were corrected for multiple com-
parisons using a false discovery rate (FDR) threshold of P<0.05.

Structural analysis

Given the importance of the AGC in pain modulation,”° consis-
tent alterations in its function/structure in chronic pain,?! and
its significant ALFF increase and correlation with pain bother-
someness in cLBP subjects observed in this study, we also
investigated the brain morphometry changes of the ACC.
Morphometry data analysis was performed using FreeSurfer
version 6.0 (Laboratory for Computational Neuroimaging, Athi-
noula A. Martinos Center for Biomedical Imaging, Charlestown,
MA, USA).?? The recon-all command was applied for automatic
surface reconstruction and local gyrification index calculation.
The process included skull stripping, volumetric labelling, in-
tensity normalisation, white matter (WM) segmentation, sur-
face atlas registration, surface extraction, and gyral labelling.
Cortical thickness, surface area, and cortical volume of the
bilateral ACC (defined from the Destrieux atlas in FreeSurfer?)
were extracted for further analysis.

Statistical analysis of morphological measures was per-
formed in SPSS version 24.0 (SPSS Inc.). We used a general
linear model approach to calculate the group difference be-
tween cLBP subjects and HCs for each morphological measure,
with gender and age as covariates. Cortical thickness, surface
area, and cortical volume were also corrected for the mean
cortical thickness, total surface area, and intracranial volume,
respectively.?

Discriminative analysis

Brain areas that showed significant differences between cLBP
subjects (pre-manoeuvre) and HCs in the ALFF analysis were
used as regions of interest (ROIs) for the discriminative analyses

with two objectives: (1) classify cLBP subjects and HCs using
ALFF z-values and (2) assess the generalisability of the identified
ROIs using an independent dataset (the second cohort).

In the first step, machine learning models were trained to
classify cLBP subjects (pre-manoeuvre) and HCs using ALFF z-
values within ROIs. An SVM"® classifier was used, and the
implementation of SVM was based on a library for SVM
(LIBSVM).?* To reduce the risk of overfitting, the analysis was
based on leave-one-out cross validation.’® To quantify the
performance of the SVM classifier, classification accuracy,
sensitivity, and specificity were calculated and assessed by
permutation testing. In the second step, the machine learning
models trained in the first cohort of subjects were directly
applied to an independent cohort of patients (second cohort),
without any model fitting, to further assess the general-
isability of the identified ROIs. See Supplementary material for
details on the classification.

Results

Ninety cLBP subjects and 74 age- and gender-matched HCs
were included in the first cohort (Table 1). Eighteen cLBP sub-
jects and 18 age- and gender-matched HCs were included in
the second cohort. In the first cohort, RS-fMRI was applied
before and after a pain-exacerbating manoeuvre. Pain in-
tensity ratings were recorded before and after each RS-fMRI
scan. The average of pre- and post-scan pain ratings was
calculated to represent pain intensity for the particular RS-
fMRI scan. The pain intensity remained the same in six sub-
jects and decreased in eight subjects during the second
resting-state fMRI scan because: (1) subjects were reluctant to
perform the manoeuvre or (2) pain intensity decreased during
the second scan, although it increased right after the
manoeuvre. We excluded these 14 subjects in the comparison
between subjects in the high pain condition and subjects in
the low pain condition (Table 1). The BDI scores were 6.12 (SD
6.00), indicating minimal depressive symptoms in the cLBP
subjects.

Comparison between chronic low back pain and
healthy control subjects

Two cLBP subjects and three HCs were excluded because of
head motion; 88 cLBP subjects and 71 HCs were included in the
final analysis. Head motion evaluated by mean relative RMS
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Figure 1. Group comparison between pre-manoeuvre chronic low back pain (cLBP) and healthy control (HC) subjects. (a) Results of whole-
brain amplitude of low-frequency fluctuations (ALFF) group comparison (cLBP>HC). There is a negative correlation between cLBP both-
ersomeness and ALFF z-value in the left rACC of cLBP patients [P=0.003, false discovery rate (FDR) P=0.018, r=—0.316, adjusted for age and
gender]. (b) Group comparisons of neuroanatomic measures in the ACC. The volume (P=0.006, FDR P=0.036, adjusted for age, gender, and
intracranial volume) of the left ACC in cLBP patients is significantly larger than in HC subjects. ACC, anterior cingulate cortex; dACC, dorsal
anterior cingulate cortex; L, left; LBP, low back pain; PCL, paracentral lobule; PoG, postcentral gyrus; PrG, precentral gyrus; R, right; rACC,

rostral anterior cingulate cortex; SMA, supplementary motor area.

