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Continuous Theta-Burst Stimulation
Intensity Dependently Facilitates
Motor-Evoked Potentials Following
Focal Electrical Stimulation of the
Rat Motor Cortex
Minoru Fujiki*, Yukari Kawasaki and Hirotaka Fudaba

Department of Neurosurgery, School of Medicine, Oita University, Oita, Japan

Although theta-burst stimulation (TBS) is known to differentially modify motor cortical
excitability according to stimulus conditions in humans, whether similar effects can
be seen in animals, in particular rats, remains to be defined. Given the importance
of experimental rat models for humans, this study explored this stimulation paradigm
in rats. Specifically, this study aimed to explore corticospinal excitability after TBS in
anesthetized animals to confirm its comparability with human results. Both inhibition-
facilitation configurations using paired electrical stimulation protocols and the effects of
the TBS paradigm on motor-evoked potentials (MEPs) in rat descending motor pathways
were assessed. Paired-stimulation MEPs showed inhibition [interstimulus interval (ISI):
3 ms] and facilitation (11 ms) patterns under medetomidine/midazolam/butorphanol
(MMB) anesthesia. Furthermore, while ketamine and xylazine (K/X) anesthesia completely
blocked facilitation at 11-ms ISI, inhibition at a 3-ms ISI was preserved. Continuous and
intermittent TBS strongly facilitated MEPs depending on stimulus intensity, persisting
for up to 25 min under both MMB and K/X anesthesia. These findings are similar to
the intracortical inhibition and facilitation observed in the human motor cortex using
paired-pulse magnetic stimulation, particularly the glutamate-mediated facilitation phase.
However, different TBS facilitatory mechanisms occur in the rat motor cortex. These
different TBS facilitatory mechanisms affect the comparability and interpretations of TBS
between rat and human models.

Keywords: corticospinal tract, electrical stimulation, motor-evoked potentials, intracortical inhibition, intracortical
facilitation, theta burst stimulation

INTRODUCTION

The non-invasive neuromodulation method can potentially be used as an adjuvant strategy
in the rehabilitation of motor and cognitive deficits caused by neurological disorders
(Müller-Dahlhaus and Vlachos, 2013; Rodger and Sherrard, 2015). The effect of stimulation
depends on the stimulus parameters, such as location, intensity, polarity, and frequency
mode of the stimulation (Gamboa et al., 2010; Hamada et al., 2013; Nakamura et al., 2016;
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Shirota et al., 2017; Sasaki et al., 2018). Theta-burst stimulation
(TBS) of the motor cortex (3–5 pulses at 100 Hz repeated
at 5 Hz), which was originally reported in animal studies in
the hippocampus of cats and rats (Hess and Donoghue, 1996),
has been successfully translated in the awake human motor
cortex as either intermittent and facilitatory or continuous
and inhibitory TBS paradigms for motor-evoked potentials
(MEPs) with repetitive transcranial magnetic stimulation (rTMS;
Huang et al., 2005). Comparability, i.e., whether similar
effects would be seen particularly in the descending motor
system of rats, and underlying functional validations are yet
to be determined. With the widespread application of TBS
as a tool to modify the excitability of the human motor
cortex, the present study explored corticospinal excitability
after TBS using two different standard anesthetics on freely
behaving animals to replicate human findings. Recent TMS-TBS
protocols and MEP recording methods in animal models have
been useful for translation purposes and for understanding
the mechanisms underlying human results (Vahabzadeh-Hagh
et al., 2011; Hsieh et al., 2012, 2015; Sykes et al., 2016). In
contrast, a single pulse stimulation-MEP, such as TMS-MEP,
causes activation of both the motor cortex and subcortical
structures (Mishra et al., 2017); thus, focal short-burst triple-
pulses for MEP have been proposed in rat models (Carmel
et al., 2010; Mishra et al., 2017). Electrical motor cortical
stimulation would enable focal stimulation protocols with greater
specificity and accuracy for basic MEP recording, intracortical
inhibition-facilitation exploration, and TBS modulation in
rat models.

Therefore, we focused on electrically-induced MEPs,
continuous TBS (cTBS), and intermittent TBS (iTBS), as
previous work has predominantly employed TMS-MEP and
TMS-TBS (Hsieh et al., 2015; Sykes et al., 2016) in rats based on
the original human paradigm, but few reports have employed
more focal and stable motor cortical electrical stimulation
(Barry et al., 2014). This study aimed to establish an animal
model that allowed for the study of factors possibly affecting
MEP amplitudes, and thus cortical excitability, under a more
standardized condition and with additional focal stimulation
than that achieved with conventional TMS. Configuration of
the induced current flow (polarity, location, and monophasic
or biphasic) via epidural electrodes was preliminarily tested
to assess whether it is compatible with TMS-induced electric
fields relative to monopolar direct electrical stimulation of the
motor cortex. This is important, as determining the stability of
the protocol under anesthesia is required before future repeated
experiments can be conducted, e.g., exploring the effects
on the central nervous system (CNS) of drugs, wakefulness,
and free-moving conditions. Indeed, drug effects in human
results (Kujirai et al., 1993; Rothwell, 1997) and acute changes
in TMS measures of motor excitability after a single-dose
application (Ziemann et al., 2015) require confirmation under
experimental settings.

The present results provide animal platforms in conditioned
laboratory settings for pharmacological and various
pathophysiological evaluations, as well as an understanding
of previous human results.

MATERIALS AND METHODS

Animals
All experimental protocols were approved by the Ethical
Committee of the School of Medicine, Oita University (protocol
number 192301). Experiments were conducted on 48 adult
male Sprague–Dawley rats (body weight, 290–375 g; purchased
from Charles River Laboratories, Japan) housed at controlled
room temperature (24 ± 1◦C) with a 12/12 h light/dark cycle.
The room was maintained at 24◦C with constant humidity.
Rat food pellets and tap water were provided ad libitum
between experimental procedures. This study constituted six
separate experimental conditions involving 48 animals [time
course for no TBS (n = 7), cTBS (n = 7) and iTBS
(n = 7) under medetomidine/midazolam/butorphanol (MMB)
anesthesia; same procedures under ketamine and xylazine (K/X)
anesthesia (n = 21); and preliminary studies (n = 6); see Figure 1
for details]. We used ‘‘one animal’’ for ‘‘two sessions’’ for animals
used twice (see also ‘‘Paired Motor Cortex Electrical Stimulation:
SICI and ICF’’ section for detail).

Preliminary studies were undertaken to test three different
configurations of the induced current flow (i.e., polarity, location,
and monophasic or biphasic) via epidural electrodes delivering
electrical pulses at 1.2 times the resting motor threshold (RMT)
of the MEPs (for which a separate set of six rats were prepared).
For this study, rats (n = 3) were anesthetized and placed in a
stereotactic frame (Figure 1). Recording methods were similar
to those described elsewhere (Hsieh et al., 2012; Sykes et al.,
2016). For comparison, additional rats (n = 3) were prepared
similarly and received direct electrical stimulation of the motor
cortex. Briefly, a craniectomy of 9 × 5 mm2, i.e., drilling above
the forelimb and hindlimb regions of the sensorimotor cortex
(coordinates relative to bregma: 4.5 mm caudal, 4.5 mm rostral,
and 0.5–5.5 mm lateral) to expose the to-be-stimulated cortex,
was performed over the motor cortex where single electrodes
were positioned at different locations. Electrical stimulation
consisted of 3–10 500-µs biphasic pulses (cathode first) delivered
at 500 Hz, and the maximum stimulator output (MSO) was
adjusted to 1.0 mA; 808 ± 33 Ω impedance. Such stimulation
yieldedMEPs from the forelimb biceps brachii (BB)muscle when
the motor cortex was stimulated 2 mm anterior and 2–3 mm
lateral to the bregma (Takemi et al., 2017). A set of two epidural
electrodes placed over the rat’s motor cortex can be systematically
adjusted to the best position for eliciting MEPs via the motor
cortex (Fujiki et al., 2020). Epidural stimulating configurations
were determined based on the comparison of these procedures.

Motor Cortex Stimulation and Recording of
Motor-Evoked Potentials
The basic procedures of electrical stimulation and MEP
recordings were based on methods previously described by
Mishra et al. (2017). Briefly, epidural cortical stimulating
electrodes [Plastics One with 1.19 mm diameter with a flat tip
on two locations: 1.0 mm rostral and 2.0 mm lateral (1R, 2L) and
3.0 mm rostral and 4.0 mm lateral from bregma (3R, 4L); orange
circles in Figure 1B] were placed 7 days before testing under
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FIGURE 1 | Schematic illustration of experiments; stimulus-accuracy validation and timeline; comparisons between direct motor cortical electrical stimulation
induced-motor-evoked potentials (MEPs) and epidural stimulation MEPs (different configuration of the induced current flow; polarity, location, and monophasic or
biphasic). (A) The results of cortical motor mapping (2 mm anterior and 2–3 mm lateral to the bregma) were following previous work comparing intracortical electrical
stimulation and epidural stimulation (Takemi et al., 2017). Hot spot mapping for the biceps brachii muscle was identified; locations were defined as [1/(lowest
threshold (mA) of direct motor cortical stimulation induced-MEPs)] 100 (red square identifies two locations). Before a full craniotomy, the location of two epidural
electrodes placed over the rat’s motor cortex was systematically changed to identify the best area for eliciting MEPs via the motor cortex. (B) MEP latencies after

(Continued)
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FIGURE 1 | Continued
direct motor cortical electrical stimulation corresponded with those after
monophase-anode (1R, 2L) epidural stimulation and biphase-epidural
stimulation [(1R, 2L) and (3R, 4L)], whereas MEPs after monophase-cathode
(1R, 2L) epidural stimulation exhibited a 2.7 ms delay in latency, and lower
amplitudes than other modalities. Thus, the biphasic epidural stimulation
electrode was located on the motor cortical hot spot for BB muscle, inducing
a horizontally oriented electric field across forelimb representation confirmed
compatibility those with MEPs identified by direct cortical electrical
stimulation. (C) Epidural electrodes were placed 7 days before testing under
MMB anesthesia. The SICI and ICF were evaluated after 10 min. Base
recording, cTBS, iTBS, and no-theta-burst stimulation (TBS)- were performed
under MMB or K/X anesthesia at 10 min. Base recording (n = 7, each group).
Full ISIs, as well as ISIs of 3 and 11 ms, were tested 10 min after TBS. MMB,
medetomidine/midazolam/butorphanol anesthesia; K/X, ketamine and
xylazine anesthesia; SICI, short-latency intracortical inhibition; ICF, intracortical
facilitation; cTBS, iTBS; continuous or intermittent theta burst stimulation; ISI,
inter-stimulus interval; IBI, inter-burst interval; RMT, resting motor threshold.

MMB anesthesia. The screw electrodes were attached in advance
to a head connector (Plastics One) such that they were secured
with skull screws and dental acryl for repeated measurements
(Mishra et al., 2017). To assay the descending motor systems,
we stimulated the motor cortex and measured MEPs from the
contralateral BB muscle. For motor cortex stimulation, a train of
three biphasic square wave pulses was delivered with an isolated
pulse stimulator (A-M Systems, Model 2100, Sequim, WA, USA)
to achieve temporal summation for selective activation of the
motor cortex (0.2 ms per pulse for each polarity; interstimulus
interval of 3 ms; Figure 2A). Also, we compared latencies with
three pulses to those with single pulses delivered over the motor
cortex. For testing, trains of stimuli were delivered every 5 s to
allow for the recovery of responses (Carmel et al., 2010).

Paired Motor Cortex Electrical Stimulation:
SICI and ICF
The RMT was determined by first decreasing the stimulator
output by 0.1 mA until MEPs disappeared and then increasing
the output in 0.1-mA increments until six MEPs of 50 µV (peak-
to-peak) were elicited out of every 12 trains of 3-ms interval
three biphasic square wave pulses. We recorded 20 min of
baseline MEPs every 5 s (0.2 Hz) at 120% of RMT. Two isolated
electrical stimulators connected to a single stimulus electrode
with custom-made switching systems were used. Parameters
were controlled for appropriate stimulus intervals and intensity
like that for paired TMS (Kujirai et al., 1993; Vahabzadeh-
Hagh et al., 2011; Hsieh et al., 2012). Intracortical inhibitions
or facilitations [corresponding to short-latency intracortical
inhibition (SICI) and intracortical facilitation (ICF) in human
motor cortex using paired-pulse TMS] were tested using a
paired electrical and subthreshold conditioning stimulus (CS)
preceding a suprathreshold test stimulus (TS; Kujirai et al., 1993;
Rothwell, 1997). Subthreshold CS was set at 70, 75, and 80%
RMT, while the intensity of TS was adjusted to evoke an MEP
of approximately 300 µV (peak-to-peak) in the left BB muscle.
Interstimulus intervals (ISIs) of 1, 2, 3, 5, 7, 11, 13, and 15 ms
were utilized to test intracortical inhibitions or facilitation. Full
ISIs were tested 10 min before TBS, while ISIs of 3 ms and
11 ms were tested 10 min after TBS. Two different experimental

sessions separated by at least 7 days were conducted, while one
of two TBS intensity protocols were used in each session in a
pseudo-randomized order.

Motor Cortex Electrical Stimulation: cTBS
and iTBS
Either a continuous or intermittent TBS (cTBS or iTBS under
MMB or K/X; n = 7 each) or an absent (no-) TBS- (MMB or
K/X; n = 7 each) was applied for a total duration of 40 s or
200 s, respectively. cTBS consists of a burst of three pulses at
50 Hz, repeated at 5 Hz, and delivered for 40 s continuously
(600 pulses). In contrast, iTBS involves the same burst, delivered
for 2 s with an 8 s off-period, consisting of 600 pulses based on
original reports of rTMS of the human motor cortex by Huang
et al. (2005). At the end of the data collection, rats were sacrificed
humanely by an anesthetic overdose (350 mg/kg pentobarbital
sodium, Henry Schein) before decapitation. Finally, extracted
brains were fixed in paraformaldehyde and sectioned for the
histological verification of electrode positioning.

TBS was delivered at 75 and 80% of the RMT [approximately
0.5–1.2 mA, corresponding to previous reports (Yang et al.,
2019)] for 600 pulses. Also, a final 25-minMEPs post-stimulation
was recorded at 0.2 Hz at 120% RMT. No-TBS- was instead
delivered by unplugging the electrodes at the stimulator while the
cTBS or iTBS protocol was conducted.

MEP Acquisition
MEPs were measured via a stainless-steel braided wire (Cooner
Wire, catalog number AS 634, Chatsworth, CA, USA) inserted
into the left BB muscle. Successively, they were pre-amplified
and stored (Neuropack 8, Nihon-Kohden Co. Limited, Tokyo,
Japan and Brain Vision Recorder, Brain Products, Germany, with
5–3,000 Hz bandpass at a sampling rate of 5,000 Hz and 100-ms
analysis time). We acquired the first 100 ms of electromyography
(EMG) data after the stimulation for quantification. The EMG
response diminished to baseline within this period after the
presentation of the conditioning stimulus followed by a TS
(see below). For motor threshold determination, recordings
were obtained at regular intervals from a low cortical stimulus
intensity that did not produce anymotor response (subthreshold:
0.5 mA) to high intensity (3.0 mA) that saturated the MEPs.

Rats were deeply anesthetized with either a combination
of MMB anesthesia (0.15/2.0/5.0 mg/kg, respectively;
intraperitoneally) or a combination of ketamine (90 mg/kg)
and xylazine (10 mg/kg), which was used to preserve motor
responses. Anesthesia depth was monitored periodically using
the pedal withdrawal (‘‘toe-pinch’’) reflex at the same relative
timing and frequency in all animals. The absence of such
reflex indicated that a standardized depth of anesthesia and
analgesia was achieved, and this was maintained throughout
electrode implantation and recording. We used a temperature-
controlled heating pad to maintain the body temperature at 37◦C
intraoperatively both during the post-surgical recovery and the
recording period. Rats were placed in a grounded stereotaxic
frame (Narishige, Japan) and electrically isolated from metal ear
bars using parafilm.
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FIGURE 2 | The basic waveform of MEPs recorded from the biceps is composed of short-latency (approximately 14 ms) biphasic waves. (A) Inhibition and
facilitation of MEPs at ISIs of 1, 3, and 11 ms under MMB anesthesia at 75% RMT-CS. This phenomenon is reminiscent of the short-latency intracortical inhibition
(SICI) and ICF in the human motor cortex observed when using paired-pulse TMS. MEPs at pre- and post-cTBS (top and bottom, respectively), at ISIs of 3 (second)
and 11 (third) ms, and EMG recordings during cTBS (fourth trace). (B) Inhibition and facilitation of MEPs at ISIs of 1, 3, and 11 ms under MMB anesthesia at 80%
RMT-CS. MEPs at pre- and post-cTBS (top and bottom, respectively), at ISIs of 3 (second) and 11 (third) ms, and post-cTBS (bottom), and EMG recordings during
cTBS (fourth trace). Note that recordings during cTBS (fourth trace, inside dashed line boxes) show small electrical stimulation artifacts (50 Hz), three 20-ms pulses,
and an absence of evoked MEPs during cTBS (A,B; 5 µV of amplitude calibration in the fourth trace, inside dashed line-boxes). MEPs were inhibited after cortical
motor cTBS at 75% of the RMT, while they were strongly facilitated immediately after cortical motor cTBS at 80% RMT (Note: 200 µV of amplitude calibration in the
bottom trace, right B).

Data Analysis
All MEP data were analyzed offline using Brain Vision Analyzer2
(Brain Products, Germany), as also reported by Sykes et al.
(2016). Peak-to-peak MEP amplitudes were measured (at 120%
RMT intensity, composed of 12 individual sweeps in eachminute
run). Successively, normalized amplitudes to the final 5 min
of baseline amplitude were expressed as a percentage change,
allowing for between-subject comparisons, and were grouped
into 2-min bins and a final 3-min bin.

All data are presented as mean ± standard error of the
mean (SEM). Different groups of animals were compared using
a one-way (two-way for time course) analysis of variance
(ANOVA) with a Student-Newman–Keul post hoc analysis
(SPSS, Cary, NC, USA). Experiments with three or more groups
were analyzed with a two-way ANOVA followed by a post hoc
Bonferroni-Dunn test. For TBS effects, the statistical significance

of group differences was analyzed with an ANOVA with time
(TIME) as a within-subject factor and group (GROUP) as
a between-subjects factor. This was followed by a post hoc
Holm test. To investigate whether the time effect differed
among groups, we confirmed the TIME × GROUP interaction.
Differences were considered significant at P ≤ 0.05.

RESULTS

MEP Basic Waveforms
Direct motor cortical and epidural stimulation-induced
MEPs were compared for accuracy verification (different
methodological configurations of the induced current flow;
polarity, location, and monophasic or biphasic, see Figure 1
for detail). Quantitative differences in the final 5 min of MEP
baseline parameters between the two anesthetic conditions
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were not observed (RMT: 1.04 ± 0.03 vs. 1.03 ± 0.03 mA;
latency: 13.9 ± 0.29 vs. 13.6 ± 0.25 ms; amplitude: 286 ± 7.4 vs.
302 ± 14.8 µV; under MMB and K/X anesthesia, respectively).
In addition, an absence of statistically significant effects of
anesthetic combinations on RMT (t(40) = 0.17; P > 0.05), latency
(t(40) = 0.94; P > 0.05), or amplitude (t(40) = 0.96; P > 0.05)
was found.

Similarly, statistically significant effects of previous TBS
sessions on RMT (t(40) = 1.56; P > 0.05, t(40) = 1.59; P > 0.05),
latency (t(40) = 0.15; P > 0.05, t(40) = 0.2; P > 0.05), or amplitude
(t = (40) = 0.24; P > 0.05, t(40) = 1.38; P > 0.05, MMB and K/X
anesthesia respectively) were not seen.

Following previous methodological standards (Mishra et al.,
2017), motor cortical electrical stimulation elicited a clear short-
latency MEP (14.1 ms in latency, not including waveforms with
latencies <5 ms), as illustrated in Figure 1B. We analyzed
electrophysiological changes in MEPs based on the effects of
anesthetic combinations, GABA-A agonist midazolam-based
MMB, and non-specific NMDA receptor blocker, ketamine-
based K/X, with or without cTBS or iTBS.

Inhibition and Facilitation Patterns of
Paired-Stimulation MEPs
CS at 75% of the RMT preceding TS-MEPs showed inhibition
(ISI, 3 ms) and facilitation (ISI, 11 ms) patterns under MMB
anesthesia (Figures 2A, 3A). While K/X anesthesia completely
blocked facilitation at an ISI of 11 ms, inhibition at an ISI of
3 ms was preserved (P < 0.05; Figure 3A). A one-way ANOVA
revealed a significant difference at an ISI of 9 (F(1,26): 5.52,
P < 0.05), 11 (F(1,26): 26.89, P < 0.001) and 13 (F(1,26): 4.41,
P < 0.05) ms, respectively.

CS at 80% of the RMT preceding TS-MEPs showed inhibition
(ISI, 1 ms) and facilitation (ISI, 3 ms, and 11 ms) patterns
under MMB anesthesia (Figures 2B, 3B). While K/X anesthesia
completely blocked facilitation at an ISI of 11 ms, inhibition
at an ISI of 1 ms and facilitation at an ISI of 3 ms were
preserved (P < 0.05; Figure 3B). A one-way ANOVA revealed
a significant difference at an ISI of 7 (F(1,26): 5.23, P < 0.05),
9 (F(1,26): 9.72, P < 0.0005), 11 (F(1,26): 19.2, P < 0.0005)
and 13 (F(1,26): 6.01. P < 0.05) ms, respectively. Therefore, the
intracortical inhibition and facilitation profiles of a CS intensity
at 75% of the RMT are reminiscent of the SICI and ICF in the
human motor cortex using paired-pulse TMS. In contrast, such
profiles of a CS intensity at 80% of the RMT were not entirely
comparable to those seen in the human motor cortex using
paired-pulse TMS.

Overall, given that CS at 70% of the RMT preceding the
TS-MEPs revealed non-identical patterns under both conditions
of anesthesia (data not shown), we chose CS intensities of 75 and
80% for the TBS procedures in the present study.

TBS Effects on Rat MEPs
MEPs were inhibited after motor cortical cTBS at 75% of the
RMT, lasting up to 25 min under both MMB and K/X anesthesia
(P< 0.05; Figure 2A, bottom trace, and Figure 4A red, pink line).
In contrast, iTBS at 75% of the RMT facilitated MEPs, lasting
up to 25 min under both MMB and K/X anesthesia (P < 0.05;

Figure 4A green and blue line). Finally, both cTBS and iTBS
at 75% of the RMT lead to MEP inhibition, while facilitation
profiles were identical to those obtained using biphasic TMS
at 80% of the active motor threshold (AMT) of the human
motor cortex.

An ANOVA revealed a significant main effect of group on
MEP, whereby the effects of the stimulation differed among the
six groups (main effect of GROUP, F(5,83) = 180.3, P < 0.001;
main effect of TIME, F(13,502) = 3.385, P < 0.001; interaction of
GROUP × TIME, F(65,502) = 3.315, P < 0.001).

A post hoc analysis indicated that the MEP amplitudes after
stimulation in the 75% RMT-cTBS under both the MMB and
K/X groups were significantly decreased compared with those in
the no-TBS group (P < 0.001). In contrast, the MEP amplitudes
were significantly increased in the iTBS groups compared to the
no-TBS group (P < 0.001, respectively).

MEPs were strongly facilitated immediately after motor
cortical cTBS at 80% of the RMT (Figure 2B), lasting up to
25 min under both the MMB and K/X anesthesia (P < 0.05;
Figure 2B, bottom trace and 4B red, pink line). Similarly, iTBS
also facilitated MEPs, lasting up to 25 min under both anesthetic
conditions (P < 0.05; Figure 4B green and blue line). A two-way
ANOVA revealed a significant difference in the normalized MEP
amplitude over time (P = 0.0003), while post hoc comparisons
by SPSS (Cary, NC, USA) indicated that the MEP amplitudes
were significantly higher than those in no-TBS controls at all time
points (asterisks in Figure 4 denote significance).

Although identical stimulus artifacts of 20 ms (50 Hz) were
observed, motor responses were not evoked during TBS at any of
the stimulus intensities (Figures 2A,B; inside dashed line boxes).

An ANOVA revealed a significant main effect of group on
MEP, whereby the effects of the stimulation differed among the
six groups (main effect of GROUP, F(5,83) = 127.6, P < 0.001;
main effect of TIME, F(13,502) = 22.273, P < 0.001; interaction of
GROUP × TIME, F(65,502) = 1.642, P < 0.001).

A post hoc analysis indicated significant increases, compared
to the no-TBS group, in theMEP amplitudes after the stimulation
in both the 80% RMT-cTBS and RMT-iTBS for the MMB and
K/X groups (P < 0.001).

Multiple comparisons between the 80% RMT-cTBS/MMB
groups and the no-TBS group were conducted at each time
point. Our results indicated the MEP amplitudes in the 80%
RMT-cTBS group to be significantly increased compared with
those in the no-TBS group at several time points (20, 22, and
25 min following stimulation: P = 0.004, 0.01, and < 0.001,
respectively). Differences in the increase ofMEP amplitudes were
observed immediately following stimulation and persisted for
more than an hour (data not shown), suggesting persistent cTBS
effects on the MEP amplitudes.

The SICI at an ISI of 3 ms was significantly suppressed only
after 75% RMT-cTBS under the K/X anesthesia (P < 0.05).
In contrast, the ICF at an ISI of 11 ms was significantly
suppressed only after 75% RMT-cTBS under the MMB
anesthesia (P < 0.001), while the SICI at an ISI of 3 ms under
such anesthesia tended to be suppressed, however, the result
was not statistically significant (Figure 5A). Finally, the 75%
RMT-iTBS, 80% RMT-cTBS, and 80% RMT-iTBS did not affect
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FIGURE 3 | Individual and averaged MEPs in each ISI under the MMB and K/X anesthesia conditions. Individual profiles of normalized MEPs in each ISI under the
MMB and K/X anesthesia conditions (A,B). Averaged normalized MEPs under the MMB (red) and K/X (blue) anesthesia conditions at a CS at 75 (left A) and 80 (right
B) % of the RMT preceding test stimulus (TS)-MEPs. MMB-anesthetized rats demonstrated significant inhibition at ISIs of 3 ms and facilitation at 11 ms, whereas
K/X-anesthetized rats showed significant suppression at 11 ms and facilitation at 75% of the RMT-CS. Inhibition was preserved at an ISI of 3 ms (∗P < 0.05).
MMB-anesthetized rats presented significant facilitation at ISIs of 3 and 11 ms following inhibition at 1 ms. In contrast, K/X-anesthetized rats showed significant
suppression at 11 ms and facilitation at 80% RMT-CS. An analysis of variance (ANOVA) revealed that the values were significantly greater in the MMB group than in
the K/X group at an ISI of 11 ms (∗P < 0.05).

either the SICI at an ISI of 3 ms or the ICF at an ISI of 11 ms
(Figures 5B–D).

DISCUSSION

Two main findings were reported in the present study. First,
MEPs following paired electrical motor cortical stimulation
showed inhibition (ISI of 3 ms) and facilitation (ISIs of 11 ms)
patterns under MMB anesthesia. In contrast, the K/X anesthesia
completely blocked facilitation at an ISI of 11ms, while inhibition
at an ISI of 1 ms and facilitation at an ISI of 3 ms were preserved.
This phenomenon is reminiscent of the SICI and ICF in the
human motor cortex observed through paired-pulse TMS. Our
data indicate that ICF in the rat motor cortex is glutamate-
mediated. Second, cTBS, as well as iTBS, strongly facilitated
MEPs stimulus intensity for up to 25 min under both the MMB
and K/X anesthesia conditions.

Differences in MEPs evoked by TMS have also been
documented for different pulse shapes (monophasic vs. biphasic)
and different orientations of the electric field (Nakamura
et al., 2016; Shirota et al., 2017). While current density close
to the electrodes is higher than that in between electrodes, it is
more uniform with TMS. Stimulation focus with biphasic
stimulation remains unclear (whether at the anodal or
cathodal, or in between the electrodes). Preliminary direct
comparison studies between epidural bipolar-biphasic-triple
pulse and direct cortical monopolar stimulation resulted in
similar MEPs. Advantages and limitations of the epidural
cortical stimulation have been previously discussed by Kosugi
et al. (2018). Given that epidural stimulation is minimally
invasive and that it activates pyramidal neurons trans-
synaptically via cortical interneuron activation, we used

epidural bipolar-biphasic-triple pulse for our MEP recordings
(Mishra et al., 2017).

MEP Basic Waveforms
As reported by Mishra et al. (2017), we used a train of
three pulses (3-ms interval short train biphasic) to enable the
selective activation and temporal summation in the motor
cortex (Amassian et al., 1990). This configuration is important
as a single pulse causes the activation of both the motor
cortex and subcortical structures. Therefore, the MEP latencies
of all our results (14.1 ± 0.88 ms in latency, not including
waveforms with latencies < 5 ms) imply the activation of
rat corticospinal descending motor pathways (Mishra et al.,
2017). Indeed, we previously demonstrated that MEPs elicited
by direct cortical stimulation (overall conduction velocity of
approximately 18 m/s) disappeared after the transection of
the corticospinal tract (Kamida et al., 1998). Furthermore,
we confirmed that, although single-pulse stimulation also
evoked MEPs, it did not activate those of interest for us,
which had a higher threshold (approximately three times)
and exhibited shorter (approximately 5 ms) latencies (data
not shown). It should be noted that electrical stimulation of
the corticospinal tract elicits excitatory post-synaptic potentials
(EPSPs) in forelimb motoneurons, which are mediated by multi-
synaptic excitatory corticofugal pathways and not exclusively by
corticospinal axons (Alstermark et al., 2004). Indeed, a localized
lesion of the rat corticospinal tract did not affect the size of
the short-latency MEPs by TMS over the motor cortex, while
mixed descending inputs contributed to the long latency MEPs
(Nielsen et al., 2007). Also, the contribution of corticospinal
axons and other descending pathways for MEPs production
remains unclear (Oudega and Perez, 2012). Similarly to urethane,
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FIGURE 4 | MEP amplitudes increase in intensity in the stimulated cortex after 80% RMT-cTBS and iTBS time-series data of MEP amplitudes are expressed as the
percentage change from baseline attributable to TBS. Group data are presented as the mean ± standard error of the mean. (A) Compared to the no-TBS group, the
increase in MEP amplitudes is significantly lower in the 75% RMT-cTBS group and significantly higher in the 75%-RMT-iTBS group. (B) The increase in MEP
amplitudes in the 80% RMT-cTBS and iTBS groups is significantly greater than that in the no-TBS group. ∗P < 0.05.

i.e., a compound commonly used for synaptic plasticity studies
(Reynolds et al., 2001; Sykes et al., 2016), we here confirmed that
MMB anesthesia (applicable for survival experiments) was also
favorable for multi-synaptic corticospinal MEPs and provided
continuous stable conditions for MEP recordings.

SICI and ICF in the Rat Motor Cortex With
an Electrical Train of Three Pulses
Contrary to reports of healthy human controls with paired-
pulse TMS, a CS at 80% of the RMT preceding paired electrical
motor cortical stimulation-induced inhibition (ISI of 1 ms) and
facilitation (ISIs of 3 and 11 ms) patterns under the MMB
anesthesia. In contrast, a CS at 75% of the RMT preceding
TS-MEPs showed inhibition (ISI, 3 ms) and facilitation (ISI,
11 ms) patterns comparable with human results (Kujirai et al.,
1993; Rothwell, 1997).

These results were obtained under anesthetic conditions,
i.e., GABA-A agonist, midazolam-based MMB, and NMDA
antagonist ketamine-based K/X. Inhibitions at an ISI of 1–2 ms
were comparable between the anesthetics. Indeed, inhibitions at
an ISI of 1–2 ms have been considered to include an axonal
refractory period that is not mediated by GABA-A interneurons

(Kujirai et al., 1993; Rothwell, 1997). Similarly, an ISI of 3 ms,
which is presumed to be a GABA-A-mediated inhibitory phase
in healthy humans, was facilitated and comparable between
both anesthetics. Each CS-TS train consisting of three pulses
(3-ms interval short train, biphasic) should be considered as
both trains overlap, and each pulse may interfere at an ISI
shorter than 6 ms. This differs fundamentally from the paired
single pulse CS-TS TMS paradigm. Specifically, the assessment
of SICI at an ISI of 3 ms with certain conditioning intensities
can be contaminated by facilitatory effects, such as short ICF
(Peurala et al., 2008). Given that both the CS intensities (75 and
80% of the RMT) are constantly subthreshold during TBS
(see Figure 2; 5 µV of amplitude calibration in the fourth
trace, inside dashed line-boxes), we suggest minimal intensity
contamination by intracortical facilitatory influences at this level
of conditioning.

Facilitation at an ISI of 11 ms, which is considered to be a
glutamate-mediated facilitatory period (Ziemann et al., 2015),
was completely blocked under NMDA antagonist ketamine-
based K/X anesthesia. This result is consistent with a previous
hypothesis proposing that ICF (facilitation at an ISI of 10–15 ms
in humans) strongly correlates with excitatory glutamatergic
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FIGURE 5 | SICI and ICF changes after cTBS and iTBS at different stimulus intensities. (A) A multiple comparisons test revealed that the SICI at an ISI of 3 ms was
significantly suppressed only after 75% RMT-cTBS under the K/X anesthesia (P = 0.046, < 0.05). In contrast, the ICF at an ISI of 11 ms was significantly suppressed
only after 75% RMT-cTBS under the MMB anesthesia (P < 0.001), while the SICI at an ISI of 3 ms under such anesthesia tended to be suppressed, however, the
result was not statistically significant. (B–D) Finally, the 75% RMT-iTBS, 80% RMT-cTBS, and 80% RMT-iTBS did not have any effect on either the SICI at an ISI of 3
ms or the ICF at an ISI of 11 ms. Colors in the graph represent each condition pre- and post-TBS (red: cTBS/MMB, pink: cTBS/K/X; green: iTBS/MMB; light blue:
iTBS/K/X at 75% and 80% of the RMT, respectively) and anesthesia (blue: MMB; dark blue: K/X, respectively). ∗P < 0.05.

interneurons within the motor cortex depending on NMDA
receptor activation (Ziemann et al., 2015).

cTBS of the Rat Motor Cortex Intensity
Dependently Facilitates MEP
Our results demonstrate that 75% RMT-cTBS inhibits while
iTBS enhances the neuronal activity and that both 80%-
cTBS and iTBS enhance neuronal activity in the cerebral
cortex. There are several possible interpretations of our results,
indicating that cTBS strongly facilitated MEPs in a stimulus
intensity-dependent manner under both the MMB and K/X
anesthetic conditions.

