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Introduction: In recent years, treatment of intractable epilepsy has become more challenging, 

due to an increase in resistance to antiepileptic drugs, as well as diminished success following 

resection surgery. Here, we present the case of a 19-year old epileptic patient who received 

vagus nerve stimulation (VNS) following unsuccessful left parietal–occipital lesion-resection 

surgery, with results indicating an approximate 50% reduction in seizure frequency and a much 

longer seizure-free interictal phase.

Materials and methods: Using resting-state functional magnetic resonance imaging, we 

measured the changes in resting-state brain networks between pre-VNS treatment and 6 months 

post-VNS, from the perspective of regional and global variations, using regional homogeneity 

and large-scale functional connectives (seeding posterior cingulate cortex and anterior cingulate 

cortex), respectively.

Results: After 6 months of VNS therapy, the resting-state brain networks were slightly reor-

ganized in regional homogeneity, mainly in large-scale functional connectivity, where exces-

sive activation of the salience network was suppressed, while at the same time the suppressed 

default-mode network was activated.

Conclusion: With regard to resting-state brain networks, we propose a hypothesis based on 

this single case study that VNS acts on intractable epilepsy by modulating the balance between 

salience and default-mode networks through the integral hub of the anterior cingulate cortex.

Keywords: vagus nerve stimulation, epilepsy monitoring, epilepsy surgery, functional neu-

roimaging, brain-network balance

Introduction
An intractable-epilepsy patient is generally considered to be one who shows little 

response to antiepileptic drugs (AEDs) and resection surgery, or those patients not 

suitable for surgical resection.1–4 Fortunately, vagus nerve stimulation (VNS) is a pallia-

tive therapy for refractory epilepsy approved by the US Food and Drug Administration 

for patients above the age of 12 years, and it has been reported to be both effective 

and safe.5–8 However, the mechanisms of VNS in intractable epilepsy are not fully 

known. Here, we introduce an intractable epilepsy case in which the patient received 

VNS after an unsuccessful seizure-controlled resection surgery, and obtained more 

than a 50% reduction in seizure frequency and a much longer seizure-free interictal 

phase after 6 months of treatment.

In recent years, studies have indicated that intractable epilepsy is not a focal but 

rather a network disease.9–11 Additionally, a number of studies have shown that intrac-

table epilepsy impairs the organizing ability of resting-state networks of the brain,12–15 
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which are reflected in the coherent fluctuations in neuronal 

and neurovascular oscillations and their dynamic changes, 

as measured by blood oxygenation level-dependent (BOLD) 

signal power using functional magnetic resonance imaging 

(fMRI).16,17 Among these networks, the default-mode network 

(DMN) and salience network (SN) have been reported to 

have closer associations with the generation and propaga-

tion of abnormal epileptic activity that disrupts the dynamic 

interactions between networks and hence gives rise to the 

disorder.18–22 In the present study, we aimed to explore the 

functional mechanisms of VNS therapy in resting-state net-

works anchored in the DMN and SN, and we hypothesized 

that VNS therapy may relieve the epileptic symptoms by 

modulating the DMN and SN. In addition, we measured 

regional homogeneity (ReHo) and functional connectivity 

changes in resting-state brain networks pre- and post-VNS, 

in order to explore the functional mechanism of VNS therapy 

in resting-state networks anchored in the DMN and SN.

Case report
The study was approved by the medical ethics committee of the 

institutional review board of Beijing Tiantan Hospital, affili-

ated with Capital Medical University, and written informed 

consent was obtained from the patient and his parents to pub-

lish the patient’s data and images. In addition, our study has 

been registered as ChiCTR-TRC-14005138 with the Chinese 

Clinical Trial Registry (ChiCTR) (www.chictr.org.cn).

A 17-year-old, right-handed male who started having 

seizures at the age of 12 years initially presented himself to 

our clinic. He reported focal epilepsy with right partial motor 

seizures and loss of consciousness lasting for 1–2 minutes, 

and occasional right lateralized myoclonic jerks (involv-

ing the right upper limb, lower limb, and facial and neck 

muscles) at a frequency of seven to eight times monthly. 

