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ABSTRACT

This study’s aim was to investigate functional brain connectivity changes among patients with moyamoya dis-
ease (MMD) with limb paresthesia, using functional connectivity analysis based on resting-state functional
magnetic resonance imaging (rs-fMRI). A total of 181 patients with MMD were enrolled, including 57 with left
limb paresthesia (MLP group), 61 with right limb paresthesia (MRP group), and 63 without paresthesia (MWP
group). Encephaloduroarteriosynangiosis (EDAS) was performed in 20 of the 57 patients with left limb pares-
thesia and 15 of the 61 patients with right limb paresthesia. Twenty-nine age- and sex-matched healthy controls
(HC group) were recruited during the same period. All participants underwent rs-fMRI examination, and the
patients treated with EDAS were re-examined 3-4 months after the surgery. After data preprocessing, we selected
Brodmann area 3 on each side of the brain as the seed region to construct a functional connectivity network of
the whole brain, and then we analyzed the differences in functional connectivity between the HC group, MWP
group, MLP group, and MRP group. The functional connectivity of Brodmann area 3 (on either side) with the
ipsilateral frontal (superior frontal gyrus, middle frontal gyrus, and inferior frontal gyrus) and parietal (supra-
marginal gyrus, angular gyrus, and superior parietal lobule) cortices was increased among patients with MMD.
The functional connectivity enhancement in these brain regions was broader and greater in patients with
contralateral limb paresthesia than in patients without paresthesia, and the regions with functional connectivity
changes were roughly distributed symmetrically among the MLP group and the MRP group. There were no
changes 3-4 months after EDAS in the increased functional connectivity between the frontal and parietal cortices
and Brodmann area 3. Limb paresthesia in patients with MMD may be driven by abnormal functional connec-
tivity in the frontal and parietal cortices. Functional changes in associated brain regions may be a target for
evaluating the severity of MMD and its response to treatment.

1. Introduction

well as headache and lalopathy. Different clinical symptoms are not
associated with specific changes on conventional imageological exami-

Moyamoya disease (MMD) is a cerebrovascular disease characterized
by the “puff-of-smoke” appearance of abnormal vessel networks at the
base of the brain, compensating for chronic occlusion of bilateral in-
ternal carotid arteries (Kuroda et al., 2008; Kazumata et al., 2016). The
pathophysiology, natural history, and prognostic factors of MMD remain
unknown. MMD is manifested by various clinical symptoms, such as
myasthenia, sensory disturbances, and disturbances in consciousness, as

nations. Patients with MMD may have different clinical manifestations
in long-term chronic ischemic conditions even when their Suzuki stage is
identical and conventional MRI sequences detects no changes in brain
parenchyma (Hara et al., 2018). In addition, although the clinical
symptoms of patients with MMD are closely related to their hemody-
namic damage, the two are not positively correlated in all cases. Cases of
severe hemodynamic damage may have mild clinical symptoms, or cases
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of mild hemodynamic damage may have severe clinical symptoms.
Similarly, a mismatch between hemodynamic improvement and
improvement in clinical symptoms may appear after revascularization.
These differences can affect a clinician’s choice of the timing of surgery
and the evaluation of postoperative efficacy (Hervé et al., 2018). The
mismatch between hemodynamic damage and clinical symptoms in
patients with MMD may be due to the fact that the existing methods of
hemodynamic evaluation are not able to accurately assess microcircu-
latory perfusion damage in the functional areas of the brain or function
remodeling areas of the brain.

