
Citation: Kong, Q.; Sacca, V.; Zhu, M.;

Ursitti, A.K.; Kong, J. Anatomical and

Functional Connectivity of Critical

Deep Brain Structures and Their

Potential Clinical Application in

Brain Stimulation. J. Clin. Med. 2023,

12, 4426. https://doi.org/10.3390/

jcm12134426

Academic Editor: René Müri

Received: 26 May 2023

Revised: 22 June 2023

Accepted: 23 June 2023

Published: 30 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Anatomical and Functional Connectivity of Critical Deep Brain
Structures and Their Potential Clinical Application in
Brain Stimulation
Qiao Kong , Valeria Sacca , Meixuan Zhu, Amy Katherine Ursitti and Jian Kong *

Department of Psychiatry, Massachusetts General Hospital, Harvard Medical School, Building 120, 2nd Ave.,
Charlestown, MA 02129, USA
* Correspondence: jkong2@mgh.harvard.edu; Tel.: +1-617-726-7893; Fax: +1-617-726-4078

Abstract: Subcortical structures, such as the hippocampus, amygdala, and nucleus accumbens
(NAcc), play crucial roles in human cognitive, memory, and emotional processing, chronic pain
pathophysiology, and are implicated in various psychiatric and neurological diseases. Interventions
modulating the activities of these deep brain structures hold promise for improving clinical outcomes.
Recently, non-invasive brain stimulation (NIBS) has been applied to modulate brain activity and has
demonstrated its potential for treating psychiatric and neurological disorders. However, modulating
the above deep brain structures using NIBS may be challenging due to the nature of these stimulations.
This study attempts to identify brain surface regions as source targets for NIBS to reach these deep
brain structures by integrating functional magnetic resonance imaging (fMRI) and diffusion tensor
imaging (DTI). We used resting-state functional connectivity (rsFC) and probabilistic tractography
(PTG) analysis to identify brain surface stimulation targets that are functionally and structurally
connected to the hippocampus, amygdala, and NAcc in 119 healthy participants. Our results showed
that the medial prefrontal cortex (mPFC) is functionally and anatomically connected to all three
subcortical regions, while the precuneus is connected to the hippocampus and amygdala. The mPFC
and precuneus, two key hubs of the default mode network (DMN), as well as other cortical areas
distributed at the prefrontal cortex and the parietal, temporal, and occipital lobes, were identified
as potential locations for NIBS to modulate the function of these deep structures. The findings
may provide new insights into the NIBS target selections for treating psychiatric and neurological
disorders and chronic pain.

Keywords: default mode network; non-invasive brain stimulation; subcortical structures; MRI;
neuromodulation; scalp stimulation

1. Introduction

The hippocampus, amygdala, and nucleus accumbens (NAcc) are critical deep brain
structures involved in multiple functions, such as memory, emotional response, reward,
learning and pathophysiology of chronic pain. Additionally, these brain regions are impli-
cated in many psychiatric and neurological diseases; therefore, modulation of them may
hold potential for treating such conditions.

For instance, the hippocampus, a part of the limbic system, is closely associated with
Alzheimer’s disease (AD), Parkinson’s disease (PD), major depressive disorders (MDD),
schizophrenia (SCZ), and epilepsy [1,2] due to its critical role in learning, memory, and
high-level cognition [3].

The amygdala is another crucial limbic system structure associated with emotion
and motivation, playing an essential role in processing both fear-inducing and rewarding
environmental stimuli [4]. Aberrant activity/connectivity of the amygdala contributes to a
wide range of disease states, including anxiety disorders, MDD, SCZ, bipolar disorder (BP),
and autism spectrum disorder (ASD) [5,6].
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The NAcc is a critical structure in modulating the processing of reward, pleasure,
emotion, and motivation, as well as serving as a key limbic–motor interface [7]. Structural
and functional abnormalities of the NAcc or its associated neural systems are involved in
MDD, obsessive compulsive disorder (OCD), SCZ, Huntington’s disease (HD), PD, and
chronic pain [8,9].

These structures do not work independently of each other but instead link to achieve
various functions, such as long-term memory [10], goal-directed behaviors [11], and reward
processing [12], making them potential neuromodulation targets for multiple disorders. No-
tably, these deep brain structures establish connections with common cortical areas, partic-
ularly the medial prefrontal cortex (mPFC), which is recognized for its pivotal role in cogni-
tive and emotional processing, exerting top-down modulation of the limbic system [13,14].
Specifically, research has highlighted the involvement of the mPFC–hippocampus circuit
in facilitating memory and learning processes [15,16]. The mPFC–amygdala circuit is
important for social and emotional processing [17]. The NAcc serves as an integration
hub for cortico-limbic information, coordinating adaptive motivated behavior by receiv-
ing executive control signals from the mPFC, conditioned associations and emotion from
the amygdala, and contextual, spatial, and emotion-related inputs from the hippocam-
pus [12,18,19].

Advances in neuromodulation technologies have enabled the use of invasive ap-
proaches, such as deep brain stimulation (DBS), and noninvasive brain stimulation (NIBS)
interventions, such as transcranial electric stimulation (TES) and transcranial magnetic
stimulation (TMS), to mitigate symptoms associated with psychiatric and neurological
conditions [20,21]. The hippocampus, amygdala, and NAcc have recently been explored
as effective DBS targets for treating epilepsy, OCD, SCZ, depression, and post-traumatic
stress disorder (PTSD), among other diseases [22–26]. Despite the significant therapeutic
benefit of DBS, the inherent surgery-related risks and complications from DBS have driven
research toward less invasive alternatives [27].

Research indicates that both invasive and noninvasive stimulation of different brain
regions can modify the same brain network to provide therapeutic benefits, which may
be useful for translating therapy between neuromodulation modalities [28]. Moreover, re-
searchers suggest that NIBS techniques can be applied through cortical targets to modulate
deeper brain structures [29]. For example, TES with low intensities and small, high-
definition electrodes over C3/C4 (10-10 EEG cap) was shown to generate an electric field in
the hippocampus and amygdala of patients with drug-resistant epilepsy [30]. Thus, modu-
lating the hippocampus, amygdala, and NAcc using NIBS may be a promising direction
for treating brain disorders. Nevertheless, this could be challenging due to the localization
of these deep brain structures and the accessibility of NIBS tools. The need for reliable
montages to target these deep brain structures is thus essential for NIBS interventions.

One potential solution may be to identify accessible surface cortical regions that func-
tionally and structurally connect with these subcortical brain structures. Studies have
shown that TMS can modulate the neural activity in the hippocampus by stimulating the
lateral parietal cortex, a superficial region that is functionally connected with the hippocam-
pus [31,32]. Another study has shown that the clinical efficacy of different left dorsolateral
prefrontal cortex (DLPFC) TMS sites for depression were related to intrinsic functional
connectivity with remote regions (e.g., subgenual cingulate cortex) [33]. Moreover, investi-
gators applied diffusion-imaging tractography to identify a superficial cortical target in the
right frontal pole that displayed both anatomical and functional connectivity to the right
Brodmann area 25 (BA25). Consequently, they found that TMS to the frontal pole resulted
in a significant linear increase in blood-oxygen-level-dependent activation of BA25 with in-
creasing TMS intensity [34]. Such findings suggest the potential of functional and structural
connectivity in identifying surface brain stimulation targets. Therefore, we reasoned that
we could indirectly modulate the function of these subcortical structures through direct
stimulation of functionally and structurally related superficial cortical locations.
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Seed-based resting-state functional connectivity (rsFC) analysis has been proposed
as a primary approach for identifying connectivity-guided brain stimulation targets [35].
However, rsFC can vary over time in the same individual, affecting the reproducibility
of brain stimulation target selection [36]. On the other hand, anatomical connectivity is
temporally stable, and the underlying physical substrates allow signal propagation from
the cortex to the subcortex [20]. Given the notion that structural differences to some extent
dictate their roles in brain functions, diffusion MRI (dMRI) may thus complement or
enhance fMRI for guiding target positioning [37].

Thus, this study combines resting-state fMRI and dMRI to identify brain surface
stimulation targets that are structurally and functionally connected to three multifunctional
subcortical structures (hippocampus, amygdala, and NAcc). The identified brain regions
may be useful in identifying NIBS targets for neuropsychiatric disorders.

2. Materials and Methods
2.1. Participants

MRI data in this study were acquired from 119 healthy participants (age range:
18–60 years; 60 female) with no present reported major neurological or psychiatric condi-
tions. The Partners Institutional Review Board (IRB) of Massachusetts General Hospital
approved the study. All participants provided written informed consent before participat-
ing in the study.

2.2. MRI Data Acquisition

All MRI data were collected with a 32-channel head coil 3T Siemens (Skyra syngo)
scanner at the Martinos Center for Biomedical Imaging. Resting-state functional (fMRI)
data were obtained with an echo-planar imaging sequence using the following parameters:
repetition time (TR): 3000 ms, echo time (TE): 30 ms, flip angle: 90◦, slice thickness: 3 mm,
voxel size: 3 × 3 × 3 mm3, 44 axial slices with 164 volumes acquired. Diffusion MRI
data were collected with a single-shot spin echo EPI sequence in 60 gradient directions
comprising 30 images with b: 600 s/mm2 and 30 images with b: 1200 s/mm2, and one b:
0 volume. The imaging parameters were: TR: 10,300 ms, TE: 85 ms, slice thickness: 2 mm,
voxel size: 2 × 2 × 2 mm3, and 61 axial slices. T1-weighted images were acquired with
a magnetization-prepared rapid gradient echo (MPRAGE) sequence with the following
parameters: TR: 2500 ms, TE: 1.69 ms, flip angle: 7◦, slice thickness: 1 mm, voxel size:
1 × 1 × 1 mm3, and 176 slices.

2.3. MRI Data Pre-Processing

Resting-state functional connectivity (rsFC) analysis was conducted using CONN
toolbox version 21a (http://www.nitrc.org/projects/conn (accessed on 10 October 2022)).
Preprocessing steps included the following steps: discarding of the first five volumes, slice-
timing correction, realignment, outlier detection, indirect segmentation and normalization
(MNI 152 template), smoothing with a Gaussian kernel of FWHM 6 mm, regression of
nuisance covariates and head motion scrubbing, linear detrending, and filtering with a
band-pass filter applied with a frequency window of 0.008–0.09 Hz.

The diffusion-weighted images were preprocessed using FMRIB Software Library, FSL
version 6.0.3 (https://fsl.fmrib.ox.ac (accessed on 10 October 2022)). FMRIB’s Diffusion
Toolbox (FDT) was used for head motion eddy current correction, and the images were
affinely registered to the b0 reference image of each subject. Then, the DTI images were
spatially normalized to the DTI data’s co-registered T1-weighted images.

2.4. Seed-Based Functional Connectivity Analysis for Target Generation

We selected the left and right hippocampus, amygdala, and NAcc as regions of interest
(ROIs). All ROIs were defined using the Harvard–Oxford subcortical atlas (maxprob-
thr25-2 mm). Functional connectivity analysis was computed between each ROI and each
other voxel within the brain. In the first-level analysis, correlation maps were produced

http://www.nitrc.org/projects/conn
https://fsl.fmrib.ox.ac


J. Clin. Med. 2023, 12, 4426 4 of 23

for each subject by extracting the time course of the BOLD signal from the left and right
hippocampus, amygdala, and NAcc (respectively), and by computing Pearson’s correlation
coefficients between the time courses in the ROIs and all other voxels in the whole brain.
Correlation coefficients were transformed into Fisher’s z scores to increase normality.

Group-level analysis was performed on the functional connectivity maps (z values). A
one-sample t-test was applied for each seed ROI to obtain a group-level correlation map
(positive and negative correlation separately). For the whole-brain analysis, a voxel-level
threshold at p < 0.001 and a cluster-level false discovery rate (FDR) p < 0.05 correction
were applied.

