
Background: Despite previous reports on cerebral structures and functional connectivity in 
patients with myofascial pain (MFP), it is not clear whether alterations in neurovascular coupling 
occur in these patients. 

Objectives: We analyzed the coupling between resting-state cerebral blood flow (CBF) and 
functional connectivity strength (FCS) for observation of neurovascular coupling in patients with 
chronic MFP. 

Study Design: Observational study.

Setting: University hospital.

Methods: Resting-state functional magnetic resonance imaging and arterial spin labeling were 
performed in 23 patients with chronic MFP and 23 healthy controls (HC) for the calculation of 
FCS and CBF. The whole-brain gray matter CBF-FCS correlations and CBF/FCS ratios of the 
various voxels of the 2 groups were subsequently compared. 

Results: Compared with the HC, the patients with MFP experienced a decrease in whole-
brain gray matter CBF-FCS coupling. In patients with MFP, a decrease in CBF/FCS was found in 
the bilateral superior temporal gyri, right parahippocampal gyrus, right hippocampus, caudate 
nucleus, right medial prefrontal cortex, and the periaqueductal gray matter (PAG), whereas 
an increase in CBF/FCS was found in the bilateral lingual gyri, posterior cingulate cortex, and 
bilateral inferior parietal lobules. In addition, the CBF/FCS of the PAG in patients with MFP was 
significantly negatively correlated with the pain visual analog scale score and pain duration. 

Limitations: Alterations in neurovascular coupling in patients with MFP were observed 
only before treatment. Therefore, there is a lack of data on the alterations that occurred after 
treatment.

Conclusion: This study demonstrated for the first time that impairment of neurovascular 
coupling in the brain may be a potential neuropathological mechanism of chronic MFP.

Key Words: Myofascial pain, resting-state functional magnetic resonance imaging, arterial 
spin labeling, cerebral blood flow, functional connectivity strength, neurovascular coupling.
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MMyofascial pain syndrome (MFPS) is a 
chronic musculoskeletal pain disorder 
mainly characterized by the presence 

of active myofascial trigger points (MTrPs), which 
elicit local or referred pain accompanied by local 
twitch responses in muscles upon compression (1). At 
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present, there is no standard treatment regimen for 
MFP, with traditional treatment methods providing 
unsatisfactory therapeutic effects (2). Consequently, 
the pain frequently recurs, leading to increasingly 
severe chronic pain (3-5) and resulting in considerable 
psychological and economic burdens on patients and 
society. Although it is generally believed that the 
pathogenesis of MFP may be related to peripheral and 
central sensitization, the exact mechanisms remain 
unclear (6).

Many neuroimaging studies have shown that 
chronic pain not only causes abnormalities in brain 
structure and function but also induces alterations in 
cerebral blood flow (CBF) (7-10). Our previous study 
and other relevant reports have also confirmed the 
presence of abnormalities in the gray matter micro-
structure and brain functional connectivity of patients 
with MFP (11,12). However, it is not known whether 
alterations occur in the coupling between resting-
state CBF and functional connectivity in patients with 
MFP. Functional connectivity strength (FCS), which is 
based on graph theory analysis, enables the unbiased 
observation of voxel-wise whole-brain functional con-
nectivity and reflects the importance of brain regions 
or nodes in whole-brain functional networks (13). It is 
also closely linked to local CBF and glucose metabolism 
(14,15).

Previous research has indicated that CBF is closely 
associated with resting-state brain metabolism (16), 
with both CBF and glucose metabolism increasing in 
proportion during functional activation (17,18). Neuro-
vascular units (NVUs), which form the structural basis of 
neurovascular coupling, are complete functional units 
mainly composed of neurons, vascular cells, and glial 
cells (19,20). Damage to any of the components of the 
NVUs may influence their function and result in neu-
rovascular coupling abnormalities (21). According to 
the neurovascular coupling theory, brain regions with 
stronger connectivity have higher spontaneous neuro-
nal activity, which requires higher energy consumption 
and leads to increased perfusion (15,22). In addition, 
previous studies have proven that brain connectivity is 
related to CBF and that the across-voxel CBF-FCS cor-
relation and CBF/FCS ratio can be used to characterize 
the coupling between neuronal activity and vascular 
responses (14,23).

Here, we aimed to observe whether the neuro-
vascular coupling changes in patients with MFP, and 
whether this change was related to pain intensity and 
duration.