displacement was not significantly different (P=0.1) between
cLBP subjects (0.078, SD 0.034) and HCs (0.069, SD 0.032).

The comparison between cLBP subjects in the first MRI scan
(pre-manoeuvre) and HCs showed increased ALFF in the
bilateral post-/precentral gyrus (PoG/PrG), PCL/SMA, rostral
ACC (rACC), and left dorsal ACC (dACC) in cLBP subjects (Fig. 1a
and Table 2). There was no significantly decreased ALFF in
cLBP subjects compared with HCs. The comparison between
cLBP subjects in the second scan (post-manoeuvre) and HCs
showed similar, but less robust increases in bilateral PoG/PrG,
PCL/SMA, rACC, and left dACC in cLBP subjects. Partial corre-
lation analysis revealed a significant negative correlation be-
tween left rACC ALFF z-values and pain bothersomeness in the
past week in cLBP subjects (pre-manoeuvre) (P=0.003, FDR
P=0.018, r=—0.316) (Fig. 1a).

In brain morphometry analysis, cLBP subjects had
increased volume in the left ACC (uncorrected P=0.006, FDR
corrected P=0.036, Fig. 1b and Table 3) compared with HCs.
There was no significant difference between cLBP and HC
subjects in cortical thickness or surface area of the ACC.

Discriminative analysis

Brain areas that showed significant differences between cLBP
subjects and HCs in the ALFF analysis were chosen as ROIs for
discriminative analysis. The ROIs included the rACC, dACC,
SMA/PCL, left PoG/PrG, right PoG/PrG (lower part), and right
PoG/PrG (upper part). All ROIs were created by taking the

overlap of the Automated Anatomical Labeling (AAL) regions
and the binary masks of clusters survived in the whole brain
ALFF comparison between cLBP subjects (pre-manoeuvre)
and HCs. Peak Montreal Neurological Institute (MNI) co-
ordinates of the clusters are presented in Table 2 and voxel
size of the ROIs in Table 4. Independent models were applied
for each ROI to test the contribution of a single brain region.
The PCL/SMA, left dACC, left PoG/PrG, right PoG/PrG (upper),
right PoG/PrG (lower), and rACC obtained accuracies of 71.1%
(P=0.001), 63.5% (P=0.022), 59.7% (P=0.036), 61.6% (P=0.008),
65.4% (P=0.002), and 64.8% (P=0.002), respectively (Table 4).
When we applied machine learning models trained in the
first cohort of subjects directly to the second cohort, accu-
racies for different brain regions were 66.7% for the PCL/SMA
(P=0.006), 61.1% for the left dACC (P=0.099), 58.3% for the left
PoG/PrG (P=0.268), 52.8% for the right PoG/PrG (upper)
(P=0.362), 61.1% for the right PoG/PrG (lower) (P=0.145), and
61.1% for the rACC (P=0.158) (Table 4).

Comparison between patients with high pain and
patients with low pain

Seven cLBP subjects were excluded because of excessive head
motion; 69 subjects were included in the final analysis. Head
motion evaluated by mean relative RMS displacement was not
significantly different (P=0.499) between subjects with high
pain (0.078, SD 0.030) and subjects with low pain (0.075, SD
0.034). The comparison between the high and low pain
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Table 2 Results of amplitude of low-frequency fluctuations (ALFF) analysis. Results reported for whole brain ALFF analysis with age
and gender as covariates. Amy, amygdala; cLBP, chronic low back pain; dACC, dorsal anterior cingulate cortex; dIPFC, dorsolateral
prefrontal cortex; HC, healthy control; Hip, hippocampal gyrus; L, left; MNI, Montreal Neurological Institute; mPFC, medial prefrontal
cortex; PCC, posterior cingulate cortex; PCL, paracentral lobule; pHip, parahippocampal gyrus; PoG, postcentral gyrus; PrG, precentral
gyrus; R, right; rACC, rostral anterior cingulate cortex; SMA, supplementary motor area; TPJ, temporoparietal junction.

