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Purpose: The utility of transcranial magnetic stimulation (TMS) has been growing rapidly
in both neurocognitive studies and clinical applications in decades. However, it remains
unclear how the responses of the stimulated site and the site-related functional network
to the external TMS manipulation dynamically change over time.

Methods: A multi-session combining TMS-fMRI experiment was conducted to explore
the spatiotemporal effects of TMS within the fronto-limbic network. Ten healthy
volunteers were modulated by intermittent theta-burst stimulation (iTBS) at a precise
site within the left dorsolateral prefrontal cortex (DLPFC, MNI coordinate [-44 36 20)),
navigated by individual structural MRI image. Three-session resting-state fMRI images
were acquired before iTBS (TP1), immediately after iTBS (TP2), and 15 min after iTBS
(TP3) for each participant. Seventy-four regions of interests (ROIls) within the fronto-
limbic network were chosen including the bilateral superior frontal gyrus (SFG), middle
frontal gyrus (MidFG), inferior frontal gyrus (IFG), orbital gyrus (OrG), cingulate gyrus
(CG), and subcortical nuclei (hippocampus and amygdala). Regional fractional amplitude
of low-frequency fluctuation (FALFF) and ROI-to-ROI functional connectivity (FC) were
compared among TP1, TP2, and TP3.

Results: The immediate iTBS effect was observed at the stimulated site. FC between
the left dorsolateral SFG and left dorsal IFG and between the left rostral IFG and right
MidFG increased at TP2 as compared to at TP1 (all FDR-p < 0.05), while FC within the
left OrG decreased. The relatively long-term iTBS effect transmitted with decreased FC
between the left IFG and right amygdala, increased FC between the left MidFG and left
OrG, and decreased FC between bilateral IFG and OrG at TP3 than at TP1 (all FDR-
p < 0.05). Meanwhile, mean fALFF values over the left SFG, MidFG, ventral CG, and
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IFG were significantly increased at TP3 as compared to those at TP2 (all p < 0.05 with

Bonferroni correction).

Conclusion: By combining TMS and fMRI, it becomes possible to track the
spatiotemporal dynamics of TMS after-effects within the fronto-limbic network. Our
findings suggested that the iTBS effect dynamically changed over time from the local
neural activation at the stimulated site to its connected remote regions within the

fronto-limbic network.

Keywords: transcranial magnetic stimulation, intermittent theta-burst stimulation, after-effects, functional
connectivity, the fronto-limbic network

INTRODUCTION

Transcranial magnetic stimulation (TMS) provides a non-
invasive way to explore the brain function in both basic
neuroscience and clinical applications (Lefaucheur et al., 2014).
TMS pulses induce current within the cortex underneath the site
of stimulation, leading to local neural activation (Allen et al,
2007) as well as consequent alterations within a distributed
network (Chen et al., 2013). After one-session TMS modulation,
i.e., intermittent theta burst stimulation (iTBS), the after-effects
can be beyond the duration of stimulation and may last about
30 min (Huang et al., 2005). Therefore, the TMS after-effects
should be temporally and spatially dynamic over the local
region and within the whole-brain network (Ruff et al., 2009;
Hawco et al., 2017, 2018). However, the pattern of tempo-spatial
dynamics induced by TMS manipulation remains unclear.

There is few evidence of the duration of TMS after-effects over
the primary motor cortex in humans. Huang et al. examined
the after-effects induced by different TMS paradigms (iTBS,
continuous TBS, intermediate TBS, and 15 Hz TMS) using motor
evoked potential (MEP) amplitude (Huang et al., 2005). The
enhanced MEP amplitudes last about 20 min after 600-pulse
iTBS, but 60 min after 600-pulse cTBS (Huang et al., 2005).
Peinemann et al. (2004) found one-session 5 Hz repetitive TMS
with 1,800 pulses rather than 150 pulses induced stable MEP
facilitatory for at least 30 min. To further clarify the TMS after-
effects beyond the motor cortex, other neuroimaging techniques
are required to measure the TMS induced neural activity.