Our finding contrasts previous results suggesting that
memantine, i.e., a non-competitive NMDA receptor antagonist,
blocked both the suppressive effects of cTBS and the facilitatory
effects of iTBS. Similarly, it contrasts findings showing that
D-cycloserine, i.e., a partial agonist at the NMDA receptor
glycine-B biding site, switched the after-effects of iTBS

facilitation to inhibition in the human motor cortex (Huang
et al., 2007; Teo et al., 2007). Indeed, Hsieh et al. (2015)
reported iTBS-MEP facilitation and cTBS-MEP inhibition
under xylazine and tiletamine-zolazepam (including tiletamine,
a compound that is chemically related to ketamine and
fundamentally employs the samemechanisms) anesthesia in rats.
A combination of ketamine (90 mg/kg) and xylazine (10 mg/kg)
is frequently used for facilitation after paired stimulation to
preserve motor responses (Mishra et al., 2017). Anesthetic
combinations must be carefully chosen in animal studies
concerning stability, MEP preservations, ‘‘pseudo potentiation,’’
non-survival experiments (urethane), and enhancement of
GABA transmission (midazolam) or NMDA blockade (e.g.,
ketamine; Sykes et al., 2016). Strikingly, the present study
demonstrated that MEPs were facilitated by either continuous or
intermittent TBS under effective doses of anesthetics, including
the GABA-A agonist, midazolam, and the NMDA antagonist,
ketamine, in the rat motor cortex.
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Motor cortical conditions of the subjects, including inter-
individual variability (Hamada et al., 2013), and stimulus
parameters, such as current direction (Shirota et al., 2017),
intensity, and duration of cTBS, alter suppressive or facilitative
MEP amplitudes.

An RMT stimulus intensity of 80% in the present
experimental settings for anesthetized rats may exceed that
of the 80% AMT in the awake human motor cortex. Indeed,
cTBS increased motor cortical excitability with a relatively
higher 80% AMT intensity, while it was depressed with a lower
intensity. The optimal stimulus intensity was not 80% of AMT
in every subject (Sasaki et al., 2018).

Similarly, low-intensity, short-interval (300 pulses) cTBS
was found to depend on the intensity and to facilitate MEPs at
70% of the RMT and inhibit them at 65% of the RMT, without
significant effects on the SICI (Doeltgen and Ridding, 2011).
The authors speculated the 70% RMT-cTBS300 to provide
sufficient stimulation to breach the activation threshold of
intracortical facilitatory interneurons. In contrast, the 65%
RMT-cTBS300 was suggested to both facilitate intracortical
inhibitory influences and inhibit intracortical facilitatory
influences on corticospinal neurons. Lower activation thresholds
for intracortical inhibitory interneurons, compared to facilitatory
interneurons, exist within a few percent of stimulus intensities
(Kujirai et al., 1993).

In vitro, low-intensity magnetic stimulation hyperpolarizes
action potential thresholds, and increases evoked spike frequency
without altering the resting membrane potentials and input
resistance (Tang et al., 2016a).

An epidural corticospinal MEP study revealed different
intracortical facilitatory and inhibitory neuronal origins that
while the 80% AMT-iTBS leads to a rapid increase in the
excitability of the cortical mechanism that generates later I-
waves, the cTBS preferentially affects the amplitude of the
I1 wave (Di Lazzaro et al., 2008). Furthermore, TBS protocols
have also been conducted for a longer time compared to reversed
facilitatory and inhibitory effects (Gamboa et al., 2010).

The lack of low-intensity 75% RMT-cTBS on the SICI is
consistent with previous results (Doeltgen and Ridding, 2011).
Considering that the animals in the present study were under
anesthetic conditions (GABA-A agonist or NMDA antagonist),
the inhibitory effects on the SICI and ICF in response to cTBS
may have been affected, as well as the facilitatory effects on the
SICI in response to iTBS.

Ketamine, i.e., an NMDA receptor antagonist that
indirectly facilitates glutamate neurotransmission through
the AMPA receptor, decreased MT based on the administered
dose and was shown to enhance MEP response to TMS
(Di Lazzaro et al., 2003).

The effect of ketamine possibly suggests an additional
contribution of fast ionotropic glutamatergic neurotransmission,
most likely at the glutamatergic synapses of these axons onto
corticospinal neurons (Ziemann et al., 2015).

The fact that MEPs were facilitated after cTBS or iTBS under
ketamine anesthesia, while a lack of ICF was observed, may
indicate that AMPA and NMDA transmission are differently
involved in TBS effects and paired-pulse CS preceding TS-MEPs.

To understand the underlying mechanisms and to verify
their compatibility with human results, further experiments with
altered combinations of these cTBS parameters are warranted.

Limitations and Future Work
A limitation of the present study may lie in the utilization of
focal short-burst triple-pulses for stable selective activation and
temporal summation in the motor cortex for both CS and TS, as
it represents a fundamentally different paradigm to that of the
paired single pulse CS-TS TMS. Indeed, the single pulse CS-TS
paradigm, even with a high threshold, should be confirmed as a
strict benchmark for TMS studies. A stimulus strength of 80% of
the RMT for CS and TBS, which might exceed that of 80% AMT,
could be reduced in future studies.

Although an ideal-smaller-size, non-invasive animal
TMS-coil design for equivalent spatial resolution has been
proposed by Tang et al. (2016b), the stereotactic frame under
anesthesia conditions is required. Low-intensity electrical iTBS
applied to the contralesional hemisphere enhanced functional
recovery even at the subacute stage after stroke (Boddington
et al., 2020). Effective neuromodulation for symptomatic animal
models connected to the stimulator requires repeated sessions
under anesthetic drug-free, freely-moving, awake conditions. A
reliable, minimally invasive, and quantitative motor mapping
and MEP recording method in anesthesia-free conditions are
warranted for elucidating the mechanisms underlying cortical
motor reorganization. Establishing stable and reproducible
conditions for RMT, AMT, and MEPs for long-term evaluations
in awake, freely-moving rodents is also necessary (Kosugi et al.,
2018). Furthermore, Hoogendam et al. (2010) presented—in
a critical review—seven lines of evidence suggesting that
neuromodulation of the rTMS is a result of the induction
of synaptic changes resembling long-term potentiation and
depression (LTP and LTD). Evidence includes similarities in
stimulation temporal patterns required for induction, duration
of changes, and sensitivity to pharmacological interventions.
This is consistent with the hypothesis that motor cortex
stimulation can activate MEPs, as well as cellular and molecular
mechanisms underlying different forms of synaptic plasticity,
such as LTP and LTD, for future neuromodulation-based
therapeutic strategy (Müller-Dahlhaus and Vlachos, 2013;
Rodger and Sherrard, 2015).

CONCLUSIONS

Paired-stimulation corticospinal MEPs induced inhibition and
facilitation patterns that were similar, but not identical, to those
of the SICI and ICF in the human motor cortex obtained
when using paired-pulse TMS. Both continuous and intermittent
TBS-induced MEP facilitation under two anesthetic conditions.
Continuous TBS parameters in the rat motor cortex should be
further explored to elucidate the underlying mechanisms.
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Background: Upper-extremity hemiplegia after stroke remains a significant clinical
problem. The supplementary motor area (SMA) is vital to the motor recovery outcomes
of chronic stroke patients. Therefore, rebuilding the descending motor tract from the
SMA to the paralyzed limb is a potential approach to restoring arm motor function
after stroke. Paired associative stimulation (PAS), which is based on Hebbian theory,
is a potential method for reconstructing the connections in the impaired motor
neural circuits. The study described in this protocol aims to assess the effects of
cortico–peripheral Hebbian-type stimulation (HTS), involving PAS, for neural circuit
reconstruction to rescue the paralyzed arm after stroke.

Methods: The study is a 4-month double-blind randomized sham-controlled clinical
trial. We will recruit 90 post-stroke individuals with mild to moderate upper limb paralysis.
Based on a 1:1 ratio, the participants will be randomly assigned to the HTS and sham
groups. Each participant will undergo 5-week HTS or sham stimulation. Assessments
will be conducted at baseline, immediately after the 5-week treatment, and at a 3-
month follow-up. The primary outcome will be the Wolf Motor Function Test (WMFT).
The secondary outcomes will be Fugl-Meyer Assessment for Upper Extremity (FMA-
UE), Functional Independence Measure (FIM), and functional near-infrared spectroscopy
(fNIRS) parameters. The adverse events will be recorded throughout the study.

Discussion: Upper-limb paralysis in stroke patients is due to neural circuit disruption,
so the reconstruction of effective motor circuits is a promising treatment approach.
Based on its anatomical structure and function, the SMA is thought to compensate
for motor dysfunction after focal brain injury at the cortical level. Our well-designed
randomized controlled trial will allow us to analyze the clinical efficacy of this novel
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Hebbian theory-based neuromodulation strategy regarding promoting the connection
between the cortex and peripheral limb. The results may have significance for the
development and implementation of effective neurorehabilitation treatments.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [ChiCTR2000039949].

Keywords: stroke, rehabilitation, plasticity, transcranial magnetic stimulation (TMS), primary motor cortex (M1),
supplementary motor area (SMA)

BACKGROUND

The 2013 National Epidemiological Survey of Stroke (NESS)
in China reported a large and increasing burden caused by
stroke, with approximately 11 million prevalent cases of stroke,
2.4 million new-onset cases of stroke, and 1.1 million stroke-
related deaths in China annually, which match the long-
term trends (Wu et al., 2019). Upper-extremity hemiplegia
after stroke remains a clinical challenge, with only 20% of
patients currently recovering normal hand function (Kwakkel
et al., 2003). Common rehabilitation options to improve arm
motor function include physical fitness therapy, task-oriented
practice, constraint-induced movement therapy, and robot-
assisted therapy. However, the clinical outcomes tend to be
modest, and several disabilities remain unresolved and need
further research.

In the search for improved stroke treatments, scientists
have been trying to identify the link between motor function
recovery after stroke and cortical reorganization, mostly focusing
on plastic changes in the sensory cortex (S1), primary motor
cortex (M1), supplementary motor area (SMA), premotor cortex
(PMC), and cerebellum (Qing and Li, 2015). The PMC and
SMA, which contribute fibers to the corticospinal tract, are major
cortical regions of voluntary action plan formation and initiation
(Calautti et al., 2007). They are believed to play a role in the
temporal control of movement and are critical in motor function
recovery in stroke patients (Kantak et al., 2012). The SMA has
been reported to be a key brain area for motor function recovery
after left subcortical stroke (Wan-Wa et al., 2013). As a part
of the internal capsule, about 10% of the corticospinal tract
fibers arise from the SMA and terminate in the spinal cord
(Baran et al., 2016). The motor neurons innervating the hand
muscles are mostly located at the lower cervical segments (C7–
T1). A retrograde tracer study by Dum and Strick (2002) showed
that corticospinal efferents from the SMA in macaques largely
project to these segments. In chronic stroke patients, the overlap
index of the SMA is positively associated with the Motor Status

Abbreviations: SMA, Supplementary motor area; FMA-UE, Fugl-Meyer
Assessment for Upper Extremity; WMFT, Wolf Motor Function Test; TMS,
Transcranial magnetic stimulation; PAS, Paired associative stimulation; HTS,
Hebbian-type stimulation; FIM, Functional Independence Measure; fNIRS,
Functional near-infrared spectroscopy; M1, Primary motor cortex; NESS, National
Epidemiological Survey of Stroke; PMC, Premotor cortex; rTMS, Repetitive
transcranial magnetic stimulation; iTBS, Intermittent theta-burst stimulation;
PMS, Peripheral magnetic stimulation; MMSE, Mini Mental State Examination;
ICF, Classification of Functioning, Disability, and Health; SPIRIT, Standard
Protocol Items: Recommendations for Interventional Trials; AEs, Adverse events;
GCP, Good Clinical Practice of Pharmaceutical Products; IFCN, International
Federation of Clinical Neurophysiology.

Scale (MSS) forearm-specific score (Wan-Wa et al., 2013). Schulz
et al. (2017) found that the residual motor function output of
chronic stroke patients depends on the degree of disruption
to the corticospinal tract and fibers connecting M1 and the
ventral premotor cortex. Anne et al. (2011) reported that the
positive coupling of the SMA and PMC with the ipsilesional
M1 decreased during the acute phase of stroke. The coupling
parameters between these regions increased with increased motor
recovery, which can be used to predict improved outcomes (Anne
et al., 2011). Therefore, rebuilding the descending motor tract
from the SMA to the peripheral limb is a potential approach for
arm motor function restoration after stroke.

Recently, it has become popular to use non-invasive
neuromodulation combined with standard upper-limb
rehabilitation for functional restoration in patients with
post-stroke hemiplegia (Edwardson et al., 2013). Repetitive
transcranial magnetic stimulation (rTMS) is a non-invasive
treatment that rarely induces pain caused by skin impedance
and has the advantage of non-invasively stimulating deep
tissue areas. However, studies on the effects of TMS in stroke
have mostly focused on the activation of single targets to
promote focal neuron function recovery. In the 2014–2018
evidence-based guidelines on the therapeutic use of rTMS
by International Federation of Clinical Neurophysiology
(IFCN), several sham-controlled studies of ipsilesional high-
frequency rTMS or intermittent theta-burst stimulation (iTBS)
in post-stroke patients led to improvements (from marginal
to significant) in balance or paretic hand motor function
(Lefaucheur et al., 2020). Unfortunately, a key study on hand
motor recovery during the chronic stroke stage found that 1-Hz
rTMS over the contralesional M1 was not superior to sham rTMS
(Harvey et al., 2018).

Our objective is to effectively restore neural circuits after
stroke. Neural circuit reconstruction is similar to sensorimotor
learning based on the Hebbian principles of neural plasticity.
Donald Hebb Huibert et al. (2019) hypothesized that, if
the activity in a presynaptic neuron is repeatedly temporally
correlated with postsynaptic neuron activation, a long-lasting
alteration in synaptic structure will ensue. It is highly likely
that activation of a presynaptic neuron excites the postsynaptic
neuron (“neurons that fire together wire together”). The Hebbian
theory is widely utilized in artificial neural networks. We think
that neural circuit reconstruction will be possible based on
Hebbian synaptic plasticity.

Paired associative stimulation (PAS), based on Hebbian
theory with a specific time interval, is an important means
by which to reconstruct neural circuits. Traditionally, PAS
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was performed by delivering a peripheral afferent volley using
electronic stimulation over the radial or median nerve prior to
TMS over M1. Peripheral magnetic stimulation (PMS) can also
be applied, for example to the muscles, spinal nerve roots, and
peripheral nerve fibers. PMS can directly recruit 1A afferent fibers
or indirectly provide strong proprioceptive inflow related to
muscle contraction or the change in a joint angle, while peripheral
electronic stimulation generates a significant cutaneous inflow
in the afferent fibers of the lemniscus and spino-thalamic tract.
Unlike peripheral electronic stimulation, PMS is painless and
well tolerated (Beaulieu and Schneider, 2015). A study of 16
healthy participants revealed that PMS could modulate cortical
excitability (Sato et al., 2016). Krewer et al. (2014) investigated the
effect of repetitive PMS on upper-limb muscular spasm caused
by stroke or brain trauma. They reported short-term effects on
spasticity for wrist flexors and long-term effects on spasticity for
elbow extensors (Krewer et al., 2014). Another group investigated
the effect of integrated PMS and TMS in healthy participants.
They found that PAS can upregulate corticospinal excitability and
downregulate intracortical inhibition (Sato et al., 2016).

We aim to use PAS to rebuild a neural circuit involving
SMA → internal capsule → periphery in order to restore
motor function. We will perform timely coupled stimulation
of presynaptic and postsynaptic neurons to restore the motor
circuits instead of simply upregulating excitation in the lesion
area. If HTS can be induced non-invasively by magnetically
stimulating the peripheral nerve after magnetically stimulating
the SMA in the human brain, this method may provide a
neuromodulation approach to rebuild the motor network after
stroke. We hypothesize that PMS of the peripheral nerve tens of
milliseconds after TMS of the SMA related to the functioning
of the upper extremities will induce spike timing-dependent
plasticity. This will increase targeted cortical excitability and help
to reconstruct sensorimotor pathway conduction to facilitate arm
motor function recovery.

OBJECTIVES

The main objectives of this clinical trial are to (1) investigate
whether HTS can promote arm motor function recovery in
chronic stroke and (2) explore the underlying mechanisms
in the brain after HTS using functional near-infrared
spectroscopy (fNIRS).

TRIAL DESIGN

This protocol has been designed according to the Standard
Protocol Items: Recommendations for Interventional Trials
(SPIRIT) guidelines. It is registered with the Chinese Clinical
Trial Registry. Based on a 1:1 ratio, 90 participants will
be randomly assigned to the HTS and sham groups. The
prospective, single-center, double-blind, randomized, sham-
controlled clinical trial will study the therapeutic effects of HTS
vs. sham intervention. Each patient will undergo 1 session of
real/sham HTS per day, always followed by general rehabilitation

therapy, 5 days per week, with a total of 25 sessions. Three
assessments will be performed in both groups: at baseline,
immediately after the 5-week treatment, and at a 3-month
follow-up. The effects will be measured using a variety of
rating scales. The primary outcome will be the Wolf Motor
Function Test (WMFT). The secondary outcomes will be
the Fugl-Meyer Assessment for Upper Extremity (FMA-UE),
Functional Independence Measure (FIM), and fNIRS parameters.
To strengthen treatment compliance and minimize dropout, a
doctor will contact the participants regularly.

RECRUITMENT AND SAMPLE
SELECTION

Participants will be recruited from Shanghai Yangzhi
Rehabilitation Hospital affiliated with Tongji University.
Recruitment began on 11 Nov 2020 and will continue until
the required sample size has been achieved. The volunteers
will be carefully screened based on the inclusion and exclusion
criteria. All participants, who will be given verbal and written
details on the study purpose and process, will sign a written
informed consent form.

STROKE DIAGNOSIS

Stroke will be diagnosed based on the World Health Organization
definition in 1970, “stroke is rapidly developing clinical signs of
focal (or global) disturbance of cerebral function, with symptoms
lasting 24 h or longer, or leading to death, with no apparent cause
other than of vascular origin” (Graeme, 2017).

ELIGIBILITY CRITERIA

The inclusion criteria are as follows:
(1) Having a first unilateral supratentorial, ischemic stroke,

and having had a stroke in 4–12 month;
(2) Upper extremity dysfunction, with FMA-UE motor score

of 30–60 out of 66 (Fugl-Meyer et al., 1975);
(3) Aged 18–80 years, regardless of sex;
(4) Mini Mental State Examination (MMSE) score > 24;
(5) Written informed consent;
(6) Right handedness.
The exclusion criteria (based on the TMS safety criteria

proposed by Wassermann, 1998) are as follows:
(1) Metal implant device in the head, neck, or stimulation area;
(2) Medical implant device (cardiac pacemaker or cochlea

implant);
(3) Pregnancy;
(4) Current or history of epilepsy;
(5) Current or history of medications known to affect central

nervous system excitability;
(6) Intracranial hypertension;
(7) Unstable fractures or joint contracture.
(8) Taking drugs that may increase the risk of epilepsy or

reduce cortical excitability.
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RANDOMIZATION

The participants will be randomly assigned (using computer-
generated random numbers) to one of the two groups in a
1:1 ratio after baseline assessment. A research assistant (who
will not be involved in eligibility screening, the intervention,
outcome assessment, or data analysis) will independently
conduct the randomization process following allocation
concealment. The allocation sequence will be concealed from
the therapists, outcome assessors, data analysts, participants, and
participants’ relatives.

SAMPLE SIZE ESTIMATION

The calculation of the sample size was based on data from
previous research and our per experiment (Lai et al., 2015). As the
study involves two groups, the following sample size calculation
for a two-sample mean comparison was used:

nc =
(
Z1−α + Z1−β

)2
σ2 (

1+ 1
K

)
(µT − µC −4)2

where, Z1−α = 1.960, Z1−β = 0.842, µT =6.6 (predicted mean in
HTS group); µC =2.3 (predicted mean in sham group), σ = 2.0
(standard deviation), K = 1 (ratio of participants in the HTS
and sham groups), 1 = 3 (optimality bounds), α = 0.025 (2.5%
one-tailed significance level), and β = 0.20 (80% power). The
calculated required sample size was 37 participants per group.
Assuming a 20% dropout rate, 45 participants per group (a total
of 90 participants) need to be recruited.

INTERVENTION GROUPS

The HTS intervention group will undergo HTS with conventional
rehabilitation. The control group will undergo sham HTS with
conventional rehabilitation.

Blinding
The allocation sequence will be placed in sealed opaque envelopes
kept in a location with restricted access. The envelopes will
then be delivered to the researcher responsible for implementing
the intervention the day prior to the beginning of the
intervention. This process will be completed independently and
the allocation sequence will be concealed from the therapists,
outcome assessors, data analysts, participants, and participants’
relatives. The patients and their relatives will also be blinded
to group allocation. Each participant will be identified with
a particular number (rather than their name), which will be
used by the outcome assessor. A blinded independent data
analyst (who will not be involved in recruitment, eligibility
screening, intervention delivery, or outcome assessment) will
conduct the data analysis.

To ensure blinding, we will follow the sham stimulation
schemes used in related studies the control group. For the
sham stimulation, we will use sham coils, which are similar
to real coils in terms of appearance, sound, and feeling

(Ruohonen et al., 2000). The sham stimulation will be performed
with the same HTS procedure (without stimulation) at the
same location. The parameters on the equipment display will be
identical in the HTS and sham groups.

INTERVENTION

Supplementary Motor Area–Erb’s Point
Conduction Time
The conduction time from the SMA to Erb’s point is defined
as the latency between the motor evoked potential of the first
dorsal interosseous muscles induced by SMA stimulation and
the compound motor action potential evoked by Erb’s point
stimulation. The conduction time will be used as the inter-
stimulus interval in PAS.

Patient Posture
The patients will be seated in a comfortable armchair, and will
be asked to relax with their forearms placed on the armrest
in a comfortable position. They will be awake during the
whole intervention.

Transcranial Magnetic Stimulation
Parameters
TMS will be applied over the ipsilesional SMA using a figure-
of-eight coil with 70-mm wing diameter and a Magstim Rapid
2 stimulator (Magstim Co., Ltd., Whitland, United Kingdom)
with a stimulus intensity of 120% of the resting motor threshold
(RMT). The RMT is defined as the lowest stimulus intensity
(with ≥ 50 µV peak-to-valley amplitude) that is required
to induce a motor evoked potential in at least 5 out of 10
stimulations. A neuronavigation system (Brainsight TMS, Rogue
Research Inc., Montréal, Canada) will be used to precisely
position the coil over the SMA sites, with the anatomical
references being obtained from on individual T1-weighted
magnetic resonance images. The SMA is located at the posterior
part of the superior frontal gyrus and is bordered inferolaterally
by the superior frontal sulcus and posteriorly by the precentral
sulcus (Brodmann area 6).

Peripheral Magnetic Stimulation
Parameters
PMS will be applied over Erb’s point on the side with hemiparesis,
with the forearms placed on a stable armrest in a neutral posture.
The stimulation will be delivered by a 9-cm-diameter round-
shaped coil. The patient’s neck will be flexed to the opposite side,
about 20–30 degrees. The coil’s handle will be placed parallel
to the brachial plexus. The intensity will be adjusted to induce
a just-visible contraction of the abductor digiti minimi muscle
(Evelyne et al., 2007).

Hebbian-Type Stimulation/Paired
Associative Stimulation Parameters
The PMS pulse will be delivered prior to the TMS pulse,
with an inter-stimulus interval equal to the SMA–Erb’s point

Frontiers in Neural Circuits | www.frontiersin.org 4 February 2022 | Volume 15 | Article 78909520

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-789095 February 9, 2022 Time: 13:51 # 5

Xu et al. Protocol for Hebbian Type Stimulation

FIGURE 1 | Hebbian-type stimulation (HTS). This figure is a schema chart of
the intervention model of the study. In the figure, the purple area on the head
is the primary sensory area, the red area is the primary motor cortex, and the
position of the coil is the SMA area. In this study, the joint stimulation of the
central and peripheral was used to reconstruct the pathway from the SMA
area to the peripheral nerve.

conduction time, which will be determined in advance (defined
as the latency between the motor evoked potential of the first
dorsal interosseous muscles induced by SMA stimulation and
the compound motor action potential evoked by Erb’s point
stimulation). Stimuli will be delivered at 0.2 Hz, with 100 pairs,
lasting for approximately 8.3 min (Figure 1).

Intervention Stimulation
The intervention will be conducted once a day, 5 days per week,
for 25 sessions in total.

Sham Stimulation
For the sham stimulation, we will place the sham coils in the same
position as in SMA TCM and PMS. The strength and frequency
of the sham coil clicking noise will be similar to the real clicking
noise (but with no magnetic stimulation).

Basic Stroke Management
Each participant in both groups will receive basic stroke
management, including (1) assessments at the level of
body function/structure, activities and participation and
environmental Factors described in the International
Classification of Functioning, Disability, and Health (ICF)
(Svestková, 2008), (2) rehabilitation services (delivered
by a multidisciplinary team of neurologists, rehabilitation
physicians, rehabilitation nurses, occupational therapists,
physical therapists, and speech and language therapists) based
on the recommendations of clinical guidelines for patients
with stroke (Winstein et al., 2016), and (3) medications(e.g.,

antihypertensive drugs, anti-platelet medicine, hypoglycemia
agents, anti-spasm drugs etc.).

ASSESSMENTS

The clinical assessments will be performed at baseline (on the
day of enrollment), immediately after the 5-week HTS/sham
intervention, and at the 3-month follow-up after the intervention.
After recruitment and eligibility screening, the following data
will be collected: sociodemographic data (date of birth, gender,
laterality, marital status, and occupational status), neuroimaging
results, disease and current episode duration, blood pressure,
comorbidities (psychiatric, addiction, and somatic diseases),
medications, and degree of prior resistance to other treatments.
These variables will be evaluated at baseline, immediately after the
5-week HTS/sham intervention, and at the 3-month follow-up
(along with WMFT, FMA-UE, FIM, and fNIRS) (Table 1).

ADVERSE EVENTS AND SAFETY
CONSIDERATIONS

Data on all potential AEs will be obtained from the participants
and recorded in an observation table by the researchers
(including time and date of occurrence, severity, treatment
parameters, and potential causal relationship with the
intervention). Monitoring of AEs will be carried out by the
treating physical therapists. The principal researcher (MEAF)
and data security management members will immediately
be informed about severe AEs. AEs might include transient
upper limb weakness, muscle soreness in the stimulation area,
headache, increased muscle tone in the upper extremities, and
hearing loss (caused by the coil noise during stimulation). We
will give the patients earplugs to prevent hearing impairment
during stimulation, and when the treatment is over, we will
conduct a hearing assessment for all patients who report aural
fullness, hearing loss, or tinnitus. The most serious acute
AEs of TMS is epileptic seizure. Patients will be carefully
asked if they have a disease that may cause epilepsy or are
taking drugs that may increase the risk of epilepsy or reduce
cortical excitability, and those who do will be excluded prior to
randomization. If epileptic seizure occurs, the stimulation will
be stopped and acute treatment will immediately be provided
(Rossi et al., 2021).

MAXIMIZING TREATMENT
COMPLIANCE AND MINIMIZING
DROPOUT RATE

To strengthen treatment compliance and minimize dropout, a
doctor will contact the participants regularly by phone to confirm
the appointments, assess the effect of the treatment, and discuss
the subsequent treatment and any issues that may interfere
with compliance.
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TABLE 1 | Study timeline.

Enrolment Baseline
assessment

Intervention phase Post-
treatment

assessment

Follow-up assessment

Time point −T1w T0 T0 T5w T5w T3months

Enrolment

Eligibility screening ×

Informed consent ×

Allocation ×

Interventions

Hebbian-type stimulation (HTS)

Sham stimulation

Primary outcome

Wolf Motor Function Test (WMFT) × × ×

Secondary outcomes

Fugl-Meyer Assessment (FMA) × × ×

Functional Independence Measure (FAM) × × ×

Functional near-infrared spectroscopy (fNIRS) parameters × ×

Primary Outcomes
WMFT is highly recommended to assess the motor ability of
patients with moderate to severe upper extremity motor deficits
in research and clinical settings (Wolf et al., 1989). Its test-
retest and inter-rater reliability and internal consistency range
from 0.88 to 0.98, with most of the values being close to 0.95
(Morris et al., 2001). It will be used to assess upper limb
movement ability, encompassing 17 upper-extremity motor tasks
that involve starting position and verbal instructions (Wolf et al.,
2001). The Functional Ability Scale score for each task ranges
from 0 to 5. It is an effective and sensitive method to assess the
upper extremity functional ability of patients with moderate to
severe impairments after stroke (Hodics et al., 2012).

Secondary Outcomes
We will use fNIRS to assess the M1, S1, PMC, and SMA
activities during six cycles of 15 s of hand grasping and 45 s
of rest while sitting on a reclining chair. Each participant will
be assessed at three time points (at baseline, immediately after
the 5-week treatment, and at the 3-month follow-up). fNIRS
parameters will be assessed and correlations with the clinical
outcomes will be assessed. Other secondary outcomes will include
activities of daily living, which will be determined using the
FIM, and the motor section of FMA-UE will also be used to
estimate upper limb movement ability (based on normal reflex
activity and volitional movement of the upper extremities, along
with the wrist, hand, coordination/speed, sensation, and passive
joint motion domains). These stroke-associated measures will be
assessed in addition to the primary outcome.

Statistical Analysis
Statistical analysis will be performed using SPSS 22.0 (SPSS Inc.,
Chicago, IL, United States). Database management and statistical
analysis will be performed by an independent researcher, who
will be blinded to group allocation. Monitoring of AEs will

be carried out by the treating physical therapists. The primary
analysis, which will be a per-protocol analysis, will include the
patients who underwent the treatment course and completed the
3-month follow-up.

Descriptive statistics will be used to describe the baseline
characteristics of the participants in both groups. The normally
distributed continuous data will be presented as mean± standard
deviation, and the non-normally distributed continuous data will
be presented as median (maximum and minimum). The Shapiro–
Wilk test will be used to evaluate data normality. Homogeneity
of variance will be assessed by Levene’s test. For the normally
distributed continuous data (including WMFT, UE-FMA, and
FIM), paired t-tests will be used to compare between baseline and
postintervention in each group. Additionally, unpaired t-tests
will be used to assess the differences in the baseline characteristics
and the primary and secondary outcomes between the HTS and
sham groups. For the non-normally distributed continuous data,
Wilcoxon tests will be used. The one-tailed significance level (α)
for statistical hypothesis testing will be set at P< 0.025 (Figure 2).

DISCUSSION

Limb motor function is controlled by neural networks in several
brain regions, including the default mode network and the
sensory and motor networks. The motor network includes M1,
pyramidal system, supplementary motor cortex (SMA)/PMC,
parietal temporal cortex, basal ganglia, and cerebellum. Sensory
information is integrated through the parietal temporal cortex
and then connected to the brain motor neural circuits via a
special network. Both human and animal studies have shown
that the brain areas surrounding stroke lesions can promote
motor function recovery (Payne and Lomber, 2001). The non-
injured areas around the lateral hemisphere after stroke have a
certain degree of plasticity, likely due to the reorganization of
sensorimotor networks.
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FIGURE 2 | Overview of study design.

This plasticity may depend on the functional overlapping
regions in the sensorimotor network, which may compensate
for the lost function after stroke. A study suggested a surrogate
role for the SMA after M1 injury in monkeys. Before M1 injury,
SMA neurons exhibited activity during learning (push-button
task), which disappeared when performing the task after the
task had been learnt. However, M1 injury led to SMA activity
being restored when the task was performed again (Williams
et al., 2006). This phenomenon is consistent with the ipsilesional
SMA activation in stroke patients during rehabilitation (Hara,
2015). Zhang et al. (2016) found that compare to the health
control functional connections between M1 and the ipsilesional
parietal cortex, frontal gyrus, and SMA were increased in chronic
stroke patients, while functional connections between bilateral
M1 were decreased in stroke. Inman et al. (2012) found that
the connections between the superior parietal cortex and M1,
and the superior parietal cortex and the SMA, were significantly
reduced in chronic stroke. The study of Jingchun et al. (2020)
used fine map of fMRI showed that he CST originated from
SMA are significantly related with motor outcomes in chronic
stroke patients. The SMA/PMC is the key area for motor plan
formation and movement initiation. The SMA/PMC and the
prefrontal cortex form the brain’s cognitive network, which
predicts the movements needed for tasks to be performed
and receives information from the brain’s sensory integration
network about the body’s spatial location, generating a primary

task plan. Our study aims to restore the motor circuits, based
on the ideas of Donald Hebb. He hypothesized that when
the axon of cell A repeatedly or continuously participates in
stimulating cell B, the synaptic connection between cell A and
cell B will be strengthened. On this basis, Muming Poo found
that long-term potentiation or depression can be produced
by exciting the postsynaptic membrane 20 ms after or before
exciting the presynaptic membrane, respectively, which is known
as spike timing-dependent plasticity. The difference between
spike timing-dependent plasticity and Hebbian theory is that
the former emphasizes the role of the sequence of presynaptic
and postsynaptic membrane excitation in synaptic remodeling
(Zuzanna et al., 2019).

There is a lack of guidelines on PAS HTS for stroke
rehabilitation in the subacute and chronic phases. Our planned
study may complement the existing stroke rehabilitation
guidelines, add to the experience in this area, and provide a basis
for treatment application.

CONFIDENTIALITY

The participants’ personal data will be kept confidential. All
human sample data (functional assessment results and functional
imaging examinations) will be identified by study number rather
than name. Identifiable information will not be disclosed to
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members outside the study group unless permission is obtained
from the subject. All study members and study sponsors were
required to keep the identity of the subjects confidential.
The subjects’ files will be kept in a locked filing cabinet for
researchers’ reference only.

TRIAL STATUS

Protocol version number and date: version 1, dated
February 21, 2021.
Date recruitment began: December 1, 2020.
Date when recruitment will be completed: March 3, 2022.

DATA MANAGEMENT

Two investigators will run the database which has been
established in the clinical research database of Shanghai YangZhi
Rehabilitation Hospital (Shanghai Sunshine Rehabilitation
Center). One of them will enter data into the database, and the
other researcher will be in charge of checking data accuracy.
During the collection process, data will be stored in a password-
protected online database accessible only to the researcher.
Once the collections are completed, data will be kept in a
password-protected file on the researcher’s personal computer.

COORDINATING CENTER, STEERING
COMMITTEE, ENDPOINT
ADJUDICATION COMMITTEE

No coordinating center, steering committee, endpoint
adjudication committee were constituted. The investigators
will hold a monthly meeting to find out any final difficulties
or mistakes. The researchers met with the intervention group
every 4 months to identify and correct any final difficulties
in the recruitment and follow-up process, data management,
monitoring, and statistical analysis of results. They are
responsible for assessing the rate of progress to ensure that the
trial is carried out in accordance with the research plan. The
main researchers supervised the correct development of the
experiment. If any unexpected adverse reactions occur, an audit
process will be conducted to identify and correct the side effects.
The three therapist candidates in the study will be in charge of
the evaluation. They are all experienced therapists. And all the
measurements will be duplicated at least 2 times to promote
data quality. The main investigators have completed the online
training courses of Good Clinical Practice of Pharmaceutical
Products (GCP) and got the GCP certifications.
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Non-invasive brain stimulation is designed to target accessible brain regions that

underlie many psychiatric disorders. One such method, transcranial magnetic

stimulation (TMS), is commonly used in patients with treatment-resistant

depression (TRD). However, for non-responders, the choice of an alternative

therapy is unclear and often decided empirically without detailed knowledge

of precise circuit dysfunction. This is also true of invasive therapies, such as

deep brain stimulation (DBS), in which responses in TRD patients are linked to

circuit activity that varies in each individual. If the functional networks affected

by these approaches were better understood, a theoretical basis for selection of

interventions could be developed to guide psychiatric treatment pathways. The

mechanistic understanding of TMS is that it promotes long-term potentiation

of cortical targets, such as dorsolateral prefrontal cortex (DLPFC), which are

attenuated in depression. DLPFC is highly interconnected with other networks

related to mood and cognition, thus TMS likely alters activity remote from DLPFC,

such as in the central executive, salience and default mode networks. When

deeper structures such as subcallosal cingulate cortex (SCC) are targeted using

DBS for TRD, response efficacy has depended on proximity to white matter

pathways that similarly engage emotion regulation and reward. Many have begun

to question whether these networks, targeted by different modalities, overlap or

are, in fact, the same. A major goal of current functional and structural imaging in

patients with TRD is to elucidate neuromodulatory effects on the aforementioned

networks so that treatment of intractable psychiatric conditions may become

more predictable and targeted using the optimal technique with fewer iterations.