Occasionally, the patient reported having a headache or a 

sense of suppression in the chest before seizure onset. More-

over, this patient also had other epilepsy-attack forms, such 

as absence seizures and gelastic seizures, sometimes with 

automatism. These multiform grand mal status epilepticus 

attacks occurred almost daily. He had taken several kinds 

of AEDs with minimal benefit before receiving treatment in 

our epilepsy center.

Prior to treatment, routine physical and neurological exams 

were performed on the patient. Serial brain MRI examinations 

revealed a left parietal–occipital brain-region encephalomala-

cia focal signal alteration (Figure 1A). Electroencephalog-

raphy (EEG) recordings were consistently characterized by 

interictal epileptiform discharges on the left parietal–occipital 

area and the anterior-middle temporal lobe. No clear EEG 

changes were correlated with epilepsy onset. First, we treated 

the patient with valproate and carbamazepine, in accordance 

with his medication history. After 1-year follow-up, the 

effects of antiepileptics for grand mal status epilepticus were 

obvious, but contributed nothing to his right lateralized myo-

clonic jerk seizures. At the same time, we reevaluated his MRI 

and EEG examinations, and found that his epilepsy condition 

was stable, and both MRI and EEG showed nonsignificant 

changes compared with the results from the previous year. 

Following evaluation of epilepsy symptoms, focal seizures, 

and a combination of MRI and EEG images, a left parietal–

occipital lesion resection was performed on the patient 

(Figure 1B), with the neuropathology confirming the left 

parietal–occipital lesion was an encephalomalacia focus.

Unfortunately, the frequency of seizures increased 

rapidly after the resection surgery, reaching more than 

hourly frequency and occasionally with longer duration. 

Moreover, status epilepticus attacks occurred frequently. 

The epilepsy symptoms were controlled unsatisfactorily 

in the 1-year follow-up, despite the AEDs being replaced 

by oxcarbazepine, phenobarbital, and valproate. In addi-

tion, the patient had to withdraw from school because of 

the worsening condition of the illness. Afterward, he was 

evaluated for possible VNS therapy in our epilepsy center, in 

order to relieve the seizure condition. A VNS device (PINS 

Figure 1 (A) MrI examination showing a left parietal–occipital encephalomalacia focal signal alteration in the patient’s brain (arrow): sagittal T1 MrI (i); axial T1 MrI (ii); axial 
T2-weighted MrI (iii). (B) MrI image of the patient’s brain after left parietal–occipital lesion-resection surgery, showing that doubtful epileptic foci were completely removed: 
axial T1 MrI (i); sagittal T1 MrI (ii); three-dimensional MrI showing the resected cortex surface (iii).
Abbreviations: MrI, magnetic resonance imaging; r, right; L, left.
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Medical,23,24 Figure 2) was subsequently implanted 1 year 

after the surgical resection. The stimulator was activated at 

0.5 mA, 30 Hz, 500 μs, 30 seconds on, 5 minutes off 2 weeks 

after the day of surgery, and the amplitude was increased to 

0.75 mA during the first month after implantation. During 

the first month, the patient became seizure-free, with a slight 

side effect of hoarseness, and was able to return to school. 

The amplitude was increased in steps of 0.25 mA until the 

ideal balance between seizure control and side effects was 

achieved. At the 6-month follow-up, the daytime seizures 

had disappeared almost completely, the frequency of lat-

eralized myoclonic jerks and other forms of seizure were 

reduced by nearly two-thirds, and the seizure ictal time 

had been shortened to seconds. At the time of writing, the 

patient had been treated with VNS therapy for 6 months. 

The final stimulation parameters were current output 1.2 mA, 

frequency 30 Hz, pulse width 500 μs, 30 seconds signal on, 

5 minutes signal off, magnet-triggered current 2 mA, and 

stimulation duration 30 seconds. We will continue to collect 

this patient data every 2 months.