Methods

Study Patients
This study was approved by a local research ethics 

committee (Ethical Application Ref: [2016] 1-007), and 
all patients and their family members signed an in-
formed consent form prior to study inclusion. Twenty-
three patients with chronic MFP aged 22-48 years were 
recruited from local outpatient pain management 
clinics. All patients were dextromanual, fulfilled the 
diagnostic criteria for MFPS (1,11), and were diagnosed 
by pain management specialists with at least 10 years 
of experience in MFPS diagnosis and treatment.

Inclusion criteria were 1) palpable stiff or hardened 
nodules in the left trapezius muscle; 2) aggravated pain 
or referral of pain to a distant site during MTrP palpa-
tion, with rapid compression possibly inducing local 
twitch responses and pain becoming aggravated under 
conditions of mental strain or insufficient sleep; 3) pain 
lasting for more than 3 months, visual analog scale 
(VAS) score ≥ 5; (4) no previous treatment or use of 
nonsteroidal anti-inflammatory drugs, acetaminophen, 
or antipsychotics. Exclusion criteria were 1) a history of 
other chronic pain conditions; 2) a history of trauma, 
surgery, shoulder joint dislocation, or rheumatism; 3) 
systemic disease or central nervous system disorder; 
4) contraindications for magnetic resonance imaging 
(MRI); 5) presence of distinct organic lesions as shown 
by MRI scans; 6) pregnancy, intellectual disability, or 
mental or emotional disorder; 7) body mass index > 30 
kg/m2.

The healthy controls (HC) group consisted of 23 
dextromanual volunteers with age, gender, and educa-
tional levels comparable to those of the patients with 
MFP. The absence of a history of chronic pain and po-
tential MTrPs in the trapezius muscles of the HC were 
confirmed through screening by pain management 
specialists, and the exclusion criteria for the HC were 
identical to that of the MFP group.

fMRI Data Acquisition
All MRI data were acquired using a Signa HDxt 

3.0T MRI scanner with an 8-channel phased-array head 
coil (GE Healthcare, Chicago, IL). An MR-compatible 
foam positioner was used for head fixation. During 
the scanning process, patients were requested to keep 
their eyes closed, stay awake and relaxed, and use ear 
plugs for noise reduction. To exclude patients with 
intracranial organic lesions, routine T2-weighted fluid-
attenuated inversion recovery scans were performed 
using the following sequence parameters: repetition 
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time (TR), 7,000 milliseconds; echo time (TE), 93 milli-
seconds; field of view (FOV), 240 mm × 240 mm; matrix, 
320 × 320; number of excitations (NEX), 2; number of 
slices, 20; slice thickness, 5 mm; slice spacing, 1.5 mm; 
scan duration, 97 seconds. Sequence parameters for 
resting-state blood oxygen-level-dependent fMRI (rs-
BOLD-fMRI) were as follows: TR, 2,000 milliseconds; 
TE, 30 milliseconds; FOV, 240 mm × 240 mm; matrix, 64 
× 64; number of slices, 33; slice thickness, 5 mm; slice 
spacing, 0 mm; scan duration, 413 seconds. A total of 
6,930 images were acquired across 210 time points.

The sequence parameters for 3-dimensional pseu-
do-continuous arterial spin labeling (3D-pcASL) were 
as follows: TR, 4599 milliseconds; TE, 9.8 milliseconds; 
FOV, 240 mm × 240 mm; number of sampling points, 
512; number of spiral arms, 8; NEX, 3; slice thickness, 
4 mm; slice spacing, 0 mm; scan duration, 267 seconds. 
Parameters for 3D T1-weighted structural imaging 
(T1WI) were as follows: TR, 7.8 ms; TE, 3 ms; matrix, 256 
× 256; FOV, 256 mm × 256 mm; NEX, one; slice thick-
ness, one mm; slice spacing, 0 mm; bandwidth, 31.25 
Hz; flip angle, 12°; inversion time, 450 milliseconds.