Combining EEG with TMS is one way to characterize the
temporal neural processing following TMS manipulation in
non-motor regions (Chung et al., 2015). A review by Chung
et al. proposed the TMS-evoked potential (TEP) as a sensitive
measure of cortical excitation and inhibition (Chung et al., 2015).
Indicators such as N100 and long-interval cortical inhibition
(LICI) developed from TEP over the dorsolateral prefrontal
cortex (DLPFC) were proven to be helpful for reflecting the
integrity of the frontal cortex and had potentials for predicting
the outcome of treatment in depression (Sun et al., 2016). When
the time varied after a TMS pulse, distinctive TEP components
occurred with dynamic topographic representation (Chung et al.,
2015). However, it is lack of multi-session off-line EEG-TMS to
monitor the affect-effects along with time following TMS. On
the other hand, although topographic distribution for different
TEP components suggested that neural activations not only at the

site of stimulation but also at the distal sites could be influenced
by TMS, more direct evidence of the precise spatial dynamics
induced by TMS is further needed.

Some additional attempts have been made by combining
resting-state fMRI (rsfMRI) with TMS to obtain a better
spatial resolution. Wang et al. (2014) aimed to enhanced the
hippocampus-related associative memory that was achieved
by delivering multi-session 20 Hz rTMS over the lateral
parietal cortex with strong functional connectivity (FC) with
hippocampus. Chen et al. directly examined the dynamic
interaction within three large-scale neural networks, i.e., the
default mode network (DMN), the salience network (SN), and
the central executive network (ECN) (Chen et al., 2013). TMS
targets in different network nodes had causal influence to both
within-network and between-network connectivity (Chen et al.,
2013). Hawco et al. suggested spread TMS-induced cortical
changes that were related to the FC between the stimulated
site and SN (Hawco et al.,, 2018). Moreover, combining TMS
and fMRI has attracted increasing attention in optimizing the
rTMS treatments (Fox et al., 2012a,b, 2014), with the most
mature example of major depressive disorder (MDD). As the
left DLPFC was one of the most popular targets for rTMS
treatment in MDD, individuals’ intrinsic FC between this site
and the subgenual anterior cingulate cortex (sgACC) predicted
the efficacy of their rTMS treatments (Weigand et al., 2018).
Therefore, it is worthy of uncovering the spatial propagation
of TMS after-effects within the cortico-subcortical networks to
improve the therapeutic outcome.

In the present study, we performed single-session rsfMRI
acquisition before iTBS and two-session rsfMRI acquisitions after
iTBS to characterize the immediate and long-term after-effects
within and beyond the site of stimulation in healthy volunteers.
Precise neuroimaging-guided iTBS was delivered over the left
DLPFC (the most popular TMS target) using an MRI-compatible
TMS coil within the MRI scanner, which made it possible to
monitor the immediate iTBS effect. Considering the limitation
of a small sample size, we restricted our analysis within the
fronto-limbic network to reflect the spatial propagation following
iTBS. Firstly, the fronto-limbic network is well known, consisting
of a dorsal pathway with DLPFC and anterior cingulate cortex
(ACC) for emotional regulation and executive control, as well
as a ventral pathway with orbital frontal cortex, hippocampus,
and amygdala for reward processing, both playing an important
role in the etiology of MDD (Mayberg, 2003). Secondly, previous
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studies on TMS over the left DLPFC suggested a prominent
effect within the fronto-limbic network, especially the FC
between the left DLPFC and ACC, in both healthy controls and
patients with depression (Fox et al., 2012a; Tik et al, 2017).
We hypothesized that (1) the immediate iTBS effect may be
stronger around the site of stimulation than in remote sites,
and (2) the long-term iTBS effect may spread beyond the site
of stimulation and be stronger in the other node(s) within the
fronto-limbic network.

MATERIALS AND METHODS

Participants

The experimental protocol was approved by the Ethics
Committee at Shanghai Mental Health Center. Written
informed consent was obtained from each participant. Ten
healthy volunteers [4 females and 6 males; age (mean £ SD):
25.5 £ 2.8 years old, education (mean % SD): 17.0 & 0.8 years]
were recruited from the community by online advertisement. All
participants were screened by a psychiatrist. Exclusion criteria
include a personal or family history of mental illness, a history
of any substance or alcohol abuse, severe physical disease, loss
of consciousness, any foreign metallic objects in their head
or stimulator in their body, or any other contraindication
for MRI examination or TMS intervention. All participants
received one-session TMS modulation and completed MRI
image acquisitions (Figure 1).