Here, we describe several therapeutic approaches to TRD and review clinical

studies of functional imaging and tractography that identify the diverse loci of

modulation. We discuss differentiating factors associated with responders and

non-responders to these stimulation modalities, with a focus on mechanisms of

action for non-invasive and intracranial stimulation modalities. We advance the

hypothesis that non-invasive and invasive neuromodulation approaches for TRD
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are likely impacting shared networks and critical nodes important for alleviating

symptoms associated with this disorder. We close by describing a therapeutic

framework that leverages personalized connectome-guided target identification

for a stepwise neuromodulation paradigm.

KEYWORDS

deep brain stimulation, epidural cortical stimulation, neuromodulation, transcranial
magnetic stimulation (repetitive), salience network, treatment-resistant depression,
electroconvulsive therapy

Introduction

Treatment-resistant depression (TRD) is defined as major
depressive disorder (MDD) unresponsive to one or more
conscripted treatments (Souery et al., 2006). Estimated failure rates
of MDD treatment are as high as 10–30%, however, the type
and number of treatments as well as the length of administration
required for TRD diagnosis are inconsistently defined in the
literature (Al-Harbi, 2012). Only 30% of TRD patients ever achieve
remission using other means, and another 30% attempt suicide at
least once in their lifetime (Bergfeld et al., 2018; Cole et al., 2022).

Measuring connectivity of brain networks for psychiatric
disorders has become an increasingly used analytical technique,
because it has the potential to illuminate neuromodulation targets
for both non-invasive, e.g., TMS and invasive, e.g., DBS, approaches
(Hollunder et al., 2022). This is especially critical since both
modalities have considerable drawbacks. TMS for TRD requires
up to 6 weeks of daily treatment sessions, and DBS may not show
consistent efficacy in some patients until a year or more after
implantation. Thus, an algorithm that helps clinicians identify and
define TRD subtypes and suggests patient-specific treatments is
needed.

Though many neural networks exhibit dysfunction in the
setting of TRD, a close reading of the psychiatric literature
consistently correlates default mode, salience, and central executive
network dysfunction with TRD presentation and may suggest
etiology (Hamilton et al., 2013). In contrast, a close reading
of the neurosurgical literature for TRD highlights cortico-basal
ganglia limbic circuits as well as cognitive control, reward and
other networks that might be targeted based on specific symptom
domains, including affect and attention (Williams et al., 2021).
Compounding the problem of separate taxonomies in the literature
is the fact that there is not enough crosstalk between the

Abbreviations: TMS, transcranial magnetic stimulation; TRD, treatment-
resistant depression; DBS, deep brain stimulation; DLPFC, dorsal lateral
prefrontal cortex; SCC, subcallosal cingulate cortex; MDD, major depression;
BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric
acid; NMDA, N-Nitrosodimethylamine; HRSD, Hamilton Rating Scale
for Depression; iTBS, intermittent theta-burst stimulation; MADRS,
Montgomery-Asberg Depression Scale; RCT, randomized control trial; DWI,
diffusion weighted imaging; ACC, anterior cingulate cortex; CEN, central
executive network; DMN, default mode network; SN, salience network;
EpCS, epidural cortical stimulation; ECT, electroconvulsive therapy; sEEG,
stereotactic electroencephalogram; MRI, magnetic resonance imaging;
dACC, dorsal anterior cingulate cortex; pgCC, pregenual cingulate cortex;
VC/VS, ventral capsule/ventral striatum; STN, subthalamic nucleus;
ATN, anterior thalamic nucleus; GPi, globus pallidus internus; VMPFC,
ventromedial prefrontal cortex; PCC, posterior cingulate cortex.

two disciplines, threatening to extend the semantic confusion
surrounding these topics. Fortunately, the overall impression from
examining these two bodies of literature is that the structures
and networks described are very similar, if not the same,
being targeted using these different approaches. As an example,
functional connectivity studies show that DLPFC and subcallosal
cingulate cortex (SCC), the two most common targets of TMS
and DBS, respectively, are co-activated during effective treatment
of TRD patients (Anderson et al., 2016). The implication is that
a convergence of network anatomy and connectivity relationships
among various neuromodulation treatments for TRD are needed
to highlight similarities between them and advance care of TRD
patients in a meaningful way.

In this review, we discuss the evidence accumulated in favor
of pursuing a neuromodulatory approach for TRD. Putative
mechanisms for both TMS and DBS are reviewed as well
as an alternative procedure, epidural cortical stimulation, that
likely engages similar circuitry. We conclude with a synthesis
of network topology and argue that this may form the basis
for developing a stepwise interventional approach to TRD,
increasing in invasiveness only when a less invasive approach
fails. In summary, much more work is needed to define clinical
outcomes associated with a network-centric approach to treating
TRD, however, this paper lays the important groundwork for
consolidating the concepts and terminology for future trans-
disciplinary discourse and action.

Neurobiology of transcranial
magnetic stimulation

TMS is a non-invasive modality that has been FDA-approved
in the United States for the management of treatment-resistant
depression, smoking cessation and obsessive compulsive disorder,
and is being investigated for numerous other psychiatric disorders
such as addiction, chronic pain, anxiety, panic, and post-traumatic
stress disorder (Cohen et al., 2022). Delivery of therapy is
accomplished using a pulsatile electromagnetic field induced in
a coil held at the surface of the scalp that stimulates underlying
cortex (Barker et al., 1985). Electrophysiological simulations and
patch-clamp studies suggest TMS-induced action potentials occur
at or near somata rather than the axon hillock, the axon itself, or
dendrites (Pashut et al., 2011). Computational modeling has shown
that fibers running parallel to the surface of the scalp are more
likely to be stimulated compared to oblique fibers, and vertical
fibers are most resistant to stimulation (Tofts, 1990). Somatic
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depolarization drives both orthodromic and antidromic action
potential propagation. Orthodromic propagation causes action
potentials and activity-dependent plasticity in an anterograde
manner. Antidromic propagation promotes dendritic spine growth
of stimulated neurons through a local Ca2+ spike, leading to
increased presynaptic connectivity (Pashut et al., 2011). White
matter architecture changes also occur over time via synaptic
strengthening and pruning (Anderson et al., 2016).

Evolution of clinical experience with
TMS in treatment-resistant
depression

George et al. (2000) were the first to publish results of a double-
blind, sham-controlled study showing the antidepressant potential
of TMS over left DLPFC in randomized subjects (George et al.,
2000). TMS had been introduced years earlier by Pascual-Leone
for motor cortical stimulation (Pascual-Leone et al., 1994). In the
George study, 30 medication-free patients with major depressive
and bipolar disorder were treated with TMS daily for 2 weeks.
Twenty patients were assigned to the active TMS group, whereas
10 were assigned to the sham group. TMS sessions lasted for
20 min and occurred each weekday. All patients underwent cerebral
blood flow single photon emission computed tomography (SPECT)
at the start (1 day), middle (5 day), and 3 days after the end
of the study. The authors concluded that daily TMS over left
DLPFC produced a significant antidepressant response, defined as
greater than 50% improvement in baseline Hamilton Rating Scale
for Depression (HRSD) scores. In the same year, Berman et al.
also assessed the efficacy of TMS in unmedicated TRD patients
using a randomized, double-blind design. TRD patients enrolled
in the trial were assigned to either active TMS (N = 10) or sham
(N = 10) treatment. The active TMS group received 20 2 s trains
of 20 Hz with 58 s intervals daily over a 2 week course (Berman
et al., 2000). As in George’s study, results showed statistically
significant reductions in depressive symptoms compared to the
sham group. These two important papers instigated a groundswell
of interest in TMS for depression and many other psychiatric
disorders.

Today, TMS is practiced globally, and TRD remains the
primary indication. The procedure is well tolerated; individuals
who receive TMS report a > 50% decrease in symptom severity
(Lisanby et al., 2009; George et al., 2010; O’Reardon et al.,
2010). Despite this, one obstacle that has remained in scaling
its deployment even further is the burdensome requirement for
multiple treatments. For example, an initial treatment regimen
consists of 40–60 min sessions of active treatment, 5 days per
week for 3–6 weeks (Holtzheimer et al., 2010). Because of this,
innumerable attempts have been made in the two decades since
George’s study to modify the TMS protocol with the goal of
shortening the amount of therapy needed. In 2018, the US Food
and Drug Administration (FDA) approved intermittent theta-burst
stimulation (iTBS) as a new variant of TMS for the treatment of
TRD (Mendlowitz et al., 2019). FDA approval was contingent on
several new studies of theta-burst stimulation, including a multi-
center clinical trial by Blumberger et al. (2018) that compared
the efficacy of iTBS to conventional TMS in patients with TRD

(Blumberger et al., 2018). In their study, TRD patients were
randomized to iTBS (N = 209) or 10 Hz TMS (N = 205).
Patients were treated with the modality they were randomized
to for 5 days a week for 4–6 weeks. The 10 Hz TMS sessions
lasted 37 min and consisted of 3,000 pulses per session. The iTBS
session consisted of triplet 50 Hz pulses repeated at 5 Hz for
600 pulses over only 3 min. The HRSD was administered after
each of the sessions and 1-, 4-, and 12 weeks after treatment.
They observed that scores significantly improved in both iTBS
and TMS groups (overall reduction in HRSD-17 scores was
10.1 points in the iTBS group and 9.9 points in the 10 Hz
TMS group) at baseline and 1 week after treatment. This trial
became the formative study establishing iTBS as a safe, tolerable,
and effective treatment for people with TRD. Furthermore, iTBS
sessions last only a few min and are less costly than conventional
TMS.

Cole and colleagues addressed another well-known challenge
with TMS protocols: overall treatment duration. In the SAINT
study, patients with TRD were enrolled (N = 22) and received
5 days of iTBS (Cole et al., 2020). Each day consisted of ten
daily sessions, for a total of 18,000 pulses per day. Functional
MRI identified individualized targets for iTBS in each patient -
the region of left DLPFC most anticorrelated with SCC activity.
Intent-to-treat analysis revealed 86.4% (N = 19) of patients
met remission criteria, without negative cognitive effects. In
the follow-up double-blind RCT SNT study (2022), patients
with TRD were enrolled and randomly assigned to one of two
groups: sham (N = 15) or iTBS stimulation (N = 14) (Cole
et al., 2022). At baseline and 4 weeks following treatment,
patients completed the Montgomery-Asberg Depression Scale
(MADRS). Patients in the stimulation group experienced a
52% reduction in depression scores. Compared to conventional
TMS, the discovery of iTBS and new accelerated protocols
may result in substantial clinical responses in a shorter time
frame.

Structural and functional
connectivity of neural networks in
depression: Salience as a key
switching mechanism

Diffusion-weighted imaging (DWI) is a structural MR
technique that derives several important physical tissue
properties within the brain. These imaging markers can be
used to extract brain network profiles and regions important for
TRD pathophysiology. Fractional anisotropy and mean diffusivity,
two of the most frequently reported metrics, provide information
on microstructural architecture and integrity of white matter. Both
metrics are obtained using diffusion tensor imaging, the analytical
method forming the basis of tractography (Basser and Pierpaoli,
1996). Another variant of diffusion-weighted imaging is diffusion
kurtosis imaging which quantifies the non-Gaussian quality of
water diffusion (Jensen et al., 2005). Diffusion imaging has been
used extensively to investigate how structural connectivity differs
in TRD patients. Peng and colleagues conducted a double-blind,
randomized study aimed at ascertaining whether white matter
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TABLE 1 Intrinsic connectivity networks in treatment-resistant depression (TRD).

Network Component brain
regions

Function Connectivity in TRD References

Default mode
network

VMPFC, DMPFC, PCC, inferior
parietal lobe, hippocampal
formation

• Decreased activity in goal-directed tasks
• Increased activity during self-referential
processing and resting state

•Hyperconnectivity within
DMN and between DMN and
thalamus
•Hypoconnectivity between
DMN and bilateral caudate

Greicius et al., 2007; Buckner
et al., 2008; Andrews-Hanna et al.,

2010; Liston et al., 2014; Kaiser
et al., 2015; Anderson et al., 2016

Central executive
network

DLPFC, lateral posterior parietal
cortex, ventrolateral prefrontal
cortex, thalamus

• Increased activity during goal-directed tasks
requiring sustained attention and working
memory

•Hypoconnectivity or
Hyperconnectivity within the
CEN

Fox et al., 2005; Seeley et al., 2007;
Alexopoulos et al., 2012; Liston
et al., 2014; Kaiser et al., 2015;

Anderson et al., 2016

Salience network dACC, frontoinsular cortex,
amygdala, VTA

• Detection of personally salient and
rewarding stimuli
• Integration of external and internal
emotional, homeostatic, and cognitive nature
• Guiding of appropriate behavioral responses

•Hypoconnectivity within
the SN relative to symptom
severity
• Overactivity of dACC,
insula, and amygdala when
presented with stimuli of
negative affect

Seeley et al., 2007; Menon, 2011;
Hamilton et al., 2013; Goulden

et al., 2014; Manoliu et al., 2014;
Uddin, 2015; Anderson et al.,

2016

VMPFC, ventromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; PCC, posterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; dACC, dorsal anterior cingulate
cortex; VTA, ventral tegmental area.

TABLE 2 Network connectivity changes in treatment-resistant depression (TRD) and resultant symptoms.

Network Connectivity increase or decrease in TRD Associated symptom References

Default mode network 1. ↑ Connectivity within default mode network 1. Rumination Sheline et al., 2010; Hamilton et al., 2015;
Williams, 2016

Central executive
network

1. ↓ DLPFC-parietal cortex
2. ↓ ACC-DLPFC

1. Inattention, false alarm errors
2. Cognitive dysfunction, latency

Qiu et al., 2011; Sylvester et al., 2012; Forster
et al., 2015; Williams, 2016

Salience network 1. ↑ Insula-amygdala
2. ↓ Insula-ACC
3. ↓ Amygdala-subcallosal and ventral ACC
4. Striatal hypoactivation
5. ACC hyperactivation

6. Anxious avoidance
7. Negative Bias
8. Threat dysregulation
9. Anhedonia
10. Context insensitivity

Matthews et al., 2008; Stuhrmann et al., 2011;
Treadway and Zald, 2011; Klumpp et al., 2013;

Zhang et al., 2013; Mulders et al., 2015;
Williams et al., 2016

TRD, treatment resistant depression; ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex.

abnormalities cause network dysfunction in TRD patients (Peng
et al., 2012). This group enrolled 30 TRD patients and randomized
subjects to sham or active TMS treatment. The investigators
acquired diffusion imaging and found significant reductions in
FA in the left middle frontal gyrus not observed in the sham
group. Korgaonkar et al. (2014) analyzed 102 MDD patients
and found that the anterior cingulate cortex (ACC) limbic white
matter is a useful predictor of antidepressant treatment outcome
(Korgaonkar et al., 2014). Thus, based on DWI, FA could provide
a glimpse into which patients with depression might be responsive
to treatment.

Measurement of gray and white matter thickness using voxel-
based morphometry (VBM) as well as connectivity between brain
regions, inferred as specific white matter tracts or networks, can
be extracted using a combination of structural and diffusion-
weighted imaging. For example, the default mode network
(DMN), which is distributed over many cortical regions, and
the frontoparietal central executive network (CEN), have been
shown to be dysregulated in patients with depression (Liston
et al., 2014). DLPFC is in fact a node within the CEN.
However, tractography studies were inconclusive as to whether
DLPFC modulates connectivity between the two networks.
Liston et al. (2014) sought to address this knowledge gap
utilizing resting-state functional MRI (Liston et al., 2014). They

enrolled 17 patients with depression and 35 healthy controls.
The patients received 25 sessions of TMS over a 5 week
period. Clinical scales assessing depression were completed at
baseline and 1–3 days after completing the treatment period.
Structural and diffusion-weighted scans were acquired before and
after treatment. Functional connectivity maps were generated
between the CEN, and DMN, using DLPFC as a seeding
region. The authors observed that TMS of the DLPFC leads
to connectivity changes in the DMN. This supports the idea
that structures remote from the DLPFC such as DMN are
also affected by TMS, suggesting a model based on knowledge
of structural connectomics. However, very few studies have
combined tractography and connectivity analyses in the same
cohort with DWI and fMRI to determine the correlation between
the two methods, particularly with respect to DLPFC and
TMS.

The salience network (SN) is also dysfunctional in TRD,
though it appears to have certain predictive characteristics
for TMS response not seen in DMN or CEN. Fan et al.
(2019) enrolled subjects with MDD and twenty healthy controls
(Fan et al., 2019). Twenty real and sham sessions of TMS
were administered to the DLPFC 5 days per week. Resting
state fMRI sessions were performed before and after the
TMS sessions, while clinical scales measuring depression were
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TABLE 3 Transcranial magnetic stimulation (TMS) studies focusing on salience network.

References Study type Modality Sample Region or network
of interest

Key findings

Wada et al., 2022 N/A TMS-EEG and
MRI

60 patients with
TRD and 30 healthy
controls

DLPFC, SN In patients with TRD, signal transmission from the left
DLPFC to the salience network was reduced in the θ and
α bands.

Iwabuchi et al., 2019 Randomized study TMS and fMRI 27 patients with TRD DLPFC, SN, Fronto-insular Early response to rTMS in TRD can be predicted by
fronto-insular and salience-network connections.

Hawco et al., 2018 N/A TMS-fMRI 26 healthy young
adults

DLPFC, SN Changes induced by TMS following stimulation of the
DLPFC are associated with resting state connectivity,
particularly when the DLPFC target is engaged with SN.

Philip et al., 2018 Prospective trial TMS and fMRI 33 adults receiving
care at
neuromodulation
clinics at Brown
University-affiliated
hospitals.

SCC, DLPFC, SN After TMS, symptom reduction was associated with
reduced connectivity between the SCC and the default
mode network, left dorsolateral prefrontal cortex,
and insula, and reduced connectivity between the
hippocampus and the salience network.

Schluter et al., 2018 Randomized,
single-blind trial

HF-TMS 45 healthy controls LFPN, RFPN, DMN, SN, and
RN

The salience network had less functional connection
when the left DLPFC was stimulated, but this network
had more functional connectivity when the right
DLPFC was stimulated.

MDD, major depression disorder; DMN, default mode network; SN, salience network; FPN, fronto-parietal network; CON, cingulo-opercular network; MRN, memory retrieval network;
pDMN, posterior default mode network; SCC, subcallosal cingulate cortex; PCC, posterior cingulate cortex; FPN, fronto-parietal network; HF-TMS, high-frequency TMS; LFPN, left
frontoparietal network; RFPN, right frontoparietal network; RN, reward network.

administered weekly. Segregation analyses were performed to
index connections between and within networks. Using these
analyses, the authors observed that segregation of the SN
predicts symptom improvement after TMS, which adds to our
understanding of the pathophysiology of depressive symptoms.
Several other authors have hypothesized that SN performs a
switching mechanism during effective treatment of depression,
since it appears to refocus maladaptive ruminative behavior
driven by DMN towards purposeful executive function and
planning behavior driven by CEN (Sridharan et al., 2008;
Menon, 2011; Goulden et al., 2014; Anderson et al., 2016).
Tables 1, 2 summarize the changes in DMN, CEN, and SN
associated with TRD.

Epidural cortical stimulation for
treatment-resistant depression:
Which is more effective – unilateral
or bilateral stimulation of DLPFC?

Given the success and US FDA approval of TMS for MDD
in 2008, epidural cortical stimulation (EpCS) followed as an
expansion of neuromodulation tools explored for the treatment
of TRD. In an open-label study of EpCS as an adjunctive
therapy for TRD, 5 patients were enrolled who had previously
failed electroconvulsive therapy (ECT), TMS, and vagus nerve
stimulation (VNS). Each patient underwent implantation of
bilateral paddle leads positioned epidurally over Brodmann’s areas
10 (frontopolar prefrontal cortex) and 46 (dorsolateral prefrontal
cortex) (Nahas et al., 2010). After 7 months of follow-up, patients
experienced significant improvement in depressive symptoms,
compared to the pre-implantation baseline—with over 50% mean
improvement in metrics of depression severity and 80% of the

cohort achieving remission (Nahas et al., 2010; Williams et al.,
2016, 2018). Remission was sustained at the 3 and 5 year follow-
up timepoints, highlighting the potential of EpCS as an adjunctive
therapy for TRD, following the failure of other modalities of
neuromodulation.

Similar to TMS, EpCS generates peak electric fields at the
gyral crown, subjacent to the stimulation site (Wongsarnpigoon
and Grill, 2008). This suggests that the antidepressive effects
may depend on direct activation of gray matter, recruitment of
deeper white matter and subcortical structures or both. In a meta-
analysis of resting state functional imaging studies, patients with
depression displayed hypoactivation of the pregenual cingulate
cortex (pgCC), dorsal anterior cingulate cortex (dACC), and
insula (Fitzgerald et al., 2008). Interestingly, hypoactivity was
significant for bilateral dorsolateral prefrontal cortices (DLPFC)
in that study (Fitzgerald et al., 2008). In addition, Salomons et
al. targeted bilateral prefrontal cortices and observed changes in
connectivity between SN, CEN, and DMN networks following
20 sessions of 10 Hz TMS (Salomons et al., 2014; Anderson
et al., 2016). These findings support the Nahas and Williams
trials which resulted in up to 80% sustained remission (Nahas
et al., 2010; Williams et al., 2016, 2018) while, in a separate study,
unilateral (left-sided) conventional DLPFC stimulation produced
an average of 30% remission (Kopell et al., 2011). This also
highlights the potential to utilize EpCS as an alternative approach
in TRD patients non-responsive to TMS, perhaps drawing on
similar key mechanisms (Fitzgerald et al., 2008; Grimm et al.,
2008).

In addition to direct modulation of hypoactivated DLPFC,
EpCS of DLPFC could improve symptoms of TRD by
altering connectivity with the subcallosal cingulate cortex
(SCC), similar to TMS (Fox et al., 2012) or by indirectly
modulating SN. As mentioned, the SN is hypothesized to
act as a “switch” that serves to transition between other core
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TABLE 4 Deep brain stimulation (DBS) for treatment-resistant depression (TRD) focusing on salience network.

References Study type Modality Sample Region or network
of interest

Key findings

Yan et al., 2021 Systematic review DBS 4 cases of
self-injurious
behavior

SN, NAcc, ALIC Abnormal pain processing is related to alterations
of salience network connectivity which in turn may
influence SIB.

Riva-Posse et al.,
2019

Randomized trial DBS 9 patients with TRD SN, SCC Salience of behavioral responses are associated with
SCC DBS-induced autonomic changes.

Ellard et al., 2018 N/A DBS 35 unipolar
depressed patients,
24 bipolar depressed
patients, and 39
healthy controls

SN, DMN, ECN Patients with bipolar disease displayed weaker
functional connectivity between right dorsal AI
and right VLPFC (SN). Greater impairment in
perceived control in unipolar depression correlated
with stronger right dorsal AI – right VLPFC (SN)
functional connectivity.

Downar et al., 2016 Review DBS N/A SN, dACC, anterior insula Behavioral self-control, emotion regulation, and
social cognition show functional correlations with
SN activity. aCIN, part of the SN, may be a potential
neuropsychiatric DBS target.

Choi et al., 2015 Case series DBS 9 TRD patients
undergoing DBS

SN, SCC Proximity to bilateral VMFC (via forceps minor and left
uncinate fasciculus) and CC (via left cingulum bundle)
correlate with higher structural connectivity and clinical
response

Acin, anterior cingulo-insular; NAcc, nucleus accumbens; ALIC, anterior limb of the internal capsule; SIB, self-injurious behavior; SCC, subcallosal cingulate cortex; VMFC, ventromedial
frontal cortex; CC, cingulate cortex; ECN, fronto-parietal executive control; AI, anterior insula; SCC, subcallosal cingulate.

functional networks (including CEN and DMN) recruited
during emotion regulation and social cognition. Nodes in
the SN include dACC and bilateral insular cortices. These
regions have been designated “common core” regions with
aberrant activation in many psychiatric disorders, including
obsessive-compulsive and post-traumatic stress disorders
(Downar et al., 2016). These relationships suggest a functional
interaction between DLPFC and the SN that is possibly
exploited via TMS (Table 3) and EpCS for the modulation
of TRD. DLPFC may act as a superficial access point to
drive modulation of the deeper salience network, functioning
to improve mood regulation by normalizing the activation
balance and promoting transitions between intrinsic and
task-evoked circuits.

Deep brain stimulation for
treatment-resistant depression:
Novel ideas emerge from clinical
trials

Deep brain stimulation (DBS) is an invasive modality applied
via stereotactic insertion of one or more intracranial leads.
Its initial utility was investigated in the context of movement
disorders, inspired by evidence that high frequency stimulation
(100–200 Hz) of the ventral intermediate thalamic nucleus
could alleviate tremor (Albe Fessard et al., 1963). In 1996,
thalamic DBS received FDA approval in the US for essential
and Parkinsonian tremors. Approvals for subthalamic nucleus
(STN) and globus pallidus internus (GPi) DBS followed in 2003
for Parkinson’s Disease (Miocinovic et al., 2013) and anterior
thalamic nucleus (ATN) DBS for epilepsy in 2018 (Salanova
et al., 2015; Kim et al., 2017). Evidence-based application of

DBS for TRD has proven complex given the promising outcomes
in open-label investigations that have not been reproduced
in randomized clinical trials (RCT) (Morishita et al., 2014).
In cohort studies of nucleus accumbens DBS, 40–45% of the
TRD cohort responded with > 50% reduction in depressive
symptoms. For ventral capsule/ventral striatum (VC/VS) DBS
cohort studies, response rates were 53% at 12 months, and
71% by the long-term endpoint (mean of 37 months) (Malone
et al., 2009; Malone, 2010). Despite these positive results, the
multicenter RCT of VC/VS DBS failed to meet its primary
endpoint (Dougherty et al., 2015). Similarly, positive effects
of subcallosal cingulate cortex (SCC) DBS were reported in
multiple case reports (Neimat et al., 2008; Guinjoan et al.,
2010; Holtzheimer and Mayberg, 2010; Hamani et al., 2012) and
cohort studies demonstrating > 60% responder rate (Mayberg
et al., 2005; Kennedy et al., 2011). A subsequent multicenter
trial showed a 29% responder rate at 12 months (Lozano
et al., 2012), while a single-blinded study by Holtzheimer et al.
reported 91% response rate and 58% remission rate (Holtzheimer
et al., 2012). Of note the later study utilized higher intensity
stimulation (6–10 mA) than the former (5.2 mA). These led
to the BROADEN trial, which was conducted as a multicenter,
randomized controlled trial for SCC DBS. Subjects underwent
bilateral SCC implantation and were randomized to active or
sham DBS for 6 months. Following the first endpoint of
6 months, no group differences were found, and the study
was discontinued following a futility analysis. Nevertheless, two
novel findings emerged from this study. First, a retrospective
tractography study observed that SCC DBS responders were more
likely to have the active contacts located at the convergence of
four white matter pathways: forceps minor, uncinate fasciculus,
cingulum bundle, and fronto-striatal fibers (Riva-Posse et al.,
2014). Second, when subjects were followed longitudinally (2–
8 years), the response and remission rates rose to 81 and
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54%, respectively (Crowell et al., 2019). These follow-up studies
provide encouragement for the therapeutic potential of DBS
for TRD, as increasing evidence suggests that heterogeneity of
psychiatric disorders may warrant an individualized approach,
including connectomics and tractography, for patient-specific
target identification (Riva-Posse et al., 2018; Allawala et al., 2021;
Hollunder et al., 2022).

DBS antidepressive mechanisms

An advantage of SCC DBS is that it directly targets the
white matter tracts underlying the subgenual cingulate cortex
and thus gains access to functional networks involving the
cingulum bundle. In contrast, the stimulus area accessed by
ECT, TMS and EpCS is less focused. Notwithstanding, Tsolaki
and colleagues demonstrated differences in responsivity to ECT
based on SCC connectivity, again supporting the idea that
non-invasive and invasive modalities share network coupling
dynamics (Tsolaki et al., 2021). DBS contacts apply a three-
dimensional electric field to surrounding tissue, resulting in
depolarization or hyperpolarization of neighboring dendrites
and axons (McIntyre and Foutz, 2013). The therapeutic effects
are generated via high frequency stimulation (∼100–130 Hz)
of a target selected for its ability to modulate an aspect of
neurologic dysfunction such as ATN for epilepsy and STN for
Parkinson’s disease. Initial functional studies in patients with
depression demonstrated increased glucose metabolism in the
SCC and pregenual cingulate cortex (pgCC) (Sacher et al., 2012).
Mayberg and colleagues observed that hypermetabolism in SCC
was attenuated with pharmacologic antidepressants (Mayberg
et al., 1997, 2000), identifying SCC as a potential target for
modulation of TRD with DBS. As suggested by tractography studies
(Riva-Posse et al., 2014; Tsolaki et al., 2017), SCC DBS likely
activates white matter tracts in close proximity to the electrode
contacts, such as the cingulum bundle and uncinate fasciculus.
The cingulum is a large white matter tract superficial to the
corpus callosum and involved in executive control, emotion, pain,
and memory (Bubb et al., 2018). Axons from the subgenual
and anterior cingulate subsections have terminations in the
anterior cingulate cortex (ACC), prefrontal cortex (dorsolateral,
medial and orbital), amygdala, insula and superior temporal
cortex (Bubb et al., 2018). Each of these structures have been
strongly implicated in the SN and serve as potential sites of
modulation for emotion dysregulation. Moreover, in a study of
error rate in an emotional empathy task after ischemic stroke,
Oishi et al. showed that right uncinate fasciculus lesions were
associated with greater error rate. This demonstrated the role of
the uncinate fasciculus, a tract with connections to orbitofrontal
cortex, anterior insula, temporal pole, and amygdala, in emotional
empathy (Oishi et al., 2015). SCC DBS at the intersection of
these and other tracts may provide a locus for modulation of
the SN given apparent overlap with key nodes: dorsal anterior
cingulate cortex, anterior insula, temporal pole, and the amygdala
(Friston, 2017). Direct access to the SN may provide a useful
clue as to the potential mechanism for DMN and CEN activation
via SCC DBS. Table 4 summarizes key clinical evidence of SN
modulation with DBS.

Multi-modality neuromodulation for
TRD: A network-centric clinical
algorithm

Given the complexity and heterogeneity associated with TRD,
it would be advantageous to create a systematic therapeutic
approach. We propose an heuristic clinical pathway that utilizes
available neuromodulation technologies, tiered by invasiveness, to
find the optimal, personalized treatment plan for individuals with
TRD. This stepwise neuromodulation clinical pathway, paired with
individualized target identification via tractography and functional
connectomics, could result in more consistent patient outcomes.

In this pathway, patients that have failed three or more
antidepressants and ECT will be treated with Level 1A
neuromodulation—conventional DLPFC TMS protocol (6 weeks).
If symptoms persist (<50% improvement in symptoms),
patients may undergo additional testing including functional
connectivity imaging, tractography, behavioral and cognitive
testing for characterization of patient-specific TRD neurobiology
contributing to depressive symptoms. Unique TRD profiles in
certain patients have been suggested by several authors proposing
that specific depressive symptoms map onto distinct functional
networks (Williams, 2016; Hollunder et al., 2022). Imaging data
would be used to identify personalized targets for subsequent
neuromodulation. The next step, Level 1B neuromodulation,
consists of accelerated TMS such as the 5 day SAINT protocol,
using iTBS. If this fails, evidence of abnormal activation in
DMN (hyperactivation) or CEN (hypoactivation) would be
an indicator for Level 2 neuromodulation—bilateral DLPFC
and frontopolar PFC EpCS for 6 months. If imaging identifies
hypoactivation of SN, Level 3 neuromodulation—SCC DBS,
would be recommended. VNS, which has been implicated in
DLPFC activation via connections to the locus coeruleus, is an
alternative if intracranial surgery is contraindicated (Conway
et al., 2006, 2018; Dorr and Debonnel, 2006; Roosevelt et al., 2006;
Kamel et al., 2022). Broader network dysfunction in DMN, CEN,
and SN or severe, refractory cases would be an indication for
Level 4 neuromodulation—stereotactic electroencephalography
(sEEG)-informed adaptive DBS. For this level, sEEG would
assist with identifying symptom-specific biomarkers and targets
for personalized closed-loop DBS. Scangos and colleagues used
this approach and reported favorable outcomes with VC/VS
stimulation for modulation of symptom-associated gamma power
in the amygdala of one patient with TRD (Scangos et al., 2021).
In that study, machine learning (ML) algorithms were used to
analyze biomarkers in one structure while stimulating in a remote
site. While specific white matter pathways were not considered
in that study, it is interesting that the ML algorithms modeling
the data identified a target other than SCC as most effective in
ameliorating the patient’s symptoms. The findings support the idea
that not only may TRD manifest differently in each individual,
structures outside the traditional DMN, SN or CEN networks,
such as the amygdala, may provide useful biomarker correlations.
A schematic of the proposed clinical pathway is depicted in
Figure 1.

As previously described, depression is associated with
hyperactivation of the DMN which may contribute to symptoms
of rumination and pessimism (Anderson et al., 2016). This
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FIGURE 1

TRD neuromodulation clinical pathway. This schematic depicts the proposed stepwise pathway for optimizing individualized management of
treatment-resistant depression sEEG, stereotactic electroencephalography; aDBS, adaptive deep brain stimulation.

FIGURE 2

Functional network modulation in TRD. Default mode network (DMN – blue), salience network (SN – purple), and central executive network (CEN –
green) are accessible for modulation with transcranial magnetic stimulation (TMS) and deep brain stimulation (DBS). Dorsal lateral prefrontal cortex
(DLPFC) TMS may modulate CEN via direct modulation of DLPFC and its projections to lateral parietal cortex (LPC) (A–C). DLPFC TMS could
indirectly modulate SN via functional connections with anterior cingulate cortex (ACC), anterior insula (AI), or DMN via functional connections with
medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC). DBS at the intersection of subcallosal cingulate cortex (SCC), the cingulum
bundle (CB), uncinate fasciculus (UF), and forceps minor (FM) may modulate SN via projections to dorsal anterior cingulate cortex (dACC) and AI
(C,D). Functional connections to DLPFC, mPFC, and PCC also present avenues for modulation of CEN and DMN. Please see Table 1 for full listing of
network structures.
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may or may not be cosynchronous with SN and CEN
hypoactivation, resulting in aberrant responses to salient stimuli,
memory deficits, and attentional dysfunction (Anderson et al.,
2016). The neuromodulation clinical pathway we have proposed
enables a multifaceted approach for treating depression by targeting
nodes within each of these networks. This provides a systematic
approach for implementing neuromodulation to find the target
and therapy that works optimally for each patient.