Imaging methods and results
A combination of fMRI in resting-state pre-VNS and 

6-month post-VNS, high-resolution brain-structure images 

(T
1
-weighted 3-D magnetization-prepared rapid gradient-

echo sequences) and functional imaging (echo-planar imag-

ing sequences) data obtained on a 1.5 T Siemens Magnetom 

Avanto MRI system (Siemens AG, Munich, Germany; scan-

ning parameters detailed in Supplementary materials) were 

used for the current study. All data preprocessing was carried 

out using the SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and 

DPARSF (http://www.restfmri.net/forum/DPARSF) toolkits. 

All computational procedures (detailed in Supplementary 

materials) were carried out using the DPARSF default set-

tings in the mode of “Calculate in original space (warp by 

DARTEL)”.

As this was a single-subject study, we were unable to 

conduct group-level statistics, such as t-tests or analyses of 

variance. We thus adopted the statistical methods of Ibrahim 

et al.25 Briefly, we transformed all the calculation values to 

Z-scores by Fisher’s transformation. Brain regions were 

then detected that showed Z-score changes greater than two 

standard-deviation differences between two scans, after 

which these brain regions were plotted. However, only posi-

tive Z-score changes were shown, as there have been conflict-

ing results regarding negative changes in fMRI studies.26–28

The ReHo of the voxel at the center of the 27 nearest 

neighboring voxel clusters was calculated to reflect the 

regional functional connectivity changes.29 Large-scale 

functional connectivity analysis was performed by seeding 

the posterior cingulate cortex (PCC) and anterior cingulate 

cortex (ACC), as well as dominant nodes of the DMN and 

SN, respectively.30,31 After seeding the PCC, Z-scores were 

increased in the DMN compared to pre-VNS therapy, and 

the suppressed DMN was reactivated. When the ACC was 

selected as a seed, Z-scores decreased greatly in the SN, 

and overactivation of the SN was suppressed compared to 

pre-VNS scores. In addition, the links between the DMN 

and ACC were enhanced (Figure 3). However, compared to 

the pre-VNS-therapy ReHo maps (green in Figure 4), post-

VNS-therapy ReHo Z-scores showed marked increases in the 

left precentral gyrus, the medial prefrontal cortex (mPFC), 

and PCC regions, although there was no significant change 

in distribution regions. All other brain regions consistently 

Figure 2 The vagus nerve-stimulation device used for implantation, obtained from pINs Medical (Beijing, people’s republic of China; http://www.pinsmedical.com/).
Notes: (A) The handheld device is used for programming and to setup the stimulation parameters. (B) The communication-link device enables communication between 
the external handheld device and the internal implantable pulse generator. (C) The implantable pulse generator, accessory extension cord, and the leads which are fixed in 
the vagus nerve.
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overlapped with the pre-VNS-therapy Z-score maps, as 

shown in Figure 4. In summary, after VNS therapy, ReHo 

Z-score maps were more focused within the DMN, and the 

visible difference in regional functional connectivity in the 

SN could not be reflected by the ReHo value.