Neural function remodeling is closely associated with neurological
symptoms (Xing et al., 2021; Ma et al., 2017; Okabe et al, 2016; Cohen
et al., 2017; Zhao J et al, 2022). Resting-state functional magnetic
resonance imaging (rs-fMRI) is an effective method to explore the
functional changes in the whole brain using the blood oxygen level-
dependent (BOLD) signal (Biswal et al., 1995), and it can reveal asso-
ciations between neuroanatomy, fluid intelligence, attention, and task-
induced brain activity (Kazumata et al., 2017). The BOLD signal
essentially corresponds to neuronal activity, which enables rs-fMRI to
examine neural function remodeling in patients with cerebrovascular
diseases (Lee et al., 2010; Logothetis et al., 2001). Functional connec-
tivity analysis, which maps the spatial pattern of coherent BOLD activ-
ity, is used to depict the correlation between different brain regions or
networks (Lei et al., 2014; Chen et al., 2020; Kim et al., 2015; Kim et al,
2013). Because it is simple, sensitive, and interpretable, this technique
has recently been applied to the study of neurobehavioral dysfunction in
stroke patients, as well as vascular cognitive impairments (Siegel et al,
2016; Diciotti et al, 2017). Changes in the resting-state brain network
connectivity of patients with MMD have been found to be related to their
cognitive performance (Kazumata et al., 2017).

Patients with MMD usually present with a sensory disturbance in the
limbs. Studies have revealed that chronic continuous abnormal sensory
inputs, such as pain and numbness, may affect the sensory processing of
patients (Pei et al., 2020). Currently, there is no study of changes in
resting-state brain functional connectivity in patients with MMD with
limb paresthesia. Our previous studies that used median nerve electrical
stimulation found significant changes in the BOLD-response in the
bilateral S1 regions of patients with MMD with unilateral limb pares-
thesia (Qiao et al., 2017; Qiao et al., 2019), but it is not clear whether
patients with MMD with limb paresthesia have any unique character-
istics of neural remodeling. Brodmann area 3 (Kim et al., 2015; Kim et al,
2013; Gustin et al., 2012; Kim et al., 2017) is the primary sensory cortex
responsible for processing touch sensation, damage to which confers
characteristic somatosensory impairment, such as a loss of sensation or
reduced sensitivity to sensory stimuli (Kim et al, 2013; Bassett and
Sporns, 2017). Including patients with MMD with paresthesia in the
limbs in this study made it possible to conduct a rs-fMRI-based func-
tional connectivity analysis by constructing a global functional con-
nectivity network with the Brodmann area 3 on each side of the brain as
the seed region. This study aimed to analyze changes in the sensory-
related functional network in the brain of patients with MMD to
explore the neural remodeling process in the sensory-related functional
areas of the brain in patients with MMD with limb paresthesia, and to
explore the potential of these alterations as a target for evaluating the
severity of the disease and its response to treatment. The ethics com-
mittee of *** approved this study.

2. Methods
2.1. Participants

A total of 181 patients with MMD were recruited in this study from
January 2015 to July 2018, including 57 with left limb paresthesia (MLP
group), 61 with right limb paresthesia (MRP group), and 63 without
paresthesia (MWP group). The patients with paresthesia presented with
paroxysmal numbness or  hypoesthesia of the limbs.
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Encephaloduroarteriosynangiosis (EDAS) was performed on 20 of the 57
patients with left paresthesia and 15 of the 61 patients with right
paresthesia. During the same period, 29 age- and sex-matched healthy
controls (HC group) in this study.

The inclusion criteria were: (i) confirmed MMD staged by digital
subtraction angiography; (ii) stable disease, no cerebral infarction on
conventional MRI or cerebral hemorrhage before scanning, and able to
cooperate with examinations; (iii) no additional neurological or psy-
chiatric disorders; and (iv) a right hand preference. All the patients
underwent rs-fMRI within one week before or after digital subtraction
angiography. The 35 cases undergoing EDAS had another rs-fMRI ex-
amination 3-4 months after surgery. All the participants were informed
of the details of examinations, and they provided their written consent.

The exclusion criteria were: (i) current or previous neurological and
psychiatric diseases (ischemic cerebrovascular disease, diabetes melli-
tus, peripheral neuropathy, etc.); (ii) unable to tolerate or cooperate
with examinations; (iii) organic intracranial lesions on MRI; or (iv) poor
image quality due to head motion.