In summary, the imbalance between network activity may
prime individuals to preferentially respond to a particular
stimulation locus and modality. TMS at the DLPFC directly
modulates the node of the central executive network. But this
region also has functional connections with nodes of the SN (ACC
and anterior insula) and the DMN (ventromedial prefrontal cortex
(VMPFC), posterior cingulate cortex (PCC) and lateral parietal
cortex) (Figures 2A–C). Patients with pathologic hypoactivation
of DLPFC as the primary insult may be responders to TMS.
Bilateral DLPFC and frontopolar stimulation with EpCS likely
alters activity of the CEN and DMN but also has downstream
effects on the salience network. DBS at the intersection of the
SCC, cingulum, and uncinate fasciculus likely modulates the
SN via dACC and anterior insula (Figures 2C, D). This is
probably paired with effects on the CEN and DMN through
functional connections with DLPFC and VMPFC to PCC,
respectively. Patients with hypoactivation of the salience network
may preferentially respond to SCC DBS. A network-centric clinical
pathway brings together multiple disciplines and proposes a new

common language with the aim of enhancing care for treatment-
resistant depression.
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Motor skill learning has been linked to functional and structural changes in

the brain. Musicians and athletes undergo intensive motor training through

the practice of an instrument or sport and have demonstrated use-dependent

plasticity that may be subserved by long-term potentiation (LTP) processes. We

know less, however, about whether the brains of musicians and athletes respond

to plasticity-inducing interventions, such as repetitive transcranial magnetic

stimulation (rTMS), differently than those without extensive motor training. In a

pharmaco-rTMS study, we evaluated motor cortex excitability before and after

an rTMS protocol in combination with oral administration of D-cycloserine (DCS)

or placebo. In a secondary covariate analysis, we compared results between

self-identified musicians and athletes (M&As) and non-musicians and athletes

(non-M&As). Three TMS measures of cortical physiology were used to evaluate

plasticity. We found that M&As did not have higher baseline corticomotor

excitability. However, a plasticity-inducing protocol (10-Hz rTMS in combination

with DCS) strongly facilitated motor-evoked potentials (MEPs) in M&As, but

only weakly in non-M&As. Placebo and rTMS produced modest facilitation in

both groups. Our findings suggest that motor practice and learning create a

neuronal environment more responsive to plasticity-inducing events, including

rTMS. These findings may explain one factor contributing to the high inter-

individual variability found with MEP data. Greater capacity for plasticity holds

implications for learning paradigms, such as psychotherapy and rehabilitation,

by facilitating LTP-like activation of key networks, including recovery from

neurological/mental disorders.

KEYWORDS

repetitive transcranial magnetic simulation, plasticity, LTP, motor-evoked potential
(MEP), D-cycloserine (D-CYC: partial NMDA receptor agonist), NMDA-receptor

1. Introduction

Motor skill training, defined as the acquisition and subsequent refinement of novel
movement sequences in a progressive manner, has the ability to change the structure and
function of the motor cortex (Adkins et al., 2006). Animal studies have found that training in
a specific motor task produces an expansion of cortical representation of the exercised body
part which parallels improved performance (reviewed in Adkins et al., 2006). In humans,
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6 weeks of practice in a visuomotor task increased corticospinal
excitability as measured by motor-evoked potentials (MEPs),
with learning-dependent greater increases in those who engaged
in increasingly difficult training (Christiansen et al., 2020). It
is hypothesized that motor skill development on a short- and
long-term scale can induce changes in synaptic strength between
corticospinal neurons and engage synaptic plasticity to reorganize
cortical maps (Monfils et al., 2005). Increased dendritic branching
and synapse numbers have been found within the motor cortex
of rats after motor skill training, suggesting learning-related
synaptogenesis (Greenough et al., 1985; Kleim et al., 1996).
Blocking receptors critical to synaptic plasticity abolishes practice-
dependent effects at both cellular (animal) and behavioral (human)
levels (see Monfils et al., 2005 for a comprehensive review).

Musicians and athletes (M&As) are two groups who engage in
consistent, deliberate, motor skill acquisition through the practice
of an instrument or sport. Studies have identified structural and
functional differences in the brains of experienced M&As compared
to non-M&As, specifically in regions engaged in consistent skill
training (Herholz and Zatorre, 2012; Duru and Balcioglu, 2018).
Pantev et al. (1998) showed brain responses to piano tones were
25% larger in musicians than in non-musicians, with larger effects
for tones from each musician’s specific instrument. Another study
found that skilled pianists demonstrated a rapid increase in motor
cortex activation relative to non-musicians when performing a
novel tapping task during a single fMRI scan (Hund-Georgiadis and
von Cramon, 1999). Athletes also demonstrate this use-dependent
plasticity phenomenon. One study using MRI found that golf
experts engage less brain area than novices during a motor planning
task, suggesting less recruitment necessary due to greater synaptic
efficiency in skilled golfers (Milton et al., 2007). These changes in
function are associated with changes in structure as evidenced by
increased gray matter volume in hand areas of the motor cortex for
handball players and increased gray matter volume in foot areas for
ballet dancers (Meier et al., 2016). These results appear to suggest
that motor learning maps onto generally associated regions of the
motor cortex.

Transcranial magnetic stimulation (TMS) has been widely used
to study motor cortex plasticity. 10-Hz repetitive TMS (rTMS)
stimulation may induce long-term potentiation (LTP; Vlachos
et al., 2012; Lenz et al., 2015; Brown et al., 2022), a form of
synaptic plasticity which is critically dependent upon n-methyl-
d-aspartate (NMDA) receptors (Huang et al., 2007). In humans,
LTP-like processes can be assessed indirectly with quantitative
neurophysiology and pharmacology capable of enhancing or
diminishing key receptor activity while delivering rTMS. More
specifically, 10-Hz rTMS to the motor cortex can increase MEP
amplitudes (Maeda et al., 2000; Jung et al., 2008; Hoogendam
et al., 2010) by enhancing LTP-like plasticity (Brown et al., 2020,
2021; Kweon et al., 2022). Plasticity induction is not unique to
concurrent NMDA activation and 10-Hz rTMS, but has also been
demonstrated with transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), quadripulse
stimulation (QPS), and continuous and intermittent theta burst
stimulation (c/iTBS) including modified protocols [cTBS(mod)],
to name a few, as reviewed in Brown et al. (2022) and Suppa
et al. (2022). Importantly, MEPs utilize a corticomotor pathway
to hand muscles that have been strengthened in M&As through

motor skill training. M&As have demonstrated greater plasticity
induction as measured by MEPs and recruitment (input-output)
curves after paired-associative stimulation (PAS; Rosenkranz et al.,
2007; Kumpulainen et al., 2015). We, therefore, hypothesized that
subjects who routinely engaged in extensive motor learning and
practice would have greater plasticity than those who did not. We
present a secondary covariate analysis examining M&A status from
a replication study (Kweon et al., 2022) designed to determine
whether 10-Hz rTMS increases MEP amplitude through LTP-like
mechanisms by assessing whether NMDA receptor agonism with
d-cycloserine was sufficient to further enhance MEPs, as shown
previously (Brown et al., 2020).

2. Materials and methods

We analyzed results from 10 healthy adults (six women,
21–39 years old) from a randomized, double-blind, crossover study,
as described previously (Kweon et al., 2022). In that study, subjects
received a single dose of either 100 mg dose of D-cycloserine
(DCS, an NMDA receptor partial agonist) or placebo, then the
other capsule, in random order, at least 1 week apart. We collected
baseline MEP (bins of 20 single- or paired-pulse jittered 4–7 s
apart) measures ∼1 h after dosing, followed by the rTMS plasticity
protocol ∼2 h after dosing, and finally, post-rTMS MEP measures,
as shown in Figure 1A. All subjects were right-handed.

All TMS single-pulses and rTMS pulse trains were delivered
with the PowerMag stimulator system (Mag and More, Germany).
Briefly, 10-Hz rTMS was delivered at 80% of the resting motor
threshold in 1.5 s trains with 58.5 s rest for 20 min (300 pulses). All
pulses were neuronavigated within 0.5 mm of the left motor cortex
(M1) (Brainsight, Rogue Research, Quebec, Canada). Procedures
for obtaining resting motor threshold (rMT) were described in
the original study (Kweon et al., 2022). We collected one bin
of 40 single-pulses (SP) at 120% rMT, and one SP at every
percent intensity from 20% to 100% of maximum machine
stimulator output in randomized order fit to a Boltzmann sigmoidal
recruitment curve (RC). Pulses were jittered at 4–7 s intervals.
Paired pulses were separated by inter-stimulus interval of 3 ms
for SICI and 15 ms for ICF conditioning stimulus (CS), with a
subthreshold intensity (80% rMT) and the testing stimulus (TS)
of 120% rMT. LICI consisted of two pulses at 120% rMT spaced
100 ms apart.

As a part of our demographic questionnaire, we asked
participants if they were an “experienced musician or athlete” who
currently practiced said skill. Those who selected “yes” were asked
to record the number of years and hours per week they spent
practicing. Four of the 10 participants identified as a musician or
athlete, with an average length of practice of 14.5 years, and a range
of 4–6 h per week (Table 1).

As before, we analyzed SP data over a 1-h time course,
normalized to baseline, using a mixed repeated measure analysis
of variance (ANOVA). We examined the effects of drug, time,
and drug-time interaction, controlling for order in the crossover
design. Given the small sample size, we could not assume normality;
therefore, a Kruskal-Wallis test was used to compare differences
at baseline and each post-rTMS time point between the four
drug (DCS, placebo) × group (M&A, non-M&A) conditions. The
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FIGURE 1

NMDA receptor partial agonist D-cycloserine (DCS) enhances 10-Hz rTMS-induced motor-evoked potentials (MEPs) exclusively for Musicians and
Athletes. (A) Study design. Top: Overview of full experiment. Below: TMS session protocol. Baseline measures include SP, PP, and RC. MT and SP bins
were recorded at every 15-min post-rTMS time points. (B) Individual subject MEP values for each time point after 10-Hz rTMS for placebo condition.
Blue = Non-M&As, Red = M&As. Group averages are in bold. (C) Individual subject MEP values for each time point after 10-Hz rTMS for d-cycloserine
condition. Blue = Non-M&As, Red = M&As. Group averages are in bold. (D) Averaged (normalized to baseline) MEP values with standard error of the
mean (error bars) for each time point after 10-Hz rTMS for all conditions: 0 min: Non-M&As (1.15 ± 0.14), M&As (1.75 ± 0.34), H (3) = 3.06, p = 0.383;
15 min: Non-M&As (1.06 ± 0.11), M&As (2.1 ± 0.23), H (3) = 7.69, p = 0.053; 30 min: Non-M&As (1.47 ± 0.45), M&As (2.26 ± 0.49), H (3) = 4.93,
p = 0.024; 45 min: Non-M&As (1.14 ± 0.18), M&As (2.4 ± 0.24), H (3) = 9.48, p = 0.024; 60 min: Non-M&As (1.37 ± 0.32), M&As (2.94 ± 0.64),
H (3) = 6.70, p = 0.082. (E) Normalized MEP values averaged across time with standard error of the mean (error bars) for all conditions: PBO Non-
M&As (1.35 ± 0.07), DCS Non-M&As (1.23 ± 0.12), PBO M&As (1.43 ± 0.12), DCS M&As (2.29 ± 0.019). ∗p < 0.05. PBO, Placebo; DCS, D-cycloserine;
SP, single-pulse; PP, paired-pulse; RC, recruitment curve; rMT, resting motor threshold; rTMS, repetitive Transcranial Magnetic Stimulation; MEPs,
motor-evoked potentials; M&As, Musicians and Athletes; ICF, intracortical facilitation.
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TABLE 1 Characteristics of musicians/athletes.

Musician/Athlete Male (M)/Female (F) Age (years) Instrument/Sport Number of Years Practice intensity
(hours/week)

1 F 39 Piano 33 4

2 F 35 Piano 8 4.5

3 F 28 Guitar 4 4.5

4 F 22 Volleyball 14 6

overall effect was also analyzed with a Kruskal-Wallis test of the
grand average of all post-rTMS MEP amplitudes (across time)
between the four conditions. Paired-pulse (PP) measures were
derived from a ratio of PP/SP, and these ratios were compared
before and after rTMS to generate a percent change, as described
previously (Brown et al., 2021). The Kruskal-Wallis test was used
to compare averages across the four conditions. Mann-Whitney U
test was used to analyze characteristics between groups and visits
(i.e., age, motor threshold). Recruitment curves were fitted with
the Levenberg-Marquard nonlinear least-mean squares algorithm
to fit raw data to a Boltzmann sigmoidal function using Signal
software (Cambridge Electronic Devices, UK) as before (Kweon
et al., 2022). Wilcoxon signed-rank test compared the change in
recruitment curve intercept, slope, and height before and after
rTMS and between drug conditions. Analyses were performed with
R software (R core team, Vienna, Austria). We set a priori level of
significance at p< 0.05.

3. Results

We found no differences between Non-M&As and M&As
regarding age [U (NNon-M&As = 6, NM&As = 4) = 7.5, p = 0.39]
or resting motor threshold (rMT) averaged across the two visits
[U (NNon-M&As = 6, NM&As = 4) = 32, p = 0.23]. We also found
no difference in baseline MEPs between Non-M&As and M&As
in either drug condition (Kruskal-Wallis, H(3) = 7.02, p = 0.07;
Supplementary Figure 1A).

3.1. Single pulse time course

Figures 1B,C displays individual subject MEP values for
each time point after 10-Hz rTMS by drug condition. In the
placebo condition, M&As did not differ from non-M&As by group
(F(1,4) = 0.87, p = 0.404), time (F(4,16) = 0.53, p = 0.713), or
interaction (F(4,16) = 1.93, p = 0.155), as shown in Figure 1D. There
was a group effect when taking DCS, however, with M&As having
greater normalized MEP amplitudes repeated across time compared
with Non-M&As (F(1,4) = 7.8, p = 0.027, η2 = 0.40; Figure 1D),
without a definitive effect of time (F(4,16) = 2.5, p = 0.06) or group-
by-time interaction (F(4,16) = 0.97, p = 0.44).

Grand averages of all normalized time points across the
four conditions yielded a marked increase for M&A with
DCS (H(3) = 29.23, p < 0.001; Figure 1E), including direct
comparisons between drug conditions for M&As [U (NPBO = 19,
NDCS = 20) = 63, z = −3.57, p < 0.001], and between M&As
and non-M&As within the DCS condition [U (NNon-M&As = 29,
NM&As = 20) = 62, Z = −4.64, p< 0.001].

3.2. Paired pulse

We did not detect a difference with our small sample size
in the degree of ICF change before and after rTMS between the
four combinations of drug × group (H(2) = 1.079, p = 0.583,
Supplementary Figures 2A,D). We also detected no differences in
SICI measures (H(3) = 1.541, p = 0.673, Supplementary Figures
2B,E), or LICI measures (H(3) = 1.512, p = 0.680, Supplementary
Figures 2C,F).

3.3. Recruitment curve

We did not detect any differences in recruitment curve
intercepts, slopes, or heights either between conditions or before
and after rTMS. We did find a trend-level decrease in intercept
after rTMS for M&As in the DCS condition (z = −1.826, p = 0.068,
Supplementary Figure 3).

4. Discussion

These data appear to be consistent with our hypothesis that
motor learning can enhance the capacity to respond to plasticity-
inducing events. Specifically, we observed that 10-Hz rTMS +
d-cycloserine robustly increased MEPs over 1-h for M&As. We also
observed that trend level increases in intracortical facilitation and
excitatory shifts in recruitment curves. However, it is important to
note that these results are from a post-hoc covariate analysis from a
small sample size of 10 subjects (20 visits), and therefore we cannot
reach conclusions, but we present these data to assist in future study
design. This limitation acknowledged, we speculate on what these
results, if true, might mean with implications for repetitious practice
and plasticity (i.e., rTMS, psychotherapy, rehabilitation, etc.).

DCS has previously been shown to enhance the excitatory
effects of 10-Hz rTMS on MEPs in healthy participants (Brown
et al., 2020; Kweon et al., 2022), purportedly through NMDA
receptor agonism. LTP requires NMDA receptor activity (Brown
et al., 2022), as do the LTP-like changes found in animal
hippocampal slices after 10-Hz repetitive magnetic stimulation
(Vlachos et al., 2012). More specifically, LTP (and learning) can
be enhanced by increasing NMDA activity, as demonstrated in
transgenic mice overexpressing an NMDA receptor subunit (Tang
et al., 1999, 2001). Thus, the enhancement of 10-Hz rTMS-induced
MEPs through d-cycloserine augmentation may reasonably be
thought to enact LTP-like mechanisms by associating NMDA
receptor activation with neuronal stimulation. Extensive motor
practice in M&As incorporates the long-term effects of increased
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learning, which is known to be subserved by NMDA-receptor
dependent LTP (Whitlock et al., 2006; Brown et al., 2021). The
applicability of these results outside of the motor cortex and healthy
subjects has been supported by Cole and colleagues who found
that DCS was sufficient to enhance both motor physiology (Cole
et al., 2021), and clinical outcomes in depressed patients (Cole et al.,
2022).

Interestingly, baseline MEPs for M&As showed a trend-level
decrease (see Supplementary Figure 1A). If true, this would
suggest that M&As do not have higher baseline corticomotor
excitability, but rather with a greater capacity to undergo change,
the definition of plasticity (Brown et al., 2022). To speculate further
on the molecular mechanism of these changes, we can consider
what is known from animal studies. Baseline excitability (synaptic
transmission) is mediated primarily by α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors (Muller et al.,
1988). Increased excitability is mediated by an acute increase in
the GluA1 subtype of AMPA receptors (Brown et al., 2022) which
has already been demonstrated to occur with 10-Hz magnetic
stimulation (Vlachos et al., 2012) and learning (Whitlock et al.,
2006). NMDA receptors, on the other hand, are not important for
baseline transmission but are critical for governing AMPA receptor
trafficking into the synapse, that is, LTP (Brown et al., 2021). If
we extrapolate these animal-level findings to M&As, it may be that
M&As have less M1 AMPA receptors at baseline, but can quickly
upregulate AMPA receptors possibly as a result of increased NMDA
receptors. This appears plausible given that LTP upregulates NMDA
receptor expression, and that this is necessary for subsequent
learning (Yang et al., 2022). Increased NMDA receptors in M&As
would indicate a greater capacity to induce LTP with appropriate
synaptic activation.

In promoting plasticity induction, it is often tempting to
apply the expression “more is better”. However, with non-invasive
brain stimulation, we often see this is not the case. Rather, an
inverted U-shape curve indicates a “sweet spot” for much of
plasticity induction (Caulfield and Brown, 2022). In fact, in many
cases, more stimulation may reverse results, such as by doubling
iTBS pulse numbers (Gamboa et al., 2010). It is not yet known
whether protocols involving DCS could be further enhanced. We
administered a single session of 300 pulses. It remains to be seen
whether plasticity induction could be further increased with clinical
protocols involving 3,000 pulses for 36 sessions, or if mechanisms
would be invoked and effects reversed (Thomson and Sack, 2020).
This may explain the long-term depression (LTD)-like effects seen
with 600 pulses of iTBS with DCS (Teo et al., 2007). While this
would seem counterintuitive in the acute sense, chronic learning
or repeated LTP would engage homeostatic plasticity mechanisms
which effectively serve to prevent ceiling effects (saturation) and
enable continuous learning through whole-neuron AMPA receptor
expression reduction while still retaining relative synaptic strength
(Turrigiano, 2012). Homeostatic metaplasticity may also explain
our observation that M&As trended towards lower baseline MEPs,
theoretically reflecting a decrease in AMPA receptors, but an
increase in NMDA receptors (Yang et al., 2022), which do not
mediate most of baseline synaptic transmission (Muller et al., 1988).
Whether homeostatic AMPA receptor removal and LTP-induced
NMDA receptor upregulation is independent of one another, or
possibly connected in the same manner that GluA2 receptors

replace GluA1 receptors (Shi et al., 2001) is an intriguing question.
Regardless, if MEP excitability is mediated by AMPA receptors,
these results appear consistent with M&As having decreased AMPA
receptors at baseline, while the marked increase as a result of
a plasticity protocol may be orchestrated by increased NMDA
receptors from mature synapses.

These data provide preliminary support that repeated learning
(as experienced by M&As) may enhance synaptic plasticity
(Rosenkranz et al., 2007; Kumpulainen et al., 2015) induced by
10-Hz rTMS and NMDA receptor activation. However, a larger
sample size is necessary to reach conclusions, and a prospective
study design (examining before and after musical/athletic training)
would be needed to determine causality (i.e., whether increased
plasticity is produced by learning or whether people with
innately enhanced plasticity are more likely to become M&As).
Furthermore, our sample included three types of instruments and
sports, which likely activate plasticity in various brain regions
to different extents. This is both a limitation of our post-hoc
naturalistic study design as well as valuable information regarding
the generalizability of motor practices on specific muscle groups.
Future studies may determine how generalizable these changes
are by comparing, for example, pianists and violinists. We have
speculated about underlying mechanisms which can only be
guessed at without parallel human and animal experimental
designs. M&As may have driven previously reported differences
following 10-Hz rTMS (Brown et al., 2020), and may contribute
to the high inter-individual variability frequently found in MEP
studies (Corp et al., 2020, 2021). Of broader interest is whether
motor network learning translates to other networks, such as those
theoretically targeted with dorsolateral prefrontal cortex rTMS for
depression. It is tempting to consider whether prior extensive
application of psychotherapeutic techniques (enhancing plasticity
capacity of relevant circuits) promotes responsiveness to clinical
rTMS, or whether rTMS alone accomplishes this in responders.
These preliminary results suggest that learning may facilitate
LTP-like activity in relevant neural circuits with implications for
therapeutic contexts like stroke rehabilitation, cognitive-behavioral
therapy, or clinical rTMS.
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Bioengineering, University of California, Los Angeles, Los Angeles, CA, United States

Background: Low intensity, transcranial focused ultrasound (tFUS) is a re-

emerging brain stimulation technique with the unique capability of reaching deep

brain structures non-invasively.

Objective/Hypothesis: We sought to demonstrate that tFUS can selectively and

accurately target and modulate deep brain structures in humans important for

emotional functioning as well as learning and memory. We hypothesized that

tFUS would result in significant longitudinal changes in perfusion in the targeted

brain region as well as selective modulation of BOLD activity and BOLD-based

functional connectivity of the target region.

Methods: In this study, we collected MRI before, simultaneously during, and after

tFUS of two deep brain structures on different days in sixteen healthy adults each

serving as their own control. Using longitudinal arterial spin labeling (ASL) MRI and

simultaneous blood oxygen level dependent (BOLD) functional MRI, we found

changes in cerebral perfusion, regional brain activity and functional connectivity

specific to the targeted regions of the amygdala and entorhinal cortex (ErC).

Results: tFUS selectively increased perfusion in the targeted brain region and

not in the contralateral homolog or either bilateral control region. Additionally,

tFUS directly affected BOLD activity in a target specific fashion without engaging

auditory cortex in any analysis. Finally, tFUS resulted in selective modulation of

the targeted functional network connectivity.

Conclusion: We demonstrate that tFUS can selectively modulate perfusion, neural

activity and connectivity in deep brain structures and connected networks. Lack
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of auditory cortex findings suggests that the mechanism of tFUS action is not

due to auditory or acoustic startle response but rather a direct neuromodulatory

process. Our findings suggest that tFUS has the potential for future application

as a novel therapy in a wide range of neurological and psychiatric disorders

associated with subcortical pathology.

KEYWORDS

transcranial focused ultrasound, functional connectivity, brain perfusion, amygdala,
entorhina cortex

Introduction

Non-invasive methods for treating psychiatric and
neurological disorders by modulating neural activity in
humans include techniques such as transcranial magnetic
stimulation (TMS) (Barker et al., 1985) and transcranial direct
current stimulation (tDCS) (Perlson, 1945). However, these
techniques are limited by their inability to target deep brain
regions (e.g., amygdala or hippocampus (HC)), which are
currently only effectively modulated by invasive, higher-risk
deep brain stimulation (DBS) (Obeso et al., 2001). Here,
we provide initial evidence that low intensity transcranial
focused ultrasound (tFUS) can non-invasively modulate
neural activity in the human amygdala and hippocampus by
measuring changes in cerebral blood perfusion using arterial
spin labeling (ASL) magnetic resonance imaging (MRI) and
functional connectivity (FC) during simultaneous tFUS and
blood oxygenation level dependent (BOLD) functional MRI
(fMRI).

Focused ultrasound has recently been explored as a novel
neuromodulation technology (Pasquinelli et al., 2019; Toccaceli
et al., 2019; Stern et al., 2021). At high intensities, ultrasound can
be used to cause ablations (e.g., for neurosurgical pallidotomy)
(Moosa et al., 2019). Low intensity tFUS can penetrate the skull
and dura (Hynynen and Jolesz, 1998), thereby affecting neuron
populations in the brain, likely through cellular modulation (Tufail
et al., 2011). By changing the parameters of the ultrasound
such as pulse repetition frequency and duty cycle, it is possible
to create potentiating or disruptive effects at the network level
(Spivak et al., 2022), without also causing tissue damage via the
heating effects seen at higher intensities (Schafer et al., 2021).
Consequently, tFUS can circumvent the limitations of current
neuromodulation techniques while maintaining high safety levels
(Pasquinelli et al., 2019).

tFUS is thought to modulate neural activity either via
mechanical stretching or neuronal intramembrane cavitation
excitation (NICE). The mechanical stretching model suggests that
tFUS physically stretches the cell soma resulting in membrane
depolarization by way of voltage gated ion channel influx
(Morris and Juranka, 2007; Tyler et al., 2008; Kubanek et al.,
2016). Many ion channels have been shown to be influenced
by ultrasonic stimulation, including mechanosensitive two-pore-
domain potassium channels (Kubanek et al., 2016), and channels
not typically classified as mechanosensitive (i.e., sodium and

calcium voltage-gated channels) (Morris and Juranka, 2007).
Alternatively, the NICE model proposes that tFUS causes
spaces to form and disappear between the hydrophobic tails
of the phospholipids comprising the cell bilayer (Plaksin et al.,
2016). The law of conservation of charge establishes that
greater distance between the charges (inside and outside the
cell) results in greater electric potential, thereby changing the
membrane potential. Whether this change is potentiating (akin
to tDCS) or directly modulating (akin to TMS) is as of yet
unclear.

Regardless of its precise mechanism, early histology and
animal studies of tFUS demonstrate reversible physiologic effects
on neuron clusters such as dentate gyrus and CA1 subregions
(Tyler et al., 2008). Such effects include increased neuronal and
astrocytic ionic conductance resulting in amplified cellular and
synaptic activity, as measured by whole-cell patch clamps and
confocal imaging of ex vivo neural cell cultures subjected to
low intensity ultrasound (Tyler et al., 2008). Using real-time
fMRI of macaque monkeys, tFUS produced transient disruption
FC between the amygdala and its functional network (Folloni
et al., 2019). In humans, tFUS has been shown to modulate
BOLD signal in sensorimotor cortex (Ai et al., 2016), primary
motor cortex (Ai et al., 2016, 2018), primary visual cortex
(Lee et al., 2016) as well as the right inferior frontal gyrus
and its functional network (Sanguinetti et al., 2020). Recently,
tFUS in humans has been shown to modulate BOLD signal
in basal ganglia regions including the globus pallidus (Cain
et al., 2021b) and caudate (Ai et al., 2016), as well as the
thalamus (Li et al., 2021) with associated changes in subjective
reporting of pain and level of consciousness. When targeting a
different thalamic nucleus, tFUS also appears to affect levels of
consciousness in coma patients (Monti et al., 2016; Cain et al.,
2021a). Importantly, nearly all of these studies compared BOLD
signal before and after tFUS rather than reporting real-time changes
in network connectivity during tFUS sonication. Neuroimaging
data acquired simultaneously with tFUS administration is critical
to maximize the likelihood of precise targeting of brain regions
and engagement of their functional networks (Spivak and Kuhn,
2019). To our knowledge, no other studies report effects of
tFUS on perfusion, BOLD or FC of the amygdala or entorhinal
cortex (ErC) in humans. The capacity to successfully and
non-invasively target and modulate these deep brain regions
has wide-ranging implications for clinical neuromodulation

Frontiers in Neural Circuits 02 frontiersin.org45

https://doi.org/10.3389/fncir.2023.1120410
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/


fncir-17-1120410 April 5, 2023 Time: 11:30 # 3

Kuhn et al. 10.3389/fncir.2023.1120410

of disorders involving anxiety, emotion regulation, learning
and memory.

Non-invasive TMS has a large clinical effect size for
Major Depressive Disorder (MDD), Posttraumatic Stress Disorder
(PTSD), Obsessive-Compulsive Disorder (OCD) and Generalized
Anxiety Disorder (GAD) (Cirillo et al., 2019). TMS, however,
is unable to directly target deep brain structures such as the
amygdala, which prior studies suggest is a meaningful target
for treating anxiety disorders. Rather, TMS and tDCS indirectly
engage deep brain regions via downstream modulation achieved
by targeting dorsal cortical regions that are functionally connected
to those deep targets. DBS of the amygdala has been shown
to reduce hypervigilance in rodent models of PTSD (Langevin
et al., 2010; Stidd et al., 2013). Additionally, in a single human
patient with PTSD, DBS of the amygdala resulted in increased
pleasant memories and regulated sleep (Langevin et al., 2016). The
demonstrated potential of DBS to modulate amygdalar activity
and associated behavior provides promise for similar findings in
non-invasive tFUS.

Similarly, DBS of the ErC improved memory in a small sample
of patients with Alzheimer’s disease (AD) (Suthana et al., 2012;
Suthana and Fried, 2014). In rodent models, direct stimulation
of the perforant pathway—the afferent connections arising from
the ErC projecting to the dentate gyrus and CA1 region of
the HC—enhanced memory and HC neurogenesis (Toda et al.,
2008). Similar findings have been reported using theta burst
electrical stimulation in the ErC and perforant pathway area prior
to learning, which improved subsequent memory (Titiz et al.,
2017). Replicating these ErC DBS findings using tFUS would be a
major advancement in non-invasive brain stimulation therapies for
amnestic syndromes such as amnestic mild cognitive impairment
(aMCI) and AD.

In the present study, we administered tFUS simultaneously
with BOLD fMRI to examine brain circuit modulation in two key
deep brain structures: the amygdala, implicated in many anxiety
and mood disorders (Fox and Shackman, 2019), and the ErC,
implicated in memory formation (Montchal et al., 2019) and
impaired episodic memory in AD (Gómez-Isla et al., 1996; Olajide
et al., 2021). Similar to the macaque study (Folloni et al., 2019) and
directly related to our goal of disrupting amygdala connectivity,
we used a sonication paradigm intended to inhibit/disrupt (Spivak
et al., 2022) amygdala activity. Conversely, we also used a
sonication paradigm hypothesized to excite/stimulate (Spivak et al.,
2022) the ErC with the goal of increasing ErC connectivity. In
order to ensure accurate targeting and engagement of the target
brain region, we used longitudinal arterial spin labeling (ASL)
MRI to quantify tFUS-related perfusion changes in the targeted
brain regions.

Hypotheses

This study sought to demonstrate proof-of-principle evidence
that tFUS can evidence target-specific brain perfusion and
functional connectivity changes indicative of neuromodulation.
We were able to perform perfusion MRI before and after tFUS.
Because tFUS is MRI compatible, we were also able to collect

resting state FC MRI simultaneously during tFUS administration.
We performed tFUS on a group of sixteen healthy aging adults
targeting both regions (amygdala and ErC) two weeks apart,
order counterbalanced and data collected and examined blindly,
to determine the effect on perfusion, regional brain activity
and associated FC (Figure 1). We expected that we would see
tFUS-induced 1) increased perfusion only in the targeted brain
region and not the control region 2) changes in brain function
measured using BOLD associated with tFUS and 3) modulation
of FC of the targeted region and its functionally connected
regions.

Results

tFUS-related increased regional
perfusion

Within-subject, partial volume corrected ASL MRI
demonstrated increased perfusion in the region of the brain
targeted by tFUS as compared to the control region. When
sonicating the right amygdala, increased perfusion was found
in the sonicated amygdala (Cohen’s d: 0.97, mean ASL signal
change = 19.52%; SDROI = 0.93, SDsample = 0.38, p < 0.001;
Figure 2) and not in the left ErC (Cohen’s d: 0.2; mean ASL signal
change = 6.72%; SDROI = 0.34, SDsample = 0.29, p > 0.1) or
right ErC (Cohen’s d: 0.11; mean ASL signal change = 1.13%;
SDROI = 0.33, SDsample = 0.26, p > 0.1). Similarly, when sonicating
the left ErC, increased left ErC perfusion (Cohen’s d: 0.8; mean
ASL signal change = 15.75%; SDROI = 1.02, SDsample = 0.23,
p < 0.001; Figure 2) without increased right amygdala (Cohen’s
d: 0.08; mean ASL signal change = 7.07%; SDROI = 0.35,
SDsample = 0.25, p > 0.1) or left amygdala perfusion (Cohen’s
d: 0.05; mean ASL signal change = 3.35%; SDROI = 0.35,
SDsample = 0.17, p > 0.1) was found. Additionally, significantly
increased perfusion was found only in the targeted brain structure
ipsilateral to the tFUS transducer and not in the contralateral
homologue region. Specifically, the sonicated right amygdala
evidenced increased perfusion following sonication (as described
above) while the left amygdala, which was not targeted, did not
display a significant change in perfusion (Cohen’s d: 0.31; mean
ASL signal change = 10.48%; SDROI = 0.72, SDsample = 0.23,
p > 0.1). Similarly, only the targeted left ErC, and not the right
ErC, evidenced statistically significant tFUS-related increased
perfusion (Cohen’s d: 0.1; mean ASL signal change = 8.24%;
SDROI = 0.77, SDsample = 0.36, p > 0.1). Further, statistically
significantly increased (all p’s < 0.001) perfusion was observed
in regions known to be functionally connected to the targeted
areas. Amygdala-focused tFUS increased amygdala and medial
prefrontal cortex (PFC) perfusion (Cohen’s d: 0.32); mean ASL
signal change = 11.63%). ErC-focused tFUS increased ErC
perfusion as well as perfusion in the HC (Cohen’s d: 0.17; mean
ASL signal change = 6.20%), anterior cingulate (Cohen’s d: 0.26;
mean ASL signal change = 14.42%), and bilateral basal ganglia
regions including the thalamus (Cohen’s d: 0.26; mean ASL signal
change= 14.38%).
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FIGURE 1

Study design. A visual representation of the randomized, double-blind, within-subject crossover study design. Participants completed two study
visits, separated by a 14-day between-session window. During each session, participants underwent a baseline MRI assessment of regional blood
flow using Arterial Spin Labeling (ASL) MRI. Thereafter, participants received tFUS in the MRI with simultaneously collected blood oxygenation
level-dependent (BOLD) MRI. After tFUS was administered, ASL was collected again to compare to baseline. The brain region targeted during each
study session was randomized and counterbalanced across participants such that 47% received amygdala tFUS during the first study session and
53% received ErC tFUS during their first session. Examples of amygdala and ErC tFUS targeting are provided, as well as a chart detailing sample
demographics.