These results point to the preliminary conclusions that 

VNS controls epileptic seizures, mainly through modula-

tion of large-scale functional connectivity, and only mildly 

impacts regional functional connectivity. These conclusions 

are in agreement with the viewpoint that refractory epilepsy 

is a disease that is associated with a disrupted topological 

organization in large-scale brain networks, and not merely 

confined to regional changes.9–11

Discussion
According to a World Health Organization report, drug-

resistant epilepsy has been and continues to be a challenge 

to epilepsy treatment, especially to those who have under-

gone unsuccessful resection surgery and are not suitable 

for reoperation.32 Evidence-based guidelines published in 

2013 updated the efficacy of VNS, indicating this treat-

ment was associated with a 50% seizure reduction in 55% 

of 470 epileptic children who underwent the procedure, 

while approximately 7% were reported to be seizure-free.5 

Following initial small-sample studies by Ben-Menachem 

et al33 and Koutroumanidis et al34 on the effectiveness of 

VNS treatment on resection surgery-failure patients, there 

Figure 3 seed-based FC was analyzed by anchoring the seed in the pCC and aCC, respectively.
Notes: pre-VNs-therapy Z-score maps shown in green; post-VNs-therapy Z-score maps shown in red; yellow indicates common change regions. all brain-function maps 
were four voxel clusters corrected by the aFNI function 3dClustsim. (A) axial T2-weighted MrI before resection surgery. (B) axial T1 MrI after resection surgery. (C) 3-D 
view. (D) 3-D brain-surface view of FC changes by anchoring of pCC seed. (E) 3-D brain-surface view of FC changes by anchoring of aCC seed. (F) Compared to pre-VNs, 
Z-scores increased in the DMN, including the pCC, mFpC, and inferior parietal lobule, after receiving VNs therapy. Meanwhile, the DMN’s links to some important brain 
regions were enhanced, including the superior frontal gyrus, right thalamus, aCC, posterior central gyrus, and anterior central gyrus, as shown in red. The connectives in the 
DMN were more powerful in post-VNS therapy compared to pre-VNS therapy. The PCC seed is marked with a red circle in the first slice on the left. The Z-score threshold 
was set at Z.0.1. (G) Compared to pre-VNs therapy, Z-scores decreased in the sN, including the bilateral aCC, caudate nuclei, insula, and dlpFC. The links among the DMN 
(pCC and inferior parietal lobule), posterior and anterior central gyrus, orbital frontal cortex, and aCC were also enhanced. The aCC seed is marked with a red circle in 
the leftmost slice. The Z-score threshold was set at Z.0.05.
Abbreviations: FC, functional connectivity; pCC, posterior cingulate cortex; aCC, anterior cingulate cortex; VNs, vagus nerve stimulation; aFNI, analysis of Functional 
NeuroImages; MrI, magnetic resonance imaging; mFpC, medial prefrontal cortex; DMN, default-mode network; sN, salience network; dlpFC, dorsolateral pFC.

 
N

eu
ro

ps
yc

hi
at

ric
 D

is
ea

se
 a

nd
 T

re
at

m
en

t d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/ b

y 
13

7.
10

8.
70

.1
4 

on
 1

5-
Ja

n-
20

20
F

or
 p

er
so

na
l u

se
 o

nl
y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

www.dovepress.com
www.dovepress.com
www.dovepress.com


Neuropsychiatric Disease and Treatment 2016:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2565

VNs balanced default network and salience network

have only been a few anecdotal reports on this area. In the 

current study, using both regional and global brain-network 

analyses of resting-state fMRI, we added to this body of data 

by exploring the mechanisms of VNS therapy on a patient 

with resection-surgery failure.

The prevailing view regarding VNS therapy has been that 

the therapy delivers electrical stimulation to the left cervical 

VN trunk, activating axons of afferent neurons, and subse-

quently initiates neuronal excitability throughout the central 

nervous system.35 However, whether there are fixed action 

targets involved in VNS therapy remain to be seen. Koutrou-

manidis et al34 suggested that the antiepileptic effect of VNS 

was not different with respect to the type of operation (anterior 

temporal lobectomy vs amygdalohippocampectomy), the 

side of operation, or the side of seizure onset. In their study, 

16 patients with previous temporal and frontal resections 

were treated with VNS, and of those who had ineffective 

anterior temporal lobectomy, more than 50% experienced 

post-VNS seizure reduction without any clear postresection 

improvement, which was consistent with patients who had 

smaller resections (amygdalohippocampectomy). Indeed, 

one ipsilateral frontal lobectomy patient obtained 90% 

improvement in his daytime seizures. In a similar group of 12 

patients, Kuba et al reported that two (one with a tumor) of six 

patients with right temporal resections responded favorably 

to VNS therapy, while three patients who had left temporal 

lobectomies showed a 20%–25% reduction in seizure fre-

quency.36 In addition, one of three patients with right basal 

frontal resections showed .75% seizure reduction, whereas 

the other two had a 75% reduction in seizure severity. These 

results indicate that frontal lobe resection can play a key role 

in the modulation of VNS therapy on epileptic activity, and 

that satisfactory seizure control tends to be largely associated 

with the frontal lobe.