2.2. Physiological and biochemical tests

All the patients completed a set of physiological and biochemical
tests before rs-fMRI acquisition to obtain data on systolic pressure,
diastolic pressure, blood glucose, total cholesterol, etc. Information on
smoking and drinking was also collected.

2.3. MRI data acquisition

Rs-fMRI was performed on all the participants using a Skyra 3 T MRI
scanner (Siemens AG, Erlangen, Germany) with a 32-channel standard
head coil. Scanning parameters were: echo-planar imaging sequence;
repetition time = 2000 ms; echo time = 30 ms; fractional anisotropy =
90°; field of view = 384 mm x 384 mm; number of slices = 33; reso-
lution = 3 mm x 3 mm x 3 mm; and time frame = 6 min and 42 s.

2.4. Data preprocessing

MRI data were preprocessed using the Resting-state fMRI Data
Analysis Toolkit (REST, https://www.restfmri.net/) and Statistical
Parametric Mapping 12.0 (Wellcome Center for Human Neuroimaging,
UCL Queen Square Institute of Neurology). First, we checked the data by
naked-eye observation to exclude those of poor quality. Then, we used
dem2nii to convert DICOM data to NII data. The first 10 time points were
removed to avoid the potential influence of noise and patient’s adap-
tation period. Slice timing correction was conducted, followed by head
motion correction while discarding images with head translation more
than 2 mm or rotation more than 2°. A sample-specific diffeomorphic
anatomical registration based on the exponentiated Lie algebra template
was created using structural images from all the participants. Then, the
echo-planar imaging volumes were normalized to MNI space using the
diffeomorphic anatomical registration through the exponentiated Lie
algebra template and the corresponding flow field. The resampling voxel
size was 3 mm x 3 mm x 3 mm. Slice timing, head motion correction,
and spatial normalization to the SPM12 Montreal Neurological Institute
(MNI) template were performed. The following steps included smooth-
ing (smoothing kernel, 6 x 6 x 6), detrending, regressing out covariates
(including head motion and Friston-24 parameters, mean white matter
signal, mean cerebrospinal fluid signal, and mean global signal). The
Friston 24-parameter model of head motion includes six standard head
motion parameters; the derivative of the standard motion parameters is
used to account for a one-frame delay in the effect of motion on the
BOLD signal, and the 12 corresponding squared items. Additionally, the
mean framewise displacement (FD) was calculated, which considers
measures of voxelwise differences in motion in its derivation as a mea-
sure of the microhead motion of each participant. Linear detrending and
a temporal filter (0.01-0.08 Hz) were applied to reduce low-frequency
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drifts and high-frequency physiological noise.

2.5. Region of interest-wise functional connectivity analysis

We selected Brodmann area 3 on each side of the brain as the seed
region to construct a global functional connectivity network. Calcula-
tions were made using REST. For each region of interest (ROI), the seed
reference time course was acquired by averaging the time series of all
the voxels in the ROI. The mean time course of each ROI was correlated
with every other ROI to obtain an n x n matrix of correlation coefficients
(r) for every participant. A Fisher r-to-z transformation was applied to
improve the normality of the r values.

2.6. Statistical analysis

SPSS 23.0 was used for the statistical analyses. We used one-way
analysis of variance to compare the demographic and clinical charac-
teristics of the MWP group, MLP group, and MRP group. The least sig-
nificant difference t-test was used for pairwise comparisons among the
three groups when the variances were equal, while Dunnett’s T3 was
used when the variances were unequal. The chi-square test was used to
compare categorical data between groups. For these comparisons, P <
0.05 was considered to be statistically significant. The two-sample t-test
was performed to compare functional connectivity between the HC
group, MWP group, MLP group, and MRP group. q < 0.05 (after
adjusting for the false discovery rate) was considered to be statistically
significant.

3. Results
3.1. Demographic data

There were no significant differences in sex, age, diabetes, hyper-
tension, hyperlipidemia, or a history of smoking or drinking between the
MWP group, MLP group, and MRP group (Table 1). (See Tables 3 and 4).