FIGURE 2

Group perfusion findings. (Left Column) Analysis of ASL MRI demonstrated that tFUS was associated with significant increase in perfusion to the
targeted region and not the control region (i.e., when targeting ErC, increased perfusion to ErC and not amygdala, and vice versa). Increased
perfusion was also seen in functionally connected regions. For ErC: anterior cingulate cortex, medial prefrontal cortex and basal ganglia regions
including anterior thalamus. For amygdala: medial prefrontal cortex and ventral forebrain. (Right Column) Bar graph illustrating the mean,
normalized percent perfusion change associated with tFUS in the four regions of interest: right amygdala, left amygdala, right entorhinal cortex, left
entorhinal cortex. When sonicating the left ErC, increased perfusion was found in the sonicated left ErC and not the right ErC or bilateral amygdala.
Similarly, when sonicating the right amygdala increased perfusion was found in the sonicated right amygdala and not the left amygdala or bilateral
ErC.
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tFUS-related brain activation

Functional BOLD MRI data was collected at the same time
as tFUS sonication. The main effect of tFUS on brain activity
was modeled using a traditional block-design paradigm matching
the alternating 30s blocks during which the transducer was on
and off. The results of this analysis (Figure 3) revealed that tFUS
targeting the right amygdala resulted in significantly decreased
BOLD activity in the amygdala, posterior cingulate, supplemental
motor area cortex, dorsolateral prefrontal cortex and pons. There
were no areas of significantly increased BOLD when targeting the
right amygdala (all FDR-corrected p-values > 0.05).

When targeting the left ErC, tFUS was associated with
significantly increased BOLD in small areas of the ErC, temporo-
occipito-parietal junction, occipital cortex and right cerebellum.
Additionally, left ErC tFUS was associated with significantly
reduced BOLD in anterior frontal, anterior temporal including
entorhinal/parahippocampal areas, and posterior parietal cortices.
Importantly, neither amygdala or ErC analysis revealed significant
or trending towards significant changes in BOLD in either auditory
cortex (all FDR-corrected p values > 0.05), suggesting that these
effects were indeed due to a neuromodulatory effect of tFUS and not
due to an auditory startle response (as shown by Guo et al. (2018)
and Sato et al. (2018)) or an acoustic reaction to bone conduction
from the vibration of the transducer (Dobrev et al., 2017). For both
targets, all participants demonstrated positive correlations between
their unique individual BOLD changes and the group changes,
which is to say that all participants demonstrated BOLD changes
in the expected direction consistently with the group findings.

tFUS-related network connectivity
changes

For each participant, a standard MNI152 atlas mask of
the targeted brain region was used as the seed region for
a psychophysiological interaction analysis (PPI), which shows
regions of modulated connectivity between brain areas during
sonication but not during rest. PPI analyses were conducted for
each perfusion seed (amygdala and ErC) on the BOLD data
collected simultaneously with the tFUS sonication experiment.
By analyzing the PPI of both sonication target seeds, regional
specificity of FC changes was assessed. As such, one seed
corresponded to the brain region targeted by tFUS during the
BOLD acquisition, and the other seed corresponded to the brain
region targeted during the other tFUS session (control region). As
a second control analysis, we also ran PPI analyses using the target
seed on the BOLD data collected when targeting the control region.

Sonicating the right amygdala, group PPI analysis (Figure 3)
revealed tFUS-related decreased FC between the right amygdala
and posterior cingulate, anterior cingulate, medial prefrontal and
posterior parietal regions. Using the ErC as a control region, we
confirmed that these tFUS-evoked FC changes were specific to
the right amygdala. Importantly, PPI analysis of the BOLD data
collected when targeting the amygdala using an ErC seed did
not yield any significant FC changes associated with the ErC (all
p’s > 0.05 FDR corrected). Similarly, PPI analyses conducted using
the BOLD acquired during ErC tFUS with the amygdala seed

did not yield any amygdala-related FC changes (all FDR-corrected
p-values > 0.05).

Group PPI analysis of data collected when sonicating the
left ErC revealed tFUS-related increased connectivity between the
left ErC and left dorsolateral prefrontal cortex (Figure 3). Again
importantly, PPI analyses using the above amygdala seed applied to
the BOLD data collected while the ErC was sonicated did not yield
any amygdala-related FC changes (all p’s > 0.05 FDR corrected).
Finally, PPI analyses conducted using the BOLD acquired during
amygdala tFUS with the ErC seed did not yield any ErC-related FC
changes (all FDR-corrected p-values > 0.05).

Across all PPI analyses, there was no significant effect found
in the auditory cortex (all FDR-corrected p-values > 0.05). For
both targets, all participants demonstrated positive correlations
between their unique individual PPI-based functional connectivity
changes and the group changes, which is to say that all participants
demonstrated connectivity changes in the expected direction
consistently with the group findings.

Discussion

In these investigations we combined tFUS with ASL MRI
and simultaneous BOLD fMRI to examine the impact of focused
ultrasound on deep brain areas of the human brain. The results
indicate differential impacts of tFUS on amygdala and ErC
perfusion, BOLD activity and FC. The findings suggest that tFUS
can preferentially increase regional blood flow and modulate
network connectivity of subcortical regions, potentially in a desired
direction. tFUS sonication parameters hypothesized to disrupt
activity yielded decreased FC in the amygdala network including
prefrontal cortex, cingulate and brainstem. Conversely, tFUS
sonication parameters hypothesized to increase functional activity
resulted in generally, though not exclusively, increased BOLD
activity and FC in the targeted ErC and its network (e.g. HC).
tFUS of the ErC also activated visual regions, likely through the
integration of visual input through the ErC via efferent downstream
projections (Schultz et al., 2015). Interestingly, both tFUS protocols
resulted in increased perfusion in the targeted brain region - not
the control region nor the contralateral homolog of the targeted
region. This double dissociation in perfusion and FC supports
our hypothesis that the modulatory effects of tFUS are focal and
directly related to the targeted region. Supporting the conclusion
that these findings were due to neuromodulatory effects of tFUS,
none of our analyses found engagement of the auditory cortex.
Indeed, no participant reported any auditory or visual effects
during sonication. Without evidence of auditory cortex activation
associated with tFUS, it is unlikely that our findings are related
to auditory startle response (38) or acoustic reactions to bone
conduction (39). Effective targeting of tFUS is critical for successful
modulation of the desired brain region(s) and associated cognitive
and/or affective functions and ASL. fMRI appears to be an effective
way to measure target engagement in the brain. The present
findings suggest that ASL is an effective method of confirming
engagement of tFUS-targeted brain regions.

This study also supports prior ones which found that tFUS
can be used to modulate BOLD activity in cortical and subcortical
regions (Ai et al., 2016, 2018; Lee et al., 2016; Monti et al., 2016;
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FIGURE 3

Group BOLD findings. (Left Column) Analysis of tFUS on BOLD showed significantly increased activity in small areas of the
temporo-occipito-parietal junction, occipital cortex and right cerebellum. Additionally, left ErC tFUS was associated with significantly reduced BOLD
in anterior frontal, anterior temporal, and posterior parietal cortices. tFUS targeting the right amygdala resulted in significantly decreased BOLD
activity in the posterior cingulate, pre-sensorimotor cortex, dorsolateral prefrontal cortex and pons. (Right Column) When sonicating the ErC, group
PPI analysis revealed tFUS-related increased connectivity between the left ErC and left dorsolateral prefrontal cortex. Group PPI analysis of data
collected when sonicating the amygdala revealed tFUS-related decreased FC between the right amygdala and posterior cingulate, anterior
cingulate, medial prefrontal and posterior parietal regions. PPI control analyses confirmed that these findings were specific to the target region.

Sanguinetti et al., 2020; Cain et al., 2021a,b; Li et al., 2021),
adding the amygdala and entorhinal cortex to the list of deep brain
regions that can be modulated with tFUS. However, our findings
were not directionally consistent with those of Cain et al., who
sonicated the thalamus using the 100Hz paradigm (ErC) and the
10 Hz paradigm (amygdala). Cain et al. found reduced perfusion
and FC using the same sonication parameters as we used when
targeting the ErC (100Hz) and no FC changes using the parameters
we used when targeting the amygdala (10Hz). These different
findings are possibly due to the differences in vasculature (e.g.,
thalamostriate vs. major/middle cerebral arteries) and connectivity
of the thalamus compared to the medial temporal lobe structures in
the present study. Further, our findings contribute to this literature
by providing additional evidence that tFUS selectively increases
regional perfusion while modulating both regional activity and
functional connectivity. These results extend the possible clinical
applications of tFUS by confirming the ability of tFUS to engage
deep brain regions in humans important for emotion regulation as
well as memory formation and retrieval. Our amygdala sonication
results closely align with those of the amygdala tFUS study
conducted in macaques (Folloni et al., 2019), which was influential
to the design of this project. Interestingly, those investigators found
that the tFUS-related FC changes persisted for the 80-minute
duration of their resting state fMRI (rs-fMRI) assessment. It will
be important to determine the duration of tFUS effects in humans
for the design of clinical trials and eventual clinical implementation
of tFUS. Additional work in a larger sample with varying time
windows between tFUS application and post-tFUS evaluation also
is required.

The differential effects of amygdala tFUS present an
opportunity for further investigation of non-invasive techniques
for the treatment of anxiety disorders and other psychiatric
pathologies. For example, it seems likely that the timing of
amygdala tFUS will be relative to the acquisition, generalization
and extinction of fear and anxiety. If tFUS can disrupt the new
learning of fear, then it may be useful in emergency departments
to help lessen the severity of or prevent the development of
PTSD. Alternatively, if tFUS is able to accelerate the extinction of
previously learned fear, then it could be an adjunctive treatment for
patients with already established anxiety-related syndromes such
as GAD, PTSD, Social Anxiety Disorder (SAD), panic disorder, or
OCD. tFUS may offer a treatment for “treatment-resistant” anxiety
and mood disorders. Further work in this area will be important
to determine the extent to which tFUS is a viable “affective neural
prosthetic” for interventional use in psychiatric disorders.

Similarly, tFUS of the ErC could be a meaningful non-
invasive intervention for diseases affecting learning and memory,
such as MCI and AD. As with the amygdala, further research
is needed to determine the optimal timing for ErC sonication.
One study in humans found improvement in spatial memory
performance when DBS to the entorhinal cortex was administered
during learning trials (Suthana et al., 2012). It’s possible that
tFUS may have an enhanced effect on learning and subsequent
memory when sonication is applied concurrently during the
initial learning and/or retrieval of memory events. The sonication
parameters used in this study hypothesized to excite/engage the
ErC network resulted in both increased and decreased BOLD
and functional connectivity. Further exploration of ErC tFUS
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sonication parameters and sonication-to-stimuli timing protocol,
as well as ErC tFUS effects in participants with learning and
memory disorders, is needed to validate and optimize tFUS as a
non-invasive cognitive prosthetic tool.

No adverse events occurred during this study. Participants were
followed every day for three days following each tFUS session
and exhibited no negative reactions, including physical discomfort
or heightened anxiety. Given its nascency in humans, it will be
important to monitor these and other pertinent safety variables.
A recently published review of the current findings on tFUS safety
in humans and animals reported that adverse events following
tFUS are rare, occurring only in studies that administered tFUS at
intensities above the currently approved limit for use in humans
(Pasquinelli et al., 2019). With FDA approval and oversight, one
group recently administered tFUS to temporal lobe in patients
with intractable temporal lobe epilepsy scheduled for surgical
resection of the epileptogenic tissue of the temporal lobe (Stern
et al., 2021). Histological examination following excision of the
previously sonicated tissue did not indicate any tissue damage,
including thermal or cavitation effects, following tFUS intensities
up to eight times higher than that used in this study. Another
study sonicating prepared slices of brain tissue saw no damage
until intensities nearly 20x the intensities used in present study
(Spivak et al., 2021). These outcomes support a conclusion that
low intensity tFUS does not work via a thermal or tissue damaging
cavitation mechanism, and is safe for use in humans. Additional
safety work is needed to further establish safety guidelines for
clinical use across a variety of patient populations, brain targets and
clinical use cases.

The preliminary nature of this study entails limitations shared
by all early-stage studies of novel technology. One limitation is that
the somewhat small sample size leads to decreased statistical power.
However, the moderate to large effect sizes of the tFUS-related brain
changes indicate that the study was sufficiently powered to detect
changes in perfusion, BOLD activity and functional connectivity,
at both the group and single-participant level. Further, the sample
comprised only individuals undergoing healthy aging. It did not
compare tFUS effects between healthy individuals and those with
neurologic and psychiatric disorders associated with the targeted
brain regions (e.g., GAD, PTSD, and AD). Additionally, during the
simultaneous tFUS-BOLD analysis, an assumption underlying the
statistical PPI model was that tFUS resulted in instantaneous effects
on the BOLD signal which were appropriately modeled using a
block design which followed the on-off blocks of the sonication
administration. It is possible that effect of tFUS builds up over
time and therefore an evolving matrix, rather than an on-off block,
model would be more appropriate. However, to our knowledge,
this is not yet known in the field and our attempts generate, using
our data, an empirical model of tFUS effects other than this block
design were unsuccessful. Therefore, currently, the block design
appeared to be the best model. However, larger-scale future analyses
should further investigate this possibility. Similarly, longitudinal
BOLD analyses are warranted to help determine the time scale of
the tFUS effects on functional connectivity. The macaque study that
informed the amygdala portion of the present study demonstrated
ongoing FC effects of tFUS throughout the 2 hour duration of the
BOLD study.

The purposes of this study were to demonstrate the feasibility
of an alternative to other more invasive and less effective

treatments for neurologic and psychiatric disorders affecting
learning, memory, anxiety and emotion regulation, and to suggest
directions for further research. Other research has shown that
tFUS can reliably target desired areas of the deep brain without
engaging nearby structures. For example, the ErC and amygdala lie
within 1cm of one another in the brain, yet neither was affected
by targeting the other. That being so, it is unclear whether all
participants were stimulated in the exact same sub-region within
the amygdala and ErC. Even though perfusion data suggested that
the majority of the targeted brain region was sonicated, given that
sub-regional activation may vary subject-to-subject, further work is
necessary to enhance targeting precision and more fully understand
the impact of tFUS on regional subnuclei. In this vein, the amygdala
is a larger target region than the ErC and therefore the sonication
likely effected a different proportion of target tissue. Advances in
focal beam technology and the impact of varying sonication shapes
and sizes will likely assist in the effective clinical implementation of
tFUS technology.

Materials and methods

Study design

Participants completed two experimental sessions conducted
exactly two weeks apart. Pre-tFUS, simultaneous-tFUS, and post-
tFUS MRI data were collected during each experimental session.
tFUS was performed in the MRI scanner and targeted one brain
region per experimental session: one session targeting the right
amygdala and one targeting the left ErC (Figure 1). The order
of the brain regions targeted by tFUS was randomized and
counterbalanced across participants. Participants were blinded to
which brain region was sonicated during each session; they were
only aware that the tFUS transducer was placed on the left
side of their head during one session (ErC) and the right side
of their head during the other session (amygdala). Study staff
performing statistical analyses were blinded to the tFUS target
associated with the data. For MRI data, this involved masking
the data so that the tFUS transducer could not be seen on the
images prior to beginning the processing pipeline. As such, the
design was a double-blind randomized, within-subjects crossover
clinical trial. Prior to participant enrollment and data collection,
both studies were registered in the National Clinical Trials archive
(ClinicalTrials.gov, 2018a,b).

Demographics

From twenty-one screened adults, eighteen healthy adults were
recruited for this study. Due to motion artifacts rendering some
MRI data unusable, two participants were removed from analyses,
yielding a final sample size of sixteen healthy aging adults. These
participants were, on average, 61.38 (7.75) years old, 56% female,
and were 37% Caucasian American, 31% Latinx American, 19%
African American and 13% Asian American. Given our group’s
plan to expand the ErC tFUS protocol into studies involving
participant populations with neurodegenerative diseases, healthy
aging adults were specifically recruited for this project.
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Screening procedures

All procedures were in accordance with the Declaration of
Helsinki and approved by the University of California, Los
Angeles (UCLA) Institutional Review Board prior to enrollment.
All participants provided written informed consent. Screening
protocols were adapted from the study Mapping the Human
Connectome During Typical Aging (Bookheimer et al., 2019) to
obtain a sample representative of healthy adult aging. Included
in this screening was a set of questions ensuring safety to
undergo MRI examination. Potential participants were excluded
for prior diagnosis and/or treatment of major psychiatric disorders
(e.g., schizophrenia, bipolar disorder), neurological disorders (e.g.,
stroke, brain tumors, Parkinson’s Disease), or severe depression
that required treatment for 12 months or longer in the past five
years. In individuals 60 years and older, potential participants
were excluded based on impaired cognitive abilities as assessed
by a cognitive screener: the Telephone Interview for Cognitive
Status modified (TICS-M) (Knopman et al., 2010). To be eligible
for the study, potential participants were required to score 30 or
greater on the TICS-M, after adjusting for educational background.
After obtaining written informed consent, the Montreal Cognitive
Assessment (Nasreddine et al., 2005) was administered to ensure
that participants who did not earn the minimum score for their age
bracket were excluded from the study.

MRI-guided tFUS targeting

The tFUS sonications were delivered using a single-element
transducer placed above the ear at the temporal window, one of
the thinnest parts of the skull bone, and targeted using real-time
structural MRI navigation inside the MRI. tFUS of the amygdala

used sonication parameters hypothesized to decrease or disrupt
activity in the sonicated emotion region. This was modeled in part
off of the Foloni study in Macaques (Folloni et al., 2019) and was
done based on the hypothesis that disruption of amygdala and its
functional network may serve as the foundation for investigating
tFUS clinical applications in anxiety disorders. tFUS of the ErC
used sonication parameters hypothesized to increase activity in the
targeted memory region. This was based on the hypothesis, based
in part on our collaborators work in ErC DBS (Suthana et al.,
2012; Suthana and Fried, 2014), that stimulation of the ErC may
lead to improved learning and memory. Both paradigms used a
5% duty cycle, in 10 cycles of 30 s on, 30 s off, for a total of
5 min of non-consecutive tFUS (Figure 4). The paradigm targeting
the amygdala used a 5 ms pulse width repeated at a 10 Hz pulse
repetition frequency (PRF), while the paradigm targeting the ErC
used a 0.5 ms pulse width repeated at a 100 Hz PRF. In both
instances, the fundamental frequency was 0.65 MHz and the Ispta.3
was 720 mW/cm2, which was determined by applying the derating
equation with a derating factor of 0.3 dB/cm-MHz. Prior testing
using cadaveric skulls in degassed water has shown that the skull
acts to broaden the −6dB focal width by 1.5 mm and lengthen the
−6dB axial focal length by 1.4 mm with a minimal lateral shift of
less than 1mm (Schafer et al., 2021).

tFUS was performed inside the MRI scanner using typical
targeting approaches for low intensity tFUS (Spivak and Kuhn,
2019). This involved a 30-s SCOUT imaging sequence to visualize
the tFUS transducer and its orthogonal line of targeting into the
brain. The tFUS transducer had a focal sonication depth of 65 mm
(BrainSonix Corp., Sherman Oaks, CA, USA (Schafer et al., 2021)).
The MRI scanning console computer was used to visualize the
transducer and, using fiducial markers built into the transducer, a
line orthogonal to the center of the transducer was drawn on screen
into the brain at 65 mm depth from the interface of the transducer

FIGURE 4

tFUS paradigm. (A) Illustration of the present study’s sonication block design, wherein the transducer alternated between 30-s blocks of active
stimulation and no stimulation. This cycle occurred ten times, totaling five minutes of non-consecutive tFUS. (B) Visualization of the shape,
orientation and intensity distribution of the tFUS beam. When measured in a water tank using a hydrophone, the tFUS beam appears ellipsoid in
shape with a central focus of higher intensity and a surround of lower intensity. The longitudinal dimension is approximately 2 cm in length while the
cross section, which also evidences a higher intensity centroid, is approximately 0.5 cm in diameter.
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FIGURE 5

tFUS targeting. Visualization of transducer placement on 3D model (1st column) when targeting the right amygdala (Top Row) and left entorhinal
cortex (Bottom Row). Examples of MRI-console guided targeting using transducer fiducial markers are provided in coronal view (2nd column) and
axial view (3rd column).

and gel pad (Figure 5). The transducer was then manually moved
as necessary to correct its position such that the targeted brain
region was ultimately confirmed via SCOUT MRI as either the
right amygdala or left ErC. Specifically, we attempted to target the
centromedian aspect of the amygdala by aiming the targeting line
through the middle of the body of the amygdala. We attempted to
target the interface of the ErC and the perforant pathway by aiming
the orthogonal line through the central axis of the angular bundle,
which carries the perforant pathway, and subsequently the central
region of the ErC.

Neuroimaging acquisition

All MRI data were collected using a 3T Siemens MAGNETOM
Prisma fit scanner (Siemens Medical Solution, Erlangen, Germany)
located at the UCLA Center for Cognitive Neuroscience. ASL,
multi-slice BOLD and T1 anatomical scans were collected from
sixteen healthy aging adults. In order to accommodate the tFUS
transducer into the MRI head coil, the 20-channel head coil
was used for all acquisition sequences. This required minor
modification to MP-RAGE scan borrowed from the Lifespan
Human Connectome Project (Bookheimer et al., 2019) to ensure
compatibility with the 20-channel coil (rather than 32-channel used
in the HCP). ASL scans were collected before and after tFUS with
a pulsed ASL sequence using 3.0 mm slices, FOV = 192 mm (AP)
x 120 mm (FH), TR = 4,600 ms, TE = 16.18 ms, flip angle = 180o,
bolus duration = 700 ms, inversion time = 1,990 ms, FAIR-QII
Perfusion, 1 average, pre-scan normalization filter, gray, white and
fat suppression filters and 1.5 mm x 1.5 mm x 3 mm voxels and
total scan time of 4 min 59 s for each ASL sequence. Simultaneous
tFUS BOLD data were collected using an optimized SMS GRE EPI
sequence involving TR = 700 ms, TE = 33 ms, flip angle = 70o,

FOV = 192 mm (AP) x 135 mm (FH) and 2.5 mm isotropic
voxels with total scan time of 11 min 49 s. Framewise Integrated
Real-time MRI Monitoring (FIRMM) (Dosenbach et al., 2017)
was used during the collection of all BOLD data to monitor for
participant motion. Prior to tFUS administration, structural MP-
RAGE T1-weighted scans were acquired with 120 1.0-mm sagittal
slices, FOV = 256 mm (AP) x 192 mm (FH), matrix = 256 × 192,
TR= 450 ms, TE= 10 ms, flip angle= 8o, and voxel size= 1.0 mm
x 0.94 mm x 0.94 mm. All images were quality controlled and
visually inspected prior to being preprocessed and analyzed. The
tFUS transducer was placed inside the MRI head coil for the resting
state fMRI scan during which the tFUS was administered. For all
other MRI sequences, the tFUS transducer was removed from the
head coil and the scanner. It took approximately five minutes to
extract the participant from the scanner, either place or remove the
transducer, and replace the participant in the scanner.

Perfusion analysis

Pulsed Arterial Spin Labeling (PASL) scans produce a perfusion
image with voxel values representing local perfusion rates. For
each subject, pre-stimulation PASL images were linearly registered
to each subject’s T1. Perfusion images were processed by using
the BASIL (Chappell et al., 2008) toolbox, includimmg partial
volume correction, then transferred to MNI space using non-
linear registration in FSL. Using FSL Version 6.0,1 a voxel-
wise comparison of pre-vs-post tFUS sonication was conducted
individually for each subject by subtracting the registered pre-
sonication perfusion map from the post-sonication perfusion
map. A 2 × 2 repeated measures analysis of variance (ANOVA),

1 www.fmrib.ox.ac.uk/fsl
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corrected for multiple comparisons using False Discovery Rate
(FDR), compared the longitudinal perfusion changes between
amygdala sonication and ErC sonication at the voxel-wise level.
Results of this ANOVA are reported along with the mean and
standard deviation perfusion change within each region of interest
as well as across the study sample.

Simultaneous tFUS-BOLD analysis

10-minute tFUS experiments were administered as BOLD data
was collected inside the MRI scanner. Sonication-synced BOLD
functional data processing included motion correction to the mean
image, spatial smoothing (Gaussian Kernel FWHM= 5 mm), high-
pass temporal filtering (t > 0.01 Hz) and regression-based removal
of outliers (ICA-Aroma (Pruim et al., 2015)). To examine the
main effect of tFUS on BOLD, a whole brain general linear model
was set up specifying the onset and duration (30s) of the tFUS
sonication blocks. Resulting statistical maps estimating the voxel-
wise magnitude of neural activation associated with tFUS were
corrected for multiple comparisons using FDR and thresholded at
z= 2.3 and FDR-correct p < 0.001.

Further, to examine tFUS-related network connectivity, a seed-
based approach was used to examine whole brain connectivity
with the tFUS target of interest and compare between stimulation
(on-off) conditions using PPI modeling. FSL FEAT module was
used to conduct these analyses. The seed regions used for this
PPI analysis were right amygdala, automatically segmented from
each participant’s structural MRI using FSL First (Patenaude et al.,
2011), and left ErC, adopted from a standard, functionally-derived
atlas (Maass et al., 2015). Both ROIs were registered initially
to each participant’s fMRI. Group analyses were then conducted
following registration of the functional data to standard MNI space.
The mean time series from this seed region in the preprocessed
BOLD image was extracted using fslmaths and entered as the
first explanatory variable. The block-design entered as the second
explanatory variable was computed from the timed on-off tFUS
sonication blocks (main effect of tFUS described above). The third
explanatory variable was the interaction of the tFUS-target-seed
mean time series and the sonication on-off blocks. The time series
variable was centered at zero and the block design was centered at
the mean. The resulting statistical maps were corrected for multiple
comparisons using FDR and thresholded at z = 2.3 and FDR-
corrected p < 0.001. We also ran correlation analyses to determine
the number of participants whose individual tFUS-related changes
were associated with the group findings.
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Introduction:Previous studies have demonstrated the e�ectiveness of therapeutic

repetitive transcranial magnetic stimulation (rTMS) to treat pharmacoresistant

depression. Nevertheless, these trials have primarily focused on the therapeutic

and neurophysiological e�ects of rTMS following a long-term treatment course.

Identifying brain-based biomarkers of early rTMS therapeutic response remains

an important unanswered question. In this pilot study, we examined the

e�ects of rTMS on individuals with pharmacoresistant depression using a

graph-based method, called Functional Cortical Networks (FCN), and serial

electroencephalography (EEG). We hypothesized that changes in brain activity

would occur early in treatment course.

Methods: A total of 15 patients with pharmacoresistant depression underwent

five rTMS sessions (5Hz over the left dorsolateral prefrontal cortex, 120%MT, up to

4,000 pulses/session). Five participants received additional rTMS treatment, up to

40 sessions. Resting EEG activity was measured at baseline and following every

five sessions, using 64-channel EEG, for 10 minutes with eyes closed. An FCN

model was constructed using time-varying graphs and motif synchronization.

The primary outcome was acute changes in weighted-node degree. Secondary

outcomes included serial FFT-based power spectral analysis and changes in

depressive symptoms measured by the 9-Item Patient Health Questionnaire

(PHQ-9) and the 30-item Inventory of Depressive Symptoms-Self Report (IDS-SR).

Results: We found a significant acute e�ect over the left posterior area after five

sessions, as evidenced by an increase in weighted-node degree of 37,824.59 (95%

CI, 468.20 to 75,180.98) and a marginal enhancement in the left frontal region

(t (14) = 2.0820, p = 0.056). One-way repeated measures ANOVA indicated a

significant decrease in absolute beta power over the left prefrontal cortex (F (7, 28)

= 2.37, p = 0.048) following ten rTMS sessions. Furthermore, a significant clinical

improvement was observed following five rTMS sessions on both PHQ-9 (t (14) =

2.7093, p = 0.017) and IDS-SR (t (14) = 2.5278, p = 0.024) and progressed along

the treatment course.

Discussion: Our findings suggest that FCN models and serial EEG may contribute

to a deeper understanding of mechanisms underlying rTMS treatment. Additional

research is required to investigate the acute and serial e�ects of rTMS in

pharmacoresistant depression and assess whether early EEG changes could serve

as predictors of therapeutic rTMS response.

KEYWORDS

functional cortical networks, repetitive transcranial magnetic stimulation (rTMS), non-

invasive brain stimulation (NIBS), pharmacoresistant depression, treatment-resistant

depression (TRD), qEEG, power spectral analysis (FFT), naturalistic study
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Introduction

Recent data from the World Health Organization’s Global

Health Estimate report indicate that depressive disorders are

a significant public health concern that affects a substantial

proportion of the American population, with a prevalence of

5.9% (World Health Organization, 2017). Specifically, these data

suggested that 8.4% of Years Lived with Disability and Disability-

Adjusted Life Years could be attributed to the impact of depression,

indicating a significant burden on the population (World Health

Organization, 2017). Furthermore, the Centers for Disease Control

and Prevention’s 2019 National Health Interview Survey reported

that 4.7% of adults aged 18 or older exhibited regular symptoms

of depression, and 18.5% experienced some degree of depressive

symptoms (Clarke et al., 2019). The 2020 National Survey on

Drug Use and Health also found a high prevalence of Major

Depressive Disorder (MDD), with an estimated 8.4% of the adult

population affected (Center for Behavioral Health Statistics and

RTI International, 2021). In addition, the survey revealed that 6%

of U.S. adults experienced at least one episode of depression with

severe impairment (Center for Behavioral Health Statistics and

RTI International, 2021). Notably, among individuals with a severe

presentation, 71% underwent treatment (Center for Behavioral

Health Statistics and RTI International, 2021). The absence of

a standardized definition for pharmacoresistant depression, also

referred to as treatment-resistant depression (TRD), has led

to considerable variation in its reported prevalence across the

literature (Zhdanava et al., 2021). In a recent study, Zhdanava

et al. found that the estimated annual prevalence of American

adults undergoing pharmacotherapy for MDD was 8.9 million,

with 30.9% of these individuals presenting TRD (Zhdanava et al.,

2021). Although there is no consensus regarding the concept of

pharmacoresistant depression, it is generally defined as the lack

of remission of depressive symptoms following a minimum of

two optimal trials of evidence-based pharmacological treatment

(McIntyre et al., 2014; Cosmo et al., 2021; Zhdanava et al., 2021;

Denee et al., 2022).

Repetitive transcranial magnetic stimulation (rTMS) is a non-

invasive technique that induces an electrical current in the cortex

through magnetic pulses, modifying brain networks (Carpenter

et al., 2012; Gaynes et al., 2014; Cosmo et al., 2021). In 2008, the

US Food and Drug Administration cleared rTMS for the treatment

of pharmacoresistant depression. A pivotal study, a large multisite

trial comprising 307 participants, assessed the effectiveness of

therapeutic rTMS in treatment-resistant depression utilizing a

naturalistic approach (Carpenter et al., 2012). It consisted of an

acute phase treatment with an average of 28.3 rTMS sessions [with

a standard deviation (SD) of 10.1]. The primary outcome measure

was the Clinical Global Impressions-Severity of Illness scale. A

significant improvement in depression symptoms and severity was

observed from baseline to endpoint. The findings of this study

are consistent with subsequent controlled trials and support the

use of rTMS as an effective, safe, and well-tolerated treatment for

TRD (Avery and Holtzheimer, 2006; Demitrack and Thase, 2009;

Carpenter et al., 2012; Connolly et al., 2012; Benadhira et al., 2017;

Cosmo et al., 2021).

Since its initial clearance, rTMS has been increasingly utilized

in TRD (Carpenter et al., 2012; Gaynes et al., 2014; Anderson et al.,

2016; Cosmo et al., 2021), with emerging data supporting its use

in a broad range of neuropsychiatric disorders (Carpenter et al.,

2012; Anderson et al., 2016; Zandvakili et al., 2019; Alyagon et al.,

2020; Cosmo et al., 2021; McIntyre et al., 2021; Khedr et al., 2022).

Despite its clinical successes, the mechanism of action of rTMS

and its effects during treatment have yet to be fully elucidated.

Prior studies utilizing quantitative electroencephalography (qEEG)

yielded promising findings of underlying mechanisms of rTMS

(Spronk et al., 2008; Valiulis et al., 2012; Noda et al., 2013;Wozniak-

Kwasniewska et al., 2015; Kallioniemi and Daskalakis, 2022; Morris

et al., 2023). The effects of high-frequency and low-frequency

rTMS protocols on EEG power spectral analysis were assessed

in a sample of 45 patients with TRD. While clinical efficacy

was similar for both frequencies, distinct electrophysiological

measures were observed. The low-frequency group showed

increased frontal alpha power asymmetry toward the right

hemisphere and higher beta power in frontal, central, parietal,

and left temporal areas. In contrast, the high-frequency group

demonstrated more widespread changes, including increased delta

power in the left hemisphere, and increased alpha power in the

right (Valiulis et al., 2012). Similar to other rTMS studies, this

trial has primarily applied a pre- vs. post-treatment comparison

(Spronk et al., 2008; Valiulis et al., 2012; Noda et al., 2013; Morris

et al., 2023). Since clinical improvement does not always progress

linearly over time, multiple EEG acquisitions over the course

of rTMS may yield novel observations that may enhance our

understanding of mechanisms underlying TMS and inform the

development of novel treatment protocols. Furthermore, the

identification of brain-based biomarkers of early therapeutic

response remains an important and unanswered question

in the field.

Graph theory provides a robust framework for analyzing

brain networks (Sporns, 2018). Using graph-based analytical

methods, such as functional cortical network (FCN), it

is possible to investigate the connectivity patterns among

distinct brain regions, and how these patterns evolve over

time in response to interventions or stimuli (Sporns, 2018).

Graph-based models have demonstrated promising results

as an approach to characterizing brain connectivity patterns

in neuropsychiatric disorders (Toutain et al., 2022, 2023),

and evaluating acute neurophysiological effects following

brain stimulation (Polania et al., 2011; Cosmo et al.,

2015).

To this end, we utilized Functional Cortical Networks and EEG

power spectral analysis, to examine the acute and serial effects of

rTMS on patients diagnosed with treatment-resistant depression.

qEEG and FCN are two distinct but complementary approaches

for investigating brain dynamics. Combining these methods may

lead to a comprehensive understanding of the neural mechanisms

underlying rTMS effects. We hypothesized that the therapeutic

effects of repetitive transcranial magnetic stimulation on treatment-

resistant depression would be observable early in the treatment

course, as assessed by FCN, qEEG, and standardized clinical

assessment scales.
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Materials and methods

This naturalistic pilot study was conducted at the VA

Providence Medical Center upon chart review of patients with

pharmacoresistant depression that underwent rTMS treatment

from October 2018 to December 2020. Methods were approved by

VA Providence Institutional Review Board.

Participants

Fifteen veterans (12 males and 3 females) with

pharmacoresistant depression (mean age ± SD: 52 ± 10.5

years) were enrolled in this study. Inclusion criteria were (1) a

primary diagnosis of MDD consistent with the Diagnostic and

Statistical Manual of Mental Disorders, fifth edition (DSM-V),

and confirmed by an experienced psychiatrist; (2) had failed at

least two antidepressant trials; and (3) were recommended by their

primary providers to undergo rTMS as a therapeutic strategy.