As reported in previous studies [38–40], a brain surface mask was applied to constrain
the results to the brain surface areas and further to identify cortically accessible stimulation
sites. To optimize the stimulation targets generated by the rsFC, we used DPABI version 7.0
(http://rfmri.org/dpabi (accessed on 18 February 2023)) to increase T values by 0.5 based
on the group-level correlation map (positive and negative correlation map separately), until
7~10 clusters with voxel values ranging from 30 to 800 were identified. Next, the peak
MNI coordinates of these clusters were reported using the DPABI toolbox. The results were
mapped onto an MNI standard template with the international 10–20 EEG system [41] using
SurfIce (www.nitrc.org/projects/surfice/ (accessed on 10 October 2022)). The mapped
locations were further checked visually by the investigators.

2.5. ROI-Based Probabilistic Tractography Analysis

To obtain the streamline density map from each ROI to the brain surface, bedpostX by
FSL was first used to estimate the probability distribution of multiple fiber orientations in
each voxel across the brain, under the default parameters (number of samples: 5000, curva-
ture threshold: 0.2, step length: 0.5 mm, number of steps: 2000) [42]. Further, probabilistic
tractography (PTG) was performed with probtrackx2 to compute a probabilistic tract from
each voxel of one ROI to the brain surface, adopted as a waypoint mask. Only stream-
lines that passed through the waypoint mask would be considered valid. As reported in
previous studies [37,43,44], the streamline density map of each ROI to the brain surface
was binarized and thresholded of 1% for each subject. Finally, we combined individual
streamline density maps into group maps. A threshold of 15% was set on the group-level
probability map to remove those areas where only a few subjects showed connections [45].

2.6. Overlap of rsFC/PTG Analysis and Associations between Functional and Structural
Connectivity within the Overlaps

Each ROI’s group streamline density map was binarized and applied to the correspond-
ing group-level functional connectivity map (positive and negative rsFC map separately)
to obtain overlapping brain regions. The overlaps were further restricted to the brain
surface using the mask developed above. Next, following the methodology described in
Section 2.4, we used DPABI toolbox to optimize these overlapping surface brain regions.
Specifically, we increased T values by 0.5 based on the overlaps derived from the original
positive/negative group-level correlation map and the group streamline density mask,
until 7~10 clusters with voxel values ranging from 30 to 800 were identified. The peak
MNI coordinates and final brain stimulation protocols were obtained using the DPABI and
SurfIce toolbox.

We then explored the correlation between functional connectivity (FC) and structural
connectivity (SC) within the overlapping brain regions. For the FC, we extracted each
subject’s Fisher’s z-transformed mean value of each overlapping cluster, while the SC was
extracted using two modalities: tract strength and fractional anisotropy (FA) along the
white matter tracts. Both methods have been widely used to measure SC between the brain
regions [46,47]. To obtain SC values, previously identified overlap regions were extracted
and binarized for each ROI. Then, probtrackx2 was performed for each participant using
the ROIs as seed masks, brain surface as a waypoint mask, and each overlapping region as
a termination mask. The streamline density maps were obtained as described above. For

http://rfmri.org/dpabi
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obtaining the SC through tract strength, we calculated the mean value for all voxels within
each streamline density map and divided it by the way total of streamline. Moreover, we
also extracted the averaged FA values as a second method for the estimation of the SC.

The correlation between FC and SC (tract strength and mean FA) was estimated by
Pearson’s correlation coefficient (r). Statistical significance was set at p < 0.05, and Bonferroni
correction was applied for multiple comparisons. Statistical analysis was performed using
JASP version 0.16.3 (http://www.jasp-stats.org (accessed on 8 March 2023)).

3. Results
3.1. The Left Hippocampus
3.1.1. rsFC

We identified 15 brain surface areas (6 positive and 9 negative) based on the rsFC
results of the left hippocampus. The brain areas positively correlated with the left hip-
pocampus were the left orbitofrontal cortex (OFC), DLPFC, right middle and superior
temporal gyrus (MTG/STG), bilateral angular gyrus (ANG), and medial prefrontal cortex
(mPFC). The brain areas negatively correlated with the left hippocampus were the bilat-
eral DLPFC, ventrolateral prefrontal cortex (VLPFC), supramarginal gyrus (SMG), right
supplementary motor area (SMA), left cuneus, and right precuneus (Table 1, Figure 1A-left).

Table 1. Surface brain regions derived from the left hippocampus resting-state functional and
anatomical connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 EEG System Locations

x y z
Brain regions from resting-state functional connectivity analysis *

Positive

66 14.60 −27 30 −15 L Orbitofrontal cortex ~2 cm inferior to F7
181 13.66 −39 −69 33 L Angular ~3 cm inferior to P3
44 10.69 −18 30 45 L Superior frontal gyrus ~3 cm left posterior to Fz

194 13.07 45 −66 30 R Angular ~3 cm inferior to P4

280 16.39 63 −6 −24 R Middle/Superior
temporal gyrus ~3 cm anterior and inferior to T4

571 20.42 −3 42 −12 Bil Medial prefrontal
cortex

~0.5 cm inferior to the midpoint
Fp2–Fp1

Negative

213 −7.38 −36 42 30 L Middle frontal gyrus ~1 cm anterior and inferior to F3
76 −5.98 −54 12 6 L Inferior frontal gyrus ~2 cm posterior to F7

237 −9.63 −57 −36 33 L Supramarginal gyrus ~midpoint to C3–T5

221 −8.80 15 9 69 R Superior frontal gyrus/
Supplementary motor area ~2 cm right anterior to Cz

435 −9.77 63 −36 36 R Supramarginal gyrus ~midpoint to C4–T6
78 −6.85 45 6 51 R Middle frontal gyrus ~2 cm anterior and inferior to C4

176 −7.99 57 15 9 R Inferior frontal gyrus ~2 cm posterior to F8

354 −9.06 30 54 27 R Middle/superior
frontal gyrus ~1 cm posterior and superior to Fp2

431 −6.47 0 −90 27 L Cuneus/R Precuneus ~3 cm inferior to Pz
Overlapping brain regions from functional and anatomical connectivity analysis †

Positive
46 10.22 −30 −75 42 L Inferior parietal gyrus ~1 cm posterior and inferior to P3
30 16.55 −9 42 −12 L Medial prefrontal cortex ~2 cm left inferior to Fp1

Negative 289 −6.47 0 −90 27 Bil Cuneus ~3 cm right superior to O1
56 −5.70 9 −60 57 R Precuneus ~0.5 cm right inferior to Pz

* The threshold for positive rsFC is T > 8, and for negative rsFC is T < −4. † The threshold for positive rsFC is
T > 4.5, and for negative rsFC is T < −3. Abbreviations: L: Left, R: Right; Bil: Bilateral.

http://www.jasp-stats.org
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Figure 1. Potential brain stimulation targets of the left and right hippocampus. (A-left,A-right)
Surface brain regions derived from L/R HIP-based rsFC. (B-left,B-right) Fiber paths from the L/R
HIP-based PTG. (C-left,C-right) Overlapping surface brain regions derived from L/R HIP-based
rsFC and PTG.

3.1.2. PTG

The PTG results showed that the white matter fibers connected the left hippocampus
to brain surface areas that were mainly distributed at the left frontal and temporal lobes, as
well as the bilateral parietal and occipital lobes (F3, Fz, P3, P4, O1, and O2 in the 10–20 EEG
system) (Figure 1B-left).

3.1.3. Overlap Regions between rsFC and PTG

The overlapping brain areas (2 positive and 2 negative) were the left inferior parietal
gyrus (IPG), mPFC, bilateral cuneus, and the right precuneus (Table 1, Figure 1C-left).

3.2. The Right Hippocampus
3.2.1. rsFC

We identified 15 brain surface areas (7 positive and 8 negative) based on the rsFC
results of the right hippocampus. The brain areas positively correlated with the right
hippocampus were bilateral MTG/STG, ANG, mPFC, right DLPFC, and OFC. The brain
areas negatively correlated with the right hippocampus were bilateral DLPFC, VLPFC,
SMG, cuneus, and right SMA (Table 2, Figure 1A-right).

3.2.2. PTG

The PTG results showed that the white matter fibers connected the right hippocampus
to brain surface areas that were mainly distributed at the right frontal and temporal lobes,
as well as the bilateral parietal and occipital lobes (F4, Fz, T4, T6, P3, O1, and O2 in the
10–20 EEG system) (Figure 1B-right).

3.2.3. Overlap Regions between rsFC and PTG

The overlapping brain areas (4 positive and 2 negative) were the right inferior temporal
gyrus (ITG), MTG, OFC, mPFC, superior occipital gyrus (SOG), and left precuneus (Table 2,
Figure 1C-right).
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Table 2. Surface brain regions derived from the right hippocampus resting-state functional and
anatomical connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 EEG System Locations

x y z
Brain regions from resting state functional connectivity analysis *

Positive

131 11.90 −60 −9 −18 L Middle/Superior
temporal gyrus ~1 cm inferior to T3

100 12.21 −42 −69 33 L Angular ~2 cm inferior to P3
68 12.62 21 27 48 R Superior frontal gyrus ~2 cm left posterior to F4

224 14.01 48 −63 36 R Angular ~2 cm anterior and inferior to P4

694 20.39 63 −6 −21 R Middle/Superior
temporal gyrus ~3 cm anterior and inferior to T4

56 13.76 30 33 −15 R Orbitofrontal cortex ~3 cm inferior to F8

512 20.52 3 33 −15 Bil Medial prefrontal cortex ~1 cm inferior to the midpoint
Fp2–Fp1

Negative

215 −7.88 −36 48 24 L Middle frontal gyrus ~midpoint to Fz–F7
134 −7.70 −45 18 3 L Inferior frontal gyrus ~1 cm posterior to F7

260 −10.64 −54 −42 36 L Supramarginal gyrus ~0.5 cm posterior to the midpoint
C3–T5

174 −9.34 15 9 69 R Superior frontal gyrus/
Supplementary motor area ~junction of 1/3 and 2/3 Cz–F4

275 −9.03 63 −39 36 R Supramarginal gyrus ~midpoint to C4–T6
90 −7.63 54 15 3 R Inferior frontal gyrus ~2 cm posterior and inferior to F8

212 −8.87 33 54 27 R Middle frontal gyrus ~midpoint to Fz–F8

262 −6.92 3 −87 30 Bil Cuneus ~1 cm inferior to the midpoint of
P3–P4

Overlapping brain regions from functional and anatomical connectivity analysis †

Positive

38 6.58 45 −45 −15 R Inferior temporal gyrus ~3 cm anterior and inferior to T6
482 19.17 60 −12 −21 R Middle temporal gyrus ~3 cm anterior and inferior to T4
51 12.61 36 33 −12 R Orbitofrontal cortex ~3 cm inferior to F8
33 14.64 9 42 −15 R Medial prefrontal cortex ~1 cm right inferior to Fp2

Negative 30 −4.90 −15 −57 57 L Precuneus ~midpoint to Pz–P3
407 −5.96 15 −93 33 R Superior occipital gyrus ~midpoint to Pz–O2

* The threshold for positive rsFC is T > 8.5, and for negative rsFC is T < −4.5. † The threshold for positive rsFC is
T > 3, and for negative rsFC is T < −3.

3.3. The Left Amygdala
3.3.1. rsFC

We identified 11 brain surface areas (4 positive and 7 negative) based on the rsFC
analysis. The brain areas positively correlated with the left amygdala were the bilateral
STG/MTG, mPFC, and right OFC. The brain areas negatively correlated with the left
amygdala were the bilateral DLPFC, right SMG, and precuneus (Table 3, Figure 2A-left).

3.3.2. PTG

The PTG results showed that the white matter fibers connected the left amygdala to
brain surface areas that were mainly distributed at the left frontal, temporal, parietal, and
occipital lobes (F3, Fz, C3, Cz, P3, Pz, and O1 in the 10–20 EEG system) (Figure 2B-left).