CBF Analysis
CBF was evaluated using previously described meth-

ods (24,25). In brief, we corrected for head motion, re-
moved nonbrain voxels, and acquired CBF images using 
a 3D-pcASL sequence. The CBF images in each patient’s  
structural space were then transformed to a Montreal 
Neurological Institute (MNI) standard space. Subsequent-
ly, nonbrain tissue was excluded from the normalized 
CBF images, and the CBF values of each patient were 
normalized by dividing the voxel-wise CBF values by the 
whole-brain averaged CBF value. Finally, all CBF images 
were smoothed using an 8 mm × 8 mm × 8 mm full-width 
half-maximum (FWHM) Gaussian kernel filter.

FCS Analysis
The rs-BOLD fMRI data were preprocessed using 

the Statistical Parametric Mapping 8 (SPM8) software 
package. First, data of the first 10 time points were 
deleted, and the following preprocessing steps were 
sequentially performed: timing difference correction, 
head motion correction, regression of covariates, band-
pass filtering (frequency: 0.01–0.08 Hz), spatial normal-
ization, and spatial smoothing. The preprocessed data 
were then subjected to voxel-wise whole-brain resting-
state FCS analysis. The correlation coefficients (r values) 
of the gray-matter voxels for all time series were cal-
culated and converted to z values. For each voxel, the 

FCS value was computed by summing the connectivities 
between the voxel and all other gray-matter voxels 
across the whole brain. To eliminate weak correlations 
caused by noise, a threshold value of r = 0.2 was used. 
Lastly, spatial smoothing was performed on the FCS im-
ages using an 8 mm × 8 mm × 8 mm FWHM Gaussian 
kernel filter.

Whole-brain Gray Matter Image Analysis
The raw 3D T1WI structural images in Digital Imag-

ing and Communications in Medicine (DICOM) format 
were converted to Neuroimaging Informatics Technol-
ogy Initiative (NIFTI) files, and the origin in the images 
of each patient was manually corrected to coincide 
with the anterior commissure in the MNI coordinate 
system. Using SPM8, the 3D T1WI images were seg-
mented into gray matter, white matter, and cerebro-
spinal fluid images. The segmented gray matter images 
were initialized in the Diffeomorphic Anatomical Reg-
istration Through Exponentiated Lie Algebra (DARTEL) 
tool and normalized using the DARTEL algorithm. Six 
templates and deformation fields were generated after 
18 iterations, and the sixth template and deformation 
field, which achieved the highest accuracy, were used 
for the normalization of all gray matter to the standard 
MNI space. Finally, the modulated gray matter images 
were smoothed using an 8 mm × 8 mm × 8 mm FWHM 
Gaussian kernel filter. 

Whole-brain Gray Matter CBF-FCS Coupling 
Analysis

To quantitatively evaluate the coupling relation-
ship between CBF and FCS, across-voxel correlation 
analysis within the gray matter template was per-
formed to obtain the CBF-FCS correlation coefficient 
for each patient. The independent-samples t-test was 
then used to compare the difference in CBF-FCS cor-
relation coefficients between the 2 groups.

CBF/FCS Ratio Analysis
To quantitatively evaluate neurovascular coupling 

in the patients, the value of the CBF/FCS ratio for each 
voxel within the gray matter template was calculated 
and normalized. A voxel-wise independent-samples 
t-test was then performed to determine the brain 
regions with significant intergroup differences in the 
CBF/FCS ratio, with age, gender, and education level 
used as covariates during the comparison. P values 
were adjusted for multiple comparisons using the false 
discovery rate (FDR) correction.
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Voxel-wise Comparisons of CBF and FCS
To compare the differences between CBF/FCS ratio 

analysis and CBF or FCS analysis and to further elucidate 
the alterations in neurovascular coupling, a voxel-wise 
independent-samples t-test was performed to compare 
the differences in CBF and FCS between the 2 groups 
while controlling for the influences of age, gender, 
and education level. A voxel-wise FDR correction was 
performed for the adjustment of P values for multiple 
comparisons.

Validation Analysis
Previous studies have reported the presence of 

gray matter alterations in patients with chronic MFP 
(10,11). To reduce the possible influence of local gray 
matter volume (GMV) alterations on neurovascular 
coupling and validate the reliability of our results, we 
extracted the whole-brain GMV data of all patients 
and performed repeated voxel-wise intergroup com-
parisons of the CBF/FCS ratios while controlling for the 
influence of age, gender, education level, and whole-
brain GMV values.