The exclusion criteria were (1) former or current presence of

psychotic features or diagnosis of primary psychotic disorder;

(2) cognitive impairment; (3) having any contraindication for

iTBS (e.g., implanted devices/metal, pregnancy, unstable medical

conditions, history of seizure, etc.); or (4) active suicidality. Given

the naturalistic nature of this study, participants continued in

any ongoing treatment (i.e., medications, therapy, etc.) while

having adjunctive rTMS sessions. Consistent with clinical practice,

other treatments were largely held stable during rTMS unless

clinically indicated.

Procedures and TMS parameters

In the acute effects group, participants underwent five sessions

of rTMS at 5Hz, 120% of motor threshold (MT), and up to 4,000

pulses per session. The number of pulses varied from 3,000 to 4,000

according to psychiatrist-advised protocol and patients’ tolerability.

Due to the time required for serial EEG recording, five male

participants (mean age ± SD: 59 ± 6.93 years) agreed to receive

additional rTMS treatment, with the same parameters, in a five

consecutive sessions-block (up to 40 sessions), forming the serial

effects subgroup. The remaining ten patients continued the rTMS

treatment course without EEG recording.

After MT determination, the coil was placed over the left

dorsolateral prefrontal cortex (DLPFC), approximately between

F3 and F5 electrode locations (using the international 10/20 EEG

system). rTMS was delivered by applying the Magstim R© Rapid2

Plus1 system (Magstim, UK).

The left dorsolateral prefrontal cortex, a known

pathophysiological target of depression, has been shown to

be deeply connected with limbic structures responsible for

regulating mood (Pandya et al., 2012; Zhang et al., 2018). High-

frequency TMS delivered at this region has been associated with

polysynaptic effects and, consequently, effective reduction of

depressive symptoms (Philip et al., 2015; Cosmo et al., 2021).

Outcome measures

EEG acquisition and analysis
Ten minutes eyes closed, resting-state EEG was recorded at

baseline, and at the end of each block of five rTMS sessions.

The brain electrical activity was recorded by a 64-channel EEG

cap, placed in accordance with the 10-10 system, an extension of

the international 10–20 system, with CPz as reference, and using

an EEG gel system (eego, ANT, Enschede, the Netherlands) with

Ag/AgCl electrodes. Electrode-skin impedance was set below 20

kΩ , and data were sampled at 600 Hz.

EEG preprocessing and analysis were performed using

EEGLAB, running on MATLAB [R2021b (9.11), The Mathworks,

Inc.]. EEG signals were filtered with a band-pass filter ranging

from 0.5 to 50Hz and segmented into 1s epochs. Independent

Component Analysis (ICA) was automatically performed to

remove ocular, electrocardiographic, and electromyographic

artifacts. In addition, an automatic procedure was employed to

reject epochs containing signal amplitudes >100 µV or <-100

µV. Subsequently, a manual visual inspection was carried out to

eliminate any remaining artifacts. Then, power spectral density

(PSD) analyses of artifact-free 1s epochs (without overlap) were

carried out by applying customed MATLAB scripts. We applied

Welch’s power spectral density to estimate the mean PSD for all

epochs of the signal. The average PSD values for each frequency

band were estimated. Power was calculated for the following four

frequency bands: delta (1–4Hz), theta (4–8Hz), alpha (8–13Hz),

and beta (13–30Hz). For Fast Fourier Transform (FFT) analyses,

the Bonferroni procedure was applied to correct for multiple

comparisons across the four frequency bands.

In summary, EEG data were used to (1) build functional cortical

networks to assess the acute effects of rTMS on the connectivity

between the brain regions, and (2) compute power spectral changes

in a series analysis of rTMS effects at the end of every 5-session

block (up to 8 blocks).

Functional cortical network model
An FCN model was developed by using time-varying graphs

(TVG) and motif synchronization methods (Rosário et al., 2015).

It consists of applying local oscillation patterns (motifs) to

synchronize traces of pairs of EEG channels over time, creating

a TVG. This graph includes a set of nodes and edges—the first

corresponding to the electrodes, and the second representing the

synchronization between these electrode regions. Each pair of

electrodes are compared in a defined time window (1,000ms),

and for every window, a network (i.e., graph) is constructed, and

connectivity is estimated for each electrode. Based on a sliding time

window along the EEG recording, 72,000 graphs were generated

and overlapped, creating a weighted static aggregate network. On

this weighted network, weights indicate the number of connections

over time; namely, the number of times synchronization between

pairs of electrodes occurred. For this study, functional cortical

networks were developed based on the following parameters:

threshold (0.80), window length (60 points); lag window (1), τ

minimum (3), τ maximum (15), TVG step (1), motif lag (1),

sample rate (600Hz), resulting in 72,000 points for a total period
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of 120,000ms. These parameters were applied to ensure that the

resulting synchronization had only a 1% chance of being due to

chance. Two resting state networks, pre- and post- 5 rTMS sessions

block, were created for each patient.

FCN analyses were conducted by grouping electrodes into

clusters based on corresponding brain regions as follows: left

frontal: AF7, AF3, F7, F5, F3, F1, FC5, FC3, FC1 electrodes;

right frontal: AF8, AF4, F8, F6, F4, F2, FC6, FC4, FC2; left

centrotemporal: T7, C5, C3, C1, TP7, CP5, CP3, CP1; right

centrotemporal: T8, C6, C4, C2, TP8, CP6, CP4, CP2; left posterior:

P7, P5, P3, P1, PO7, PO5, PO3, O1; and right posterior: P8, P6,

P4, P2, PO8, PO6, PO4, O2. Electrode grouping was performed

for the computation of topological indices of the functional cortical

networks. Specifically, the indices were estimated for each electrode

separately and subsequently averaged across electrodes within each

region. Therefore, regional connectivity represents the average

connectivity of the corresponding electrodes.

Our primary outcome was acute changes in weighted-node

degree. This metric reflects how many times and how long

the nodes (i.e., EEG electrodes) were synchronized over time,

displaying the network evolution after five rTMS sessions, which

we refer to as acute changes. For further information on the FCN

methods, please refer to (Cosmo et al., 2015; Rosário et al., 2015).

Secondary outcomes included serial FFT-based power spectral

analysis and changes in depressive symptoms severity as measured

by the 9-Item Patient Health Questionnaire (PHQ-9) and the 30-

item Inventory of Depressive Symptoms-Self Report (IDS-SR), as

further explained below.

Self-reported clinical rating scales
Depressive symptom severity was measured by applying the

PHQ-9 and IDS-SR (Gili et al., 2011). These clinical scales are

sensitive instruments and can be applied in a one-week window to

assess changes in symptom severity. They were designed to grade

the nine main depressive symptomatology domains in accordance

with the Diagnostic and Statistical Manual of Mental Disorders,

fourth edition (DSM-IV), with the IDS-SR having additional items

to rate melancholic and atypical features. The IDS-SR total score

ranges from 0 to 84, with a rating of 18 or more implying clinically

significant depression, 39–48 indicating severe presentation, and

above 49, very severe symptomatology (Gili et al., 2011). As far as

PHQ-9, its total score varies from 0 to 27, with a result between

10 and 14 indicating moderate depression, 15 and 19 implying

moderately severe depression, and a score of 20 or more suggesting

severe depression.

Statistical analysis

Clinical and demographic features were assessed using

descriptive statistical procedures such as central tendency and

dispersion measures. The Shapiro–Wilk test was used to assess

the data normality, and Mauchly’s sphericity test was applied,

determining that the assumption of sphericity was met as required

for the repeated-measures ANOVA. Parameters of all the electrodes

were analyzed for each individual, and a weighted-node degree

TABLE 1 Demographic features at baseline.

Acute
e�ects (n = 15)

Serial e�ects
(n = 5)

Age (years)a 52 (10.53) 59 (6.93)

Female sex (%) 20 0

Race (%)

African American 0 0

American Indian/Alaska

native

0 0

Multiracial 7.69 0

White 92.31 100

Ethnicity

Not of Hispanic origin 93.33 100

Hispanic origin 6.67 0

Marital statusb

Single 20 0

Married 33.33 60

Separated 6.67 0

Divorced 33.33 40

Employment statusb

Full time 33.33 40

Part time 6.67 0

Unemployed 13.33 0

Multiple status 20 0

Service-connected

disability (mental health)

78.57 80

aAge presented as mean± standard deviation (SD).
bTotals do not sum up to 100% due to participants non-response.

TABLE 2 Acute e�ects of rTMS on clinical features.

T0 T1 Within-groups (p)‡

PHQ-9a 15.4 (6.71) 13.5 (6.16) 0.017

IDS-SRa 41 (13.54) 34.4 (12.76) 0.024

aClinical variables of 15 participants described as mean ± SD; PHQ-9, 9-Item Patient Health

Questionnaire; IDS-SR, 30-item Inventory of Depressive Symptoms-Self Report; rTMS,

repetitive Transcranial Magnetic Stimulation; SD, Standard deviation.
‡p-values correspond to paired t-test.

was generated for each electrode, with p-values corrected using the

Bonferroni technique. The primary outcome measure, weighted-

node degree, was analyzed by applying paired t-test to compare

within-group changes (i.e., baseline vs. the fifth rTMS session).

One-way repeatedmeasures ANOVAwas performed to assess serial

clinical and absolute/relative power data. Power was calculated

based on FFT analysis, with absolute and relative power estimated

for each frequency band. For the FFT analyses, the Bonferroni

procedure was applied to correct for multiple comparisons across

the four frequency bands. Additional paired t-tests were carried

out to compare baseline (T0) and post (T1, end of 5 rTMS

sessions; T2, after 10 sessions; T3, 15 sessions; T4, 20 sessions;
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T5, 25 sessions; T6, after last rTMS session; and T7, 1 week after

the end of treatment) data of each secondary outcome within-

group. Statistical analyses were performed using the Stata software

program, version 16.1 (StataCorp LP, College Station, TX, USA).

Statistical significance was determined at alpha = 5%, and all

p-values were two-tailed.

Results

Demographic and clinical characteristics

Baseline demographic features for both groups—(a) rTMS

acute effects (n = 15); and (b) rTMS serial effects (SE; n = 5)

are shown in Table 1. The severity of depressive symptoms was

similar for both groups at baseline, indicating moderately severe

depression, based on PHQ-9 measures (acute effects: 15.4 ± 6.71;

serial effects: 16.4 ± 4.83) and severe presentation according to

IDS-SR scores (acute effects: 41 ± 13.54; serial effects: 39.2 ± 7.08)

(Tables 2, 3).

Acute e�ects—FCN

After five rTMS sessions, an acute effect was observed over the

left posterior area, evidenced by a statistically significant increase

of 37,824.59 in the weighted-node degree mean of the electrodes

located in this region [95% CI, 468.20 to 75,180.98, t (14) = 2.172,

p = 0.047, with a medium effect size (d = 0.561)]. Increased

synchronization was also noted in the left frontal electrodes [t (14)

= 2.082, p = 0.056; medium effect size (d = 0.537)], although with

nominal statistical significance (Figure 1).

Serial e�ects—Power spectral analysis

One-way repeated measures ANOVA showed a statistically

significant decrease in the absolute power in the beta band over the

left prefrontal cortex [F (7, 28) = 2.37, p = 0.048], with notable

effects observed as early as after 10 rTMS sessions [t (4) = 3.225,

p = 0.032; with a large effect size (d = −1.442)]. Upon analysis

of each prefrontal EEG channel, an absolute beta power decrease

was mainly observed in F5 [F (7, 28) = 2.85, p = 0.022], with

a significant reduction at T2 [t (4) = 2.922, p = 0.043; with a

large effect size (d = −1.307)], compared to baseline (T0); and

there was no significant difference in the beta power at other brain

regions (p ≥ 0.05) (Figure 2). In addition, no significant changes

were observed in the absolute or relative power in the delta, theta,

or alpha bands following the stimulation sessions (p ≥ 0.05).

Clinical e�ects—PHQ-9 and IDS-SR

To assess whether the acute and serial neurophysiological

effects of rTMS treatment reflected changes in depressive

symptoms, clinical outcomes (PHQ-9 and IDS-SR) were analyzed

in both groups [acute effects (n= 15) and serial effects (n= 5)].

Consistent with the FCN findings, a statistically significant

clinical improvement was observed following five rTMS sessions.

The acute effects were observed on both the PHQ-9 [t (14)= 2.709,

p = 0.017; d = 0.699] and IDS-SR [t (14) = 2.528, p = 0.024; d =

0.653] (Table 2).

Concerning rTMS serial effects on clinical outcomes, a

significant improvement was noted over time on both the PHQ-

9 [F (7, 28) = 4.93, p = 0.001] and IDS-SR scales [F (7, 28) =

5.82, p < 0.001] (Table 3). Interestingly, PHQ-9 was more sensitive

in detecting early clinical response, as improvement was observed

following 10 sessions, corresponding to the observed absolute beta

power reduction at the same timepoint (T2). In contrast, clinical

improvement as measured by the IDS-SR was not noted until after

15 sessions. Despite this finding, PHQ-9 only detected statistically

significant clinical improvement at specific time points (T2, T6, and

T7). IDS-SR demonstrated a greater consistency in detecting the

longitudinal effects, with a sustained significant response observed

over treatment.

Discussion

This study indicates that FCN models may provide a sensitive

measure of acute changes in neural mechanisms underlying

therapeutic rTMS. Five rTMS sessions were sufficient to evoke

higher synchronization between electrodes in the left posterior and

prefrontal areas, with a statistically significant increase observed

in the first. Additionally, this pilot data indicates the potential

of serial EEG to monitor rTMS-induced changes in cortical

networks during the treatment course. Our results demonstrate

that rTMS elicited a reduction in beta power over time in the

left prefrontal area, starting as early as after the first ten sessions.

In line with the FCN and qEEG findings, statistically significant

clinical improvement was observed following five and ten rTMS

sessions, respectively. Clinical naturalistic therapeutic response was

observed over time on both—the PHQ-9 and IDS-SR, with the

latter being more consistent in detecting longitudinal improvement

TABLE 3 Serial e�ects of rTMS on clinical features.

T0 T1 T2 T3 T4 T5 T6 T7# Within-groups

(p)‡

PHQ-9a 16.4 (4.83) 14.8 (5.40) 10.6 (7.44) 12 (7.31) 10 (9.25) 9.4 (9.50) 9 (8.69) 8.2 (9.18) 0.001

IDS-SRa 39.2 (7.08) 35 (16.11) 31.2 (14.10) 30 (13.91) 28.6 (15.34) 26 (16.14) 24.8 (16.81) 20.8 (16.75) <0.001

aClinical variables of 5 participants described as mean± SD; PHQ-9, 9-Item Patient Health Questionnaire (); IDS-SR, 30-item Inventory of Depressive Symptoms-Self Report; rTMS, repetitive

Transcranial Magnetic Stimulation; SD, Standard deviation.
#One week after the last rTMS session.
‡p-values correspond to repeated measures ANOVA.
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FIGURE 1

(A) Box plots show the weighted-node degree mean for brain regions at baseline and after five rTMS sessions. An acute e�ect was observed over the

left posterior area, evidenced by a statistically significant increase in the weighted-node degree mean (p = 0.047); (B) Illustration showing left

electrodes (e.g., nodes) distribution; (C) Schematic representation of left frontal and posterior clusters following five rTMS sessions. The thickness of

the edges and the gradient color represents the strength of association between the network nodes. L, left; R, Right; Centrotemp, centrotemporal.
*Indicates statistical significance.

over the course of rTMS treatment. The hypotheses generated

by this naturalistic study require further investigation through

a more rigorous research design, such as randomized clinical

trials, to examine the clinical efficacy of rTMS in individuals

with treatment-resistant depression, as well as the corresponding

acute and serial neurophysiological changes induced by this

neuromodulation technique.

Although rTMS has been widely investigated as a

neuromodulatory tool for numerous neuropsychiatric disorders,

its neurophysiological mechanisms remain unclear (Carpenter

et al., 2012; Anderson et al., 2016; Zandvakili et al., 2019; Alyagon

et al., 2020; Cosmo et al., 2021; McIntyre et al., 2021; Khedr et al.,

2022). The use of the FCN model in this study is innovative as it

offers a novel approach to understanding the acute effects of rTMS

on dynamic patterns of brain connectivity over time. This EEG-

based model is able to describe brain connectivity by analyzing

the temporal synchronization between electrodes (i.e., nodes),

providing insight into the evolution of the networks (Cosmo et al.,

2015; Rosário et al., 2015). Furthermore, this technique is feasible

and cost-effective compared to neuroimaging methods and allows

the identification of changes in the cortical connectivity induced

by rTMS early on in the course of treatment.

Based on the FCN model, an enhancement in the degree of

synchronization in electrodes located in the left posterior and

frontal regions was observed, as a result of the administration of

five rTMS sessions. Previous studies have demonstrated that rTMS

delivered over the left DLPFC led to modulation of brain regions

extending beyond the target area, including posterior networks

(Liston et al., 2014; Lan et al., 2016; Cardenas et al., 2022), which

could be a result of the activation of the central executive network—

a frontoparietal system. In our study, a statistically significant

increase was noted only in the left posterior area. It is important

to note that a statistically significant improvement in clinical

outcomes, as quantified by both the PHQ-9 and IDS-SR, was

also observed as an acute effect of stimulation. Nevertheless, the

potential association between FCN and clinical findings remains

uncertain as no correlation analysis was performed given the

absence of a linear relationship. Prior trials that have shown
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FIGURE 2

(A) Absolute beta power in left prefrontal channels over time. Statistically significant absolute power decrease observed in F5 after 10 sessions (T2),

compared to baseline (T0); linear trendline for F5. (B) Absolute beta power in brain regions from T0–T7. L, left; R, Right; Centrotemp, centrotemporal.
*Indicates statistical significance.

that increased left frontal activity might be linked to decreased

negative and increased positive affect, while increased left posterior

activity is thought to reflect improved emotional processing.

Research assessing the relationship between emotional processing

and neural networks has established a correlation between the

left hemisphere and the experience of positive affect (Spielberg

et al., 2008). Previous studies investigating the neural basis of

depression have shown a link between depressive symptoms
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and frontal brain asymmetry, with a reduction in left frontal

activity (Henriques and Davidson, 1990, 1991; Eric and Hall, 1999;

Palmiero and Piccardi, 2017). It has been suggested that an increase

in left frontal activity might be linked to less negative and more

positive affect. Hypoactivation of this area has been associated

with increased responsivity to negative stimuli, which in turn

enhances the likelihood of developing mood disorders, particularly

depression (Henriques and Davidson, 1991; Eric and Hall, 1999;

Palmiero and Piccardi, 2017). Studies utilizing both EEG and

functional magnetic resonance imaging (fMRI) have demonstrated

a correlation between left frontal activation and a reduction in

negative affect, and an increase in positive affect (Eric and Hall,

1999; Davidson, 2004a,b; Cerqueira et al., 2008; Machado and

Cantilino, 2017; Palmiero and Piccardi, 2017). Specifically, fMRI

trials have suggested that this link may be mediated by top-down

regulation via an inhibitory input to the amygdala (Ochsner et al.,

2002; Roalf et al., 2011). Concerning the left posterior brain region,

previous research has demonstrated functional impairment in this

area in individuals with depression, particularly in the inferior

parietal cortex (IPC) (Muller et al., 2013; Mel’nikov et al., 2018).

This region plays a crucial role in emotional processing, as well as

social cognition, specifically in the affective component of social

cognition (Muller et al., 2013; Bzdok et al., 2016; Numssen et al.,

2021). It is thought that the dysregulation of the IPC and its

resulting impairments in emotional processing and social cognition

may be caused by a dysfunction in the connections between the

inferior parietal cortex and correlated cortical and subcortical areas

(Muller et al., 2013; Numssen et al., 2021).

Although the available data support our findings, it is essential

to further investigate the acute effects of rTMS over the left

DLPFC and the potential correlation between clinical improvement

and the neurophysiological findings observed in our study. The

enhancement of synchronization in the left DLPFC, in conjunction

with a significant increase in connectivity in the left posterior

region, may have led to clinical improvement through different

mechanisms. These mechanisms may include an enhancement

of positive affect, an improvement in emotional processing

and social cognition, or a combination of both. Additional

studies are required to determine the existence of a potential

clinical-neurophysiological correlation and the precise nature of

this relationship.

Furthermore, our results provide evidence for the potential

use of serial EEG in monitoring rTMS-induced neurophysiological

changes along the treatment course. A reduction in absolute beta

power over the left prefrontal cortex was observed as early as after

ten sessions, which was consistent with the clinical response as

measured by PHQ-9. These findings align with previous research

linking beta power to therapeutic response evidenced by reduced

depressive symptoms (Paquette et al., 2009). In addition, as

suggested by Wyczesany et al., beta frequency band has been

associated with negative emotions and increased psychological

distress, potentially reflecting automatic responses to negative

stimuli (Wyczesany et al., 2018). A recent review of EEG frequency

bands in mental health disorders, which analyzed data from 18

studies on depression, concluded that increased absolute beta

and theta power, for both eyes-open and eyes-closed conditions,

were the main findings in this population (Newson et al., 2018).

Taken together, these data support our findings suggesting that the

reduction of absolute beta power over the left prefrontal cortex may

be associated with improved clinical outcomes in individuals with

depression undergoing rTMS treatment.

The current study had several limitations, most prominently (1)

the naturalistic design that may have introduced potential sources

of observer bias and prevented the use of standardized procedures.

Nevertheless, it is noteworthy that the naturalistic data has the

advantage of emulating real-life circumstances, providing a high

ecological validity, and yielding data that are more generalizable,

increasing external validity. By using a naturalistic approach,

we aimed to enhance our understanding of how rTMS works

in real-world settings, with study participants more accurately

representing our clinical population; (2) the small sample size that

might have resulted in type II error due to its limited power, also

precluding hypothesis testing and more complex analyses; (3) the

convenience sample that made the study more prone to sampling

bias, and might have introduced confounding factors related to

comorbidities and ongoing treatment; (4) population primarily

composed of male veterans, possibly affecting the external validity;

(5) challenges related to power spectral analysis, particularly its

modest spatial resolution and the overlap of spectral properties

across some psychiatric disorders; and (6) lack of correction

for multiple comparisons across time points and for clinical

outcomes, requiring careful interpretation of our findings. As

indicated above, veterans received rTMS as an adjunct treatment

to ongoing pharmacotherapy, although other treatments remained

stable. Furthermore, another important limitation of our study

is the lack of a sham control group, which is particularly

relevant given the use of self-reported clinical instruments. The

potential influence of a placebo effect on these clinical scales

needs to be taken into consideration when interpreting our

results. Despite these limitations, our pilot study provides an

exploratory examination of the effects of rTMS in individuals with

pharmacoresistant depression under real-life clinical conditions,

along the treatment course.

In summary, this naturalistic pilot study assessed the acute

and serial effects of rTMS on brain activity utilizing a Functional

Cortical Network model and EEG power spectral analysis,

respectively. Our results indicate that FCN models might work

as a sensitive measure of acute changes in neural mechanisms

underlying therapeutic rTMS. Five rTMS sessions were sufficient

to evoke higher synchronization between electrodes in the left

posterior and frontal regions, with statistically significant findings

observed in the first area. These findings are consistent with

previous studies that have demonstrated that increased left

posterior activity may reflect improved emotional processing, while

enhanced activity in the left frontal region may be associated with

improved affect. Furthermore, our results suggest the potential

of serial EEG in monitoring rTMS-induced cortical changes

throughout the treatment course. Specifically, we observed a

reduction in beta power over the left prefrontal cortex as early

as after ten sessions, which was consistent with the observed

clinical response. This is in line with prior research associating

beta power with therapeutic response and support the development

of serial EEG as a biomarker of rTMS response, which may aid

in tracking and potentially predicting stimulation effects over the

course of treatment. These findings may serve as a foundation for

future, more rigorous studies utilizing a randomized, double-blind,
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sham-controlled design to further investigate the acute and serial

effects of rTMS in individuals with pharmacoresistant depression

and inform the optimization of therapeutic stimulation protocols.
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Introduction:Overreliance on habit is linkedwith disorders, such as drug addiction

and obsessive-compulsive disorder, and there is increasing interest in the use of

repetitive transcranial magnetic stimulation (rTMS) to alter neuronal activity in the

relevant pathways and for therapeutic outcomes. In this study, we researched the

brains of ephrin-A2A5−/− mice, which previously showed perseverative behavior

in progressive-ratio tasks, associated with low cellular activity in the nucleus

accumbens. We investigated whether rTMS treatment had altered the activity of

the dorsal striatum in a way that suggested altered hierarchical recruitment of

brain regions from the ventral striatum to the dorsal striatum, which is linked to

abnormal habit formation.

Methods: Brain sections from a limited number of mice that underwent training

and performance on a progressive ratio task with and without low-intensity

rTMS (LI-rTMS) were taken from a previous study. We took advantage of the

previous characterization of perseverative behavior to investigate the contribution

of di�erent neuronal subtypes and striatal regions within this limited sample.

Striatal regions were stained for c-Fos as a correlate of neuronal activation for

DARPP32 to identify medium spiny neurons (MSNs) and for GAD67 to identify

GABA-ergic interneurons.

Results and discussion: Contrary to our hypothesis, we found that neuronal

activity in ephrin-A2A5−/− mice still reflected the typical organization of goal-

directed behavior. There was a significant di�erence in the proportion of neuronal

activity across the striatum between experimental groups and control but no

significant e�ects identifying a specific regional change. However, there was a

significant group by treatment interaction which suggests that MSN activity is

altered in the dorsomedial striatum and a trend suggesting that rTMS increases

ephrin-A2A5−/− MSN activity in the DMS. Although preliminary and inconclusive,

the analysis of this archival data suggests that investigating circuit-based changes

in striatal regions may provide insight into chronic rTMS mechanisms that could

be relevant to treating disorders associated with perseverative behavior.

KEYWORDS

habit formation, dorsal striatum, nucleus accumbens, rTMS, ephrin, c-Fos

1. Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain

stimulation technique that is currently approved for the treatment of depression

(O’Reardon et al., 2007) and obsessive compulsive disorder (OCD) (Carmi et al.,

2018). However, the mechanisms of how rTMS achieve therapeutic outcomes are

not well understood, and increased understanding can be useful in refining its use.
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Currently, we know that rTMS can modulate neuronal activity

(Aydin-Abidin et al., 2008; Moretti et al., 2022) and the activity of

various neurotransmitters, including dopamine (Keck et al., 2002;

Moretti et al., 2020), which is thought to contribute to rTMS-

induced changes.

Previously, a transgenic ephrin-A2A5−/− mouse strain has

been used in conjunction with rTMS to measure structural and

functional plasticity induced within abnormal neural pathways.

Ephrins are membrane-bound ligands of Eph tyrosine kinase

receptors and are important in cell migration and axon guidance

during development (Wilkinson, 2001). As a result, ephrin-

A2A5−/− mice, which lack the ephrin-A2 and ephrin-A5

ligands, show disorganized axonal projections in neuronal circuits

throughout the brain due to disrupted Eph/ephrin signaling. These

mice display abnormal visual topography and visuomotor behavior

which are both partially rescued by low-intensity rTMS (LI-rTMS)

(Rodger et al., 2012; Makowiecki et al., 2014; Poh et al., 2018).

In addition, the mice show reduced dopaminergic innervation of

the striatum (Sieber et al., 2004; Cooper et al., 2009) associated

with abnormal behavioral patterns in goal-directed behavior (Poh

et al., 2018), but the effects of LI-rTMS on this phenotype are less

well understood.

A previous study (Moretti et al., 2021) explored whether

the different goal-directed behaviors of ephrin-A2A5−/− mice,

compared to wildtype mice, were due to abnormal motivation

processing, by comparing the performance of both strains in

progressive ratio (PR) tasks. PR tasks are a good measure of

motivation as they involve an increasing instrumental response

requirement for a reward. Highly motivated animals will continue

to respond consistently, while animals with low motivation stop

or slow their response (Hodos, 1961; Aberman et al., 1998).

The potential ameliorating effect of chronic excitatory LI-rTMS

delivered during the PR task was also examined. Unexpectedly, the

results did not support a motivation phenotype: ephrin-A2A5−/−

mice showed perseverative behavior in the PR task, with a greater

number of responses compared to wildtype mice despite increasing

task difficulty (Moretti et al., 2021). Compared to wildtype mice,

ephrin-A2A5−/− mice also showed reduced c-Fos expression in the

nucleus accumbens (NAc) after 2 weeks’ performance on the PR

task (Moretti et al., 2021).

It had been suggested that the behavioral phenotype of

perseverative responding and reduced accumbal activity in ephrin-

A2A5−/− mice may reflect an accelerated dorsal shift in neuronal

activity characteristic of habitual behavior (Segovia et al., 2012). The

behavioral shift from goal-directed to habitual behavior involves

dopaminergic pathways and hierarchical recruitment of brain

regions from the ventral striatum to the dorsal striatum, which

would correspond to the reduced activity in the nucleus accumbens

(ventral striatum) in ephrin-A2A5−/− mice (Segovia et al., 2012;

Liu et al., 2013).

Interestingly, chronic excitatory LI-rTMS delivered to ephrin-

A2A5−/− mice during the PR task did not significantly alter

behavior but did ameliorate the reduced c-Fos expression in

the ventral striatum of ephrin-A2A5−/− mice, resulting in

expression that was similar to wildtype levels (Moretti et al.,

2021). Therefore, in ephrin-A2A5−/− mice, LI-rTMS may mitigate

abnormal activity along the mesolimbic pathway associated with

behavioral inflexibility and habit. One possibility is that it delays

or interferes with an accelerated shift in neuronal activity toward

the dorsal striatum.

However, Moretti et al. (2021) did not include the analysis of

the c-Fos activity in the dorsal striatum. Therefore, in this study, we

aim to understand whether (1) the altered dorsal striatum activity

occurred in ephrin-A2A5−/− mice, which could partially explain

the perseverative behavior in these mice and (2) whether LI-rTMS

treatment altered the dorsal striatal activity in ephrin-A2A5−/−

mice. In this study, we used the archival tissue from the study

by Moretti et al. (2021) to identify and compare the activation

of neuronal populations across the entire striatum, investigating

the dorsomedial striatum (DMS), dorsolateral striatum (DLS), and

nucleus acccumbens (NAc) in wildtype and ephrin-A2A5−/− mice

that either received active rTMS or sham stimulation, using c-Fos

immunohistochemistry. Due to the archival nature of this tissue,

our sample size is not sufficient to warrant firm conclusions, and

without multiple timepoints, we cannot definitively demonstrate a

change in the progression of hierarchical recruitment. However, we

present these data as supporting evidence to Moretti et al. (2021)

to determine, at least at this single timepoint, whether activity

in the striatum reflects a relative difference in striatal activity

contribution. This brief report acts as preliminary data to support

whether the hypothesis that rTMS alters circuit function and/or

hierarchical recruitment of activity has any potential for future

research, especially research interested in the transition from goal-

directed to habitual behavior, such as drug addiction (Everitt and

Robbins, 2005) and OCD (Gillan et al., 2011). However, future

research requires greater sample sizes and multiple time points to

fully characterize such changes.

2. Materials and methods

2.1. Animal tissue

All experiments were approved by the University of Western

Australia Animal Ethics Committee (AEC 100/1639). Sagittal

mouse brain sections (40µm) from 11 adult (8–24-week-old)

wildtype C57BL6/J mice (sham: 6 mice (2 male and 4 female mice);

rTMS: 5 mice (2 male and 3 female mice) and 10 ephrin-A2A5−/−

mice [sham: 6 (4 male and 2 female mice); rTMS: 4 mice (1 male

and 3 female mice)] (Moretti et al., 2021) were used. The ephrin-

A2A5−/− mice were backcrossed onto C57BL6/J mice for >20

generations, bred from heterozygous ephrin-A2−/−A5+/− parents

and genotyped at weaning (Feldheim et al., 2000). In the previous

study, following habituation to the LI-rTMS coil and training in

the operant box, mice performed 1 week of an exponential PR

task (required responses increase under an exponential equation)

followed by 1 week of PR7 (requirement started at 7 responses and

increased by 7 with each reinforcement) (Moretti et al., 2021). Mice

received 14 days of biomimetic high-frequency stimulation (BHFS)

LI-rTMS or sham during the first 10min of the daily PR task and

were euthanized 90min after the beginning of the final PR task to

correspond with the peak of c-Fos expression (Moretti et al., 2021).

A summary of the experimental design fromMoretti et al. (2021) is

reproduced in Figure 1. The previous study showed perseverative

behavior in both treated and untreated ephrin-A2A5-/- mice, as

well as low c-Fos expression in the NAc of untreated mice, which
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FIGURE 1

Outline of the experimental paradigm performed by Moretti et al. (2021). Reproduced from Moretti et al. (2021) Copyright 2021, with permission from

Elsevier. http://www.sciencedirect.com/journal/behavioural-brain-research.

showed improvement following LI-rTMS (Moretti et al., 2021). It

was speculated that the low c-Fos expression in the NAcmay reflect

an accelerated shift from goal-directed to habit in untreated ephrin-

A2A5−/− mice, which could have been delayed at a cellular level

by LI-rTMS (Moretti et al., 2021). However, in the previous study,

neuronal activation in the dorsal striatum was not investigated. In

the current study, we used additional tissues from the same animals

as Moretti et al. (2021) to confirm the shift in neuronal activity

from regions involved in goal-directed behavior to form a habit and

whether LI-rTMS delayed it at a cellular level.

2.2. Immunofluorescence

Every fifth sagittal brain section which contained the dorsal

striatum was identified using the mouse brain atlas (Paxinos and

Franklin, 2012). These sections were stained for three different

antibodies: c-Fos (rabbit polyclonal c-Fos antibody, 1:5000, Abcam,

ab190289), a marker for neuronal activity (Bullitt, 1990); cAMP-

regulated phosphoprotein-32 kD (DARPP32) (purifiedmouse anti-

DARPP32, 1:2000, BD Transduction Laboratories, 611520), a

marker for MSNs (Anderson and Reiner, 1991); and glutamate

decarboxylase 67 (GAD67) (anti-Goat, 1:750, R&D systems,

AF2086-SP), a marker for GABAergic neurons (Lazarus et al.,

2015).

Free-floating sections were washed 3× in PBS (5min each),

permeabilized by washing in 0.1% Triton-X in PBS (PBS-T)

for 15min, and incubated for 2 h in a blocking buffer of 2%

bovine serum albumin (Sigma) and 3% normal donkey serum

(Sigma) diluted in 0.1% PBS-T. Then, sections were incubated

with primary antibodies in a blocking buffer overnight at 4◦C.

Sections were washed in PBS-T 3× (10min each) and incubated

for 2 h with secondary antibodies diluted in blocking buffer

to 1:600 (donkey anti-rabbit IgG Alexa Fluor 488, Invitrogen,

Thermo Fisher, A21206; donkey anti-mouse IgG Alexa Fluor 555,

Invitrogen, Thermo Fisher, A21202; and donkey anti-goat IgGH&L

Alexa Fluor 647, ab150131). Sections were then washed in PBS-

T 3× (10min each) and incubated for 10min in Hoescht in PBS

(1:1000, Invitrogen). Finally, the sections were washed in PBS 3×

(10min each) and mounted on gelatin-subbed slides, coverslipped

with a mounting medium (Dako, Glostrup, Denmark), and sealed

with nail polish. Slides were stored at 4◦C in a light-controlled

environment until imaging.