3.3.3. Overlap Regions between rsFC and PTG

The overlapping regions from the left amygdala rsFC/PTG analysis (1 positive and
1 negative) were the bilateral mPFC and precuneus (Table 3, Figure 2C-left).
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Table 3. Surface brain regions derived from the left amygdala resting-state functional and anatomical
connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 System Locations

x y z
Brain regions from resting state functional connectivity analysis *

Positive

717 25.43 −27 3 −21 L Superior/Middle
temporal gyrus ~3 cm inferior and anterior to T3

414 15.67 27 6 −21 R Superior temporal gyrus ~3 cm inferior and anterior to T4
36 11.49 33 33 −15 R Orbitofrontal cortex ~3 cm inferior to F8

144 12.05 −3 42 −15 Bil Medial prefrontal cortex ~0.5 cm inferior to the midpoint of
Fp1–Fp2

Negative

158 −6.02 −33 54 12 L Middle/Superior frontal
gyrus ~1 cm right superior to Fp1

46 −5.17 −39 39 30 L Middle frontal gyrus ~1 cm anterior and inferior to F3

54 −7.19 3 33 36 Bil Medial superior frontal
gyrus ~1 cm posterior to Fz

156 −7.39 21 15 63 R Superior frontal gyrus ~midpoint to F4–Cz
249 −8.18 48 −45 36 R Supramarginal gyrus ~midpoint to P4–T4
658 −8.78 33 57 21 R Middle frontal gyrus ~midpoint to F4–Fp2
732 −7.92 12 −69 45 R Precuneus ~midpoint to Cz–O2

Overlapping brain regions from functional and anatomical connectivity analysis †

Positive 66 11.29 −3 45 −15 Bil Medial prefrontal cortex ~1 cm inferior to the midpoint of
Fp2–Fp1

Negative 211 −7.44 −3 −75 48 Bil Precuneus ~midpoint to Cz–O1

* The threshold for positive rsFC is T > 8, and for negative rsFC is T < −4. † The threshold for positive rsFC is
T > 3, and for negative rsFC is T < −3.

Figure 2. Potential brain stimulation targets of the left and right amygdala. (A-left,A-right) Surface
brain regions derived from L/R AMYG-based rsFC. (B-left,B-right) Fiber paths from the L/R AMYG-
based PTG. (C-left,C-right) Overlapping surface brain regions derived from L/R AMYG-based rsFC
and PTG.
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3.4. The Right Amygdala
3.4.1. rsFC

We identified 10 brain surface areas (3 positive and 7 negative) based on the rsFC of
the right amygdala. The brain areas positively correlated with the right amygdala were
the bilateral mPFC, STG/MTG, and postcentral gyrus (PoCG). The brain areas negatively
correlated with right amygdala were the bilateral DLPFC, IPG, SMA, and precuneus.
(Table 4, Figure 2A-right).

Table 4. Surface brain regions derived from the right amygdala resting-state functional and anatomi-
cal connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 System Locations

x y z
Brain regions from resting state functional connectivity analysis *

Positive

414 18.78 −24 3 −21 L Superior/Middle temporal
gyrus/Postcentral gyrus ~3 cm inferior and anterior to T3

783 31.06 27 3 −24 R Superior/Middle temporal
gyrus/Postcentral gyrus ~3 cm inferior and anterior to T4

148 13.34 3 48 −12 Bil Medial prefrontal cortex ~1 cm inferior to the midpoint of
Fp2–Fp1

Negative

508 −7.72 −33 57 21 L Middle/Superior frontal gyrus ~midpoint to Fp1–F3
52 −5.18 −33 3 63 L Middle/Superior frontal gyrus ~1 cm anterior and superior to C3

187 −6.15 −51 −48 39 L Inferior parietal gyrus ~midpoint to C3–O1
142 −7.75 3 24 45 Bil Supplementary motor area ~midpoint to Fz–Cz
237 −8.34 45 −48 42 R Inferior parietal gyrus ~midpoint to C4–O2
787 −8.83 39 36 39 R Middle/Superior frontal gyrus ~close to F4
469 −8.81 −3 −75 54 Bil Precuneus ~1 cm left inferior to Pz

Overlapping brain regions from functional and anatomical connectivity analysis †

Positive 37 12.53 6 48 −12 R Medial prefrontal cortex ~1 cm right inferior to Fp2

Negative
36 −4.66 21 57 −3 R Orbitofrontal cortex ~close to Fp2

216 −7.78 12 −72 45 R Precuneus ~midpoint to Cz–O2

* The threshold for positive FC is T > 7.5, and for negative rsFC is T < −4. † The threshold for positive rsFC is
T > 3, and for negative rsFC is T < −3.

3.4.2. PTG

The PTG results showed that the white matter fibers connected the right amygdala to
brain surface regions that were mainly distributed at the right frontal, temporal, parietal, and
occipital lobes (Fp2, F4, Fz, C4, Cz, P4, Pz, and O2 in the 10–20 EEG system) (Figure 2B-right).

3.4.3. Overlap Regions between rsFC and PTG

The overlapping brain regions from the right amygdala rsFC/PTG analysis (1 positive
and 2 negative) were the right mPFC, OFC, and precuneus (Table 4, Figure 2C-right).

3.5. Left NAcc
3.5.1. rsFC

We identified nine brain surface areas (5 positive and 4 negative) based on the left
NAcc-rsFC results. The brain areas positively correlated with the left NAcc were the
bilateral STG, right MTG, precuneus, and left mPFC. The brain areas negatively correlated
with the left NAcc were the bilateral VLPFC, left DLPFC, PreCG, IPG, and ITG (Table 5,
Figure 3A-left).
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Table 5. Surface brain regions derived from the left NAcc resting-state functional and anatomical
connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 System Locations

x y z
Brain regions from resting state functional connectivity analysis *

Positive

108 8.54 −48 −21 6 L Superior temporal gyrus ~1 cm posterior and superior to T3
60 7.28 60 −33 15 R Superior temporal gyrus ~2 cm posterior and superior to T4
79 7.48 54 3 −12 R Middle temporal gyrus ~3 cm anterior and inferior to T4

771 16.50 −9 42 −6 L Medial prefrontal cortex ~1 cm left inferior to Fp1
297 8.16 9 −60 30 R Precuneus ~midpoint to Pz–O2

Negative

768 −7.21 −48 42 3 L Inferior/Middle frontal
gyrus/Precentral gyrus

~1 cm anterior to F7, on the line
F7–Fp1

273 −6.07 −48 −45 51 L Inferior parietal gyrus ~2 cm anterior to P3
31 −4.43 −57 −51 −6 L Inferior temporal gyrus ~1 cm anterior and inferior to T5

273 −5.83 45 57 −9 R Inferior frontal gyrus ~1 cm anterior to F8
Overlapping brain regions from functional and anatomical connectivity analysis †

Positive 524 16.50 −9 42 −6 Bil Medial prefrontal cortex ~1 cm left anterior to Fp1

Negative − − − − − − −
* The threshold for positive rsFC is T > 5, and for negative rsFC is T < 0. † The threshold for positive rsFC is T > 3,
with no overlap between negative rsFC and PTG.

Figure 3. Potential brain stimulation targets of left and right nucleus accumbens. (A-left,A-right)
Surface brain regions derived from L/R NAcc-based rsFC. (B-left,B-right) Fiber paths from the L/R
NAcc-based PTG. (C-left,C-right) Overlapping surface brain regions from L/R NAcc-based rsFC
and PTG.

3.5.2. PTG

The PTG results showed that the white matter fibers connected the left NAcc to brain
surface areas that were mainly distributed at the bilateral frontal lobe and left temporal
lobe (F3, F4, P3, Pz, and O1 in the 10–20 EEG system) (Figure 3B-left).
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3.5.3. Overlap Regions between rsFC and PTG

The overlapping brain region of the left NAcc rsFC/PTG analysis was the bilateral
mPFC (Table 5, Figure 3C-left).

3.6. Right NAcc
3.6.1. rsFC

We identified ten brain surface areas (5 positive and 5 negative) based on the right
NAcc-rsFC results. The brain regions positively correlated with the right NAcc were the
bilateral STG, mPFC, right OFC, and left SFG. The brain areas negatively correlated with
the right NAcc were bilateral VLPFC, DLPFC, and left IPG (Table 6, Figure 3A-right).

Table 6. Surface brain regions derived from the right NAcc resting state functional and anatomical
connectivity analysis.

rsFC Cluster
Size Peak T

Peak Coordinate
Identified Brain Regions 10–20 System Locations

x y z
Brain regions from resting state functional connectivity analysis *

Positive

34 7.10 −24 42 39 L Superior frontal gyrus ~midpoint to F7–Fz
147 8.77 −60 −21 9 L Superior temporal gyrus ~1 cm posterior and superior to T3
383 7.59 57 −15 6 R Superior temporal gyrus ~close to T4
56 8.18 24 33 −15 R Orbitofrontal cortex ~1 cm inferior to Fp2

713 18.17 −3 45 −6 Bil Medial prefrontal cortex ~midpoint to Fp1–Fp2

Negative

409 −6.20 −48 51 −3 L Middle/Inferior frontal
gyrus

~0.5 cm inferior to the midpoint of
Fp1–F7

147 −4.69 −48 −48 51 L Inferior parietal gyrus ~2 cm anterior to P3

40 −5.41 −6 36 45 L Medial superior frontal
gyrus ~1 cm left posterior to Fz

31 −4.66 33 15 60 R Middle frontal gyrus ~midpoint to Fz–C4
38 −4.63 57 18 30 R Inferior frontal gyrus ~midpoint to C4–F8

Overlapping brain regions from functional and anatomical connectivity analysis †

Positive 586 18.17 −3 45 −6 Bil Medial prefrontal cortex ~0.5 cm inferior to the midpoint of
Fp2–Fp1

Negative − − − − − − −
* The threshold for positive rsFC is T > 5.5, and for negative rsFC is T < 0. † The threshold for positive rsFC is
T > 3, with no overlap between negative rsFC and PTG.

3.6.2. PTG

The PTG results showed that the white matter fibers connected the right NAcc to brain
surface areas that were mainly distributed at the bilateral frontal lobe and right temporal
lobe (Fp2, F4, Fz, and Cz based on the 10–20 EEG system) (Figure 3B-right).

3.6.3. Overlap Regions between rsFC and PTG

The overlapping brain region of the right NAcc rsFC/PTG analysis was the bilateral
mPFC (Table 6, Figure 3C-right).

4. Overlapping Surface Regions among Three Subcortical Structures Based on
rsFC/PTG

We investigated the overlapping brain regions of the rsFC/PTG results across six
ROIs. The results showed an overlap in the mPFC in all seed regions (Figure 4), while the
precuneus was involved in the left and right amygdala and left and right hippocampus
(Figure 5).
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Figure 4. Overlap in the mPFC across all six seed regions. L: left, R: right, A: anterior, P: posterior.
Notes: Each overlapping mPFC area was selected based on the positive rsFC and PTG results of the
left and right hippocampus, amygdala, and NAcc. The mPFC region from positive rsFC results are
indicated by yellow color; the overlapping mPFC region is indicated by red color.

Figure 5. Overlap in the precuneus across four seed regions. L: left, R: right, A: anterior, P: posterior.
Notes: Each overlapping precuneus area was selected based on the negative rsFC and PTG results
of the left and right hippocampus and amygdala. The precuneus region from negative rsFC results
appears in yellow; the overlapping precuneus region appears in blue.

Correlations between FC and SC in mPFC among Three Subcortical Structures

We further explored the associations of functional and structural connections in the
overlapping mPFC areas of each ROI. The results showed: (1) a significant positive cor-
relation between the tract strength and rsFC of the left hippocampus in the overlapping
mPFC area (r = 0.3, p = 0.002, significant after Bonferroni’s correction, p < 0.05/12 = 0.004);
and (2) a significant positive correlation between the FA and rsFC of the left NAcc in the
overlapping mPFC area (r = 0.3, p = 0.002, corrected) (Figure 6). No other significant results
were found.
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Figure 6. Pearson correlation scatterplot between FC and SC in hippocampus-mPFC (left) and
NAcc-mPFC (right). Notes: p values survived the Bonferroni correction. The blue line indicates the
95% confidence intervals.

5. Discussion

This study identified potential brain surface targets for NIBS of three deep brain struc-
tures (hippocampus, amygdala, and NAcc) by using rsFC and PTG methods on 119 healthy
subjects. The results showed that the functional and structural connectivity of the three
regions tend to be bilaterally distributed, while the ipsilateral connection is more robust
than contralateral connectivity. Interestingly, we found that the mPFC is functionally and
anatomically connected to all three subcortical regions, while the precuneus is connected to
two regions (hippocampus and amygdala). The mPFC, precuneus, and other identified
brain surface regions from rsFC analysis may be used as NIBS targets to influence the
function of these subcortical regions and optimize treatment for psychiatric and neuro-
logical disorders in which these brain regions are involved. Furthermore, the identified
brain surface areas may also be used as targets for other scalp stimulation methods, such as
scalp acupuncture, which is based on brain anatomy and function [48]. In particular, the
electrical scalp can be regarded as a new form of transcranial electrical stimulation (TES).