TMS Procedure

Transcranial magnetic stimulation stimuli were delivered using
MagPro X100 magnetic stimulator (Medtronic Co., Denmark).
Individual resting motor threshold (MT) was examined with a
figure-eight coil (MC-B70) outside the MRI scanner. MEP was
measured from the left abductor pillicis brevis (APB) muscle
with surface electrodes and then amplified and quantified using
Keypoint (Medtronic Co., Denmark). The “hotspot” for each
participant was determined over the primary motor area where

the largest MEP was evoked (Tang et al., 2018). In 5 out of 10
trials, the lowest intensity that succeeded in evoking peak-to-peak
MEP exceeding 50 uV was defined as individual MT.

One-session iTBS was applied in the MRI scanner using an
MRI-compatible coil (MRi-B91). The iTBS applied three 50-Hz
pulses every 200 ms as one burst and delivered for 2 s with
10-s intervals (Huang et al, 2005). In total, there were 600
pulses for each session. The intensity of iTBS was set as 80% of
individual resting MT (Grossheinrich et al., 2009; Rossi et al.,
2009; Lefaucheur et al., 2014). The target was precisely localized
over individual left DLPFC determined by the MNI coordinate
(x = —44, y = 36, z = 20) using LOCALITE TMS Navigator
(LOCALITE GmbH, Schloss Birlinghoven, Germany) (Lerman
et al., 2014). The localization of left DLPFC was at the border of
BA 9 and 46 defined by Rajkowska and Goldman-Rakic (1995).
The TMS coil was fixed inside the MRI head coil.

MRI Data Acquisition

All MRI images were obtained in Shanghai Mental Health Center
on a Siemens 3T Verio MRI system (MR B17, Siemens AG,
Erlangen, Germany) with an open 1-channel head coil. Each
subject completed two-step MRI scans depicted in Figure 1:
(1) the first MRI scan only included structural T1-weighted
images for the localization of individual precise TMS target
(the left DLPFC); 2) after the fixation of TMS coil, the second
MRI scan included structural T1-weighted images, the first
resting-state fMRI images before iTBS modulation, magnetic
resonance spectroscopy (MRS), the second resting-state fMRI
images immediately after iTBS modulation, MRS and the third
resting-state fMRI images 15 min after iTBS modulation. MRS
data analysis was not included in the current study.

T1-weighted images were acquired using a magnetization-
prepared rapid acquisition gradient-echo (MPRAGE) sequence
with repetition time (TR) = 2530 ms, echo time (TE) = 3.65 ms,
field of view (FOV) = 256 mm, matrix = 256 x 256, slice
thickness = 1 mm, 224 coronal slices, flip angle = 7°, and
generalized autocalibrating partial parallel acquisition (GRAPPA)
with acceleration factor 2.

Step I: Localization sMRI Neuroimaging-
of precise TMS target | (T1Wweighted | guided precise
. images) TMS target
Step 2: Images sMRI &
acquicisition beofre (T1 vjveigh ted Resting- MRS iTBS Resting- MRS Resting-
and after delivering lmagés) state fMRI | (DLPFC) | intervention | state fMRI | (DLPFC)| state fMRI
iTBS in MRI scanner i

v

Timepoint 1:
before iTBS

FIGURE 1 | The diagram of the two-step experimental procedure (SMRI, structural MRI; TMS, transcranial magnetic stimulation; MRS, magnetic resonance

spectroscopy).

v v

Timepoint 2: Timepoint 2:
immediately after ~15 minutes after
iTBS iTBS

Frontiers in Neuroscience | www.frontiersin.org

September 2019 | Volume 13 | Article 944


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Tang et al.

Dynamic Changes Induced by iTBS

Resting-stage fMRI images were acquired using an echo
planar scanning sequence with TR = 2,000 ms, TE = 30 ms,
FOV = 220 mm, matrix = 64 x 64, slice thickness = 4 mm, 30
axial slices with a between-slice gap of 1 mm, flip angle = 90°, and
total data volume = 180. Subjects were asked to close their eyes,
relax, and think of nothing during the rstMRI acquisitions.