Contrast Regions Peak MNI Peak z-value Voxels
X y z
cLBP>HC dACC_L —6 36 27 3.97 1812
PoG/PrG_L —42 —6 35 3.90
PoG/PrG_R (upper) 31 -6 52 3.73
SMA/PCL 2 -9 70 3.34
PoG/PrG_R (lower) 57 6 21 3.92 238
TACC 0 42 -3 3.56 221
High pain>low pain Insula_R 42 21 -9 5.11 599
Hip/pHip/Amy_R 27 -6 -36 471
Insula_L -36 10 -14 4.33 54
Hip/pHip_L —27 -3 —27 3.97 36
Thalamus_L —6 —-12 15 3.34 43
Low pain>high pain TPJ_L -39 —60 30 6.74 41
mPFC/rACC 12 51 30 6.14 5366
dIPFC_L -36 33 27 5.02
dIPFC_R 27 42 27 5.18
Precuneus/PCC -12 —-57 60 4.59
TPJ_R 54 -33 48 3.87

Table 3 Results of structural analysis. Group comparison of morphological measures in anterior cingulate cortex between chronic low

back pain (cLBP) and healthy control subjects.

Measures Hemisphere F P-value FDR P-value 1 or | in cLBP
Thickness L 0.490 0.485 0.485 -

R 2.772 0.098 0.183 —
Area L 3.855 0.051 0.153 —

R 1.313 0.254 0.305 -
Volume L 7.748 0.006* 0.036' 1

R 2.416 0.122 0.183 —

" Results that are significant in two sample t-test (P<0.05) without P-value correction.
T Results that are significant after false discovery rate (FDR) correction (FDR P<0.05). L, left; R, right.

Table 4 Results of discriminative analysis.

Regions Voxels Training in cohort 1 Testing in cohort 2
Accuracy P-value Sensitivity Specificity Accuracy P-value Sensitivity Specificity

dACC_L 49 63.5 0.022" 70.5 54.9 61.1 0.099 55.6 66.7
PoG/PrG_L 471 59.7 0.036" 68.4 46.6 58.3 0.268 67.8 48.9
PoG/PrG_R (upper) 227 61.6 0.008" 71.8 46.6 52.8 0.362 50 55.6
PCL/SMA 272 71.1 0.001" 78.4 62.0 66.7 0.006" 72.2 61.1
PoG/PrG_R (lower) 238 65.4 0.002" 69.3 60.6 61.1 0.145 61.1 61.1
rACC 221 64.8 0.002" 75 521 61.1 0.158 66.7 55.6

: Regions performing well in the discriminative analysis (P<0.05). dACC, dorsal anterior cingulate cortex; L, left; PCL, paracentral lobule; PoG, post-
central gyrus; PrG, precentral gyrus; R, right; rACC, rostral anterior cingulate cortex; SMA, supplementary motor area.

conditions showed that higher pain is associated with
increased ALFF in the bilateral anterior insula, hippocampal
gyrus, parahippocampal gyrus, right amygdala, and left thal-
amus, and decreased ALFF in the bilateral medial prefrontal
cortex (mPFC), rACC, precuneus gyrus, posterior cingulate
cortex (PCC), temporoparietal junction (TPJ), and dorsolateral
prefrontal cortex (Fig. 2 and Table 2). mPFC/rACC ALFF change

was negatively correlated with pain intensity change in cLBP
subjects (P=0.004, FDR P=0.028, r=—0.348) (Fig. 2).