5.1. The mPFC Is Functionally and Anatomically Connected with the Hippocampus, Amygdala,
and NAcc

We found that the mPFC is functionally (positively) and anatomically connected
with the hippocampus, amygdala, and NAcc. The mPFC is a key node of the default
mode network (DMN), which plays a crucial role in cognitive control and emotional
regulation [49,50]. Disruption of the DMN is associated with a wide range of neurological
and psychiatric diseases, including but not limited to AD, PD, SCZ, MDD, epilepsy, and
attention deficit hyperactivity disorder (ADHD) [51].

Preliminary studies have provided evidence supporting the mPFC as a promising
target for neuromodulation in the treatment of behavioral and emotional disorders, such as
Huntington’s disease, obsessive compulsive disorder, and depression [52–54]. For example,
a recent study found that tDCS applied to the mPFC can modulate subjective emotional
experiences, accompanied by enhanced activation of the mPFC and other limbic regions,
including the amygdala and ventral striatum. In the study, the tDCS electrode was placed
vertically on the forehead, with side edges equidistant from the eyes and the bottom edge
positioned 1 cm above the nasion [55]. In another study targeting the mPFC with the
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anode placed over Fpz (10–20 EEG system), investigators found that tDCS can modulate
connectivity between the mPFC and subcortical reward circuits, particularly the right
striatum, leading to improved safety learning in individuals with obsessive compulsive
disorder [54]. These mPFC locations align with our own findings.

However, there is still much to learn about the underlying mechanism of its func-
tioning when stimulated using NIBS. This may be complemented by work highlighting
that hub nodes in the brain tend to have high average controllability in the DMN; there-
fore, modulation of hub regions can have high impacts on brain system functioning [56].
Our results support the idea that mPFC may be used as a key control node of DMN,
thereby concurrently modulating activity in the hippocampus, amygdala, and NAcc to
treat DMN-related diseases.

Studies have highlighted a primary role of mPFC–hippocampus circuits in memory
retrieval and formation [57,58]. Research has suggested a correlation between stimulating
this circuit and improved memory function after mind–body intervention [59]. Similarly, an-
other study on rats revealed that stimulating mPFC could modulate hippocampal neuronal
activity, which may lead to enhanced depression behaviors [60].

The mPFC has been recognized as a target for regulating mood and anxiety disorders
through inhibiting brain areas involved in processing negative emotions, particularly
the amygdala [61]. Recently, intensified transcranial direct current stimulation (tDCS)
targeting the mPFC has been found to improve cognitive control, motivation, and emotional
functions for social anxiety disorder by modulating the amygdala–frontal network [62].
Repetitive TMS (rTMS) of the mPFC has been found to facilitate emotional memories
within an emotion–cognition network, including changes in hippocampus/amygdala-
mPFC circuits [63]. Collectively, the mPFC may be a promising neuromodulation target to
improve memory and affective disorders.

The NAcc and mPFC, two key components in the reward circuit, are thought to
play critical roles in human social and affective function [64] and pain modulation [65,66].
Previous TES studies have indicated that stimulation of mPFC in patients and animal
models induced antidepressant-like effects, which are associated with neural activation in
NAcc [67]. A more recent study found that intracranial orbital mPFC signals can be used to
predict spontaneous, chronic pain state in patients [68]. The mPFC-NAcc circuit may serve
as a useful target in treatments for affective disorders and chronic pain.

Additionally, we observed a positive correlation between SC and FC in left
hippocampus–mPFC as well as left NAcc-mPFC, which encompassed the mPFC (the
overlapping region of each ROI), respectively. This finding aligns with the notion that
functionally connected areas tend to be structurally connected, and that anatomical ba-
sis constrains FC to some degree [69,70]. Anatomical and functional connections be-
tween the mPFC and hippocampus are crucial for rapid learning and memory consolida-
tion [16]. Furthermore, alterations in the SC-FC relations of mPFC–hippocampus/NAcc
have been observed in several neuropsychiatric disorders, such as chronic pain, schizophre-
nia, and epilepsy [71–73]. This study demonstrated that FC and SC patterns within the
mPFC–hippocampus/NAcc are interrelated in healthy individuals, and FC-SC coupling
characteristics of these connections may act as potential neuromarkers for neuropsychi-
atric disorders.

Our results, along with those of previous studies, suggest that the mPFC is closely
connected to the hippocampus, amygdala, and NAcc in both healthy and pathological
states, offering potential for NIBS techniques to simultaneously modulate the activity of
these three deep brain structures.

5.2. The Precuneus Is Functionally and Anatomically Connected with the Hippocampus
and Amygdala

We found that the precuneus is functionally (negatively) and anatomically connected
with the left and right hippocampus and amygdala. As another critical node of DMN,
the precuneus is known as a remote interconnected node of the hippocampal intrinsic
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connectivity network [32]. Recently, a rTMS study has demonstrated the potential of
targeting the precuneus as an effective intervention for subjective cognitive decline [74],
associated with precuneus–hippocampus circuits, with the coil positioned at the Pz site
(10–20 EEG system). Moreover, another rTMS study over the precuneus (the position based
on individual T1-weighted MRI) has produced improvement on early memory symptoms
of AD, and the clinical improvement is accompanied by modulation of the connectivity
between the hippocampus and precuneus [75]. Our findings are consistent with these
previous studies.

On the other hand, amygdala–precuneus FC has been associated with emotional
regulation through attentional processes [76], and disrupted connectivity between them has
been reported in psychiatric disorders such as MDD, BD, and PTSD [77–79]. Interestingly,
we also observed positive functional connectivity between the precuneus and the left NAcc.
Reduced NAcc–precuneus FC has been linked with neural factors of irritability related to
ADHD [80], MDD, and Internet gaming disorder [81,82]. Nevertheless, few studies have
used the precuneus as a NIBS target to treat such conditions.

Our findings, along with the above studies, endorsed the potential of targeting the
precuneus using NIBS through the interaction between the precuneus and all three subcor-
tical structures.

5.3. Other Hippocampus Functional Connectivity Analysis Results

We found intrinsic FC between the hippocampus and the frontal cortices
(OFC/DLPFC/VLPFC), temporal, parietal, and occipital lobes. This expands on prior
knowledge of the FC of the hippocampus [83], and highlights the potential of these areas
as NIBS targets.

The OFC is associated with various brain functions, including memory and memory-
related emotions, cognitive regulation, and reward [84,85]. Stimulating this area may help
improve symptoms of cognitive decline and depression in various disorders [86–88]. The
DLPFC, a vital node of the cognitive circuit involved in executive control and other critical
cognitive processes, is a widely-used target for NIBS in treating various neurological and
psychiatric conditions [89]. Moreover, the VLPFC, associated with memory and emotional
functions, may be a suitable target for those with cognitive and emotional disorders [90].
Localizing appropriate NIBS sites for the DLPFC/VLPFC remains a challenge, and the
findings of this study may contribute to the development of treatments for hippocampal-
related diseases [91].

Previous work has demonstrated that NIBS of the lateral parietal cortex could alter
hippocampal neural activity to improve memory function [83,92]. Our findings further
support this NIBS implementation in treating memory disorders. We also found FC between
the hippocampus and the temporal (STG/MTG/ITG) and occipital cortices (cuneus and
SOG). The temporal lobe is involved in both semantic and episodic memory formation,
while the interaction between the occipital lobe and hippocampus is essential for memory
recognition and retrieval. These targets may be used to alleviate memory impairment in
AD and semantic dementia cases [93].

Additionally, left–right hippocampus functional differences have been observed in
both humans and animals, with the right hippocampus being involved in spatial memory,
and the left in context-dependent episodic or autobiographical memory [94]. The left
and right hippocampi also differ in their roles in short-term memory formation, with the
right hippocampus facilitating it and the left suppressing it [95]. Therefore, their clinical
relevance should be chosen flexibly and independently according to individual functions.

5.4. Other Amygdala Functional Connectivity Analysis Results

Our study revealed intrinsic FCs between the amygdala and OFC/mPFC/SMA/DLPFC,
as well as the temporal and parietal lobes, which may be used as potential NIBS targets.
This adds to prior knowledge of the FCs of the amygdala [96].
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Regions of the prefrontal cortex, such as the OFC and mPFC, are known to be involved
in regulating negative affect and fear responses [97]; therefore, targets in these regions
may be suitable for treating mood disorders like depression and anxiety [98]. Furthermore,
the SMA–amygdala circuit may account for the enhanced emotional arousal processing
associated with PD, OCD, and irritable bowel syndrome [99–101], thus making the SMA a
potential target for these conditions.

NIBS techniques, such as TMS and TBS delivered to the left DLPFC, have been ap-
proved by the U.S. Food and Drug Administration for treatment-resistant depression.
Cole et al. proposed a rsFC-guided TBS protocol, which showed increased effectiveness
compared to sham stimulation for treatment of depression [102]. The DLPFC target in
the protocol was generated using rsFC with subgenual ACC as seed and DLPFC as a
region of interest (around F3 of the 10–20 EEG system) [103]. This result is consistent with
our findings.

Emotional attention modulation is thought to occur via projections from the amyg-
dala to sensory processing areas, including the temporal cortex [104]. Additionally, the
connections between the amygdala and PoCG integrate sensory information with emo-
tional input [105], while the IPG perceives emotions in facial stimuli and interprets sensory
information [106]. NIBS of the above areas hold promise for treating sensory and emo-
tional disorders.

Although the FC results for the left and right amygdala were similar, they may have
differential activation patterns in emotional processes. The left amygdala exhibited activa-
tion in cognitive and intentional control of mood, whereas the right amygdala is involved
more in automatic emotion induction, relying less on explicit reflection processes [107].

5.5. Other NAcc Functional Connectivity Analysis Results

We found functional connections between NAcc and OFC/DLPFC/VLPFC, as well
as the temporal and parietal lobes, which extend previous rsFC results of the NAcc [108].
These connections may have clinical applications for selecting NIBS targets.

Increased OFC-NAcc FC is associated with craving in alcohol use disorder and situ-
ational alcohol-seeking behavior [109]. TMS of the medial/lateral OFC may be effective
in treating depression [110], making OFC-NAcc a promising option for treating substance
use and mood disorders. The DLPFC/VLPFC-NAcc circuits are essential for emotional
regulation. Anti-depression effects of TMS of the left DLPFC were found to be corre-
lated with stimulated DLPFC-NAcc intrinsic FC strength [111]. Moreover, cognitive and
neural evidence exists for targeting the VLPFC/DLPFC to enhance emotional regulation
abilities [112], supporting our strategy of optimizing DLPFC/VLPFC targets based on
NAcc rsFC.

Altered FC between the NAcc and the temporal area was implicated in temporal lobe
epilepsy [113]. Variations in the NAcc and temporal lobes may be associated with PD
and its impulse control disorders (ICDs) [114], with the severity of ICDs being correlated
with IPG areas [115]. Targets located in the temporal gyrus and IPG could be useful for
PD treatment.

While NIBS holds promise in targeting specific brain regions and modulating their
activity, several considerations need to be acknowledged. First, like other interventions,
there exist variability in individuals’ responses to stimulation, influenced by factors such as
neuroanatomy, functional connectivity, and baseline brain state [116]. Moreover, variations
in NIBS protocols, including intensity, duration, electrode position, and coil orientation,
can significantly impact the effectiveness of stimulation [117]. Additionally, the precise
mechanisms underlying NIBS effects remain unclear, and conflicting findings across studies
further emphasizes the complexity of brain stimulation and the need for ongoing investiga-
tion [118]. Furthermore, it is essential to recognize the potential risks associated with NIBS
techniques, such as unwanted side effects (e.g., seizures, headaches, or scalp discomfort),
particularly when considering clinical applications in patient population [119]. Address-
ing these challenges involves optimizing stimulation protocols to account for individual
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variability, establishing standardized outcome measures, and enhancing reproducibility
across laboratories. A comprehensive understanding of these limitations and challenges
will foster responsible and effective utilization of NIBS techniques in future research and
clinical applications.