3.2. Overview of motion in the data

Two subjects with motion greater than 2 mm or 2 degrees of rotation
were excluded (including one subject from MWP, one from MRP).
Table 2 shows the quantification of the movement parameter (measures
of mean framewise displacement) of the four groups. The results show
there were no significant differences in the movement parameters be-
tween the four groups.

3.3. Functional connectivity comparisons between groups

Using Brodmann area 3 on either side as the seed region to construct
a functional connectivity network of the whole brain, compared with the
healthy controls, the patients with MMD had some brain regions with
increased functional connectivity and some regions with decreased

Table 1
Demographic data of the study subjects.
MRP(n = MLP(n = MWP(n = F P
61) 57) 63)
Age, years, mean + 37.6 + 36.7+£9.9 40.4 + 2.232 0.110

SD 10.7 9.79

Gender Male, n(%) 34(55.7) 28(49.1) 28(44.4) 0.790  0.455
Female, n(%) 27(44.3) 29(50.9) 35(55.6)

Diabetes, n(%) 2(3.3) 6(10.5) 3(4.8) 1.502  0.225
Hypertension, n(%) 26(42.6) 15(26.3) 21(33.3) 1.763  0.175
Hyperlipidemia, n 6(9.8) 5(8.8) 12(19.0) 1.771 0.173

(%)

Smoking, n(%) 17(27.9) 11(19.3) 16(25.4) 0.613  0.543
Drinking, n(%) 11(18.0) 9(15.8) 18(28.6) 1.721 0.182
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Table 2
Overview of motion in the data.
HC(n MWP(n MLP(n MRP(n F P
= 29) =62) =57) = 60)
Mean framewise 0.11 0.11 £ 0.11 + 0.12 + 1.293 0.278
displacement + 0.36 0.04 0.04 0.04

Data presented as mean + SD. One-way ANOVA, SPSS 23.

Table 3
Brain regions showing decreased and increased effective connectivity from the
left Brodmann area 3.