Discussion

We investigated ALFF and ACC morphometry differences
between cLBP subjects and HCs and ALFF changes after back



e308 | Zhanget al

pain increasing manoeuvres. We found increased ALFF in
the bilateral PCL, SMA, PoG, PrG, rACC, and left dACC and
increased left ACC grey matter volume in cLBP subjects
compared with HCs. The ALFF in the rACC was negatively
correlated with cLBP bothersomeness in the past week.
Discriminative analysis showed that PCL/SMA ALFF can
significantly discriminate cLBP subjects from HCs. We also
found that when LBP increased, cLBP subjects showed
increased ALFF in limbic areas (such as the anterior insula,
hippocampus, parahippocampus, amygdala, and thalamus)
and decreased ALFF in regions of the default mode network
(including the mPFC, rACC, precuneus, PCC, and TPJ). mPFC/
rACC ALFF change was negatively correlated with pain in-
tensity change in cLBP subjects.

Brain functional and structural changes associated
with chronic low back pain

We found greater ALFF in the PCL, SMA, PoG, PrG, rACC, and
dACC in cLBP subjects compared with HCs. These results are
consistent with previous studies that support the important
roles of these regions in chronic pain.**’~?° The PCL and PoG
play a major role in the localisation and discrimination of pain
and in brain networks that mediate and sustain chronic
pain,”’ and the dACC is selectively involved in pain pro-
cesses.”® Many studies have shown that chronic pain patients
have altered excitability in the motor cortex, including the PrG,
PCL, and SMA, which may be caused by the disease itself or by
patients’ altered motor performance.*?’

We also found that cLBP subjects showed increased rACC
ALFF and left ACC grey matter volume compared with HCs.
The rACC ALFF was also negatively and moderately correlated
with pain bothersomeness in the past week in cLBP subjects.
These findings may reflect the important role of the rACC in
the pain modulation process,”*? suggesting that cLBP subjects
may be associated with a more activated endogenous pain
modulation system. We reported previously that RS functional
connectivity between the PAG and rACC was increased in cLBP
subjects compared with HCs'* and that fibromyalgia is asso-
ciated with decreased cortical thickness and grey matter vol-
ume in the rACC.*! Fibromyalgia is a central and general pain
condition, while LBP is a localised pain condition. The differ-
ences in brain volume changes in the same region may indi-
cate a difference in neuropathology of the two chronic pain
disorders.

Developing a machine learning classifier for pain is an
emerging concept in neuroimaging research. Machine
learning techniques have been used to identify specific
conditions such as physical pain states and drug-induced
analgesia.?? 33 We found that the PoG/PrG, PCL/SMA, rACC,
and ACC can discriminate cLBP subjects from HCs in a large
cohort. However, the PCL/SMA was the only region that
could discriminate cLBP from HC subjects in an independent
cohort using a different scanner. Our results are consistent
with a previous study that found grey matter density of the
PCL to be a contributor of the SVM classifier for discrimi-
nating chronic pain patients from controls.?” The represen-
tation of the low back locates near the PCL,>* which may be
the reason that the PCL ALFF showed the highest reliability
for discriminating cLBP subjects from HCs. This result is also
consistent with a previous study, which found that fMRI
activity in the SMA is an important part of a machine
learning classifier for pain.**

Brain regions sensitive to manoeuvre-induced low
back pain intensity changes

The ALFF in the mPFC, rACC, precuneus, PCC, and TPJ
decreased in cLBP subjects when LBP intensity increased after
patient manoeuvres. Change in mPFC/rACC ALFF was nega-
tively correlated with manoeuvre-induced back pain intensity
change. The mPFC, rACC, precuneus, and PCC are critical hubs
in the default mode network (DMN), which has been impli-
cated in the spontaneous disengagement of attention to pain
and is suppressed when attending to pain.>® Decreased DMN
low-frequency oscillations after pain intensity increases may
be because of greater attentional shift during intense pain. The
TPJ is a main component of the ventral attention network>®
and DMN. Decreased TPJ ALFF may reflect a self-regulation/
distraction strategy in cLBP subjects.