6. Limitations

Our study has several limitations. First, the differential functions of left and right
hippocampus, amygdala, and NAcc, and their associations with the corresponding diseases,
remain unclear. For the convenience of discussion, we incorporated the connectivity
associated with each side of the ROIs. To perform effective interventions for specific
conditions, users may choose targets based on the specific neural circuit involved in each
side of the structures. Secondly, it is important to note that our study was conducted on a
sample of healthy subjects, which may limit the ability to fully capture the complexities
and variations present in patients with psychiatric and neurological disorders. Further
research is necessary to evaluate the efficacy and safety of targeting these brain regions
in diverse clinical populations. Thirdly, our study relied on rsFC and PTG methods, both
of which have inherent limitations and potential sources of bias. Factors such as the
choice of seed regions, imaging parameters, and data analysis methods can impact the
accuracy and reliability of these techniques in identifying and characterizing connectivity
patterns between brain regions. Furthermore, our findings are based on group analysis,
but individualized PTG and rsFC analysis may provide more accurate targets for brain
stimulation tools (e.g., TMS). Nevertheless, for brain stimulation tools that do not have
an accurate spatial resolution (e.g., TES), clinics that do not have MRI data available, or
clinicians who do not have the expertise/resources to perform complicated brain imaging
data analysis, our findings may provide valuable stimulation guidance. Finally, clinical
trials and additional studies are needed to validate our findings.

7. Conclusions

We found that the mPFC, precuneus, and other surface brain regions may be used
as potential brain stimulation targets to influence the activity/connectivity of the vital
subcortical regions (hippocampus, amygdala, and NAcc). Our findings may shed light on
identifying new NIBS targets for psychiatric and neurological diseases and chronic pain.
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Abbreviations

NAcc: nucleus accumbens; NIBS: non-invasive brain stimulation; MRI: magnetic resonance
imaging; rsFC: resting-state functional connectivity; PTG: probabilistic tractography; AD: Alzheimer’s
disease; PD: Parkinson’s disease; MDD: major depressive disorders; TES: transcranial electric stim-
ulation; TMS: transcranial magnetic stimulation; SCZ: schizophrenia; BP: bipolar disorder; ASD:
autism spectrum disorder; OCD: obsessive compulsive disorder; HD: Huntington’s disease; MNI:
Montreal Neurological Institute; ROI: regions of interest; FC: functional connectivity; SC: structural
connectivity; FA: fractional anisotropy; mPFC: medial prefrontal cortex; OFC: orbitofrontal cortex;
DLPFC: dorsolateral prefrontal gyrus; MTG: middle temporal gyrus; STG: superior temporal gyrus;
ANG: angular gyrus; VLPFC: ventrolateral prefrontal cortex; IPG: inferior parietal gyrus; SMA:
supplementary motor area; ITG: inferior temporal gyrus; SOG: superior occipital gyrus; PoCG: post-
central gyrus; tDCS: transcranial direct current stimulation; rTMS: repetitive transcranial magnetic
stimulation; iTBS: intermittent theta pulse stimulation.

References
1. Knierim, J.J. The Hippocampus. Curr. Biol. 2015, 25, R1116–R1121. [CrossRef]
2. Toda, T.; Parylak, S.L.; Linker, S.B.; Gage, F.H. The Role of Adult Hippocampal Neurogenesis in Brain Health and Disease. Mol.

Psychiatry 2019, 24, 67. [CrossRef]
3. Zeidman, P.; Maguire, E.A. Anterior Hippocampus: The Anatomy of Perception, Imagination and Episodic Memory. Nat. Rev.

Neurosci. 2016, 17, 173–182. [CrossRef] [PubMed]
4. Janak, P.H.; Tye, K.M. From Circuits to Behaviour in the Amygdala. Nature 2015, 517, 284. [CrossRef] [PubMed]
5. Ho, N.F.; Chong, P.L.H.; Lee, D.R.; Chew, Q.H.; Chen, G.; Sim, K. The Amygdala in Schizophrenia and Bipolar Disorder: A

Synthesis of Structural MRI, Diffusion Tensor Imaging, and Resting-State Functional Connectivity Findings. Harv. Rev. Psychiatry
2019, 27, 150–164. [CrossRef]

6. Zheng, Z.H.; Tu, J.L.; Li, X.H.; Hua, Q.; Liu, W.Z.; Liu, Y.; Pan, B.X.; Hu, P.; Zhang, W.H. Neuroinflammation Induces Anxiety-and
Depressive-like Behavior by Modulating Neuronal Plasticity in the Basolateral Amygdala. Brain Behav. Immun. 2021, 91, 505–518.
[CrossRef]

7. Salgado, S.; Kaplitt, M.G. The Nucleus Accumbens: A Comprehensive Review. Stereotact. Funct. Neurosurg. 2015, 93, 75–93.
[CrossRef] [PubMed]

8. Yan, H.; Shlobin, N.A.; Jung, Y.; Zhang, K.K.; Warsi, N.; Kulkarni, A.V.; Ibrahim, G.M. Nucleus Accumbens: A Systematic Review
of Neural Circuitry and Clinical Studies in Healthy and Pathological States. J. Neurosurg. 2022, 138, 337–346. [CrossRef] [PubMed]

9. Benarroch, E.E. Involvement of the Nucleus Accumbens and Dopamine System in Chronic Pain. Neurology 2016, 87, 1720–1726.
[CrossRef]

10. Yang, Y.; Wang, J.Z. From Structure to Behavior in Basolateral Amygdala-Hippocampus Circuits. Front. Neural Circuits 2017, 11, 86.
[CrossRef]

11. Pennartz, C.M.A.; Ito, R.; Verschure, P.F.M.J.; Battaglia, F.P.; Robbins, T.W. The Hippocampal-Striatal Axis in Learning, Prediction
and Goal-Directed Behavior. Trends Neurosci. 2011, 34, 548–559. [CrossRef] [PubMed]

12. Bagot, R.C.; Parise, E.M.; Peña, C.J.; Zhang, H.X.; Maze, I.; Chaudhury, D.; Persaud, B.; Cachope, R.; Bolaños-Guzmán, C.A.;
Cheer, J.; et al. Ventral Hippocampal Afferents to the Nucleus Accumbens Regulate Susceptibility to Depression. Nat. Commun.
2015, 6, 7062. [CrossRef] [PubMed]

13. Etkin, A.; Egner, T.; Kalisch, R. Emotional Processing in Anterior Cingulate and Medial Prefrontal Cortex. Trends Cogn. Sci. 2011,
15, 85. [CrossRef]

14. Mansouri, F.A.; Tanaka, K.; Buckley, M.J. Conflict-Induced Behavioural Adjustment: A Clue to the Executive Functions of the
Prefrontal Cortex. Nat. Rev. Neurosci. 2009, 10, 141–152. [CrossRef] [PubMed]

15. Park, A.J.; Harris, A.Z.; Martyniuk, K.M.; Chang, C.Y.; Abbas, A.I.; Lowes, D.C.; Kellendonk, C.; Gogos, J.A.; Gordon, J.A. Reset
of Hippocampal-Prefrontal Circuitry Facilitates Learning. Nature 2021, 591, 615–619. [CrossRef]

16. Euston, D.R.; Gruber, A.J.; McNaughton, B.L. The Role of Medial Prefrontal Cortex in Memory and Decision Making. Neuron
2012, 76, 1057. [CrossRef]

17. Huang, W.C.; Zucca, A.; Levy, J.; Page, D.T. Social Behavior Is Modulated by Valence-Encoding MPFC-Amygdala Sub-Circuitry.
Cell Rep. 2020, 32, 107899. [CrossRef]

18. Goto, Y.; Grace, A.A. Limbic and Cortical Information Processing in the Nucleus Accumbens. Trends Neurosci. 2008, 31, 552–558.
[CrossRef]

19. Sesack, S.R.; Grace, A.A. Cortico-Basal Ganglia Reward Network: Microcircuitry. Neuropsychopharmacology 2010, 35, 27–47.
[CrossRef]

https://doi.org/10.1016/j.cub.2015.10.049
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1038/nrn.2015.24
https://www.ncbi.nlm.nih.gov/pubmed/26865022
https://doi.org/10.1038/nature14188
https://www.ncbi.nlm.nih.gov/pubmed/25592533
https://doi.org/10.1097/HRP.0000000000000207
https://doi.org/10.1016/j.bbi.2020.11.007
https://doi.org/10.1159/000368279
https://www.ncbi.nlm.nih.gov/pubmed/25720819
https://doi.org/10.3171/2022.5.JNS212548
https://www.ncbi.nlm.nih.gov/pubmed/35901682
https://doi.org/10.1212/WNL.0000000000003243
https://doi.org/10.3389/fncir.2017.00086
https://doi.org/10.1016/j.tins.2011.08.001
https://www.ncbi.nlm.nih.gov/pubmed/21889806
https://doi.org/10.1038/ncomms8062
https://www.ncbi.nlm.nih.gov/pubmed/25952660
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1038/nrn2538
https://www.ncbi.nlm.nih.gov/pubmed/19153577
https://doi.org/10.1038/s41586-021-03272-1
https://doi.org/10.1016/j.neuron.2012.12.002
https://doi.org/10.1016/j.celrep.2020.107899
https://doi.org/10.1016/j.tins.2008.08.002
https://doi.org/10.1038/npp.2009.93


J. Clin. Med. 2023, 12, 4426 19 of 23

20. Sydnor, V.J.; Cieslak, M.; Duprat, R.; Deluisi, J.; Flounders, M.W.; Long, H.; Scully, M.; Balderston, N.L.; Sheline, Y.I.; Bassett, D.S.; et al.
Cortical-Subcortical Structural Connections Support Transcranial Magnetic Stimulation Engagement of the Amygdala. Sci. Adv.
2022, 8, eabn5803. [CrossRef]

21. Tambini, A.; Nee, D.E.; D’Esposito, M. Hippocampal-Targeted Theta-Burst Stimulation Enhances Associative Memory Formation.
J. Cogn. Neurosci. 2018, 30, 1452–1472. [CrossRef] [PubMed]

22. Vetkas, A.; Fomenko, A.; Germann, J.; Sarica, C.; Iorio-Morin, C.; Samuel, N.; Yamamoto, K.; Milano, V.; Cheyuo, C.; Zemmar, A.; et al.
Deep Brain Stimulation Targets in Epilepsy: Systematic Review and Meta-Analysis of Anterior and Centromedian Thalamic
Nuclei and Hippocampus. Epilepsia 2022, 63, 513–524. [CrossRef] [PubMed]

23. Wu, H.; Hariz, M.; Visser-Vandewalle, V.; Zrinzo, L.; Coenen, V.A.; Sheth, S.A.; Bervoets, C.; Naesström, M.; Blomstedt, P.; Coyne,
T.; et al. Deep Brain Stimulation for Refractory Obsessive-Compulsive Disorder (OCD): Emerging or Established Therapy?
Mol. Psychiatry 2021, 26, 60–65. [CrossRef] [PubMed]

24. Corripio, I.; Roldán, A.; Sarró, S.; McKenna, P.J.; Alonso-Solís, A.; Rabella, M.; Díaz, A.; Puigdemont, D.; Pérez-Solà, V.; Álvarez, E.; et al.
Deep Brain Stimulation in Treatment Resistant Schizophrenia: A Pilot Randomized Cross-over Clinical Trial. EBioMedicine 2020,
51, 102568. [CrossRef]

25. Dandekar, M.P.; Fenoy, A.J.; Carvalho, A.F.; Soares, J.C.; Quevedo, J. Deep Brain Stimulation for Treatment-Resistant Depression:
An Integrative Review of Preclinical and Clinical Findings and Translational Implications. Mol. Psychiatry 2018, 23, 1094–1112.
[CrossRef]

26. Meeres, J.; Hariz, M. Deep Brain Stimulation for Post-Traumatic Stress Disorder: A Review of the Experimental and Clinical
Literature. Stereotact. Funct. Neurosurg. 2022, 100, 143–155. [CrossRef]