Statistical Analysis
Statistical analysis of demographic and clinical 

data was performed using SPSS 18.0 (SPSS Inc., Chicago, 
IL). The χ2 test was used for gender data, whereas dif-
ferences between the 2 groups for all other variables 
were compared using the independent-samples t-test. 
Spearman’s rank correlation coefficient was used to 
measure the correlations between the CBF/FCS ratios 
with significant intergroup differences and clinical 
data. P < 0.05 was considered significant.

Results

Demographic and Clinical Data
Clinical characteristics of patients with MFP and HC 

are listed in Table 1. There were no significant differ-
ences in age (t = 1.14, P = 0.26), gender (χ2 = 0.35, P = 
0.77), and education level (t = 1.09, P = 0.28) between 
the patients with chronic MFP and HC .

Spatial Distributions of CBF, FCS, and CBF/FCS
The spatial distributions of CBF, FCS, and CBF/

FCS of the MFP and HC were similar. The brain re-
gions with high CBF, FCS, and CBF/FCS values mainly 
included the medial prefrontal cortex, cingulate cor-
tex, temporal lobe, parietal lobe, occipital lobe, and 
thalamus (Fig. 1).

Alterations in CBF-FCS Coupling in Whole-
brain Gray Matter of Patients with MFP

A significant voxel-wise correlation existed be-
tween CBF and FCS in both the patients with MFP and 
HC groups (Fig. 2A). In the patients with MFP group, 
the whole-brain gray matter CBF-FCS coupling was de-
creased significantly compared with that of the HC (t = 
2.221, P = 0.0296) (Fig. 2B).

Alterations in the CBF/FCS Ratios of Patients 
with MFP

Compared with the HC, the patients with MFP 
group had decreased CBF/FCS ratios in the bilateral 
superior temporal gyri, right parahippocampal gyrus, 
right hippocampus, caudate nucleus, right medial 
prefrontal cortex, and periaqueductal gray matter 
(PAG) and increased CBF/FCS ratios in the bilateral 
lingual gyri, posterior cingulate cortex, and bilateral 
inferior parietal lobules (Fig. 3 and Table 2, P < 0.05, 
FDR-corrected).

Alterations in CBF and FCS of Patients with 
MFP

Compared with the HC, the patients with MFP 
group had decreased CBF values in the bilateral supe-
rior temporal gyri, left middle temporal gyrus, medial 
frontal gyrus, right middle frontal gyrus, and PAG; in-
creased CBF values in the right inferior temporal gyrus, 
left calcarine gyrus, and left parahippocampal gyrus 
(Fig. 4 and Table 3, P < 0.05, FDR-corrected); decreased 
FCS values in the left lingual gyrus, right superior fron-
tal gyrus, left insula, and left inferior parietal lobule; 
and increased FCS values in the right superior temporal 
gyrus, right parahippocampal gyrus, left middle tem-
poral gyrus, left superior frontal gyrus, and PAG (Fig. 5 
and Table 4, P < 0.05, FDR-corrected).

Correlations between CBF/FCS Ratios and 
Clinical Data of Patients with MFP 

The CBF/FCS ratios of brain regions in patients with 
MFP that differed significantly from the corresponding 
ratios of the HC were extracted for the analysis of the 
correlations of these ratios with the VAS and pain dura-
tion of these patients. Results indicated that the CBF/
FCS ratio of the PAG in patients with MFP was signifi-
cantly negatively correlated with VAS and duration of 
pain (P < 0.05, Table 5).

Validation Analysis
As GMV atrophy may influence neurovascular cou-
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pling alterations in patients with MFP, the intergroup 
comparisons of CBF/FCS ratios were repeated while 
controlling for the influence of GMV. After GMV correc-
tions had been made, the spatial distribution of brain 
regions with significant differences in the CBF/FCS ratio 
was similar to the distribution obtained without GMV 
corrections (Fig. 6), suggesting that GMV atrophy did 

not influence neurovascular coupling alterations in 
patients with MFP.

Table 1. Demographic and clinical characteristics of  the MFP 
and HC.

Character-
istics

MFP
(n = 23)

HC
(n = 23)

Statistics
P 

values

Gender (M/F) 12/11 10/13 χ2 = 0.35 0.77

Age (years) 42.17 ± 8.37 45.22 ± 
9.71 t = 1.14 0.26

Education 
(years) 10.52 ± 3.50 11.83 ± 

4.54 t = 1.09 0.28

VAS 7.04 ± 0.767 - - -

Duration 
of pain 
(months)

8.87 ± 4.83 - - -

Note: MFP, myofascial pain; HC, healthy controls; M/F, male/female; 
VAS, visual analog scale; Data are expressed as means ± SD.