ALFF in the anterior insula, hippocampal gyrus, para-
hippocampal gyrus, amygdala, and thalamus increased in
cLBP subjects when back pain intensity increased. The thal-
amus, amygdala, hippocampal gyrus, and parahippocampal
gyrus are all key regions of the limbic system. A previous study
found that persistence of chronic pain is predetermined by
corticolimbic neuroanatomical factors.®’ Our results further
support the important roles of the limbic regions in cLBP and
suggest that regional low-frequency oscillations of these re-
gions are sensitive to LBP intensity changes.

The anterior insula is a key node of the salience network
(SN), a network responsible for detecting and filtering salient
stimuli®® that is activated when subjects receive pain stimu-
lation.* Consistent with our findings, a previous study found a
positive correlation between pain intensity and cerebral blood
flow changes in the anterior insula when LBP intensity
increased.*° Our findings of increased SN and decreased DMN
activity in the high pain condition compared with the low pain
condition provide further evidence for the hypothesis that
interplay between the DMN and SN reflects interactions be-
tween mind wandering and ongoing pain.*

There are several limitations to our study. First, we applied
a manoeuvre model to increase LBP. Therefore, there may be a
potential order effect. Secondly, we did not collect a second set
of fMRI data for HC subjects. However, in a previous study, we
collected both pre- and post-manoeuvre fMRIs for cLBP and HC
subjects and found that brain functional changes were
significantly associated with the presence of clinical pain in
cLBP subjects but found no behaviour association in HCs who
performed the same maneuver.’’ Thus, we believe that the
ALFF differences we observed in this study between cLBP
subjects with high pain and low pain conditions are related to
back pain intensity differences. Finally, the physiological sig-
nificance of ALFF is still under investigation. A previous study
found both high cerebral blood flow and high fluctuation
amplitude, as measured by ALFF, in the same brain areas in
the same cohort of healthy subjects,” and another study
showed a significant correlation between ALFF and task acti-
vations from a bilateral finger tapping task.’’ Using a middle
cerebral artery occlusion (MCAO) stroke model in rats, in-
vestigators also found that the signal intensities of abnormal
ALFF increased and migrated from the core of ischaemic lesion
areas to the edges after MCAO, suggesting that ALFF may
reflect neural processes.!! Nevertheless, more studies
including multimodal imaging approaches (e.g., ALFF, cerebral
blood flow, task-related fMRI) are needed to further elucidate
the physiological significance of ALFF and the mechanism of
cLBP.
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Figure 2. Group comparison between chronic low back pain (cLBP) patients with high and low pain. Brain regions showing decreased
amplitude of low-frequency fluctuations (ALFF) when low back pain intensity increased in cLBP are presented on the top. Brain regions
showing increased ALFF when low back pain intensity increased in cLBP are presented on the bottom. Each brain region is presented with
a plot showing ALFF z-value (mean [standard deviation]) of cLBP patients in low pain condition and high pain condition. There is a negative
correlation between manoeuvre-induced pain intensity change and ALFF change in the mPFC/rACC in cLBP patients (P=0.004, false dis-
covery rate P=0.028, r=—0.348, adjusted for age and gender). Amy, amygdala; Hip, hippocampal gyrus; L, left; mPFC, medial prefrontal
cortex; PCC, posterior cingulate cortex; pHip, parahippocampal gyrus; R, right; rACC, rostral anterior cingulate cortex. *Results that are

significant by paired t-test.
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In conclusion, compared with HCs, cLBP subjects showed
increased ALFF in the PCL, SMA, PoG, PrG, dACC, and rACC and
grey matter volume increases in the ACC. Discriminative
analysis showed that PCL/SMA ALFF may hold the potential to
classify cLBP. Further, ALFF in the DMN, insula, and limbic
areas is sensitive to manoeuvre-induced spontaneous LBP
intensity changes in cLBP, which may have potential in
monitoring cLBP symptom changes. Our findings may shed
light on the pathophysiology of cLBP and the applications of
brain-imaging in translational medicine.
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