Region MNI coordinates Size (voxels) Peak T-value
X y z

MLP >HC

Decreased

Calcarine_L 27 -57 3 957 —4.8854

Temporal Inf R 45 —-60 -3 160 —5.776

Postcentral R 42 —-21 36 2756 —6.2181

Increased

Frontal Mid_L -39 51 15 332 5.0598

Frontal Mid_L -39 0 51 746 5.6917

Parietal Inf L -39 —54 45 341 4.0934

Precuneus_ R 0 —57 66 135 5.9013

MLP > MWP

Decreased

Occipital Mid_L —-21 —84 0 129 —3.506

Frontal Mid_R 48 48 21 75 —4.0058

Frontal Sup_ R 15 6 54 73 —3.946

Increased

Putamen_L -33 -9 0 52 4.3307

Postcentral L -30 —42 54 72 3.9527

MWP >HC

Decreased

Calcarine R 21 —69 15 401 —4.5608

ParaHippocampal R 21 -12 -21 52 —4.7215

Lingual L -15 —45 -6 153 —4.1615

Hippocampus_L -12 —24 0 61 —4.5524

Temporal_Inf R 45 —-60 -3 141 —5.1138

Lingual R 6 -69 0 50 —4.0392

Postcentral R 42 —24 18 2427 —6.0595

Increased

Frontal Mid_L -21 54 33 164 3.8293

SupraMarginal L —63 -39 18 182 4.6291

Precentral L —42 0 54 597 5.9251

Frontal Sup_R 18 18 48 137 3.9668

MRP >HC

Decreased

Postcentral R 54 -18 42 7971 —7.0461

Hippocampus_L -30 -15 —27 85 —4.236

Occipital_Inf L —42 —-63 -6 96 —3.8122

Increased

Cerebelum_Crus1_R -3 —87 -39 588 4.9369

Frontal_Mid_L —42 3 51 2726 8.1379

Parietal Inf L —42 -39 33 1505 5.9089

Caudate_L —-15 -12 24 110 5.0663

Parietal_Inf R 60 —60 42 153 4.2373

Frontal Mid_ R 48 24 48 89 3.6849

MRP > MWP

Decreased

Frontal_Inf Orb_R 24 39 -9 69 —3.904

Frontal Mid_R 30 39 15 52 —4.1849

Increased

Cerebelum_Crus2 R 48 -60 —42 127 4.3662

Frontal_Mid_L —51 24 12 481 4.3504

Parietal_Inf L —45 —42 51 529 4.4224

MNI, Montreal Neurological Institute.
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Table 4
Brain regions showing decreased and increased effective connectivity from the
right Brodmann area 3.

Region MNI coordinates Size (voxels) Peak T-value
X y z
MLP >HC
Decreased
Cerebelum_8_L -9 —69 —45 58 —4.143
ParaHippocampal L -21 —6 —24 67 —3.5416
Postcentral L 45 —54 -9 10,143 —7.7765
ParaHippocampal R 18 -12 -21 54 —4.3319
Thalamus_R 15 —24 0 252 —7.4466
Increased
Cerebelum 9 L 6 —45 —48 202 4.4306
Temporal_Inf L —66 —-21 -18 386 5.0615
Cerebelum_Crusl R 6 —-90 -30 1366 5.9227
Temporal Inf R 63 -18 -33 219 41791
Frontal Mid R 42 6 54 4049 8.6136
Frontal_Inf Orb_L —45 36 -18 101 4.3397
Caudate_R 15 3 21 276 6.7295
Frontal Mid_L -33 63 6 79 3.601
Angular L —48 —63 51 595 4.8362
Angular R 51 —51 39 1048 5.5833
Precuneus_L -9 —54 36 84 3.1877
Precuneus_R 6 —48 75 123 5.1866
MLP > MWP
Decreased
Occipital Mid_L —45 —69 12 81 —4.6745
Parietal Sup_L —18 —54 51 74 —4.1646
Increased
Cerebelum_Crusl R 30 —66 -39 88 4.6779
Cerebelum_Crus1_L —45 -75 -39 66 4.8338
Frontal Sup_ R 39 45 -15 420 4.7766
Cingulum_Ant R 9 39 15 61 3.9362
Precuneus_L —6 —60 24 195 4.2578
Angular L -33 —63 39 56 3.9487
Frontal Mid_R 42 12 51 261 4.275
MWP >HC
Decreased
Lingual R 21 —42 -12 543 —-5.1213
Lingual L -39 -57 -9 1097 —5.3382
Postcentral L -33 —-12 0 2155 —7.1066
Thalamus_R 15 —24 -3 133 —5.7232
Increased
Cerebelum_Crus2_R 6 -87 -33 163 4.4188
Cerebelum_Crus1_L —54 -57 -36 55 4.3309
Frontal_Inf Orb_L —54 24 -6 51 3.8039
Frontal Mid_Orb_R 42 60 -6 119 4.6538
Frontal_Inf Tri_ R 54 18 0 90 4.1505
Angular R 69 -51 15 575 5.2337
Caudate R 18 3 24 106 4.462
Frontal Mid R 48 21 33 1284 5.5289
Frontal Sup_Medial R 0 39 48 59 4.0096
Precuneus_R 6 —63 69 94 4.2273
MRP >HC
Decreased
Lingual R 45 —54 -9 4929 —5.3653
Postcentral L —45 —24 66 3427 —7.2762
Increased
Cerebelum_Crusl_L —48 -78 -30 68 3.983
Cerebelum_Crus2 R 21 —87 -33 254 4.3392
Temporal Mid L —66 —21 —-18 85 4.486
Frontal Mid_Orb_R 39 63 -9 131 3.7003
Caudate R 18 9 18 163 5.3418
Angular R 45 -36 33 1088 4.2567
Angular L —48 —63 51 419 4.5429
Frontal Mid_ R 42 6 54 2715 6.2233
Precuneus_R 3 —57 66 165 4.9727
MRP > MWP