2.3. Imaging and quantification

For accurate locations of DMS and DLS in sagittal sections, we

used the Chon et al. (2019) atlas annotated onto a 3D magnetic

resonance imaging (MRI) data of the P56 mouse brain atlas using

the software ITK-SNAP (Yushkevich et al., 2006). Sections were

imaged through z-stacks (2µm apart) on a Nikon C2 confocal

microscope (Nikon, Tokyo, Japan) at 40× magnification. During

imaging, sections from one ephrin-A2A5−/−-rTMS animal were

excluded due to poor staining (ephrin-A2A5−/−-rTMS n= 3). Cell

counts were performed using stereological principles using ImageJ

software and were carried out blinded to the experimental group

after all images were captured.

The total number of c-Fos single-labeled cells,

c-Fos+/DARPP32+ double-labeled cells, and c-

Fos+/GAD67+/DARPP32− double-labeled cells were identified

and counted for each image (Figure 2). The combination of

DARPP32+ and GAD67+ double labeling was not assessed since

DARPP32+ cells are also GAD67+ because they are GABAergic in

nature. c-Fos+ cells not colocalized with DARPP32 were classified

as unspecified c-Fos.

2.4. Statistical analysis

For analysis, the total c-Fos cells/mm3, the percentage of c-Fos

cells colocalized with DARPP32, and GAD67 were calculated for

each animal.

Assumptions of normality and homogeneity were checked.

For DLS counts, the assumptions of normality were not met for

percentage c-Fos-GAD67 and total c-Fos cells/mm3 counts (p <

0.05). The homogeneity of variance was checked, and it was met

for all datasets (Levene’s test, p > 0.05). For DMS counts, the

assumptions of normality were not met for percentage c-Fos-

DARPP32, percentage c-Fos-GAD67, and total c-Fos cells/mm3 (p

< 0.05). The assumption of homogeneity of variance was not met

for percentage c-Fos-DARPP32 data (Levene’s test, p < 0.05) but

was corrected with logarithmic transformation.
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FIGURE 2

c-Fos activation in DMS and DLS across rTMS treated and untreated wildtype and ephrin-A2A5−/−mice. Total c-Fos density (cells/mm3) (A, B); % of

c-Fos+ cells colocalized with DARPP32+ cells (C, D); unspecified c-Fos+ cells (E, F); and c-Fos+ cells colocalized with GAD67+-DARPP32− (G, H).

Points represent individual animal counts. Overall, c-Fos activation did not di�er between strains or treatment groups. However, the significant

omnibus test indicated a di�erence in DMS c-Fos-DARPP32 colocalization. Results suggested that in ephrin-A2A5−/−, rTMS increased the percentage

of c-Fos-DARPP32 colocalization but pairwise post hoc comparisons did not survive multiple corrections.

To compare whether cell counts changed across groups,

multiple two-way analyses of variance (ANOVAs) were used

with the independent variables of strain and treatment. Each

ANOVA had the dependent variable of either total c-Fos cells/mm3,

percentage c-Fos-DARPP32, or percentage unspecified c-Fos cell

count data and was run separately for both DLS and DMS.

ANOVA was also performed for c-Fos+/GAD67+/DARPP32−

cell counts for the DLS region. For the DMS regions, due

to a small sample size, the ephrin-rTMS group was excluded

from statistical analysis for c-Fos+/GAD67+/DARPP32− dataset,

and Student t-tests were performed to compare the remaining

experimental groups.

Additional data for the percentage of c-

Fos+/GAD67+/DARPP32− cell counts were also obtained for the

NAc core and shell when the regions were present in the stained

tissue (NAc core, Group: wildtype-sham n = 5, wildtype-rTMS n

= 4, ephrin-A2A5−/−-sham n = 4, and ephrin-A2A5−/−-rTMS

n = 2; NAc shell, Group: wildtype-sham n = 6, wildtype-rTMS n

= 5, ephrin-A2A5−/−-sham n = 4, and ephrin-A2A5−/−-rTMS

n = 3). This was combined with total c-Fos cells/mm3 and

percentage c-Fos-DARPP32 cell counts for NAc core and shell

from the previous study (Moretti et al., 2021). The percentage

of the c-Fos-GAD67 dataset in the NAc core and shell did not

meet the assumptions of normality and heterogeneity. Therefore,
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non-parametric Mann–Whitney U-tests were performed to

compare the percentage of c-Fos+/GAD67+/DARPP32− cell

counts between sham and treatment for both wildtype and

ephrin-A2A5−/− groups.

3. Results

3.1. Total c-Fos cells/mm3

In DLS and DMS, there was no significant strain, treatment, or

interaction effects [DLS: F(1,16) < 1.04, p > 0.323; DMS: F(1,16) <

1.378, p > 0.258].

3.2. c-Fos colocalization in MSNs

In DLS, there was no overall effect of the strain, treatment,

or interaction [F(1,16) < 0.376, p > 0.548] (Figure 2). Similarly,

in DMS, there was no significant difference in the percentage

of colocalization between strains or treatment [F(1,16) < 1.26,

p > 0.279]. However, there was a significant strain∗treatment

interaction [F(1,16) = 5.1062, p= 0.038, η2 = 0.228]. To understand

the interaction, we followed up with pairwise post hoc comparisons

using Tukey’s test. There was an increase in the percentage of c-Fos-

DARPP32 colocalization after treatment in ephrin-A2A5−/− mice

compared to the ephrin-sham group (Figure 2); however, the effect

did not survive multiple comparison correction [uncorrected p =

0.041, t(16) = −2.225, corrected p = 0.159] despite the significant

omnibus interaction. All other groups were non-significantly

different from each other.

3.3. Percentage of unspecified c-Fos cells

In DLS and DMS, there was a significant effect of strain,

treatment, or interaction [DLS: F(1,16) < 1.9052, p > 0.186; DMS:

F(1,16) < 1.738, p > 0.206] (Figure 2).

3.3.1. Confirmatory analysis for unspecified
c-Fos-labeled cells

Across all experimental groups, approximately 60 and 40% of

c-Fos labeled cells in the ventral and dorsal striatum, respectively,

were unidentified (i.e., not MSNs). Therefore, the sections included

staining for GABAergic interneurons to identify unspecified c-Fos

labeled cells.

For the percentage of c-Fos+/GAD67+/DARPP32−

colocalization, there were no effects of strain, treatment, or

interaction for the DLS [F(1,14) < 0.088, p> 0.771], and in the DMS,

there was no significant change in c-Fos+/GAD67+/DARPP32−

colocalization between wildtype-sham and wildtype-rTMS mice

[t(9) = −0.864, p = 0.410], and there was no significant difference

between strains, wildtype-sham and ephrin-sham [t(8) = −1.32,

p= 0.222].

In the NAc core, there was no significant difference in

the percentage of c-Fos+/GAD67+/DARPP32− colocalization

following treatment in both wildtype (U = 8.5, p = 0.771) and

ephrin-A2A5−/− mice (U = 2, p = 0.289) and no significant

difference between strains, wildtype-sham and ephrin-sham (U =

6, P = 0.240). Similarly, in the NAc shell, there was no significant

difference in the percentage of c-Fos+/GAD67+/DARPP32−

colocalization following treatment in both wildtype (U = 12, p =

0.597) and ephrin-A2A5−/− mice (U = 5, p = 0.825). There was

also no significant strain difference between wildtype-sham and

ephrin-sham (U= 11, p= 0.896).

3.4. Comparison of c-Fos activity across
regions and groups

The initial 4∗4 contingency χ
2 test was significant [χ2(9, N

= 666,524) = 8,030, p < 0.001, V = 0.0634]. The follow-up

2∗4 contingency χ
2 test was performed to understand where the

difference was and showed that proportions of the striatal c-Fos

activity per region (Figure 3) differed in comparison with wildtype-

sham for all groups although the test may be overly sensitive due

to the large sample size [wildtype-rTMS: χ
2(3, N = 436,329) =

642, p < 0.001, V = 0.0384; ephrin-sham: χ
2(3, N = 335,837) =

2156, p < 0.001, V= 0.0801; and ephrin-rTMS:χ2(3, N= 384,288)

= 2446, p < 0.001, V = 0.0798]. Although there are significant

differences, the effect sizes for each comparison are small.

Finally, a region-by-region comparison of experimental groups

against wildtype-sham is presented in Table 1. Despite significant

comparisons on the group level, no regions appeared to be

statistically different. Therefore, no single regional difference drove

the difference between wildtype sham and the other experimental

groups. However, numerically, it does appear that the proportion

of DLS activation increases in the ephrin-sham group and decreases

in the ephrin-rTMS group relative to wildtype mice.

4. Discussion

Prior evidence of a habitual behavioral responding pattern in

ephrin-A2A5−/− mice led to the hypothesis that these mice would

display greater neuronal activity in striatal regions involved in habit

formation (Moretti et al., 2021). The majority of the neuronal

activity in the striatum of these mice remained localized in regions

responsible for goal-directed behavior. However, the proportion

of c-Fos labeling across the striatum was significantly different in

all experimental groups compared to control animals although no

specific region was identified as driving this difference.

We also hypothesized that the LI-rTMS change in c-Fos

densities seen previously in ephrin-A2A5−/− mice NAc would

extend to the dorsal striatum. In partial support, we did not

observe a change in average c-Fos density after LI-rTMS in ephrin-

A2A5−/− mice for the dorsostriatal regions, but in the DMS, there

was a trend that suggested increased MSN activation in ephrin-

A2A5−/− mice following stimulation.

The proportional activity across the striatum showed significant

differences between wildtype-sham and the other experimental

groups when considering the distribution of activity across

all regions (i.e., wildtype-sham overall proportion distribution

vs. wildtype rTMS overall proportion distribution), but when

comparing group differences within specific regions (i.e., the
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FIGURE 3

Average region-by-region proportion of the total striatal activity in the experimental groups. An initial 4*4 (group*region) contingency χ
2 test

inclusive of all groups was significant, as were follow-up 2*4 (group*region) contingency χ
2 tests comparing each experimental group with

wildtype-sham. However, Mann–Whitney U comparisons did not identify significant di�erences at the region level (e.g., wildtype-sham DLS vs.

ephrin-sham DLS).

TABLE 1 Region-by-region comparison for the proportion of c-Fos in the striatum.

Group comparison
(wildtype-sham vs.
experimental groups)

Mann-
Whitney U

p E�ect size (rank biserial
correlation)

Mean
di�erence

95% confidence interval

Lower Upper

Wildtype-rTMS

Region comparison

DLS 14 0.926 0.0667 0.271 −2 4

DMS 11 0.537 0.267 −5.5 −22 21

NAc core 14.5 1 0.0333 0.00368 −18 14

NAc shell 12 0.662 0.200 5.5 −11 17

Ephrin-sham

Region comparison

DLS 11.5 0.333 0.361 −3.88 −21 3

DMS 15 0.699 0.167 −5 −24 20

NAc core 11 0.31 0.389 9.5 −9 27

NAc shell 17 0.936 0.056 3 −13 13

Ephrin-rTMS

Region comparison

DLS 4.5 0.276 0.500 2 −2 6

DMS 7 0.714 0.222 4.5 −20 42

NAc core 9 1 0 −0.0727 −23 17

NAc shell 6 0.548 0.333 −4.5 −21 8

Mann–Whitney U comparisons, following significant 2∗4 contingency χ
2 tests, assessed region-specific changes in the proportion of striatal c-Fos (wildtype-sham vs. experimental groups).

difference in NAc proportion between two groups), there were no

significant differences. We found absolute differences between the

means for the DLS of ephrin-A2A5−/− mice and the wildtype-

sham group where proportional DLS activity was greater in

ephrin-A2A5−/− sham mice than wildtype mice and lower in

ephrin-A2A5−/− mice than LI-rTMS. This is in line with the

hypotheses, but the differences did not reach statistical significance.

Greater sample size and specific experimental design are required
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to appropriately understand whether the progression of activity

within the striatum is altered with LI-rTMS.

Additionally, we assessed the GABA-ergic interneuron activity

throughout the striatum but saw no significant changes in

GAD67 activity between groups. Apart from the DMS, which

had approximately 5–10% GABA-ergic interneuron activity, low

GABA-ergic interneuron activity was observed in the NAc core,

shell (<2%), and DLS (<4%).

4.1. Caveats

The hierarchical recruitment of striatal regions from goal-

directed to habitual behavior was partly characterized by the

progression of c-Fos expression during training in a fixed-ratio

(FR) task, from higher c-Fos activity in the NAc shell on the first

day of the task, toward the NAc core, DMS, and finally to DLS as

training progresses (Segovia et al., 2012). In our study, a caveat is

that, unlike previous studies (Segovia et al., 2012), our c-Fos data

indirectly reflect the neuronal activity only at the final timepoint,

after the completion of the PR task. In a PR task, unlike in an

FR schedule, the response requirement changes over time, so mice

cannot generally predict how much work is required to obtain a

reward based on previous trials. Although we can assume a similar

hierarchical progression of activity within the striatum, the variable

nature of the PR task could impact the behavioral and cellular

response differently than suggested for the FR framework (Segovia

et al., 2012).

5. Conclusion

The present study did not fully support the assumptions made

by our previous study (Moretti et al., 2021) in which it was

hypothesized that the neuronal activity in ephrin-A2A5−/− mice

with repetitive and perseverative responding behavior would have

shifted to the striatal region involved in habit formation. Rather,

in this study, we found that activity remained dominant in regions

involved in goal-directed behaviors. However, there was a trend

that suggested increased MSN activation in the DMS for ephrin-

A2A5−/− following stimulation. The relative proportion of c-Fos

activity in the striatum was significantly different in experimental

groups compared to the control. However, it is unclear, using the

current sample sizes, whether the difference could be statistically

attributed to altered dorsal striatum activity.

Although the possibility that rTMS interferes with habit

formation is exciting, the current findings remain limited and

preliminary. Some of this initial evidence, in addition to recent

evidence, for LI-rTMS-induced changes to the striatal activity

and network connectivity (Moretti et al., 2022) does provide

some direction for potential mechanisms of rTMS involving the

modulation of subcortical circuits. This could have implications

for the mechanism by which rTMS plays a role in the treatment of

conditions such as drug addiction and OCD. Future studies should

look at experiments that specifically investigate circuit function

and changes over time. Combination with electrophysiological

recordings from the striatum could also help map any causal

relationship. Overall, LI-rTMS shows some promise for altered

hierarchical recruitment of specific striatal regions on a cellular

level; however, the current experimental design and sample size

limit conclusions. Nonetheless, this evidence supports further

circuit-based investigations in larger studies, potentially with more

clinically relevant animal models to probe rTMS mechanisms.
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Introduction: Transcranial direct current stimulation (tDCS) applied over the

dorsolateral prefrontal cortex (DLPFC) at rest can influence behaviors. However,

its mechanisms remain poorly understood. This study examined the effect of

a single session of tDCS over the bilateral DLPFC on resting-state functional

connectivity using fMRI (rs-fcMRI) during and after stimulation in healthy adults.

We also investigated whether baseline rs-fcMRI predicted tDCS-induced changes

in rs-fcMRI.

Methods: This was a randomized, sham-controlled, double-blind, crossover

study. We delivered tDCS for 30 min at 1 mA with the anode and cathode over

the left and right DLPFC, respectively. We used seed-based analyses to measure

tDCS-induced effects on whole-brain rs-fcMRI using a 3 (before, during, after

stimulation) × 2 (active, sham stimulation) ANOVA.

Results: There were four significant Time × Stimulation interactions on the

connectivity scores with the left DLPFC seed (under the anode electrode) and

no interactions for the right DLPFC seed (under the cathode electrode). tDCS

changed rs-fcMRI between the left DLPFC seed and parieto-occipital, parietal,

parieto-occipitotemporal, and frontal clusters during and after stimulation, as

compared to sham. Furthermore, rs-fcMRI prior to stimulation predicted some

of these tDCS-induced changes in rs-fcMRI during and after stimulation. For

instance, rs-fcMRI of the fronto-parietooccipital network predicted changes

observed after active stimulation, rs-fcMRI of the fronto-parietal network

predicted changes during active stimulation, whereas rs-fcMRI of the fronto-

parieto-occipitotemporal and the frontal networks predicted changes both

during and after active stimulation.

Discussion: Our findings reveal that tDCS modulated rs-fcMRI both during and

after stimulation mainly in regions distal, but also in those proximal to the area

under the anode electrode, which were predicted by rs-fcMRI prior to tDCS. It

might be worth considering rs-fcMRI to optimize response to tDCS.
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1. Introduction

In recent years, we have seen an exponential use of transcranial
direct current stimulation (tDCS) in humans. This popularity
mainly comes from the fact that tDCS is an easy, inexpensive,
and non-invasive neuromodulatory technique with the potential to
modulate brain activity that will, consequently, improve cognition,
behaviors or alleviate symptoms. Unfortunately, the hasty use
of tDCS has led to conflicting reports on the neural effects of
tDCS in humans. True, the availability of tDCS devices that can
be concurrently combined with neuroimaging is relatively recent
and such investigations are not trivial to conduct. However, one
remaining pitfall in the field is to take for granted the premises
that anodal and cathodal tDCS, respectively, facilitates and inhibits
cortical excitability, which is mainly based on the direct current
stimulation literature, and that such local effects are causally related
to the observed behavioral effects. Such premises derived from
direct current stimulation to postulate mechanisms of tDCS are
oversimplified and have created misleading data interpretations
in the field of tDCS in humans (Jackson et al., 2016; Fecteau,
2022). Precise mechanisms of tDCS remain largely unknown
(Bestmann and Walsh, 2017). This is unfortunate since a non-
invasive approach that could reliably modify human brain activity
would be impactful.

One fundamental need in the field of tDCS is to characterize
and understand its effects on resting state brain activity. Indeed,
little is still known on how tDCS influences brain activity,
even when participants are simply at rest, without behavioral
or cognitive confounding factors, such as performing cognitive
tasks before, during or after stimulation. It seems important
to investigate if tDCS alone reaches the cortex and sufficiently
modulates brain activity. Characterization of the tDCS effects
on resting state brain activity will contribute to developing
hypotheses on how tDCS, by strengthening or weakening activity in
brain regions and networks, may consequently improve cognitive
performance. It will also contribute to identifying when it is
relevant to deliver tDCS at rest, rather than combining it with
a specific cognitive task. Further, characterization of tDCS effects
during and after stimulation will contribute to identifying when it
is best to combine it with cognitive tasks, whether they should be
combined concurrently or subsequently.

Although tDCS delivered over the dorsolateral prefrontal
cortex (DLPFC) is among the most used tDCS protocols in healthy
individuals and patients with psychiatric conditions, there is still
a paucity of studies on the effects of tDCS while delivered at rest
on resting state functional connectivity (rs-fcMRI) using functional
magnetic resonance imaging (fMRI), during and after stimulation.
There seem to be only three studies that investigated the effects
of tDCS at rest on rs-fcMRI after stimulation as compared to
before stimulation. Keeser et al. (2011) conducted a double-blind,
crossover tDCS study in 13 men who received tDCS with the anode
and cathode over the left DLPFC and the right supraorbital area
at 2 mA for 20 min. Rs-fcMRI was collected for 5 min while
subjects had their eyes closed before and no later than 5 min after
tDCS. Coactivation was increased in frontal regions, parts of the left
frontal-parietal network and the right posterior cingulate cortex,
as well as parts of the right frontal-parietal network after active
than sham tDCS. Peña-Gómez et al. (2012) conducted a crossover,

partially randomized (sham was always before active tDCS) study
in 10 adults who received stimulation with the anode and cathode
over the left DLPFC and right supraorbital area, respectively, and
the opposite montage, at 2 mA for 20 min. Rs-fcMRI was collected
for 10 min before and after tDCS. Temporal functional connectivity
between prefrontal and parietal regions was stronger and spatial
robustness of the default mode network was more reduced after
active than after sham. Park et al. (2013) conducted a single-blind,
parallel tDCS study, applying the anode over the left DLPFC and
the cathode over the right supraorbital area at 1 mA for 20 min in
healthy adults (25 in the active and 14 in the sham group). Rs-fcMRI
was collected while subjects had their eyes closed immediately
before and after tDCS. tDCS increased rs-fcMRI between the left
DLPFC and frontal, temporal and subcortical regions in the right
hemisphere and decreased it between the left DLPFC and frontal
regions around the stimulation site in the left hemisphere.

There seem to be only two concurrent tDCS-fMRI studies
reporting changes in rs-fcMRI in healthy humans while receiving
tDCS over the DLPFC at rest. We previously conducted a sham-
controlled, double-blind, crossover tDCS-fMRI study in 13 adults
who received the anode and cathode electrodes over the left and
right DLPFC, respectively, at 1 mA for 30 min (Mondino et al.,
2020). Rs-fcMRI was collected for 5 min before tDCS, 30 min
during tDCS and 10 min after tDCS while subjects had their
eyes closed. Rs-fcMRI was increased between the left DLPFC seed
under the anode electrode and bilateral parietal regions during
stimulation, which long lasted for at least 10 min after stimulation.
Leaver et al. (2022) conducted a single-blind, crossover tDCS-fMRI
study in 37 adults who received 2 mA active and sham tDCS
for 5 min, within the same session separated by 10–15 min. The
anode and cathode were over the left DLPFC and right ventrolateral
PFC, respectively. During active as compared to sham stimulation,
rs-fcMRI increased within the orbitofrontal network, whereas it
decreased between a frontoparietal network and a node near the
subgenual anterior cingulate cortex, as well as a node near the right
superior parietal lobule.

In sum, the number of studies that delivered tDCS over the
DLPFC at rest and measured rs-fcMRI, without any confounding
factors such as administering a task before, during and or after
stimulation, remains limited. Although results between studies still
show some variability, the main effects indicate modulation of
large-scale circuits involving proximal and distal regions to the
DLPFC (especially frontal and parietal areas).

The main goal of this work was to examine the tDCS effects
on rs-fcMRI delivered over the DLPFC while healthy adults were
at rest, and if so, whether baseline rs-fcMRI predicts such effects.
Specifically, we investigated (1) the type of changes induced by
tDCS (i.e., increases rs-fcMRI, further positively correlates brain
regions, decreases rs-fcMRI, further anticorrelates brain regions);
(2) the location of these changes (i.e., between the whole brain
and each region under the anode and cathode electrodes, the left
and right DLPFC); (3) the time course of these changes (during
and/or after stimulation); and (4) if baseline rs-fcMRI predicts
these changes, if any. We based our hypotheses on the study by
Mondino et al. (2020) since it seems to be the only study that
investigated tDCS effects on rs-fcMRI while targeting the bilateral
DLPFC in healthy adults at rest both during and after stimulation.
We expected that tDCS will increase fronto-parietal rs-fcMRI, both
during and after stimulation.
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2. Materials and methods

2.1. Design

This was a randomized, crossover, sham-controlled, double-
blind study. Participants underwent two concurrent tDCS-
fMRI sessions, one with active and one with sham tDCS,
separated by 7 days (on the same weekday and time of day to
minimize variability). They were randomized using a Latin square,
counterbalancing the order of active and sham tDCS. Blinding
integrity was assessed in participants and the outcome assessor
using a standardized form to determine whether they believed the
session was active or sham tDCS. Participants were also assessed
on potential tDCS-related side effects at each tDCS session using a
standardized questionnaire.

2.2. Participants

Sixteen healthy participants enrolled in this project. They were
free of general medical, neurological, and psychiatric conditions
and eligible for tDCS (Keel et al., 2001) and MRI. They provided
their written informed consent prior to their participation in
this study. The institutional review board of the local institute
approved this project. Fourteen participants completed the study
(two participants withdrew). We excluded one participant due to
MRI artifacts. Thus, 13 participants (nine women; mean age = 26.1,
standard deviation = 4.6 years; one left-handed, one ambidextrous,
eleven right-handed evaluated using the Edinburgh Handedness
Inventory, Oldfield, 1971) were entered into the analyses. A sample
of 13 participants was needed to detect a large effect size (dz = 0.85)
with 80% power and α of 0.05, for a two-tailed paired samples t-test
(Faul et al., 2007, 2009).

2.3. tDCS

We administered tDCS using an MR-compatible battery-
driven stimulator (neuroConn GmbH, Ilmenau, Germany) with
two 7 × 5 cm2 rubber electrodes. We used an electrode paste
(≈3 mm layer) to offer stability (e.g., less chance to drip and bridge
between the electrodes than saline water) and prevent drying out
over the scanning session. Active tDCS was delivered at a current
intensity of 1 mA (maximum current intensity applicable for the
stimulator used in this study) for 30 min. Sham stimulation was
delivered for 30 min with ramp up and ramp down periods of
30 s, the remaining time with no active current (Gandiga et al.,
2006). The anode and cathode electrodes were placed over the left
(F3) and right (F4) DLPFC, respectively, using the international
electroencephalography 10–20 system. We chose to apply the anode
and cathode electrodes over the left and right DLPFC, respectively,
since this montage previously led to results of interest in our
research program on substance use disorders. We observed that
this montage modulated decision-making behaviors relevant for
substance use disorders (Fecteau et al., 2010), such as reducing
risk taking behaviors (Fecteau et al., 2007) and elevation of salivary
cortisol during decision making under stress condition (Brunelin
and Fecteau, 2021). This montage also reduced cue-provoked

craving for alcohol (Boggio et al., 2008), smoking (Boggio et al.,
2009), and food (Fregni et al., 2008; see Bouchard et al., 2021
for a review). We now pursue investigation of this montage by
combining it concurrently with neuroimaging. So far, we found
that this montage elevated prefrontal N-acetylaspartate and striatal
glutamate + glutamine (Hone-Blanchet et al., 2016) and rs-fcMRI
between the left DLPFC and bilateral parietal regions (Mondino
et al., 2020). Our ultimate goal is to identify the mechanisms of this
montage to eventually offer a neuromodulatory method that will
reliably engage specific brain targets.

2.4. MRI

2.4.1. Data acquisition
We acquired data as follows: 5 min of fMRI before tDCS,

25 min of fMRI during tDCS (onset of fMRI acquisition was
5 min after the start of stimulation), 5 min of fMRI after tDCS,
and the anatomical scan. For the fMRI scans, we instructed
participants to rest and keep their eyes open. Whole-brain
MR scans were acquired with a Philips 3T Achieva scanner
and a standard 8-channel head coil (Philips Healthcare, Best,
Netherlands). T1-weighted structural magnetic images were
obtained with a magnetization prepared rapid acquisition gradient-
echo sequence with the following parameters: TR = 8.2 ms,
TE = 3.7 ms, FoV = 250 mm, flip angle = 8◦, 256 × 256 matrix,
180 slices/volume, slice thickness = 1 mm, no gap. For the
rs-fcMRI scans, EPI BOLD images were acquired as follows:
TR = 3,000 ms, TE = 30 ms, FoV = 224 mm × 224 mm × 140 mm,
flip angle = 70◦, 64 × 64 matrix, dynamic scans 100,
voxel size = 3.5 mm × 3.5 mm × 3.5 mm, slice
thickness = 3.5 mm, no gap.

2.4.2. fMRI preprocessing
We preprocessed structural and functional volumes with

CONN (Whitfield-Gabrieli and Nieto-Castanon, 2012) (version
19.c) and SPM 12 on MATLAB R2019a (Mathworks, Inc., USA).
We used CONN’s default preprocessing pipeline (Nieto-Castanon,
2020). We smoothed volumes with 7 mm full width at half
Gaussian kernel. We used ART1 to identify outlier scans with
intermediate settings (97th percentile in normative sample). We
defined outliers using a global signal z-value threshold of 5 and
a subject-motion mm threshold of 0.9 mm. We excluded one
participant because he had more than 20% outlier scans. We
denoised data using Compcor (Behzadi et al., 2007) to regress
out physiological noise sources (white matter and cerebrospinal
fluid signals with 10 confound dimensions in addition to their
first-order derivatives). Moreover, we regressed out movement-
related covariates (scrubbing and realignment, with its first-order
derivatives). We also regressed out the effect of each session
(before, during and after tDCS), with their first-order derivatives.
We performed band pass filtering of 0.008–0.09 Hz (Hallquist
et al., 2013) and linear detrending. Lastly, we verified preprocessing
and denoising procedures with CONN’s quality analysis reports.
We labeled cortical and subcortical regions using the Harvard-
Oxford Atlas (Desikan et al., 2006) and cerebellar areas with the

1 https://www.nitrc.org/projects/artifact_detect
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automated anatomical labeling atlas (Tzourio-Mazoyer et al., 2002),
as implemented in CONN.

2.4.3. Seed-based rs-fcMRI analyses
We conducted seed-based rs-fcMRI analyses with the left and

right DLPFC as seeds (x = ± 36, y = 29, z = 38; with 5 mm
radii) using CONN. These analyses measure the level of rs-fcMRI
between the seed and each voxel in the brain (Nieto-Castanon,
2020). We performed a 3 × 2 (Time × Stimulation) repeated-
measures ANOVA to investigate potential tDCS-induced changes
on rs-fcMRI. We used a voxel threshold of p-uncorrected < 0.001
and cluster threshold cluster size of p-FDR-corrected < 0.05
(Friston et al., 1994). We calculated average connectivity values
within the cluster(s) with REX,2 as implemented in CONN. We
used SPSS 29 (IBM Corp., USA) to conduct post hoc analyses.
We performed linear regression analyses to investigate whether
baseline rs-fcMRI predicted tDCS-induced changes in rs-fcMRI of
the significant clusters. Post hoc and linear regression analyses were
bootstrapped with 1,000 bootstrap samples and 95% confidence
intervals to confirm robustness.

3. Results

3.1. Effects of tDCS on rs-fcMRI during
and after stimulation

We first compared baseline rs-fcMRI between active and sham
conditions and found no differences for both seeds (left DLPFC:
p-FDR = 0.540; right DLPFC: p-FDR ≥ 0.282). We then assessed
the effects of tDCS on rs-fcMRI. Seed-based analyses for the left
DLPFC seed (under the anode electrode) revealed four significant
Time × Stimulation interactions (Table 1 and Figure 1). First,
rs-fcMRI changed between the left DLPFC seed and a cluster
mainly containing the bilateral cuneus (Figure 1A). Rs-fcMRI was
greater (positively correlated) post-tDCS as compared to during
tDCS and post-sham. Also, rs-fcMRI increased (changed from an
anticorrelation to a positive correlation) from pre-sham to during
sham, and then decreased (anticorrelated) from during sham to
post-sham. Second, rs-fcMRI changed between the left DLPFC seed
and a cluster in the right precuneus (Figure 1B). Rs-fcMRI was
weaker during active than during sham, but greater post-tDCS
as compared to pre-tDCS, during tDCS and post-sham (changed
from an anticorrelation to a positive correlation). Also, rs-fcMRI
was weaker post-sham as compared to during sham. Third, rs-
fcMRI changed between the left DLPFC seed and a cluster mainly
encompassing the bilateral precuneus, extending to the right lingual
gyrus (Figure 1C). Rs-fcMRI was weaker during active than
sham, and greater (changed from an anticorrelation to a positive
correlation) post-tDCS as compared to pre-tDCS, during tDCS and
post-sham. Fourth, rs-fcMRI changed between the left DLPFC seed
and a cluster in the left orbitofrontal cortex (OFC) (Figure 1D).
Rs-fcMRI was greater during active than sham, and weaker post-
tDCS as compared to pre-tDCS, during tDCS and post-sham.

2 https://www.nitrc.org/projects/rex/

There were no significant Time × Stimulation interactions on rs-
fcMRI for the right DLPFC seed (under the cathode electrode;
p-FDR = 0.584).

4. Impact of baseline rs-fcMRI on
tDCS effects during and after
stimulation

We then examined if rs-fcMRI prior to tDCS predicted
rs-fcMRI changes in the four significant Time × Stimulation
interactions involving the left DLPFC seed, under the anode
electrode. We conducted regression analyses with baseline rs-
fcMRI as the predictor and tDCS-induced changes in rs-fcMRI as
the criterion variable [Bonferroni threshold p ≤ 0.05/15 = 0.00333:
3 comparisons for the first interaction (after active, during sham,
after sham), 4 comparisons for each of the three other interactions
(during and after active, during and after sham), totaling 15, Table 2
and Figure 2]. For the first interaction, baseline rs-fcMRI between
the left DLPFC seed and the cluster mainly containing the bilateral
cuneus predicted changes after tDCS (p = 0.001), accounting for
67.4% (R2 = 0.674) of the variance, but did not significantly
predict changes during or after sham (during: p = 0.016; after:
p = 0.051). For the second interaction, baseline rs-fcMRI between
the left DLPFC seed and the right precuneus predicted changes
during active stimulation (p < 0.001), which accounted for 70.0%
(R2 = 0.700) of the variance. Baseline rs-fcMRI did not predict
changes after active (p = 0.073) or sham stimulation (p = 0.068).
For the third interaction, baseline rs-fcMRI between the left DLPFC
seed and the cluster mainly containing the bilateral precuneus,
extending to the right lingual gyrus, predicted changes during
(p < 0.001) and after (p < 0.001) tDCS, accounting for 85.0%
(R2 = 0.850) and 75.8% (R2 = 0.758) of the variance, respectively.
Finally, for the fourth interaction, baseline rs-fcMRI between the
left DLPFC seed and the cluster in the left OFC predicted changes
during (p = 0.002) and after (p< 0.001) tDCS, accounting for 59.9%
(R2 = 0.599) and 71.2% (R2 = 0.712) of the variance, respectively.

4.1. Side effects and integrity of blinding

There were no differences between active and sham tDCS for
the number and intensity level of reported side effects (p > 0.1),
nor mood (p > 0.4). There was no significant difference in
blinding ratings between active and sham conditions (p > 0.7). The
majority of participants were blind to the stimulation conditions
they received (4 participants correctly guessed their stimulation
condition with a confidence level higher than 90%). The rs-fcMRI
assessor had minimal interaction with the participants and stayed
blinded to the stimulation conditions with a 100% confidence level.

5. Discussion

In this sham-controlled, double-blind, crossover study, 30 min
of tDCS delivered while healthy adults were at rest, with the anode
and cathode electrode over the left and right DLPFC, respectively,
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TABLE 1 tDCS-induced rs-fcMRI changes in healthy individuals revealed by time (before, during, after tDCS) × tDCS (active, sham) repeated measures
ANOVA (significant post hoc results are bolded).