Fig. 1. Spatial distribution maps of  CBF, FCS (at the 
threshold of  0.2), and CBF/FCS ratio in HC and patients 
with MFP. The CBF, FCS, and CBF/FCS ratio maps are 
normalized to z-scores and averaged across patients within 
groups. MFP, myofascial pain; HC, healthy controls; 
CBF, cerebral blood flow; FCS, functional connectivity 
strength; L, left; R, right.

Fig. 2. CBF-FCS coupling changes in the whole gray 
matter in the patients with MFP. A: Scatter plots of  the 
voxels spatial correlation between CBF and FCS in HC 
(blue) and patients with MFP (purple). B: Average 
CBF-FCS coupling in the whole gray matter in the 
patients with MFP and HC. Although CBF and FCS 
was significantly correlated in both groups, CBF-FCS 
coupling was significantly reduced in the patients with 
MFP compared with the HC, and a significant across-
voxels difference in the CBF-FCS correlation coefficient 
was found between the patients with MFP and HC. Error 
bars represent the standard error. MFP, myofascial pain; 
HC, healthy controls; CBF, cerebral blood flow; FCS, 
functional connectivity strength.

Fig. 3. Group differences in CBF/FCS ratio between 
patients with MFP and HC (P < 0.05, FDR corrected). 
The warm and cold colors indicate significantly increased 
and decreased CBF/FCS ratio in the patients with MFP, 
respectively. MFP, myofascial pain; HC, healthy controls; 
CBF, cerebral blood flow; FCS, functional connectivity 
strength; L, left; R, right. 
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Discussion

This study demonstrates for the first time that 
whole-brain gray matter CBF-FCS coupling was reduced 
and the CBF/FCS ratio of the PAG was significantly 
negatively correlated with pain VAS score and pain 
duration in patients with chronic MFP.

Although the CBF-FCS correlation could only rough-
ly assess the neurovascular coupling, any changes in 
neurovascular coupling should be interpreted in terms 
of its structural basis. NVUs form the structural basis of 
neurovascular coupling, with the components of NVUs 
closely linked to one another and forming a complete 
functional and anatomical structure, which serves as a 
highly efficient CBF regulatory system (26). Damage to 
any of the components of an NVU may influence the 
normal functioning of the entire unit and ultimately 
result in neurovascular coupling disorders (21). 

Alterations in the CBF of patients with MFP may 
be related to alterations in chronic pain modulation 

Table 2. Brain regions with significantly different CBF/FCS 
ratios between MFP and HC.

Regions
Brodmann 

areas

Cluster 
size 

(voxels)

Peak t 
values

Coordinates 
in MNI
(x, y, z)

MFP < HC

Left superior 
temporal gyrus 22 120 -5.2 -54, 6, -18

Right superior 
temporal gyrus 22 134 -5.1 55, 6, -29

Right parahip-
pocampal 35 89 -4.96 27, 6, -27

Right 
hippocampus 36 55 -4.85 22, -11, -11

Caudate 98 -5.25 -1, 5, 5

Superior 
frontal gyrus 9 165 -4.78 16, 44, 41

Periaqueductal 55 -4.46 7, -33, -3

MFP > HC

Left lingual 
gyrus 19 61 4.78 -9, -72, -3

Right lingual 
gyrus 19 42 4.25 6, -75, -3

Posterior 
cingulate 23 121 4.91 3, -50, 19

Left Inferior 
parietal lobule 40 220 4.98 -40, -63, 41

Right Inferior 
parietal lobule 40 258 5.36 54, -57, 33

Note: MFP, myofascial pain; HC, healthy controls; CBF, cerebral blood 
flow; FCS, functional connectivity strength; MNI, Montreal Neuro-
logical Institute.

Table 3. Brain regions with significantly different CBF between 
MFP and HC.