Increased
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Table 4 (continued)

Region MNI coordinates Size (voxels) Peak T-value
X y z

Postcentral R 30 -39 45 169 4.1229

Frontal Sup_ R 30 -12 48 71 3.9913

Frontal Sup_Medial R 12 33 45 51 4.0337

MNI, Montreal Neurological Institute.

functional connectivity (Fig. 1-Fig. 3). The detail areas for the FC results
together with the statistical values and coordinates are summarized in
Supplementary Tab. 3 and Tab. 4. Since patients with MMD suffer from
long-term ischemia in brain tissue, the reduction in functional connec-
tivity is probably associated with hemodynamic changes. In this context,
functional connectivity enhancement is deemed to be more powerful to
detect changes in the neural activity of associated functional areas.
Thus, we mainly focused on the brain regions with increased functional
connectivity.

Using the left Brodmann area 3 as the seed region to construct the
global functional connectivity network, compared to the HC group, the
MWP group had increased functional connectivity in the superior frontal
gyrus, middle frontal gyrus, inferior frontal gyrus, supramarginal gyrus,
and angular gyrus on the left side and the superior frontal gyrus and
middle frontal gyrus on the right side (Fig. 1A); the MRP group had
increased functional connectivity in the superior frontal gyrus, middle
frontal gyrus, inferior frontal gyrus, angular gyrus, supramarginal gyrus,
and superior parietal gyrus on the left side, and the superior frontal
gyrus, middle frontal gyrus, supramarginal gyrus, and angular gyrus on
the right side (Fig. 2A); the MLP group had increased functional con-
nectivity in the middle frontal gyrus, superior frontal gyrus, inferior
frontal gyrus, supramarginal gyrus, and angular gyrus on the left side
(Fig. 3A). Compared to the MWP group, the MRP group had increased
functional connectivity in the middle frontal gyrus, inferior frontal
gyrus, supramarginal gyrus, angular gyrus, and superior parietal gyrus
on the left side (Fig. 2C). In contrast, the MLP group had increased
functional connectivity in the left superior parietal gyrus and angular
gyrus compared to the MWP group (Fig. 3C).

Using the right Brodmann area 3 as the seed region to construct the
global functional connectivity network, compared to the HC group, the
MWP group had increased functional connectivity in the left inferior
frontal gyrus and the right middle frontal gyrus, superior frontal gyrus,
inferior frontal gyrus, supramarginal gyrus, angular gyrus, and superior
parietal gyrus among the patients with MMD without paresthesia
(Fig. 1B); the MLP group had increased functional connectivity in the
middle frontal gyrus, superior frontal gyrus, inferior frontal gyrus,
angular gyrus, and superior parietal gyrus on the right side, and the
middle frontal gyrus, superior frontal gyrus, angular gyrus, supra-
marginal gyrus, and superior parietal gyrus (Fig. 2B); the MRP group
had increased functional connectivity in the angular gyrus and superior
parietal gyrus on the left side and the middle frontal gyrus, superior
frontal gyrus, inferior frontal gyrus, angular gyrus, and superior parietal
gyrus on the right side among those with right limb paresthesia
(Fig. 3B). Compared to the MWP group, the MLP group had increased
functional connectivity in the superior frontal gyrus, middle frontal
gyrus, and inferior frontal gyrus on the right side and the angular gyrus
and superior parietal gyrus on the left side (Fig. 2D). In contrast, the
MRP group had increased functional connectivity in the superior frontal
gyrus, middle frontal gyrus, supramarginal gyrus, angular gyrus, and
superior parietal gyrus on the right side (Fig. 3D).

The regions with functional connectivity changes were roughly
distributed symmetrically among patients with left limb paresthesia and
those with right limb paresthesia.
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Left Brodmann area 3-Functional connectivity
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Right Brodmann area 3-Functional connectivity

A. MWP v.s. HC

B. MWP v.s. HC

Fig. 1. This figure compares the functional connectivity changes of the healthy controls (HC) to those of MMD patients without paresthesia (MWP), using the left
Brodmann area 3 (Fig. 1A) and the right Brodmann area 3 (Fig. 1B) as the seed region to construct the global functional connectivity network.