27. Lee, D.J.; Lozano, C.S.; Dallapiazza, R.F.; Lozano, A.M. Current and Future Directions of Deep Brain Stimulation for Neurological
and Psychiatric Disorders. J. Neurosurg. 2019, 131, 333–342. [CrossRef]

28. Fox, M.D.; Buckner, R.L.; Liu, H.; Mallar Chakravarty, M.; Lozano, A.M.; Pascual-Leone, A. Resting-State Networks Link Invasive
and Noninvasive Brain Stimulation across Diverse Psychiatric and Neurological Diseases. Proc. Natl. Acad. Sci. USA 2014, 111,
E4367–E4375. [CrossRef]

29. Huang, Y.; Parra, L.C. Can Transcranial Electric Stimulation with Multiple Electrodes Reach Deep Targets? Brain Stimul. 2019,
12, 30–40. [CrossRef]

30. Louviot, S.; Tyvaert, L.; Maillard, L.G.; Colnat-Coulbois, S.; Dmochowski, J.; Koessler, L. Transcranial Electrical Stimulation
Generates Electric Fields in Deep Human Brain Structures. Brain Stimul. 2022, 15, 1–12. [CrossRef]

31. Warren, K.N.; Hermiller, M.S.; Nilakantan, A.S.; Voss, J.L. Stimulating the Hippocampal Posterior-Medial Network Enhances
Task-Dependent Connectivity and Memory. Elife 2019, 8, e49458. [CrossRef] [PubMed]

32. Wang, J.X.; Rogers, L.M.; Gross, E.Z.; Ryals, A.J.; Dokucu, M.E.; Brandstatt, K.L.; Hermiller, M.S.; Voss, J.L. Targeted Enhancement
of Cortical-Hippocampal Brain Networks and Associative Memory. Science 2014, 345, 1054–1057. [CrossRef] [PubMed]

33. Fox, M.D.; Buckner, R.L.; White, M.P.; Greicius, M.D.; Pascual-Leone, A. Efficacy of Transcranial Magnetic Stimulation Targets
for Depression Is Related to Intrinsic Functional Connectivity with the Subgenual Cingulate. Biol. Psychiatry 2012, 72, 595–603.
[CrossRef]

34. Luber, B.; Davis, S.W.; de Deng, Z.; Murphy, D.; Martella, A.; Peterchev, A.V.; Lisanby, S.H. Using Diffusion Tensor Imaging to
Effectively Target TMS to Deep Brain Structures. Neuroimage 2022, 249, 118863. [CrossRef] [PubMed]

35. Weigand, A.; Horn, A.; Caballero, R.; Cooke, D.; Stern, A.P.; Taylor, S.F.; Press, D.; Pascual-Leone, A.; Fox, M.D. Prospective
Validation That Subgenual Connectivity Predicts Antidepressant Efficacy of Transcranial Magnetic Stimulation Sites. Biol.
Psychiatry 2018, 84, 28–37. [CrossRef]

36. Ning, L.; Makris, N.; Camprodon, J.A.; Rathi, Y. Limits and Reproducibility of Resting-State Functional MRI Definition of DLPFC
Targets for Neuromodulation. Brain Stimul. 2019, 12, 129–138. [CrossRef]

37. Zhu, Z.; Hubbard, E.; Guo, X.; Barbosa, D.A.N.; Popal, A.M.; Cai, C.; Jiang, H.; Zheng, Z.; Lin, J.; Gao, W.; et al. A Connectomic
Analysis of Deep Brain Stimulation for Treatment-Resistant Depression. Brain Stimul. 2021, 14, 1226–1233. [CrossRef]

38. Zhang, B.; Liu, J.; Bao, T.; Wilson, G.; Park, J.; Zhao, B.; Kong, J. Locations for Noninvasive Brain Stimulation in Treating
Depressive Disorders: A Combination of Meta-Analysis and Resting-State Functional Connectivity Analysis. Aust. N. Z. J.
Psychiatry 2020, 54, 582–590. [CrossRef]

39. Cao, J.; Huang, Y.; Meshberg, N.; Hodges, S.A.; Kong, J. Neuroimaging-Based Scalp Acupuncture Locations for Dementia. J. Clin.
Med. 2020, 9, 2477. [CrossRef]

40. Liu, J.; Zhang, B.; Wilson, G.; Kong, J. New Perspective for Non-Invasive Brain Stimulation Site Selection in Mild Cognitive
Impairment: Based on Meta- and Functional Connectivity Analyses. Front. Aging Neurosci. 2019, 11, 228. [CrossRef]

41. Cutini, S.; Scatturin, P.; Zorzi, M. A New Method Based on ICBM152 Head Surface for Probe Placement in Multichannel FNIRS.
Neuroimage 2011, 54, 919–927. [CrossRef] [PubMed]

42. Woolrich, M.W.; Jbabdi, S.; Patenaude, B.; Chappell, M.; Makni, S.; Behrens, T.; Beckmann, C.; Jenkinson, M.; Smith, S.M. Bayesian
Analysis of Neuroimaging Data in FSL. Neuroimage 2009, 45, S173–S186. [CrossRef] [PubMed]

43. Lambert, C.; Zrinzo, L.; Nagy, Z.; Lutti, A.; Hariz, M.; Foltynie, T.; Draganski, B.; Ashburner, J.; Frackowiak, R. Confirmation
of Functional Zones within the Human Subthalamic Nucleus: Patterns of Connectivity and Sub-Parcellation Using Diffusion
Weighted Imaging. Neuroimage 2012, 60, 83–94. [CrossRef] [PubMed]

https://doi.org/10.1126/sciadv.abn5803
https://doi.org/10.1162/jocn_a_01300
https://www.ncbi.nlm.nih.gov/pubmed/29916791
https://doi.org/10.1111/epi.17157
https://www.ncbi.nlm.nih.gov/pubmed/34981509
https://doi.org/10.1038/s41380-020-00933-x
https://www.ncbi.nlm.nih.gov/pubmed/33144712
https://doi.org/10.1016/j.ebiom.2019.11.029
https://doi.org/10.1038/mp.2018.2
https://doi.org/10.1159/000521130
https://doi.org/10.3171/2019.4.JNS181761
https://doi.org/10.1073/pnas.1405003111
https://doi.org/10.1016/j.brs.2018.09.010
https://doi.org/10.1016/j.brs.2021.11.001
https://doi.org/10.7554/eLife.49458
https://www.ncbi.nlm.nih.gov/pubmed/31724946
https://doi.org/10.1126/science.1252900
https://www.ncbi.nlm.nih.gov/pubmed/25170153
https://doi.org/10.1016/j.biopsych.2012.04.028
https://doi.org/10.1016/j.neuroimage.2021.118863
https://www.ncbi.nlm.nih.gov/pubmed/34974116
https://doi.org/10.1016/j.biopsych.2017.10.028
https://doi.org/10.1016/j.brs.2018.10.004
https://doi.org/10.1016/j.brs.2021.08.010
https://doi.org/10.1177/0004867420920372
https://doi.org/10.3390/jcm9082477
https://doi.org/10.3389/fnagi.2019.00228
https://doi.org/10.1016/j.neuroimage.2010.09.030
https://www.ncbi.nlm.nih.gov/pubmed/20851195
https://doi.org/10.1016/j.neuroimage.2008.10.055
https://www.ncbi.nlm.nih.gov/pubmed/19059349
https://doi.org/10.1016/j.neuroimage.2011.11.082
https://www.ncbi.nlm.nih.gov/pubmed/22173294


J. Clin. Med. 2023, 12, 4426 20 of 23

44. Vasques, X.; Richardet, R.; Hill, S.L.; Slater, D.; Chappelier, J.C.; Pralong, E.; Bloch, J.; Draganski, B.; Cif, L. Automatic Target
Validation Based on Neuroscientific Literature Mining for Tractography. Front. Neuroanat. 2015, 9, 66. [CrossRef]

45. Robinson, J.L.; Barron, D.S.; Kirby, L.A.J.; Bottenhorn, K.L.; Hill, A.C.; Murphy, J.E.; Katz, J.S.; Salibi, N.; Eickhoff, S.B.; Fox, P.T.
Neurofunctional Topography of the Human Hippocampus. Hum. Brain Mapp. 2015, 36, 5018–5037. [CrossRef]

46. Jung, W.H.; Lee, S.; Lerman, C.; Kable, J.W. Amygdala Functional and Structural Connectivity Predicts Individual Risk Tolerance.
Neuron 2018, 98, 394–404.e4. [CrossRef]

47. Huang, Y.; Vangel, M.; Chen, H.; Eshel, M.; Cheng, M.; Lu, T.; Kong, J. The Impaired Subcortical Pathway From Superior
Colliculus to the Amygdala in Boys With Autism Spectrum Disorder. Front. Integr. Neurosci. 2022, 16, 66439. [CrossRef]

48. Liu, W.; Chen, C.; Wang, F.; Guo, S.; Hao, Y.; Li, S. Development Trend and Current Situation of Acupuncture-Moxibustion
Indications. World J. Acupunct. Moxibustion 2020, 30, 245–250. [CrossRef]

49. Raichle, M.E.; MacLeod, A.M.; Snyder, A.Z.; Powers, W.J.; Gusnard, D.A.; Shulman, G.L. INAUGURAL ARTICLE by a Recently
Elected Academy Member:A Default Mode of Brain Function. Proc. Natl. Acad. Sci. USA 2001, 98, 676. [CrossRef]

50. Andrews-Hanna, J.R.; Smallwood, J.; Spreng, R.N. The Default Network and Self-Generated Thought: Component Processes,
Dynamic Control, and Clinical Relevance. Ann. N. Y. Acad. Sci. 2014, 1316, 29–52. [CrossRef]

51. Mohan, A.; Roberto, A.J.; Mohan, A.; Lorenzo, A.; Jones, K.; Carney, M.J.; Liogier-Weyback, L.; Hwang, S.; Lapidus, K.A.B. Focus:
The Aging Brain: The Significance of the Default Mode Network (DMN) in Neurological and Neuropsychiatric Disorders: A
Review. Yale J. Biol. Med. 2016, 89, 49.

52. Davis, M.-C.; Hill, A.T.; Fitzgerald, P.B.; Bailey, N.W.; Sullivan, C.; Stout, J.C.; Hoy, K.E. Medial Prefrontal Transcranial Alternating
Current Stimulation for Apathy in Huntington’s Disease. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2023, 126, 110776.
[CrossRef] [PubMed]

53. Csifcsák, G.; Boayue, N.M.; Puonti, O.; Thielscher, A.; Mittner, M. Effects of Transcranial Direct Current Stimulation for Treating
Depression: A Modeling Study. J. Affect. Disord. 2018, 234, 164–173. [CrossRef]

54. Adams, T.G.; Cisler, J.M.; Kelmendi, B.; George, J.R.; Kichuk, S.A.; Averill, C.L.; Anticevic, A.; Abdallah, C.G.; Pittenger, C.
Transcranial Direct Current Stimulation Targeting the Medial Prefrontal Cortex Modulates Functional Connectivity and Enhances
Safety Learning in Obsessive-Compulsive Disorder: Results from Two Pilot Studies. Depress. Anxiety 2022, 39, 37–48. [CrossRef]

55. Abend, R.; Sar-el, R.; Gonen, T.; Jalon, I.; Vaisvaser, S.; Bar-Haim, Y.; Hendler, T. Modulating Emotional Experience Using Electrical
Stimulation of the Medial-Prefrontal Cortex: A Preliminary TDCS-FMRI Study. Neuromodulation 2019, 22, 884–893. [CrossRef]

56. Gu, S.; Pasqualetti, F.; Cieslak, M.; Telesford, Q.K.; Yu, A.B.; Kahn, A.E.; Medaglia, J.D.; Vettel, J.M.; Miller, M.B.; Grafton, S.T.;
et al. Controllability of Structural Brain Networks. Nat. Commun. 2015, 6, 8414. [CrossRef] [PubMed]

57. Rolls, E.T. The Hippocampus, Ventromedial Prefrontal Cortex, and Episodic and Semantic Memory. Prog. Neurobiol. 2022, 217,
102334. [CrossRef] [PubMed]