Regions
Brodmann 

areas

Cluster 
size 

(voxels)

Peak t 
values

Coordi-
nates in 

MNI
(x, y, z)

MFP < HC

Left superior 
temporal gyrus 22 165 -5.1 -54, 3, -10

Left middle 
temporal gyrus 21 143 -4.72 -60, -12, 

-20

Right 
midfrontal 
gyrus

10 104 -4.45 44, 45, 17

Medial frontal 
gyrus 9 148 -4.91 0, 56, 15

Periaqueductal 
grey matter 68 -4.23 2, -32, -7

Right superior 
temporal gyrus 22 86 -4.64 66, -19, -19

MFP > HC

Right Inferior 
temporal gyrus 20 102 4.35 49, -48, -20

Calcarine 17 112 4.93 22, -64, 20

Left parahip-
pocampal 35 79 4.23 -23, -54, 

-10

Note: MFP, myofascial pain; HC, healthy controls; CBF, cerebral blood 
flow; MNI, Montreal Neurological Institute.

Fig. 4. Group differences in CBF between patients with 
MFP and HC (P < 0.05, FDR corrected). The warm 
and cold colors indicate increased and decreased CBF in 
the patients with MFP, respectively. MFP, myofascial 
pain; HC, healthy controls; CBF, cerebral blood flow; L, 
left; R, right.
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Fig. 5. Group differences in FCS between patients with 
MFP and HC (P < 0.05, FDR corrected). The warm 
and cold colors indicate increased and decreased FCS in 
the patients with MFP, respectively. MFP, myofascial 
pain; HC, healthy controls; FCS, functional connectivity 
strength; L, left; R, right.

Table 4. Brain regions with significantly different FCS between 
MFP and HC.

Regions
Brodmann 

areas

Cluster 
size 

(voxels)

Peak t 
values

Coordi-
nates in 

MNI
(x, y, z)

MFP < HC

Superior 
frontal gyrus 9 105 -5.18 21, 60, -9

Left insula 13 68 -4.37 -48, 6, 3

Left inferior 
parietal lobule 40 168 -4.6 -66, -39, 39

Left lingual 
gyrus 19 78 -4.32 -24, -57, -6

MFP > HC

Right 
temporal 
gyrus

22 136 4.9 33, 0, -27

Right para-
hippocampal 35 78 4.76 26, -1, -29

Left middle 
temporal 
gyrus

21 106 5.12 -56, -36, -11

Periaqueductal 110 4.58 9, -34, -2

Left superior 
frontal gyrus 9 212 5.2 -21, 15, 56

Note: MFP, myofascial pain; HC, healthy controls; FCS, functional 
connectivity strength; MNI, Montreal Neurological Institute.

Table 5. Correlations between CBF/FCS ratio and clinical 
symptoms in patients with MFP.

Regions VAS Duration of  pain

MFP < HC

Left superior 
temporal gyrus 0.287 (0.248) 0.198 (0.381)

Right superior 
temporal gyrus 0.162 (0.481) 0.231 (0.329)

Right 
parahippocampal -0.375 (0.095) -0.369 (0.102)

Right hippocampus -0.416 (0.069) -0.402 (0.078)

Caudate -0.324 (0.135) -0.301 (0.157)

Superior frontal 
gyrus -0.421 (0.068) -0.368 (0.104)

Periaqueductal -0.505 (0.024)* -0.493 (0.031)*

MFP > HC

Left lingual gyrus 0.161 (0.441) 0.155 (0.506)

Right lingual gyrus 0.148 (0.582) 0.167 (0.411)

Posterior cingulate -0.375 (0.098) -0.349 (0.123)

Left Inferior parietal 
lobule 0.281 (0.238) 0.234 (0.313)

Right Inferior 
parietal lobule 0.167 (0.443) 0.229 (0.319)

Note: MFP, myofascial pain; HC, healthy controls; VAS, visual analog 
scale; CBF, cerebral blood flow; FCS, functional connectivity strength. 
*significant for p<0.05.