Figure 4 Z-values of reHo between pre- and post-VNs therapy were overlapped after coregistering to common individual anatomical space.
Notes: pre-VNs-therapy Z-score maps shown in green; post-VNs-therapy Z-scores maps shown in red; yellow indicates common changing regions. Compared to pre-VNs 
therapy (green), post-VNs therapy (red) reHo greatly increased in the left precentral gyrus, mpFC, and pCC. after VNs therapy, reHo Z-score maps were more focused 
on the DMN networks (red post-VNs network indicates stronger focus on the DMN region, while green pre-VNs network indicates weaker focus). all brain-function maps 
were four voxel clusters corrected by the aFNI function 3dClustsim. (A) 3-D brain image indicating reHo changes. (B) axial result maps. all reHo results were set at a 
threshold of Z.0.5.
Abbreviations: reHo, regional homogeneity; VNs, vagus nerve stimulation; mpFC, medial prefrontal cortex; pCC, posterior cingulate cortex; DMN, default-mode network; 
aFNI, analysis of Functional NeuroImages.
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Indeed, most of the reported resected brain regions are the 

in temporal lobe, frontal lobe, hippocampus, or amygdaloid 

nucleus, while parietal–occipital resection cases have been 

rarely reported.33,34,36 Here, we report a case in which VNS 

therapy reduced the frequency of seizure by over 50% and 

at the same time increased the seizure-free length of time 

between these seizures.

Biswal et al first observed in 199537 that resting-state 

fMRI could be used to identify networks within the brain 

by measuring low-frequency (0.01–0.1 Hz) fluctuations 

in BOLD signaling, which opened a new window into the 

brain. Recent neuroscience literature now has a wealth of 

information regarding brain networks and their roles in the 

pathogenesis of several diseases, such as epilepsy, schizo-

phrenia, and Alzheimer’s disease.30,38 The DMN and SN are 

two important discoveries in regard to the resting-state fMRI 

method based on the calculation of temporal correlations 

or coherence among BOLD signals.31,39–42 Deactivations at 

different levels in the DMN of epilepsy patients have been 

found, and such deactivations may explain the cognitive 

deficits and symptoms of declining working-memory ability 

among absence seizures, Lennox–Gastaut syndrome, and 

other forms of seizures.18,43 The SN was generally reported 

to be excessively activated in the ACC region of most epi-

lepsy patients.44 Meanwhile, disorders of consciousness and 

attention could possibly be explained by the failure of the 

SN in integrating relevant internal and external stimuli, as 

well as a failure to interconnect with other functional net-

works that regulate behavior. However, the vast majority of 

existing studies and hypotheses are limited to the DMN or 

SN specifically, and interaction between the two has rarely 

been reported. Menon proposed a unifying triple-network 

model in psychopathology among the SN, DMN, and central 

executive network through anterior insula-mediated dynamic 

interactions with other large-scale brain networks.30 In line 

with this view, we assume a two-dimensional model in which 

VNS acts on intractable epilepsy by modulating the balance 

between the SN and DMN via an integral hub – the ACC. 

Our findings demonstrate that VNS mainly suppresses the 

SN’s excessive activation and at the same time activates the 

suppressed DMN to achieve balance.

Limitations
Although the current study was limited by the fact that these 

findings were based on a single case study, this is only a pre-

liminary attempt to look into the exact mechanisms of VNS 

therapy. Our two-dimensional model hypothesis will be tested 

in follow-up research with large-scale samples, and will identify 

more advanced and refined brain-network statistical analysis 

approaches, which will then be adapted in future work.

To this end, we have obtained the necessary ethical and 

management approvals given by the medical ethics com-

mittee of the institutional review board of Beijing Tiantan 

Hospital, affiliated with Capital Medical University, to carry 

out such a study.
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Supplementary materials
Imaging methods
High-resolution brain-structure images were acquired 

using T
1
-weighted, sagittal 3-D magnetization-prepared 

rapid gradient-echo sequences with the following param-

eters: repetition time (T
R
)/echo time (T

E
)/inversion 

time =2,400/3.92/1,000 ms, flip angle (FA) 8°, field of view 

(FOV) 256×256×160 mm, voxel size 1×1×1 mm3, slice 

thickness 1 mm, and 160 sagittal slices. Functional images 

were collected axially using an echo-planar imaging (EPI) 