Resting-State fMRI Data Processing
Resting-state fMRI data were preprocessed including slice
timing correction, realignment, normalization, and smoothing
(8-mm FWHM Gaussian filter) using CONN v.18.b' (Whitfield-
Gabrieli and Nieto-Castanon, 2012). All subjects’ functional
data were co-registered to their structural data with a linear
transformation and then normalized to MNI space with a non-
linear transformation. The Artifact Detection Tools (ART) were
embedded in CONN to identify outlier images if the head
motion in x, y, or z direction was over 1 mm or the global
mean intensity in the image was over three standard deviations
from the mean image intensity for all images. Individual T1-
weighted images were segmented into gray matter, white matter,
and CSF and generated three masks (Whitfield-Gabrieli et al.,
2016). Linear regression was applied to remove the confounding
effects including (1) BOLD signals from white matter and CSE
which were used for aCompCor; (2) head motion confound
defined by six rigid-body motion parameters and six first-
order temporal derivatives; (3) ART-based scrubbing parameters
containing invalid scans. Then a band-pass filter (0.01-0.08 Hz)
and linear detrending were applied to the resulting residual
BOLD time series.

Firstly, ROI-to-ROI FC analysis was performed at individual
level using Conn. Seventy-four frontal, limbic, and subcortical
ROIs were selected from the Human Brainnetome Atlas (Fan
et al., 2016), including 14 ROIs in superior frontal gyrus (SFG),
14 ROIs in middle frontal gyrus (MidFG), 12 ROIs in inferior
frontal gyrus (IFG), 12 ROIs in orbital gyrus (OrG), 14 ROIs in
limbic lobe/cingulate gyrus (CG), and 8 subcortical nuclei (4 in
amygdala and 4 in hippocampus) with detailed information in
Supplementary Material.

Secondly, amplitude of low-frequency fluctuation (ALFF) and
fractional ALFF (fALFF) were calculated within each voxel using
Conn (Zang et al., 2007; Zou et al., 2008). The fALFF at each
voxel was the relative amplitude of BOLD signal fluctuation in the
frequency band of 0.01-0.08 Hz compared to the entire frequency
band before filtering (Whitfield-Gabrieli and Nieto-Castanon,
2012). Further, mean fALFF values were calculated within each
of the above 74 ROIs.

Statistical Analysis

There were three conditions for each participant including before
the iTBS (TP1), immediately after the iTBS (TP2), and 15 min
after the iTBS (TP3). For ROI-to-ROI FC values, the immediate
iTBS effect was examined by comparing FC values at TP2 with
those at TP1, while the long-term iTBS effect was examined by
comparing FC values at TP3 with those at TP1. Two-sided paired-
sample ¢ tests were performed for both the ROI-to-ROI FC. The

Uhttps://www.nitrc.org/projects/conn

statistical significance was set at a false discover rate-corrected p
(FDR-p) < 0.05.

Repeated-measure analyses of variance (ANOVAs) were
performed for mean regional fALFF values with two within-
group factors of time (TP1, TP2, and TP3) and region (74
ROIs). Simple-effect tests were further performed to examine
regional fALFF differences across TP1, TP2, and TP3. Multiple
comparisons were controlled using Bonferroni correction.

RESULTS
The iTBS Effect on ROI-to-ROI FC

The iTBS effect was dynamic along with the time and
spread within the fronto-limbic network as shown in Figure 2
and Table 1.

The immediate iTBS effect was observed within the left
frontal areas and between the bilateral frontal areas. FC between
the left dorsolateral SFG (A6dl_l) and left dorsal IFG (A44d,
0.110 £ 0.055, FDR-p = 0.005) and between the left rostral
IFG (A45r_l) and right MidFG (A10l_r, 0.353 %+ 0.032, FDR-
p = 0.032) increased at TP2 as compared to those at TPl
(—0.038 £ 0.064 and 0.170 = 0.043). FC between the left OrG
areas (A13_1 and A12_471 1, —0.047 %+ 0.059, FDR-p = 0.018)
decreased at TP2 as compared to that at TP1 (0.178 %+ 0.043).
The increased FC between the left dorsal SFG and left dorsal
IFG and decreased FC between the left OrG areas were presented
in each of the 10 participants, suggesting a high consistency
at the individual level (Figure 2C). However, the above iTBS
effect was attenuated not significant around 15 min after the
iTBS modulation.