3.4. Functional connectivity changes after EDAS in patients with MMD
with unilateral limb paresthesia

Among the 20 cases of MMD with left limb paresthesia who under-
went right EDAS, the limb symptoms disappeared in 12 cases and less-
ened in 8 cases 3-4 months after the operation. There were no
significant changes after the operation in functional connectivity be-
tween brain regions and the seed region Brodmann area 3 on either side.

Among the 15 cases of MMD with right limb paresthesia who un-
derwent left EDAS, the limb symptoms disappeared in 9 cases and
lessened in 6 cases 3-4 months after the operation. There were no sig-
nificant changes in functional connectivity after the operation between
brain regions and the seed region Brodmann area 3 on either side.

4. Discussion

This study detected changes in sensory-related functional connec-
tivity in the brain among patients with MMD using rs-fMRI-based
functional connectivity analysis. We found that patients with MMD
with limb paresthesia differed in sensory-related functional connectivity
from patients with MMD without limb paresthesia and healthy subjects.
Moreover, the regions with functional connectivity changes were, in
general, symmetrically distributed among those with left limb pares-
thesia and those with right limb paresthesia. The results can be verified
mutually and are convincing.

4.1. The frontal and parietal cortices are the key brain regions involved in
the neural remodeling process in patients with MMD with limb paresthesia

Functional reorganization of the somatosensory system has been
observed after brain lesion or bodily injury (Lemée et al., 2020; Zhao
et al., 2016). Our results showed decreased functional connectivity be-
tween the seed region Brodmann area 3 and the contralateral Brodmann
area 3, and increased functional connectivity between the seed region
Brodmann area 3 on either side and the frontal (superior frontal gyrus,
middle frontal gyrus, and inferior frontal gyrus) and parietal (supra-
marginal gyrus, angular gyrus, and superior parietal lobule) cortices on
the ipsilateral side in patients with MMD without limb paresthesia. It
suggested that patients with MMD have decreased functional connec-
tivity between Brodmann area 3 and the contralateral Brodmann area 3
due to long-term chronic ischemia and they also have increased func-
tional connectivity between Brodmann area 3 and the frontal and

parietal cortices on the ipsilateral side even in patients without limb
paresthesia. However, the functional connectivity enhancement in these
regions was broader and greater among patients with contralateral limb
paresthesia, compared with patients without limb paresthesia, and
functional connectivity with the contralateral frontal cortex was
enhanced. These results revealed the possible neural remodeling process
related to Brodmann area 3 in patients who have MMD with limb
paresthesia; that is, the functional connectivity with the ipsilateral
frontal and parietal cortices was from weak to strong in strength and
from small to broad in range. In the process, the frontal and parietal
cortices were the key brain regions. It has been demonstrated that the
prefrontal cortex is a key node in the executive control network; the
dorsolateral prefrontal cortex has been deemed to be the core area for
pain processing, with extensive links to both sensory and motor cortices
(Pei et al., 2020; Kong et al., 2013; Craig, 2003; Willis et al., 2002;
Bushnell et al., 1999). Our findings suggest a close association of func-
tional changes in the prefrontal cortex with the sensory disturbances in
the limbs of patients with MMD. Of the parietal cortices with increased
functional connectivity, the angular gyrus/supramarginal gyrus (AG/
SG) is the core of the default mode network (Su et al., 2016; Hagmann
etal., 2008). Located at the junction between the temporal, parietal, and
occipital lobes, the AG/SG is considered to be the main hub connecting
different subsystems that play key roles in various cognitive and
behavioral processes (Seghier, 2013). Studies on the association of the
AG/SG with limb paresthesia have not yet been reported. In this study,
patients with MMD with unilateral limb paresthesia showed increased
functional connectivity between the contralateral Brodmann area 3 and
the AG/SG, indicating that the AG/SG may be an important brain region
involved in sensory abnormalities of the limbs. Therefore, functional
changes in the frontal (superior frontal gyrus, middle frontal gyrus, and
inferior frontal gyrus) and parietal (supramarginal gyrus, angular gyrus,
and superior parietal lobule) cortices may be targets for disease evalu-
ation and follow-up for patients with MMD and serve as new neural
bases for the diagnosis and treatment of this disease.