58. Bonnici, H.M.; Chadwick, M.J.; Lutti, A.; Hassabis, D.; Weiskopf, N.; Maguire, E.A. Detecting Representations of Recent and
Remote Autobiographical Memories in VmPFC and Hippocampus. J. Neurosci. 2012, 32, 16982–16991. [CrossRef]

59. Tao, J.; Liu, J.; Egorova, N.; Chen, X.; Sun, S.; Xue, X.; Huang, J.; Zheng, G.; Wang, Q.; Chen, L.; et al. Increased Hippocampus-
Medial Prefrontal Cortex Resting-State Functional Connectivity and Memory Function after Tai Chi Chuan Practice in Elder
Adults. Front. Aging Neurosci. 2016, 8, 25. [CrossRef]

60. Jia, L.; Sun, Z.; Shi, D.; Wang, M.; Jia, J.; He, Y.; Xue, F.; Ren, Y.; Yang, J.; Ma, X. Effects of Different Patterns of Electric Stimulation
of the Ventromedial Prefrontal Cortex on Hippocampal-Prefrontal Coherence in a Rat Model of Depression. Behav. Brain Res.
2019, 356, 179–188. [CrossRef]

61. Motzkin, J.C.; Philippi, C.L.; Wolf, R.C.; Baskaya, M.K.; Koenigs, M. Ventromedial Prefrontal Cortex Is Critical for the Regulation
of Amygdala Activity in Humans. Biol. Psychiatry 2015, 77, 276–284. [CrossRef] [PubMed]

62. Jafari, E.; Alizadehgoradel, J.; Pourmohseni Koluri, F.; Nikoozadehkordmirza, E.; Refahi, M.; Taherifard, M.; Nejati, V.; Hallajian,
A.H.; Ghanavati, E.; Vicario, C.M.; et al. Intensified Electrical Stimulation Targeting Lateral and Medial Prefrontal Cortices for the
Treatment of Social Anxiety Disorder: A Randomized, Double-Blind, Parallel-Group, Dose-Comparison Study. Brain Stimul. 2021,
14, 974–986. [CrossRef]

63. Yeh, N.; Payne, J.D.; Kim, S.Y.; Kensinger, E.A.; Koen, J.D.; Rose, N.S. Medial Prefrontal Cortex Has a Causal Role in Selectively
Enhanced Consolidation of Emotional Memories after a 24-Hour Delay: A TBS Study. J. Neurosci. 2021, 41, 6273–6280. [CrossRef]

64. Haber, S.N.; Knutson, B. The Reward Circuit: Linking Primate Anatomy and Human Imaging. Neuropsychopharmacology 2010,
35, 4–26. [CrossRef] [PubMed]

65. Yu, S.; Li, W.; Shen, W.; Edwards, R.R.; Gollub, R.L.; Wilson, G.; Park, J.; Ortiz, A.; Cao, J.; Gerber, J.; et al. Impaired
Mesocorticolimbic Connectivity Underlies Increased Pain Sensitivity in Chronic Low Back Pain. Neuroimage 2020, 218, 116969.
[CrossRef] [PubMed]

66. Navratilova, E.; Porreca, F. Reward and Motivation in Pain and Pain Relief. Nat. Neurosci. 2014, 17, 1304–1312. [CrossRef]
67. Lim, L.W.; Janssen, M.L.F.; Kocabicak, E.; Temel, Y. The Antidepressant Effects of Ventromedial Prefrontal Cortex Stimulation Is

Associated with Neural Activation in the Medial Part of the Subthalamic Nucleus. Behav. Brain Res. 2015, 279, 17–21. [CrossRef]
68. Shirvalkar, P.; Prosky, J.; Chin, G.; Ahmadipour, P.; Sani, O.G.; Desai, M.; Schmitgen, A.; Dawes, H.; Shanechi, M.M.;

Starr, P.A.; et al. First-in-Human Prediction of Chronic Pain State Using Intracranial Neural Biomarkers. Nat. Neurosci. 2023, 26,
1090–1099. [CrossRef]

https://doi.org/10.3389/fnana.2015.00066
https://doi.org/10.1002/hbm.22987
https://doi.org/10.1016/j.neuron.2018.03.019
https://doi.org/10.3389/fnint.2022.666439
https://doi.org/10.1016/j.wjam.2020.07.014
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1111/nyas.12360
https://doi.org/10.1016/j.pnpbp.2023.110776
https://www.ncbi.nlm.nih.gov/pubmed/37120005
https://doi.org/10.1016/j.jad.2018.02.077
https://doi.org/10.1002/da.23212
https://doi.org/10.1111/ner.12787
https://doi.org/10.1038/ncomms9414
https://www.ncbi.nlm.nih.gov/pubmed/26423222
https://doi.org/10.1016/j.pneurobio.2022.102334
https://www.ncbi.nlm.nih.gov/pubmed/35870682
https://doi.org/10.1523/JNEUROSCI.2475-12.2012
https://doi.org/10.3389/fnagi.2016.00025
https://doi.org/10.1016/j.bbr.2018.08.032
https://doi.org/10.1016/j.biopsych.2014.02.014
https://www.ncbi.nlm.nih.gov/pubmed/24673881
https://doi.org/10.1016/j.brs.2021.06.005
https://doi.org/10.1523/JNEUROSCI.2599-20.2021
https://doi.org/10.1038/npp.2009.129
https://www.ncbi.nlm.nih.gov/pubmed/19812543
https://doi.org/10.1016/j.neuroimage.2020.116969
https://www.ncbi.nlm.nih.gov/pubmed/32439536
https://doi.org/10.1038/nn.3811
https://doi.org/10.1016/j.bbr.2014.11.008
https://doi.org/10.1038/s41593-023-01338-z


J. Clin. Med. 2023, 12, 4426 21 of 23

69. Honey, C.J.; Sporns, O.; Cammoun, L.; Gigandet, X.; Thiran, J.P.; Meuli, R.; Hagmann, P. Predicting Human Resting-State
Functional Connectivity from Structural Connectivity. Proc. Natl. Acad. Sci. USA 2009, 106, 2035–2040. [CrossRef]

70. Khalsa, S.; Mayhew, S.D.; Chechlacz, M.; Bagary, M.; Bagshaw, A.P. The Structural and Functional Connectivity of the Posterior
Cingulate Cortex: Comparison between Deterministic and Probabilistic Tractography for the Investigation of Structure–Function
Relationships. Neuroimage 2014, 102, 118–127. [CrossRef]

71. Wang, Z.; Dai, Z.; Gong, G.; Zhou, C.; He, Y. Understanding Structural-Functional Relationships in the Human Brain. Neuroscientist
2014, 21, 290–305. [CrossRef] [PubMed]

72. Metz, A.E.; Yau, H.J.; Centeno, M.V.; Apkarian, A.V.; Martina, M. Morphological and Functional Reorganization of Rat Medial
Prefrontal Cortex in Neuropathic Pain. Proc. Natl. Acad. Sci. USA 2009, 106, 2423–2428. [CrossRef] [PubMed]

73. Khan, S.A.; Keaser, M.L.; Meiller, T.F.; Seminowicz, D.A. Altered Structure and Function in the Hippocampus and Medial
Prefrontal Cortex in Patients with Burning Mouth Syndrome. Pain 2014, 155, 1472–1480. [CrossRef] [PubMed]

74. Chen, J.; Ma, N.; Hu, G.; Nousayhah, A.; Xue, C.; Qi, W.; Xu, W.; Chen, S.; Rao, J.; Liu, W.; et al. RTMS Modulates Precuneus-
Hippocampal Subregion Circuit in Patients with Subjective Cognitive Decline. Aging 2020, 13, 1314–1331. [CrossRef]

75. Koch, G.; Bonnì, S.; Pellicciari, M.C.; Casula, E.P.; Mancini, M.; Esposito, R.; Ponzo, V.; Picazio, S.; di Lorenzo, F.; Serra, L.; et al.
Transcranial Magnetic Stimulation of the Precuneus Enhances Memory and Neural Activity in Prodromal Alzheimer’s Disease.
Neuroimage 2018, 169, 302–311. [CrossRef]

76. Ferri, J.; Schmidt, J.; Hajcak, G.; Canli, T. Emotion Regulation and Amygdala-Precuneus Connectivity: Focusing on Attentional
Deployment. Cogn. Affect. Behav. Neurosci. 2016, 16, 991–1002. [CrossRef]

77. Cullen, K.R.; Westlund, M.K.; Klimes-Dougan, B.; Mueller, B.A.; Houri, A.; Eberly, L.E.; Lim, K.O. Abnormal Amygdala
Resting-State Functional Connectivity in Adolescent Depression. JAMA Psychiatry 2014, 71, 1138–1147. [CrossRef]

78. Stoddard, J.; Hsu, D.; Reynolds, R.C.; Brotman, M.A.; Ernst, M.; Pine, D.S.; Leibenluft, E.; Dickstein, D.P. Aberrant Amygdala
Intrinsic Functional Connectivity Distinguishes Youths with Bipolar Disorder from Those with Severe Mood Dysregulation.
Psychiatry Res. 2015, 231, 120–125. [CrossRef]

79. Nicholson, A.A.; Densmore, M.; Frewen, P.A.; Théberge, J.; Neufeld, R.W.J.; McKinnon, M.C.; Lanius, R.A. The Dissociative
Subtype of Posttraumatic Stress Disorder: Unique Resting-State Functional Connectivity of Basolateral and Centromedial
Amygdala Complexes. Neuropsychopharmacology 2015, 40, 2317–2326. [CrossRef]

80. Mukherjee, P.; Vilgis, V.; Rhoads, S.; Chahal, R.; Fassbender, C.; Leibenluft, E.; Dixon, J.F.; Pakyurek, M.; van den Bos, W.; Hinshaw,
S.P.; et al. Associations of Irritability With Functional Connectivity of Amygdala and Nucleus Accumbens in Adolescents and
Young Adults With ADHD. J. Atten. Disord. 2022, 26, 1040–1050. [CrossRef]

81. Chen, C.Y.; Yen, J.Y.; Wang, P.W.; Liu, G.C.; Yen, C.F.; Ko, C.H. Altered Functional Connectivity of the Insula and Nucleus
Accumbens in Internet Gaming Disorder: A Resting State FMRI Study. Eur. Addict. Res. 2016, 22, 192–200. [CrossRef]

82. Liu, R.; Wang, Y.; Chen, X.; Zhang, Z.; Xiao, L.; Zhou, Y. Anhedonia Correlates with Functional Connectivity of the Nucleus
Accumbens Subregions in Patients with Major Depressive Disorder. Neuroimage Clin. 2021, 30, 102599. [CrossRef]

83. Hebscher, M.; Voss, J.L. Testing Network Properties of Episodic Memory Using Non-Invasive Brain Stimulation. Curr. Opin.
Behav. Sci. 2020, 32, 35–42. [CrossRef] [PubMed]

84. Wang, Q.; Poh, J.S.; Wen, D.J.; Broekman, B.F.P.; Chong, Y.S.; Yap, F.; Shek, L.P.; Gluckman, P.D.; Fortier, M.v.; Qiu, A. Functional
and Structural Networks of Lateral and Medial Orbitofrontal Cortex as Potential Neural Pathways for Depression in Childhood.
Depress. Anxiety 2019, 36, 365–374. [CrossRef] [PubMed]

85. Takahashi, T.; Nakamura, M.; Nishikawa, Y.; Komori, Y.; Nishiyama, S.; Takayanagi, Y.; Furuichi, A.; Kido, M.; Sasabayashi, D.;
Higuchi, Y.; et al. Potential Role of Orbitofrontal Surface Morphology on Social and Cognitive Functions in High-Risk Subjects for
Psychosis and Schizophrenia Patients. Psychiatry Res. Neuroimaging 2019, 283, 92–95. [CrossRef] [PubMed]

86. Colasanti, A.; Guo, Q.; Giannetti, P.; Wall, M.B.; Newbould, R.D.; Bishop, C.; Onega, M.; Nicholas, R.; Ciccarelli, O.; Muraro,
P.A.; et al. Hippocampal Neuroinflammation, Functional Connectivity, and Depressive Symptoms in Multiple Sclerosis. Biol.
Psychiatry 2016, 80, 62–72. [CrossRef]