The long-term iTBS effect on the FC was more widespread
within the bilateral frontal areas and between left IFG and
amygdala as shown in Figure 2B. FC between the left caudal IFG
(A45c_l) and right medial amygdala (mAmyg r) significantly
decreased around 15 min after the iTBS (—0.215 + 0.057, FDR-
p = 0.015) as compared to that before the iTBS (0.035 % 0.063),
but not significantly changed immediately after the iTBS (FDR-
p > 0.05). FC between the left caudal IFG (A45c_l) and left medial
amygdala (mAmyg_l) had a tendency to decrease in a similar way
(FDR-p = 0.094). FC between the left MidFG (A46_1) and left
OrG increased at TP3 (A12_470_1: 0.152 £ 0.041, FDR-p = 0.042;
A12_471_1: 0.190 £ 0.063, FDR-p = 0.045) as compared to that
at TP1 (A12_470_1: —0.048 + 0.048; A12_471_I: 0.037 & 0.053),
whereas FC between the left caudal IFG (A45c_l) and right medial
OrG (Al4m_r, TP1: —0.059 + 0.048; TP3: —0.271 + 0.037;
FDR-p = 0.015) and between the right opercular IFG (A44o0p_r)
and left medial OrG (Allm_l, TP1: —0.127 + 0.055; TP3:
—0.382 %+ 0.059; FDR-p = 0.045) decreased. Additionally, FC
between the right OrG (A12_470_r) and bilateral cingulate gyrus
also had a tendency to be significantly changed around 15 min
after iTBS (left CG: A23d_l, FDR-p = 0.057; right CG: A23d_r,
FDR-p = 0.098).

The iTBS Effect on Regional fALFF

There were significant main effects of both time [F(2,18) = 3.881,
p =0.047] and region [F(73,657) = 19.353, p < 0.001] on regional
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A Immediate iTBS effect

1 94l

B Long-term iTBS effect

0

!FGAAR

FIGURE 2 | The immediate and long-term iTBS after-effects on the ROI-to-ROI functional connectivity (FC). (A) FC within the left frontal regions and between the
bilateral areas changed at timepoint 2 as compared to that at timepoint 1. (B) FC within the bilateral frontal areas and between the left IFG and amygdala changed at
timepoint 3 as compared to that at timepoint 1. FC increases are in red and FC decreases are in black (thick line: p < 0.05; thin line: p < 0.1).

fALFF. As shown in Figure 3, simple effect tests further suggested ~ (A44op_l, p = 0.004) increased at TP3 as compared to those at
that regional fALFF values over the left medial SFG (A9m_l, TP2 (all p values <0.05 adjusted using Bonferroni correction).
p = 0.010), left dorsal MidFG (A9_46d_l, p = 0.049), left ventral =~ There were no significant differences of mean fALFF values
cingulate gyrus (A23v_l, p = 0.011), and left opercular IFG  between TP1 and TP2 or between TP1 and TP3.
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TABLE 1 | The ROI-to-ROI functional connectivity significantly changed after the
intermittent theta-burst stimulation (iTBS) immediately and 15 min later.