4.2. A broader range of neural remodeling was observed in patients with
MMD with right limb paresthesia versus those with left limb paresthesia

We also found when we used the Brodmann area 3 contralateral to
symptoms as the seed region, that patients with MMD with right limb
paresthesia showed a broader and greater increase in functional con-
nectivity compared with those with left limb paresthesia. This may be
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Fig. 2. This figure compares the the functional connectivity changes of healthy controls (HC) to those of MMD patients without paresthesia (MWP) and MMD
patients with right limb paresthesia (MRP), using the left Brodmann area 3 as the seed region (Fig. 2A,C), and those of MMD patients with left limb paresthesia (MLP),
using the right Brodmann area 3 as the seed region to construct the global functional connectivity network (Fig. 2B,D).

due to the right hand preference of our participants. On the one hand,
right-handed patients are more sensitive to subtle changes in the
sensation of the right limbs, so even mild damage can affect or remodel
neural activity in associated brain regions. On the other hand, the so-
matosensory networks are lateralized. Right-handed patients have been
found to have stronger between-hemispheres connectivity, and left-
handed patients have stronger within-hemisphere connectivity. In
addition, the regions showing greater connectivity were the posterior
regions of the brain in left-handed patients and the frontal regions in
right-handed patients (Tejavibulya et al., 2022). The difference in
functional connectivity between patients with MMD with right hand
paresthesia and those with left hand paresthesia may also be related to
the lateralization of somatosensory networks.

However, there were no changes 3-4 months after revascularization
in the functional connectivity between the frontal and parietal cortices
and Brodmann area 3 among the patients with MMD with limb pares-
thesia who underwent EDAS, although their clinical symptoms had

resolved. This suggests that the functional remodeling of the frontal and
parietal cortices of these patients may persist for a long time after the
operation, which needs further study to examine its clinical value.

4.3. Limations

This study has some limitations. First, we only focused on functional
connectivity changes in the brain regions associated with Brodmann
area 3, and we did not obtain information on the connections between
different brain networks, such as the default mode network. However,
the interaction between different networks may provide more clues
about the central mechanism of limb paresthesia in patients with MMD.
Second, patients were only re-examined 3-4 months after surgery; hence
the study lacks long-term follow-up data that can help better reveal
functional connectivity changes with the improvement of cerebral he-
modynamics. Third, we only analyzed functional connectivity changes
of the whole brain with Brodmann area 3 as the seed region in patients
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Fig. 3. This figure compares the functional connectivity changes of the healthy controls (HC) to those of MMD patients without paresthesia (MWP) and MMD
patients with left limb paresthesia (MLP), using the left Brodmann area 3 as the seed region (Fig. 3A,C), and those of MMD patients with right limb paresthesia (MRP)
using the right Brodmann area 3 as the seed region to construct the global functional connectivity network (Fig. 3B,D).

with MMD with limb paresthesia, which was not sufficient to compre-
hensively reflect the changes in sensory-related functional networks in
patients with MMD.

5. Conclusion

This rs-fMRI-based functional connectivity analysis revealed
increased functional connectivity between Brodmann area 3 and the
frontal (superior frontal gyrus, middle frontal gyrus, and inferior frontal
gyrus) and parietal (supramarginal gyrus, angular gyrus, and superior
parietal lobule) cortices among patients with MMD with limb pares-
thesia. Therefore, limb paresthesia may be a result of abnormal func-
tional activity in those associated cortices. Functional changes in
associated brain regions may be a target for evaluating the severity of
MMD and its response to treatment.
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