sequence with the following settings: T
R
/T

E
 =2,000/40 ms, 

FA 80°, FOV 240 mm 240×115 mm, axial slices 24, thick-

ness 4 mm, spacing between slices 4.8 mm, voxel size 

3.8×3.8×4 mm3, bandwidth 1,735 Hz/pixel, volume 200. All 

data were obtained on a 1.5 T Magnetom Avanto magnetic 

resonance imaging (MRI) system (Siemens AG, Munich, 

Germany) prior to vagus nerve stimulation (VNS) implanta-

tion and 6 months after VNS activation. Prior to the resting-

state functional MRI (fMRI) data scan, the patient was 

instructed to keep his eyes closed, relax but not fall asleep, 

and move as little as possible during scanning. The VNS 

had remained off for 3 minutes before MRI scanning for 

the sake of safety.

All data preprocessing was carried out using SPM8 

(http://www.fil . ion.ucl.ac.uk/spm) and DPARSF 

(http://www.restfmri.net/forum/DPARSF) toolkits. Data 

preprocessing included discarding the first ten volumes of 

EPI, slice-timing correction, head-motion correction, coreg-

istration of EPI to high-resolution T
1
-weighted images, and 

coregistration between pre- and postimage data. Spatially 

coregistered images were then resampled to an isotropic 

voxel size of 3×3×3 mm3 and smoothed with a 6 mm full-

width half-maximum Gaussian kernel. Linear detrending and 

temporal band pass (0.01–0.08 Hz) filtering were performed, 

in order to remove low-frequency drifts and physiologic high-

frequency noise. In addition, global mean signal, six motion 

parameters, cerebrospinal fluid signal, and white-matter signal 

were regressed out to reduce the effects of head motion and 

other physiological fluctuations. Finally, Z-score calculations 

of regional homogeneity (ReHo) and functional connectivity 

(FC) were completed and statistical analyses performed. We 

calculated individual FC based on two seeds to measure global 

Figure S1 seed-based analysis anchoring the roI in the pCC.
Notes: Compared to pre-VNs therapy, Z-scores increased in the DMN, including the pCC, mFpC, and inferior parietal lobule post-VNs therapy. The DMN links to several important 
brain regions were enhanced, including the superior frontal gyrus, right thalamus, aCC, posterior central gyrus, and anterior central gyrus, as shown in red. The connectives in the 
DMN post-VNs therapy were more powerful than pre-VNs therapy. (A) anatomical images showing the pCC seed selected pre-VNs therapy. (B) anatomical images showing the 
pCC seed selected post-VNs therapy. (C) 3-D brain rendering showing brain-surface changes. (D) axial result maps. all results were set at a threshold of Z.0.1.
Abbreviations: roI, region of interest; pCC, posterior cingulate cortex; VNs, vagus nerve stimulation; DMN, default-mode network; mFpC, medial prefrontal cortex; aCC, 
anterior cingulate cortex; L, left; r, right.
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feature changes.1,2 All computational procedures were carried 

out using DPARSF default settings in the mode of “Calculate 

in original space (warp by DARTEL)”. FC analysis was per-

formed by seeding the posterior cingulate cortex (PCC) and 

anterior cingulate cortex (ACC) and dominant nodes of the 

default-mode network (DMN) and salience network (SN), 

after which the mean time series of a manually drawn region 

of interest (ROI) in the PCC and ACC were correlated with 

the time series of all voxels in the brain. Seeds were hand-

drawn, as shown in Figure S1A and B. Data-result maps were 

displayed by MRIcroGL (http://www.mccauslandcenter.

sc.edu/mricrogl), 3-D medical imaging software.

The similarity of the time series within a cluster was 

measured based on the ReHo method.3 The ReHo of the voxel 

at the center of the 27 nearest neighboring voxels cluster was 

calculated by Kendall’s coefficient-of-concordance algorithm 

by REST software (http://www.restfmri.net).