ROI-to-ROI functional Statistic Uncorrected FDR-
connectivity p value corrected
p value
Immediate iTBS effect (TP2 vs. TP1):
Left dorsolateral SFG-left dorsal  F(1,9) = 48.92 0.0001 0.0046
IFG
Left OrG-left lateral OrG F(1,9) = 33.97 0.0003 0.0183
Left rostral IFG-right lateral F(1,9) = 28.98 0.0004 0.0323
MidFG
Left ventral IFG-right dorsal IFG F(1,9) =24.90 0.0007 0.0547
Left caudal IFG-right opercular IFG F(1,9) = 19.89 0.0016 0.0576
Left caudal IFG-right medial OrG F(1,9) =20.82 0.0014 0.0993
Long-term iTBS effect (TP3 vs. TP1):
Left caudal IFG-right medial F(1,9) = 29.45 0.0004 0.0153
amygdala
Left caudal IFG-right medial OrG  F(1,9) = 31.58 0.0003 0.0153
Left medial OrG-right F(1,9) = 26.44 0.0006 0.0445
opercular IFG
Left MidFG-left lateral OrG F(1,9) = 26.37 0.0006 0.0449
Left MidFG-left orbital OrG F(1,9) = 26.98 0.0006 0.0415
Right orbital OrG-left dorsal CG F(1,9) =24.58 0.0008 0.0571
Left caudal IFG-left medial amygdala  F(1,9) = 14.87 0.0039 0.0941
Left OrG-right rostral IFG F(1,9) = 20.92 0.0013 0.0977
Right orbital OrG-right CG F(1,9 =16.78 0.0027 0.0982

CG, cingulate gyrus; FDR, false discovery rate; FG, inferior frontal gyrus; iTBS,
intermittent theta-burst stimulation;, MidFG, middle frontal gyrus, OrG, orbital gyrus;
RO, region of interest; SFG, superior frontal gyrus; TF, timepoint. Significant FC
changes with FDR-p < 0.05 are in bold.

DISCUSSION

By combining TMS with multi-session resting-state fMRI, the
present study examined the dynamic changes within the fronto-
limbic network induced by precise iTBS modulation. As we
hypothesized, iTBS after-effects were observed not only around
the stimulated region but also at remote regions interconnected
with the target. Immediately after iTBS, FC changed significantly
between the left frontal areas and between bilateral frontal
areas. About 15 min later, the alteration of FC transmitted
and was more widespread between bilateral frontal areas and
between left IFG and amygdala. Further, fALFF measurements
at two different time windows after iTBS showed increases
at the left SFG, MidFG, CG, and IFG. More importantly,
these spreading patterns after precise neuroimaging-guided iTBS
manipulation had a high consistency at the individual level.
Our findings suggested TMS-fMRI as an advanced technique to
determine the dynamic patterns of TMS-induced effects within
the brain network.

We delivered TMS pulses precisely at the dorsolateral
prefrontal node (MNI coordinate, x = —44, y = 36, z = 20) in the
left MidFG (A9_46v_l), which had structural connections with
the right frontal regions and subcortical regions and FC with the
fronto-parietal network according to the Human Brainnetome
Atlas (Yeo et al,, 2011; Fan et al., 2016). Immediately after single-
session excitatory iTBS, increased FC between the left dorsal SFG

and IFG and between left IFG and right MidFG may suggest
an enhancement in the dorsal pathway, whereas decreased FC
between the left OrG areas suggested an attenuation in the
ventral pathway (Mayberg, 2003; Ruff et al., 2009; Eldaief et al.,
2011). Consistent with previous findings, Hawco et al. found the
prominent TMS-induced FC changes between the DLPFC target
and salience network (SN) (Hawco et al., 2018). Chen et al. found
excitatory single pulse over the anterior media frontal cortex
increased within-SN FC (Chen et al., 2013). A previous TMS-
PET study also showed significant dopaminergic changes in the
medial orbitofrontal cortex and ACC after 10 Hz TMS over the
left DLPFC in healthy volunteers (Cho and Strafella, 2009). An
iTBS effect could spread out immediately from the target to the
left SFG, IFG, and OrG.

The iTBS after-effect continued its propagation from the
left frontal regions to bilateral amygdala and to right frontal
regions along with time. These remote iTBS effects could be
based on anatomical connectivity by white matter tracts, such
as the uncinate fasciculus connecting the frontal region and the
limbic system as well as the genu of corpus callosum connecting
bilateral IFG (Kier et al., 2004; Fan et al., 2016). About 15 min
later, decreased FC between the left IFG and bilateral amygdala
suggested a subsequent change in the ventral pathway, which is
critical for the generation and regulation of negative emotion
(Hiser and Koenigs, 2018). More supports of remote effects
induced by TMS were provided by the changed functional
covariation between different regions. Wang et al. enhanced the
cortico-hippocampal FC by multi-session excitatory TMS over
the lateral parietal cortex (Wang et al., 2014). Other concurrent
TMS-fMRI studies also found TMS-induced changes of remote
FC, such as that between the frontal cortex/parietal and visual
occipital regions (Ruff et al., 2006; Sack et al., 2007). Since the
iTBS effect became more prominent within the left IFG later, we
inferred that neural activation at the left IFG may be indirect as a
consequence of limbic activation.