87. Guo, X.; Li, J.; Wang, J.; Fan, X.; Hu, M.; Shen, Y.; Chen, H.; Zhao, J. Hippocampal and Orbital Inferior Frontal Gray Matter
Volume Abnormalities and Cognitive Deficit in Treatment-Naive, First-Episode Patients with Schizophrenia. Schizophr. Res. 2014,
152, 339–343. [CrossRef]

88. Yan, R.; Tao, S.W.; Liu, H.Y.; Chen, Y.; Shi, J.B.; Yang, Y.Y.; Zhu, R.X.; Yao, Z.J.; Lu, Q. Abnormal Alterations of Regional
Spontaneous Neuronal Activity in Inferior Frontal Orbital Gyrus and Corresponding Brain Circuit Alterations: A Resting-State
FMRI Study in Somatic Depression. Front. Psychiatry 2019, 10, 267. [CrossRef]

89. Li, Q.; Fu, Y.; Liu, C.; Meng, Z. Transcranial Direct Current Stimulation of the Dorsolateral Prefrontal Cortex for Treatment of
Neuropsychiatric Disorders. Front. Behav. Neurosci. 2022, 16, 893955. [CrossRef]

90. Li, M.; Liu, Y.; Chen, H.; Hu, G.; Yu, S.; Ruan, X.; Luo, Z.; Wei, X.; Xie, Y. Altered Global Synchronizations in Patients With
Parkinson’s Disease: A Resting-State FMRI Study. Front. Aging Neurosci. 2019, 11, 139. [CrossRef]

91. Sigurdsson, T.; Duvarci, S. Hippocampal-Prefrontal Interactions in Cognition, Behavior and Psychiatric Disease. Front. Syst.
Neurosci. 2016, 9, 190. [CrossRef] [PubMed]

92. Hermiller, M.S.; Chen, Y.F.; Parrish, T.B.; Voss, J.L. Evidence for Immediate Enhancement of Hippocampal Memory Encoding by
Network-Targeted Theta-Burst Stimulation during Concurrent FMRI. J. Neurosci. 2020, 40, 7155–7168. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.0811168106
https://doi.org/10.1016/j.neuroimage.2013.12.022
https://doi.org/10.1177/1073858414537560
https://www.ncbi.nlm.nih.gov/pubmed/24962094
https://doi.org/10.1073/pnas.0809897106
https://www.ncbi.nlm.nih.gov/pubmed/19171885
https://doi.org/10.1016/j.pain.2014.04.022
https://www.ncbi.nlm.nih.gov/pubmed/24769366
https://doi.org/10.18632/aging.202313
https://doi.org/10.1016/j.neuroimage.2017.12.048
https://doi.org/10.3758/s13415-016-0447-y
https://doi.org/10.1001/jamapsychiatry.2014.1087
https://doi.org/10.1016/j.pscychresns.2014.11.006
https://doi.org/10.1038/npp.2015.79
https://doi.org/10.1177/10870547211057074
https://doi.org/10.1159/000440716
https://doi.org/10.1016/j.nicl.2021.102599
https://doi.org/10.1016/j.cobeha.2020.01.012
https://www.ncbi.nlm.nih.gov/pubmed/32266318
https://doi.org/10.1002/da.22874
https://www.ncbi.nlm.nih.gov/pubmed/30597677
https://doi.org/10.1016/j.pscychresns.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30576941
https://doi.org/10.1016/j.biopsych.2015.11.022
https://doi.org/10.1016/j.schres.2013.12.015
https://doi.org/10.3389/fpsyt.2019.00267
https://doi.org/10.3389/fnbeh.2022.893955
https://doi.org/10.3389/fnagi.2019.00139
https://doi.org/10.3389/fnsys.2015.00190
https://www.ncbi.nlm.nih.gov/pubmed/26858612
https://doi.org/10.1523/JNEUROSCI.0486-20.2020
https://www.ncbi.nlm.nih.gov/pubmed/32817326


J. Clin. Med. 2023, 12, 4426 22 of 23

93. Schwab, S.; Afyouni, S.; Chen, Y.; Han, Z.; Guo, Q.; Dierks, T.; Wahlund, L.O.; Grieder, M.; Babiloni, C. Functional Connectivity
Alterations of the Temporal Lobe and Hippocampus in Semantic Dementia and Alzheimer’s Disease. J. Alzheimers Dis. 2020, 76,
1461–1475. [CrossRef] [PubMed]

94. Burgess, N.; Maguire, E.A.; O’Keefe, J. The Human Hippocampus and Spatial and Episodic Memory. Neuron 2002, 35, 625–641.
[CrossRef] [PubMed]

95. Sakaguchi, Y.; Sakurai, Y. Left-Right Functional Difference of the Rat Dorsal Hippocampus for Short-Term Memory and Long-Term
Memory. Behav. Brain Res. 2020, 382, 112478. [CrossRef]

96. Roy, A.K.; Shehzad, Z.; Margulies, D.S.; Kelly, A.M.C.; Uddin, L.Q.; Gotimer, K.; Biswal, B.B.; Castellanos, F.X.; Milham, M.P.
Functional Connectivity of the Human Amygdala Using Resting State FMRI. Neuroimage 2009, 45, 614–626. [CrossRef]

97. Mao, Y.; Zuo, X.; Ding, C.; Qiu, J. OFC and Its Connectivity with Amygdala as Predictors for Future Social Anxiety in Adolescents.
Dev. Cogn. Neurosci. 2020, 44, 100804. [CrossRef]

98. Kim, M.J.; Loucks, R.A.; Palmer, A.L.; Brown, A.C.; Solomon, K.M.; Marchante, A.N.; Whalen, P.J. The Structural and Functional
Connectivity of the Amygdala: From Normal Emotion to Pathological Anxiety. Behav. Brain Res. 2011, 223, 403–410. [CrossRef]

99. Qi, R.; Liu, C.; Ke, J.; Xu, Q.; Ye, Y.; Jia, L.; Wang, F.; Zhang, L.J.; Lu, G.M. Abnormal Amygdala Resting-State Functional
Connectivity in Irritable Bowel Syndrome. AJNR Am. J. Neuroradiol. 2016, 37, 1139. [CrossRef] [PubMed]

100. Cao, L.; Li, H.; Liu, J.; Jiang, J.; Li, B.; Li, X.; Zhang, S.; Gao, Y.; Liang, K.; Hu, X.; et al. Disorganized Functional Architecture of
Amygdala Subregional Networks in Obsessive-Compulsive Disorder. Commun. Biol. 2022, 5, 1184. [CrossRef]

101. Yu, R.; Liu, B.; Wang, L.; Chen, J.; Liu, X. Enhanced Functional Connectivity between Putamen and Supplementary Motor Area in
Parkinson’s Disease Patients. PLoS ONE 2013, 8, e59717. [CrossRef]

102. Cole, E.J.; Stimpson, K.H.; Bentzley, B.S.; Gulser, M.; Cherian, K.; Tischler, C.; Nejad, R.; Pankow, H.; Choi, E.; Aaron, H.; et al.
Stanford Accelerated Intelligent Neuromodulation Therapy for Treatment-Resistant Depression. Am. J. Psychiatry 2020, 177,
716–726. [CrossRef] [PubMed]

103. Cole, E.J.; Phillips, A.L.; Bentzley, B.S.; Stimpson, K.H.; Nejad, R.; Barmak, F.; Veerapal, C.; Khan, N.; Cherian, K.; Felber, E.; et al.
Stanford Neuromodulation Therapy (SNT): A Double-Blind Randomized Controlled Trial. Am. J. Psychiatry 2022, 179, 132–141.
[CrossRef]

104. Mitchell, D.G.V.; Nakic, M.; Fridberg, D.; Kamel, N.; Pine, D.S.; Blair, R.J.R. The Impact of Processing Load on Emotion. Neuroimage
2007, 34, 1299–1309. [CrossRef]

105. Rizzo, G.; Milardi, D.; Bertino, S.; Basile, G.A.; Di Mauro, D.; Calamuneri, A.; Chillemi, G.; Silvestri, G.; Anastasi, G.;
Bramanti, A.; et al. The Limbic and Sensorimotor Pathways of the Human Amygdala: A Structural Connectivity Study.
Neuroscience 2018, 385, 166–180. [CrossRef] [PubMed]

106. Radua, J.; Phillips, M.L.; Russell, T.; Lawrence, N.; Marshall, N.; Kalidindi, S.; El-Hage, W.; McDonald, C.; Giampietro, V.;
Brammer, M.J.; et al. Neural Response to Specific Components of Fearful Faces in Healthy and Schizophrenic Adults. Neuroimage
2010, 49, 939–946. [CrossRef]

107. Dyck, M.; Loughead, J.; Kellermann, T.; Boers, F.; Gur, R.C.; Mathiak, K. Cognitive versus Automatic Mechanisms of Mood
Induction Differentially Activate Left and Right Amygdala. Neuroimage 2011, 54, 2503–2513. [CrossRef] [PubMed]

108. Cauda, F.; Cavanna, A.E.; D’agata, F.; Sacco, K.; Duca, S.; Geminiani, G.C. Functional Connectivity and Coactivation of the
Nucleus Accumbens: A Combined Functional Connectivity and Structure-Based Meta-Analysis. J. Cogn. Neurosci. 2011, 23,
2864–2877. [CrossRef] [PubMed]

109. Bracht, T.; Soravia, L.; Moggi, F.; Stein, M.; Grieder, M.; Federspiel, A.; Tschümperlin, R.; Batschelet, H.M.; Wiest, R.; Denier, N. The
Role of the Orbitofrontal Cortex and the Nucleus Accumbens for Craving in Alcohol Use Disorder. Transl. Psychiatry 2021, 11, 267.
[CrossRef] [PubMed]

110. Rolls, E.T.; Cheng, W.; Feng, J. The Orbitofrontal Cortex: Reward, Emotion and Depression. Brain Commun. 2020, 2, fcaa196.
[CrossRef] [PubMed]

111. Du, L.; Liu, H.; Du, W.; Chao, F.; Zhang, L.; Wang, K.; Huang, C.; Gao, Y.; Tang, Y. Stimulated Left DLPFC-Nucleus Accumbens
Functional Connectivity Predicts the Anti-Depression and Anti-Anxiety Effects of RTMS for Depression. Transl. Psychiatry 2018, 7, 3.
[CrossRef]

112. Zhao, J.; Mo, L.; Bi, R.; He, Z.; Chen, Y.; Xu, F.; Xie, H.; Zhang, D. The VLPFC versus the DLPFC in Downregulating Social Pain
Using Reappraisal and Distraction Strategies. J. Neurosci. 2021, 41, 1331–1339. [CrossRef]

113. Yang, R.; Zhao, X.; Liu, J.; Yao, X.; Hou, F.; Xu, Y.; Feng, Q. Functional Connectivity Changes of Nucleus Accumbens Shell Portion
in Left Mesial Temporal Lobe Epilepsy Patients. Brain Imaging Behav. 2020, 14, 2659–2667. [CrossRef]

114. Prasad, S.; Reddam, V.; Stezin, A.; Yadav, R.; Saini, J.; Pal, P. Abnormal Subcortical Volumes and Cortical Thickness in Parkinson’s
Disease with Impulse Control Disorders. Ann. Ind. Acad. Neurol. 2019, 22, 426–431. [CrossRef]

115. Biundo, R.; Weis, L.; Facchini, S.; Formento-Dojot, P.; Vallelunga, A.; Pilleri, M.; Weintraub, D.; Antonini, A. Patterns of Cortical
Thickness Associated with Impulse Control Disorders in Parkinson’s Disease. Mov. Disord. 2015, 30, 688–695. [CrossRef]

116. Johnson, M.D.; Lim, H.H.; Netoff, T.I.; Connolly, A.T.; Johnson, N.; Roy, A.; Holt, A.; Lim, K.O.; Carey, J.R.; Vitek, J.L.; et al.
Neuromodulation for Brain Disorders: Challenges and Opportunities. IEEE Trans. Biomed. Eng. 2013, 60, 610. [CrossRef]
[PubMed]

117. Antal, A.; Luber, B.; Brem, A.K.; Bikson, M.; Brunoni, A.R.; Cohen Kadosh, R.; Dubljević, V.; Fecteau, S.; Ferreri, F.; Flöel, A.; et al.
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