Fig. 6. Group differences in CBF/FCS ratio between 
patients with MFP and HC after correction for GMV (P < 
0.05, FDR corrected). The warm and cold colors indicate 
significantly increased and decreased CBF/FCS ratio in 
the patients with MFP, respectively. MFP, myofascial 
pain; HC, healthy controls; GMV, gray matter volume; 
CBF, cerebral blood flow; FCS, functional connectivity 
strength; L, left; R, right. 
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systems such as the opioid, noradrenergic, 5-hydroxy-
tryptamine systems and neuroplasticity markers (brain-
derived neurotrophic factor) (27-30), as these chemi-
cal substances play a crucial role in the regulation of 
vascular responses. In addition, chronic pain may alter 
plasticity in neurons, leading to central sensitization 
and insufficient pain inhibition (31). Consequently, a 
compensatory mechanism is triggered, which induces 
arteriole vasodilation to meet local metabolic demands 
and ultimately results in CBF alterations. FCS describes 
the whole-brain functional connectivity of each voxel 
from a brain-wide network perspective and reflects the 
role of each voxel in the transfer of information across 
the entire network (13). The FCS alterations in patients 
with MFP may be the result of microstructural damage 
in the gray matter (10,11), and the loss of structural 
integrity may affect the precise coordination of func-
tional synchronization among brain regions. 

By contrast, the CBF/FCS ratio measures the blood 
supply to each FCS unit and reflects neurovascular 
coupling in a specific voxel or brain region (14). Com-
pared with the CBF-FCS correlation, the CBF/FCS ratio 
provides a more detailed reflection of alterations in 
neurovascular coupling across the whole brain in pa-
tients with MFP. In the present study, it was found that, 
compared with the HC, the patients with MFP group 
had decreased CBF/FCS ratios in the bilateral superior 
temporal gyri, right parahippocampal gyrus, right hip-
pocampus, right caudate nucleus, right medial prefron-
tal cortex, and PAG and increased CBF/FCS ratios in the 
bilateral lingual gyri, posterior cingulate cortex, and 
bilateral inferior parietal lobules. These results indi-
cate that neurovascular coupling alterations occurred 
in the aforementioned brain regions of patients with 
MFP. During the validation analysis, we confirmed that 
changes in the CBF/FCS ratio were not associated with 
gray matter atrophy, which provides further proof that 
brain regions with neurovascular coupling abnormali-
ties are reliable indicators of MFP.

In patients with MFP, significant changes occurred 
in the CBF/FCS ratios of the posterior cingulate cortex, 
medial prefrontal cortex, and inferior parietal lobule, 
which are key components of the default mode network. 
As the posterior cingulate cortex is directly or indirectly 
linked to a large number of nuclei in the cerebral cortex 
and subcortex through fiber connections, it may possibly 
play a pivotal role in the integration, memory forma-
tion, and execution of pain sensations (32). In a study 
by Flodin et al (33), abnormalities were found in the 
functional connectivity between multiple brain regions 

and the cingulate cortex in patients with chronic pain, 
which may be associated with persistent pain stimuli . 
The inferior parietal lobule is involved in memory forma-
tion, sorting, and storage (34) and may be closely linked 
to the alleviation of pain. The medial prefrontal cortex 
can inhibit the input of nociceptive signals (35), which 
leads to the generation of inhibitory effects in the brain 
region upon the receipt of pain signals and influences 
the cognitive function of patients through interactions 
with neighboring brain regions (36). In addition, it was 
found that changes occurred in the CBF/FCS ratios of 
the parahippocampal gyrus, hippocampus, and PAG of 
patients with MFP. These brain regions constitute the 
limbic system and are closely associated with emotional 
responses to pain. Therefore, our results suggest that 
neurons of the default mode network and limbic system 
are more prone to damage, which may explain the pres-
ence of abnormalities in the sensation, integration, and 
emotional responses of pain in patients with MFP.

In this study we also observed that the CBF/FCS ratio 
of the PAG was negatively correlated with VAS and pain 
duration. The PAG is a key component of descending pain 
modulation and networks related to the receipt of input 
from noxious stimulation (37,38) and plays an important 
role in pain occurrence and modulation. In a cold pressor 
test conducted in another study, it was observed that PAG 
activation was positively correlated with pain threshold 
but negatively correlated with perceived pain intensity 
(39). Other researchers reported that the pain duration 
and pain scores of patients with chronic low back pain 
were negatively correlated with PAG functional con-
nectivity (40). Our data indicate that pain duration and 
intensity play a crucial role in neurovascular coupling al-
terations in patients with chronic MFP, with PAG neurons 
being more easily influenced by these factors. 

Limitations
Alterations in neurovascular coupling in patients 

with MFP were observed only before treatment. There-
fore, there is a lack of data on the alterations that oc-
curred after treatment.

Conclusion

This study demonstrated for the first time that im-
pairment of neurovascular coupling in the brain may be 
a potential neuropathological mechanism of chronic MFP. 
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