Regional fALFF values increased at the left SFG, MidFG,
IFG, and ventral CG later after iTBS, which further supported
the continuous excitatory effect at 15 min after iTBS. Few
other studies examined the regional activity after TMS or iTBS
modulation. Only Chen et al. reported decreased low-frequency
signal amplitude within the DMN network after inhibitory rTMS
(Chen et al.,, 2013). The finding of increased fALFF value in
the left MidFG, SFG, and IFG was consistent with the more
widespread FC connectivity induced by long-term iTBS effect.
Additionally, the regional fALFF increased in the left ventral
CG, and FC between the right OrG and bilateral CG also had
a tendency to be significantly changed around 15 min after
iTBS. Cingulate cortex was a hot hub for the connectivity within
the DLPFC and limbic network (Tik et al., 2017). Fox et al.
suggested that FC between the DLPFC and subgenual ACC
could be a valuable predictor for the TMS effects in depression
(Fox et al.,, 2012a). Tik et al. found only the connectivity to the
ACC increased at 15 min after 10-Hz TMS modulation over the
left DLPFC, and this effect disappeared at 30 min after TMS
(Tik et al., 2017).

As shown in Figure 3, FC and fALFF changes from TP1
to TP2 varied among subjects, but the changes from TP2 to
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FIGURE 3 | The iTBS-induced changes of functional connectivity and fractional amplitude of low-frequency fluctuation (fALFF) at timepoint 1 (TP1), timepoint 2
(TP2), and timepoint 3 (TP3). (A) Immediate ITBS effect (TP1 vs. TP2) was observed within the left frontal areas and between the bilateral frontal areas, while
long-term iTBS effects (TP1 vs. TP3) was more widespread within the bilateral frontal areas and between the left caudal IFG (A45c_l) and right medial amygdala
(mAmyg_r). (B) Regional fALFF changed from TP2 to TP3 at the left medial SFG (A9m_l), left dorsal MidFG (A9_46d_l), left opercular IFG (Ad4op_l), and left ventral
cingulate gyrus (A23v_l).

TP3 had a high inter-subject consistency. One critical factor
contributing to the heterogeneity of TMS after-effects could
be the different location of individual TMS targets (Fox et al.,
2012a; Lefaucheur et al., 2014; Hawco et al., 2018). The use of
individual T1-image-guided localization for the TMS target in
the present study could reduce the heterogeneity of the iTBS
effect. The other factor may be the different latency of individual
TMS-induced response. A higher consistency for FC and fALFF
changes among subjects at TP3 suggested a convergence of the
remote iTBS effect within the fronto-limbic network after a
longer time. However, more evidence is required in the future to
prove our intention.

There were several limitations in the present study. Firstly,
only 10 healthy volunteers were recruited for the experiments.
The small sample size made it a bit difficult to obtain strong
statistical significance. Secondly, there was no control or sham
condition. As an exploratory study, only iTBS over the left
DLPFC was used. The observed iTBS-induced dynamic patterns
needed to be interpreted in caution. Thirdly, we narrowed our
observation in the fronto-limbic network to tract the iTBS
effects. There could be other regions or networks also influenced
by iTBS that were omitted here. Further, more works with
experimental designs including control/sham TMS condition,
different intensities, and stimulated sites are needed to predict the
iTBS-induced effects within the large-scale brain networks.

In conclusion, to the best of our knowledge, there were a
few studies characterizing the temporal and spatial dynamics
induced by single-session iTBS manipulation. The FC and
fALFF measurements consistently demonstrated a significant
immediate iTBS effect around the stimulated DLPFC site,
while a long-term iTBS effect was prominent between the
left IFG and amygdala as well as between bilateral frontal
regions. Thus, our findings suggested that the combination
of TMS-fMRI should be an advanced technique to clarify
the TMS-induced effect, as well as to optimize the clinical
application for treatments.
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