Results
As this was a single-subject study, we were unable to conduct 

group-level statistics, such as t-tests or analyses of variance, 

we thus transformed all values to Z-scores using Fisher’s 

transformation. Additionally, using the distribution of Z-score-

difference maps derived by coregistering the before-and-after 

images, we identified regions that showed obvious differences 

from the brain-region distribution. However, we only showed 

positive Z-score changes, as there have been conflicting results 

regarding negative changes in fMRI studies.4–6

seed-based functional connectivity
Seed-based ROI analysis was performed with REST software. 

fMRI data were filtered using a band-pass filter (0.01–0.08 Hz) 

to reduce low-frequency drift and high-frequency noise. 

Two seeds selected for connectivity analysis were the PCC 

(Figure S1A and B) and the ACC (Figure S2A and B), 

in which the former seed was a dominant central node 

of the DMN, and the latter always played a critical role in 

the SN. When the PCC was seeded, Z-scores increased in 

the DMN, including the PCC, mFPC, and inferior parietal 

lobule (Figure S1). What is more, the DMN’s links to some 

important brain regions were enhanced, including the supe-

rior frontal gyrus, right thalamus, ACC, posterior central 

Figure S2 seed-based analysis anchoring the roI in the aCC.
Notes: Compared to pre-VNs therapy, Z-scores greatly decreased in the bilateral aCC, caudate nuclei, insula, dlpFC, and medial frontal cortex, and the links among the DMN 
(pCC, inferior parietal lobule), posterior and anterior central gyrus, orbital frontal cortex, and aCC were enhanced. as shown, the connectives among nodes in the DMN 
were enhanced, but those in the sN greatly decreased. (A) anatomical images showing the aCC seed selected pre-VNs therapy. (B) anatomical images showing the aCC 
seed selected post-VNs therapy. (C) 3-D brain rendering showing the changing brain surface. (D) axial result maps. all results were set at a threshold of Z.0.05.
Abbreviations: roI, region of interest; aCC, anterior cingulate gyrus; VNs, vagus nerve stimulation; dlpFC, dorsolateral prefrontal cortex; pCC, posterior cingulate gyrus; 
DMN, default-mode network; sN, salience network; L, left; r, right.
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Figure S3 overlap comparison of reHo Z-values between pre- and post-VNs therapy after coregistering to common individual anatomical space.
Notes: pre-VNs-therapy Z-score maps shown in green; post-VNs-therapy Z-score maps shown in red; yellow shows common changing regions. Compared to pre-VNs 
therapy (green), post-VNs therapy (red) reHo values greatly increased in the left precentral gyrus, mpFC, and pCC regions. after VNs therapy, reHo Z-score maps were 
more focused on the DMN (red represents a greater focus on the DMN region, while green represents areas of less DMN focus). (A) 3-D brain rendering showing changes 
in reHo values. (B) axial result maps. all reHo results were set at a threshold of Z.0.5.
Abbreviations: reHo, regional homogeneity; VNs, vagus nerve stimulation; mpFC, medial prefrontal cortex; pCC, posterior cingulate cortex; DMN, default-mode network; 
L, left, r, right.

gyrus, and anterior central gyrus, as shown in Figure S1. 

When the ACC was selected as a seed, the difference of FC 

in the SN could be clearly seen (Figure S2). Compared to 

pre-VNS therapy, Z-scores decreased in the bilateral ACC, 

caudate nuclei, insula, dorsolateral prefrontal cortex and 

medial frontal cortex, and the links among the DMN (PCC, 

inferior parietal lobule), posterior and anterior central gyrus, 

orbit frontal cortex, and ACC were enhanced.

reHo
Compared to pre-VNS-therapy ReHo maps, post-VNS therapy 

ReHo showed obvious increases in the left precentral gyrus 

and medial prefrontal cortex, while PCC regions showed 

increased Z-scores. No significant changes in distribution 

regions were found. All other brain regions consistently 

overlapped with pre-VNS-therapy Z-score maps (Figure S3). 

Following VNS therapy, ReHo Z-score maps were more 

focused on the DMN. The visible difference in regional FC 

in the SN was not reflected by ReHo value.
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