Left dorsolateral prefrontal cortex seed [x = −36, y = 29, z = 38]

Right/Left cuneus, right precuneus

Cluster size: 99 voxels Peak MNI coordinates:
[x = 0, y = −84, z = 36]

Size p-FDR = 0.0009

Post hoc comparison t-tests t p Glass’ 1

Before active vs. sham −1.647 0.132

During active vs. sham 2.071 0.071

After active vs. sham −5.968 0.001

Before vs. during sham −2.644 0.033 0.701

Before vs. during active 0.624 0.527 −0.182

Before vs. after sham 1.736 0.126 −0.520

Before vs. after active −2.183 0.065 0.793

During vs. after sham 4.382 0.004 −1.497

During vs. after active −4.156 0.008 3.003

Right precuneus

Cluster size: 55 voxels Peak MNI coordinates:
[x = 18, y = −56, z = 26]

Size p-FDR = 0.0186

Before active vs. sham −0.166 0.859

During active vs. sham 3.163 0.013

After active vs. sham −5.563 0.003

Before vs. during sham −1.737 0.109 0.473

Before vs. during active 0.364 0.738 −0.107

Before vs. after sham 1.612 0.122 −0.492

Before vs. after active −3.443 0.021 1.016

During vs. after sham 5.066 0.002 −1.751

During vs. after active −4.434 0.006 1.899

Right/Left precuneus, right lingual gyrus

Cluster size: 42 voxels Peak MNI coordinates:
[x = 6, y = −58, z = 10]

Size p-FDR = 0.0438

Before active vs. sham 1.576 0.137

During active vs. sham 3.704 0.004

After active vs. sham −3.880 0.005

Before vs. during sham −1.426 0.185 0.365

Before vs. during active −0.621 0.552 0.201

Before vs. after sham 0.864 0.387 −0.363

Before vs. after active −4.137 0.008 1.229

During vs. after sham 1.805 0.110 −1.065

During vs. after active −5.544 0.001 2.236

Left orbitofrontal cortex

Cluster size: 38 voxels Peak MNI coordinates:
[x = −38, y = 30, z = −4]

Size p-FDR = 0.0496

Before active vs. sham 0.784 0.448

During active vs. sham −2.243 0.048

After active vs. sham 5.792 0.002

Before vs. during sham 0.795 0.418 −0.241

Before vs. during active −1.708 0.097 0.360

(Continued)
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TABLE 1 (Continued)

Left dorsolateral prefrontal cortex seed [x = −36, y = 29, z = 38]

Right/Left cuneus, right precuneus

Cluster size: 99 voxels Peak MNI coordinates:
[x = 0, y = −84, z = 36]

Size p-FDR = 0.0009

Post hoc comparison t-tests t p Glass’ 1

Before vs. after sham −1.029 0.337 0.477

Before vs. after active 2.855 0.020 −1.346

During vs. after sham −1.813 0.097 1.072

During vs. after active 4.681 0.001 −2.692

Right dorsolateral prefrontal cortex seed [x = 36, y = 29, z = 38] Size p-FDR = 0.5844

FDR, false discovery rate; MNI, Montreal Neurological Institute. P-values for post hoc comparison t-tests are bootstrapped.

FIGURE 1

Illustration of the significant Time (pre-tDCS, during tDCS-post-tDCS) × Stimulation (active, sham) interactions indicate that active tDCS modulated
rs-fcMRI between the left DLPFC seed (under the anodal electrode) and four clusters, during or after stimulation. First, (A) shows that active tDCS
modulated rs-fcMRI between the left DLPFC seed and a parieto-occipital cluster. Second, (B) demonstrates that active tDCS modulated rs-fcMRI
between the left DLPFC seed and a parietal cluster. Third, (C) indicates that active tDCS modulated rs-fcMRI between the left DLPFC seed and a
parieto-occipitotemporal cluster. Last, (D) shows that active tDCS modulated rs-fcMRI between the left DLPFC seed and a frontal cluster.
Voxel-threshold of p < 0.001 (p-uncorrected); cluster threshold of p < 0.05 (p-FDR-corrected). The red and blue error bars represent within-group
differences for the active and sham condition, respectively. Asterisks denote significant post hoc comparisons (*p < 0.05; **p < 0.01).

modulated rs-fcMRI. Briefly, regarding our four specific aims,
tDCS induced rs-fcMRI changes: (1) leading to increased (further
positively correlated) and decreased (further negatively correlated
or anticorrelated) rs-fcMRI, (2) in regions proximal and distal to
the anode electrode, (3) in the same direction during and after
stimulation (i.e., a change observed during stimulation was further
increased after stimulation rather than reverted), with stronger
changes after than during stimulation, and (4) some changes were
predicted by baseline rs-fcMRI.

There were four significant stimulation (active, sham) by time
(before, during, after tDCS) interactions. Interestingly, all rs-fcMRI

changes were found with the left DLPFC seed, under the anode
electrode, and none were found with the right DLPFC seed, under
the cathode electrode.

Three out of the four stimulation by time interactions involved
clusters contralateral and distal to the anode electrode. These
interactions indicated rs-fcMRI changes between the left DLPFC
seed and parietal, occipitoparietal and parieto-occipitotemporal
networks. Further, baseline rs-fcMRI predicted some of these
changes either during or after stimulation. These predictions
indicate that it may be worth selecting participants based on their
rs-fcMRI to optimize tDCS response. For instance, participants
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TABLE 2 Predictions from baseline rs-fcMRI (immediately before tDCS) on subsequent tDCS-induced rs-fcMRI changes in healthy individuals during
and after stimulation between the left DLPFC seed and the fronto-parieto-occipital, fronto-parietal, fronto-parieto-occipitotemporal, and frontal
circuits (significant post hoc results are bolded).

Bootstrap

β R2 t p Bca 95% CI p

Right/Left cuneus, right precuneus

After active −0.821 0.674 −4.767 0.001 [−1.442, −0.531] 0.020

During sham −0.653 0.426 −2.860 0.016 [−0.959, −0.0506] 0.019

After sham −0.551 0.303 −2.187 0.051 [−0.990, −0.272] 0.013

Right precuneus

During active −0.837 0.700 −5.070 < 0.001 [−1.217, −0.515] 0.002

After active −0.512 0.262 −1.978 0.073 [−1.539, 0.244] 0.306

During sham −0.846 0.715 −5.253 < 0.001 [−1.104, −0.565] 0.001

After sham −0.520 0.271 −2.020 0.068 [−0.860, −0.208] 0.008

Right/Left precuneus, right lingual gyrus

During active −0.922 0.850 −7.888 < 0.001 [−1.381, −0.827] 0.001

After active −0.871 0.758 −5.878 < 0.001 [−1.270, −0.559] 0.002

During sham −0.750 0.563 −3.765 0.003 [−1.282, −0.293] 0.001

After sham −0.332 0.110 −1.166 0.268 [−1.193, 0.670] 0.132

Left orbitofrontal cortex

During active −0.774 0.599 −4.050 0.002 [−1.085, −0.427] 0.006

After active −0.844 0.712 −5.217 < 0.001 [−1.725, −0.851] 0.001

During sham −0.799 0.638 −4.401 0.001 [−1.385, −0.248] 0.002

After sham −0.526 0.276 −2.050 0.065 [−1.789, 0.789] 0.256

Bca 95% CI, bias corrected accelerated 95% confidence interval.

with stronger rs-fcMRI of the fronto-parietal network would
respond better to tDCS during stimulation, whereas those with
stronger rs-fcMRI in the fronto-parietooccipital network would
respond better to tDCS after stimulation. This also might help
improve study designs, such as identifying the best time point to
test outcomes, whether during or after stimulation.

Most previous studies also reported that tDCS over the
DLPFC increases rs-fcMRI in fronto-parietal networks, involving
various parietal nodes (Keeser et al., 2011; Peña-Gómez et al.,
2012; Mondino et al., 2020; Leaver et al., 2022). One also
found strengthened rs-fcMRI in fronto-temporal networks
(Park et al., 2013). In regard to modulating rs-fcMRI between
frontal and parietooccipital nodes, it seems that this study might be
the first one to report such a result. Generally, the prefrontal cortex
in these large resting state networks presumably exerts top-down
control of these parietal, temporal, and occipital nodes. It is still
unclear in the rs-fcMRI literature how to interpret such tDCS-
induced modulation leading these large networks to decorrelate.
Intrinsic anticorrelations are observed between regions involved
in externally oriented (e.g., attention) and internally oriented
(e.g., self-referential processing) functions, possibly reflecting the
separation of regions/networks with opposing or competing roles
(Fox et al., 2005; Fox and Raichle, 2007; Buckner et al., 2008;
Buckner and DiNicola, 2019), and possibly the capacity to switch
between them (Whitfield-Gabrieli and Ford, 2012).

Interestingly, the fourth stimulation by time interaction
differed from the three other interactions, that is rs-fcMRI change

involved a cluster proximal and ipsilateral to the anode electrode.
This change was observed between the left DLPFC and OFC.
It indicated that active tDCS further anticorrelated rs-fcMRI
of these regions after stimulation, as compared to before and
during stimulation. Also, rs-fcMRI was greater during active
than sham stimulation. Further, these changes during and after
active stimulation were predicted by baseline rs-fcMRI of this
frontal network. Park et al. (2013) found decreased rs-fcMRI
in the left middle and inferior frontal gyri, ipsilateral to the
anode electrode (with the cathode over the right supraorbital
area), similar to our results, but increased in regions contralateral
to the anode electrode (or ipsilateral to the cathode electrode).
Others reported increased rs-fcMRI in bilateral OFC (Leaver et al.,
2022) and in frontal regions ipsilateral to the anode electrode
(Keeser et al., 2011). Little is known regarding frontal networks
containing strictly the DLPFC and OFC in rs-fcMRI in healthy
populations. However, their interactions via separate networks
are associated with cognitive control. The frontoparietal (central
executive) network is anchored in the DLPFC, supports executive
functions, and integrates information from other networks such as
the default mode network (Vincent et al., 2008; Uddin et al., 2019).
Anticorrelated rs-fcMRI between these two networks is associated
with better cognitive functioning in healthy individuals (e.g.,
Hampson et al., 2010; Keller et al., 2015; Ng et al., 2016). Regions
within the default mode network might also be worth targeting with
tDCS such as the precuneus which may modulate rs-fcMRI of key
executive control regions (e.g., DLPFC). It will also be of interest to
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FIGURE 2

Impact of baseline rs-fcMRI on changes in rs-fcMRI during and after active and sham stimulation. First, (A) illustrates the impact of baseline rs-fcMRI
on changes in rs-fcMRI after active and during sham stimulation in the fronto-parieto-occipital circuit. Second, (B) demonstrates the impact of
baseline rs-fcMRI on changes in rs-fcMRI during active and sham stimulation in the fronto-parietal circuit. Third, (C) shows the impact of baseline
rs-fcMRI on changes in rs-fcMRI during and after active stimulation, as well as during sham stimulation, in the fronto-parieto-occipitotemporal
circuit. Last, (D) illustrates the impact of baseline rs-fcMRI on changes in rs-fcMRI during and after active stimulation, as well as during sham
stimulation, in the frontal circuit. The red and blue trendlines and data points represent the active and sham conditions, respectively.

investigate whether repeated tDCS sessions engage these networks
and enhance cognitive functions associated with these networks,
such as rs-fcMRI of the fronto-parietal network known to be related
with attentional processes (Seeley et al., 2007).

There were also changes with sham stimulation involving
two of these networks, the fronto-parietal and the fronto-
parietooccipital networks. Specifically, rs-fcMRI between the
frontal and parietal network decreased after sham stimulation,
which was not predicted by baseline rs-fcMRI. Also, rs-fcMRI
between the frontal and parietooccipital network increased during

sham, but decreased after sham stimulation. Several studies also
reported changes in rs-fcMRI involving the DLPFC with sham
tDCS, especially implicating the parietal cortex (Peña-Gómez et al.,
2012; Mondino et al., 2020; Leaver et al., 2022), the primary
auditory association cortex (Peña-Gómez et al., 2012), and the
cerebellum (Park et al., 2013). Interestingly, Leaver et al. (2022)
compared sham tDCS with a no-tDCS condition. They observed
significant decreased rs-fcMRI for the no-tDCS condition as
compared to sham tDCS in several networks with the DLPFC,
including the superior parietal lobule, the posterior cingulate
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cortex, the dorsal anterior cingulate, the primary visual cortex, the
primary auditory cortex, and the primary somatosensory cortex.
We previously discussed that such decrease as we observed in
fronto-parietal networks may be linked to a time effect considering
that participants stayed at a resting state for more than half an
hour, in which DLPFC activity may weaken and decorrelate from
the other nodes of resting state networks (as observed in healthy
individuals, Mondino et al., 2020). Although rs-fcMRI research
has rapidly grown over the last two decades, several questions
remain to be addressed. Resting-state networks are generally stable,
however, some studies reported that rs-fcMRI does not remain
static and fluctuates with time during scanning sessions (Hutchison
et al., 2013; Preti et al., 2017; Lurie et al., 2020). This becomes
even more pertinent for repeated rs-fcMRI scans within the same
scanning period as in our work, such as collecting rs-fcMRI for
5–10 min before tDCS, for 25–30 min during tDCS, and for
5–10 min after tDCS (typically limiting the entire MRI session
to 1 h). Hence, this highlights the importance of including no-
tDCS conditions, as well as further characterizing rs-fcMRI during
repeated acquisitions.

The electrical current travels from the anode to the cathode
electrode. However, it is important to highlight here that tDCS did
not modulate rs-fcMRI between the regions under the anode and
cathode electrodes, here the left and right DLPFC, during or after
stimulation. This lack of rs-fcMRI changes was also observed in
previous studies applying the tDCS electrodes over both DLPFCs
(Mondino et al., 2020), over the left DLPFC and contralateral
supraorbital area (Keeser et al., 2011; Peña-Gómez et al., 2012;
Park et al., 2013), and over the left DLPFC and contralateral
ventrolateral PFC (Leaver et al., 2022). These findings compel us
to be cautious when interpreting the impact of tDCS on cognition
or behaviors as solely due to brain activity changes in regions
under the electrodes, at least when applied over the DLPFC.
Likewise, it is tempting to speculate how findings from this work
are relevant for clinical populations since the DLPFC is among,
if not, the most targeted region with tDCS, especially psychiatric
disorders (Fregni et al., 2021). However, it is often expected that
patients display different rs-fcMRI as compared to healthy controls
(Kaiser et al., 2015; Taebi et al., 2022), thus the tDCS effects on
rs-fcMRI might be different in patients from those in healthy
individuals.

This study has limitations that should be addressed, such
as the small sample size, which limits generalizability. Despite
this, we strictly controlled for type 1 error, which should help
power analyses for future studies. Also, potential sex-related
differences were not studied, which could be examined with an
appropriate power analysis in future work. Additionally, the scan
time during stimulation was longer than the scanning durations
before and after stimulation, which may reduce reliability (Birn
et al., 2013). It may be interesting to compare different rs-
fcMRI times (e.g., 5-min increments) in future work. To note,
in our previous concurrent tDCS-rs-fcMRI study, there were no
significant differences in tDCS-induced effects on rs-fcMRI changes
in fronto-parietal circuitry when comparing two 15-min time bins
during 30 min of tDCS in healthy individuals (Mondino et al.,
2020).

In sum, tDCS delivered over the bilateral DLPFC modulates
rs-fcMRI of several circuits comprising regions distal (parietal,
occipital, temporal) and proximal (frontal) to the anodal electrode,

both during and after stimulation. Further, rs-fcMRI prior to tDCS
predicted tDCS effects during and after stimulation, which may be
useful to identify best tDCS responders in future work.
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Symptom provocation is a well-established component of psychiatric research

and therapy. It is hypothesized that specific activation of those brain circuits

involved in the symptomatic expression of a brain pathology makes the relevant

neural substrate accessible as a target for therapeutic interventions. For example,

in the treatment of obsessive-compulsive disorder (OCD), symptom provocation

is an important part of psychotherapy and is also performed prior to therapeutic

brain stimulation with transcranial magnetic stimulation (TMS). Here, we discuss

the potential of symptom provocation to isolate neurophysiological biomarkers

reflecting the fluctuating activity of relevant brain networks with the goal of

subsequently using these markers as targets to guide therapy. We put forward

a general experimental framework based on the rapid switching between

psychiatric symptom states. This enable neurophysiological measures to be

derived from EEG and/or TMS-evoked EEG measures of brain activity during

both states. By subtracting the data recorded during the baseline state from

that recorded during the provoked state, the resulting contrast would ideally

isolate the specific neural circuits differentially activated during the expression

of symptoms. A similar approach enables the design of effective classifiers of

brain activity from EEG data in Brain-Computer Interfaces (BCI). To obtain reliable

contrast data, psychiatric state switching needs to be achieved multiple times

during a continuous recording so that slow changes of brain activity affect both
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conditions equally. This is achieved easily for conditions that can be controlled

intentionally, such as motor imagery, attention, or memory retention. With regard

to psychiatric symptoms, an increase can often be provoked effectively relatively

easily, however, it can be difficult to reliably and rapidly return to a baseline state.

Here, we review different approaches to return from a provoked state to a baseline

state and how these may be applied to different symptoms occurring in different

psychiatric disorders.

KEYWORDS

EEG, TMS, symptom provocation, OCD, anxiety

1. Introduction and background

A promising perspective of therapeutic brain stimulation is
that it enables the possibility of circuit-based therapies. Unlike
pharmacotherapy (where only the dose can be varied), there are
a number of configurable parameters in the application of a brain
intervention such as transcranial magnetic stimulation (TMS). For
example, in addition to intensity, the stimulation can be targeted
to specific cortical areas and be applied with specific temporal
patterns. Additionally, the synchronization of the timing of stimuli
with individual brain oscillations simultaneously recorded in the
real-time electroencephalogram (EEG) provides a new avenue
for personalizing this therapeutic approach in order to achieve
a specific desired therapeutic change in a dysfunctional brain
network. However, the vast parameter space of where and how
therapeutic TMS is most effective has barely been explored. It is
not feasible to perform a ‘grid search,’ and searching for a protocol
that is effective “on average” may not be fruitful since the optimal
protocol is likely to vary between patients.

Instead, recent efforts in the neurophysiological domain
had been focusing on optimizing personalized therapeutic brain
stimulation using concurrent neurophysiological read-outs in the
form of concurrent EEG and TMS-evoked EEG (Parmigiani
et al., 2023). The motivation is to assess whether the neuroplastic
changes induced by TMS are therapeutically effective and optimize
the parameters iteratively. Such a TMS-EEG or EEG-derived
biomarker that measures the “state” of the circuit on a timescale
of minutes is required to implement personalized circuit-based
closed-loop brain interventions. However, deriving the state of a
specific brain circuit from a few tens of seconds of an EEG signal
is not only challenging due to the presence of noise in the EEG
(such as ocular and muscle artifacts) but also due to a “curse of
dimensionality” (Altman and Krzywinski, 2018) that makes the
identification of a reliable mapping from a segment of TMS-EEG
data (a matrix consisting of time by channel) to the activity of the
circuit of interest at that time (a scalar) difficult.

Reliable EEG state markers of specific neurophysiological
processes exist, such as sleep spindles and beta bursts. Different
features that can be extracted from the EEG signal with a
temporal resolution of seconds (spectral amplitude), fractions of
seconds (EEG microstates, coherency-based connectivity states),
and even milliseconds (phase of oscillations) are known to reflect
underlying neurophysiological processes and have shown promise

for personalized therapeutic interventions (Zrenner et al., 2018,
2020; Gordon et al., 2021, 2022). EEG and TMS-EEG signals
are also different in wakefulness and sleep and during different
pharmacological interventions (Massimini et al., 2005; Sarasso
et al., 2014; Ziemann et al., 2015). However, for informing therapy
in psychiatric disorders, EEG and TMS-EEG-derived biomarkers
from group-level differences between patients and healthy controls
(such as frontal alpha power asymmetry) have not translated to a
useful method at the individual level. Further, it is unclear whether
this is an optimal strategy given the heterogeneity in psychiatric
disorders at both the symptom and diagnosis levels.

Whether individual EEG markers of psychiatric symptom
severity can be derived using a personalized calibration approach
and whether these are more reliable and effective than EEG
markers derived from group averages, remains to be tested.
We hypothesize that the algorithmic methods used in brain
computer interfaces (BCI), where EEG is increasingly effective
at decoding brain states with a limited temporal resolution of
seconds (e.g., those related to a specific behavior or set of behaviors
or circumscribed cognitive phenomena), may also be effective at
estimating symptom-related brain states (more broadly involving
several, or combinations of, behavioral and cognitive processes) in
psychiatric disorders.

Brain computer interfaces methods for the extraction of EEG
markers rely on the contrast between cognitive states (e.g., motor
imagery), whereby optimized EEG montages (spatial filters) are
extracted that optimally differentiate between the two conditions
using the difference in the statistical relationships between signals
from different brain areas. One such statistical relationship is the
covariance matrix, that quantifies the relatedness of the signals
measured between every pair of EEG sensors. The resulting contrast
in the covariance matrices corresponding to the two conditions can
be exploited using the mathematical tool of eigendecomposition
in a class of methods termed common spatial patterns (Grosse-
Wentrup and Buss, 2008). A combined spatial and temporal
decoding approach has also shown promise in the motor system
(Metsomaa et al., 2021). By analyzing the difference between the
EEG signal extracted during two different cognitive states, the
predictive properties of the signal can be determined, while those
that are not can be attenuated. In order to avoid a confounding
effect of temporal differences (such as change in vigilance and
recording properties), it is necessary to switch between the
two conditions multiple times to average out slow non-specific

Frontiers in Neural Circuits 02 frontiersin.org86

https://doi.org/10.3389/fncir.2023.1208930
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/


fncir-17-1208930 August 14, 2023 Time: 13:40 # 3

Zrenner et al. 10.3389/fncir.2023.1208930

FIGURE 1

Hypothetical example of an experimental design for extracting TMS-EEG-derived biomarkers of brain circuit activity correlating with the expression
of psychopathology. (A) TMS-EEG signal quality is monitored and optimized during the measurement. (B) TMS-EEG/EEG data is acquired during
alternating periods of high vs. low symptom severity. TMS-EEG signatures that can distinguish between the two states are computed using the
contrast between the TMS-EEG data of both conditions. The emotional/cognitive state should differ only for the degree of symptom severity but
otherwise be identical. Psychiatric state switching needs to be achieved multiple times during a continuous recording to distinguish slow changes in
the EEG signal that occur with time (e.g., vigilance, presence of artifacts) from differences in the EEG signal due to the emotional/cognitive state.
(C) Symptom severity is repeatedly assessed during the conditions using physiological markers (e.g., blink reflex, skin conduction, and heart rate) and
the participant’s report (e.g., visual analog scale). (D) A personalized symptom provocation intervention shifts the emotional/cognitive state from a
“low” to a “high” symptom severity, e.g., as could occur with the threat of shock paradigm (Grillon et al., 1991; Roemer and Borkovec, 1994; Ameli
et al., 2001; Åsli et al., 2009; Balderston et al., 2017a,b; Hur et al., 2020), or with script driven imagery in those with PTSD (Lang, 1979; Liotti et al.,
2002) and visual images and/or words in those with OCD (Dehghan et al., 2021) and those with specific phobia (Schienle et al., 2007). The specific
provocation method is developed prior to the measurement in a calibration session. (E) Similarly, a personalized symptom reduction intervention
could potentially return the state to a comparatively “low” symptom severity [e.g., personalized focused distraction (Wegner et al., 1987) or a
distracting task (Amir et al., 1997) as has been used in experiments in participants with OCD; or with immediate removal of an aversive stimuli, as
demonstrated in participants with OCD (Lutz et al., 2008)]. This transition is expected to take longer than the provocation transition. The
measurement should occur in controlled laboratory conditions for less than 90 min, repeated on two separate days to assess the reliability of the
derived markers. Note that by TMS-EEG, we mean not only the TMS-evoked EEG potentials, but also TMS-induced oscillations, as well as the
ongoing EEG signal between the TMS pulses.

changes (see Figure 1). Note that between the switching steps, the
conditions should differ only in the degree of symptom expression,
with an otherwise similar cognitive state.

Translating this approach to psychiatry requires EEG data
during different levels of symptom severity. Some success has
been achieved using long-term recordings of brain data while
tracking natural fluctuations in symptoms over several days (Etkin,
2018). To derive EEG markers from a recording under laboratory
conditions, it is necessary to switch psychiatric symptoms “on and
off” repeatedly for a total of tens of minutes during the recording.
Effective approaches for a rapidly controlled provocation of
symptoms in different psychiatric disorders have been proposed to
“switch on” or “activate” the relevant brain circuits before treatment
(e.g., in exposure therapy for phobias or before TMS therapy for
obsessive-compulsive disorder OCD) (Carmi et al., 2019).

Symptom provocation can be achieved under controlled
conditions to evoke a psychiatric symptom or a neurobiological
response via psychopharmacological and/or behavioral stimuli,
such as contamination stimuli for OCD and videotapes of combat
for patients with posttraumatic stress disorder (PTSD) (D’Souza
et al., 1999). Symptom provocation has been applied in the
study of most psychiatric disorders, including schizophrenia, major
depressive disorder, bipolar disorder, panic disorder, OCD, phobias,
PTSD, and substance use disorder (D’Souza et al., 1999).

The ability to “switch off” circuits underlying symptom
expression is the goal of psychiatric and behavioral therapy.
The issue with computing EEG biomarkers is that established
symptom reduction strategies are generally slow compared to
symptom provocation. Here, we survey the different approaches
for creating such a contrast between “high” and “low” symptom
expression from which it may be possible to extract a reliable,
individualized EEG-derived biomarker of brain circuit activity.
We will summarize symptom provocation methods and discuss
possible strategies for achieving fast symptom reduction and
switching between both states.

2. Symptom provocation for
biomarker identification

The rapid switching between “on” and “off” states is
required to identify biomarkers of brain circuit activity, it is
clear that not all psychiatric disorders are equally amenable
to this approach. Instead of evaluating a specific psychiatric
diagnosis, a more promising approach may be considering trans-
diagnostic symptoms experienced across different psychiatric
disorders. Considering the existing literature, it seems that
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symptoms such as anxiety (Holt and Andrews, 1989), phobic
fear (Schienle et al., 2007), obsessive thinking and compulsive
avoiding behavior (Maia et al., 2022) and craving (Milivojevic
et al., 2020) (either for a substance or for food) may be more
easily provoked and resolved more rapidly than other symptoms,
such as worry, dysphoria/dysthymia and mania/hypomania. We
will discuss insights from psychopharmacological interventions
for symptom provocation and then focus our discussion on
selected symptoms which we consider promising candidates for
behavioral interventions for both symptom provocation and
symptom reduction and for which physiological models exist that
relate the severity of symptom expression to the degree of activity
of a specific dysfunctional brain circuit.

2.1. Psychopharmacological
interventions for symptoms provocation

There is extensive research on how EEG and TMS-EEG
are affected by the neurophysiological changes induced by
pharmacological interventions (Ziemann, 2004). However,
pharmacological interventions have a long history in psychiatric
symptom provocation to yield insights into the biological basis of
different disorders. For example, a recent study used isoproterenol
to evoke physiological and emotional symptoms of anxiety/fear
in patients with anorexia nervosa (Khalsa et al., 2015). When
psychopharmacological agents are applied to provoke psychiatric
symptoms, bottom-up and top-down approaches are used (D’Souza
et al., 1999). An example of the bottom-up approach is the study of
MHPG (methoxy-hydroxy-phenylethylene glycol) accumulation
and anxiety in response to yohimbine administration. Studies in
animal models suggest that α2 adrenergic antagonists stimulate the
brain stem noradrenergic nucleus, the locus coeruleus, increase
norepinephrine release and its conversion to MHPG, and produce
anxiety-related behaviors (D’Souza et al., 1999). Conversely,
in the top-down approach, a psychopharmacological agent is
applied to produce a distinctive behavioral response without
the underlying neurophysiological mechanism of action being
completely understood, e.g., in the induction of panic attacks with
sodium lactate (Margraf et al., 1986). The bottom-up approach
tests a hypothesis derived from pre-clinical studies, and a top-
down approach generates clinically-based hypotheses tested in the
laboratory.

Historical examples of the application of
psychopharmacological agents for research in psychiatric
disorders are the works of Carlsson et al. (1957), Carlsson
and Lindqvist (1963), Andén et al. (1970), and Nybäck and
Sedvall (1970), which demonstrated the role of dopamine
in the pathophysiology of schizophrenia. It was shown that
provocation with amphetamines induced stereotypic behaviors in
humans (Rylander, 1969), mediated by the dopaminergic system
(Randrup, 1970). In subsequent symptom provocation studies,
amphetamines enhanced mesolimbic dopamine activity associated
with positive symptoms in schizophrenia and reduced mesocortical
dopamine activity associated with negative symptoms (Davis et al.,
1991). Provocation with psychostimulants in combination with
neuroreceptor imaging suggested that patients with schizophrenia
respond to provocation with amphetamine with elevated dopamine

release compared to controls, highly correlated with an increase
in psychotic symptoms (Abi-Dargham et al., 1998). In this case,
switching on was achieved with psychostimulants. Switching off
is the aim of treatments for positive symptoms in schizophrenia,
whether pharmacologically (e.g., primarily DA-D2 antagonists
or serotonin and adrenaline receptors targeted by antipsychotic
drugs) or through psychotherapy (Keepers et al., 2020). However,
neither pharmacotherapy nor psychotherapy rapidly reduce
symptoms (on the order of minutes). Furthermore, repeated
pharmacological switching (as is possible, for example, for the
depth of anesthesia by adjusting the flow rate of intravenous
sedatives) seems less applicable for psychiatric symptoms. For
example Lorazepam which is often prescribed for short-term relief
of anxiety symptoms takes 1–3 min if administered intravenously,
but has an elimination half-life of ca. 14 h (Ghiasi et al., 2023) and
is therefore not suitable for repeated pharmacological switching.
The different concentrations of the medication also have different
physiological effects on the EEG and TMS-EEG measures that
would be difficult to disentangle from the influence of symptom
severity. Behavioral approaches are likely more promising for
extracting biomarkers of different endogenous brain states during
a relatively short measurement.

2.2. Behavioral interventions for
symptom provocation

Symptom provocation by environmental triggers is
experienced daily by many psychiatric patients. However,
transferring this to a laboratory setting in a reliable and controlled
way is not trivial.

2.2.1. Symptom provocation of trauma-related
symptoms

One example of behavioral interventions being applied for
research purposes is PTSD. In order to provoke symptoms in
PTSD, tasks of passive emotion processing are employed. Examples
include emotional faces that convey threat [e.g., angry, fearful (Shin
et al., 2005)], aversive imagery (e.g., mutilated bodies, images of
violence) (Lanius et al., 2007), trauma-specific cues (such as words,
noises (Bremner et al., 1999b), pictures), and autobiographical
scripts (Bremner et al., 1999a) - the patient’s narratives about
the traumatic experience that are read to the patient in order to
provoke symptoms of PTSD. This script-driven imagery paradigm
is based on earlier psychophysiological studies by Lang (1979)
and Pitman et al. (1987). Lang demonstrated a significant increase
in heart rate and skin conductance measures in phobic subjects
during imagery of their phobic objects or situations. Pitman used
five individualized scripts portraying actual experiences from the
subject’s past as well as six standard scripts portraying various
hypothetical experiences (two neutral, a combat experience, a
positive experience, an action experience and a fear experience) to
demonstrate exaggerated physiologic arousal during recollection of
traumatic experiences in PTSD.

2.2.2. Symptom provocation in major depressive
disorder

There is a significant need to achieve a better understanding of
the neurophysiological basis of major depressive disorder (MDD),
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and to develop new and more effective therapies, including non-
pharmacological therapies. Fluctuations in mood in most cases
occur relatively slowly and achieving the rapid switching between
high and low degrees of dysphoria that is needed for the approach
presented here is likely difficult. Nevertheless, various methods
of symptom provocation in MDD have been used successfully
to advance this research (Martin, 1990). We summarize some
of promising approaches below, which could be adapted to the
proposed rapid psychiatric symptom switching framework.

One approach that has been used successfully is the use of
a script driven depressive vs. happy autobiographical memory
task. This has been used in combination with positron emission
tomography to investigate neural pathways mediating transient
mood changes in unipolar depression (Liotti et al., 2002). However,
in another study it was shown that autonomic markers of symptom
severity did not return to baseline after emotional provocations
using an autobiographical memory task (Lin et al., 2022). Other
studies have used a random number generation task (Shinba,
2014), speech writing and delivery task (Cyranowski et al., 2011),
mirror tracing task (Rottenberg et al., 2007) or a video with sad
emotional content (Rottenberg et al., 2003). A mood provocation
task (combining elements of music associated with sad mood
and autobiographical recall presented on a CD player) was also
used to investigate the vulnerability of remitted depressed patients
to the (re)activation of depressive thinking styles triggered by
temporary dysphoric states (Segal et al., 2006). Finally, with regard
to behavioral interventions, an emotional non-musical and musical
stimuli paradigm was used to investigate the neural processing of
emotionally provocative auditory stimuli in MDD (Nummenmaa
et al., 2014; Lepping et al., 2016).

In terms of pharmacological intervention to provoke symptoms
of MDD, the administration of alpha interferon (IFNa) has been
found to cause flu-like symptoms as well as depressive symptoms,
including depressed mood, dysphoria, anhedonia, helplessness,
mild to severe fatigue, anorexia, and weight loss, hypersomnia,
psychomotor retardation, decreased concentration, and confusion
(Yirmiya et al., 1999). However, this is likely an unspecific
modulation and the pharmacological intervention is difficult to
reverse rapidly.

2.2.3. Symptom provocation of specific anxiety
Anxiety is either seen as a symptom of different psychiatric

disorders (e.g., generalized anxiety disorder, social anxiety disorder,
PTSD, borderline personality disorder) or secondary to other
symptoms experienced within a psychiatric disorder–within
schizophrenia or caused by intrusive thoughts in OCD or PTSD,
for example. Provoking anxiety is easier the more specific the fear
is–speaking in front of an audience or solving a difficult task in front
of the experimenter in social anxiety disorder, for example. Video-
based symptom provocation can also induce anxiety in laboratory
settings (Miskovic and Schmidt, 2012; Boehme et al., 2014). In
PTSD, anxiety-provoking pictures or sounds containing violence
or combat (depending on what caused the trauma) can directly
induce anxiety, trigger memories that are anxiety provoking, or a
combination of the two. In contrast, worry is a more generalized
symptom, and a one size fits all approach will likely not be
successful as the cognitive content may differ from person to
person. In this case, an individually tailored approach might be
more promising.

2.2.4. Symptom provocation of intrusive thoughts
Intrusive thoughts are often provoked by environmental

stimuli and are experienced in OCD, PTSD, major depressive
disorder, and bipolar disorder. Here we will focus on intrusive
thoughts experienced in OCD. Three main conceptualizations of
OCD have been described depending on which faculty is taken
as central: affective (anxiety/distress), volitional (compulsive), or
cognitive (obsessional) (Denys, 2011). In the past, OCD was
classified as an anxiety disorder due to the relevance of anxiety in
the clinical presentation. However, OCD and the OCD spectrum
disorders are grouped under a distinct category in the DSM-5
to take into account that increased anxiety can lead to fearful
intrusive obsessive thoughts and volitional (compulsive) behavior
but that anxiety can also be secondary to obsessional thoughts
and the volitional attempts to regain cognitive control–[it has,
however, also been hypothesized that the compulsive behavior
itself could be the primary driver of symptoms of OCD (Robbins
et al., 2012)]. Subsequently, we will also discuss intrusive thoughts
(different from rumination) in the context of OCD, but the
approaches also apply to intrusive thoughts as a symptom of other
psychiatric disorders.

The state of neural activation in the target region seems
important for the efficacy of TMS (Silvanto et al., 2008)–the
current TMS treatment protocol for the treatment of OCD
that is approved by the U.S. Food and Drug Administration
applies symptom provocation before each stimulation session
to elicit a moderate level of obsessional distress reported by
patients (Food and Drug Administration, 2020). The underlying
(although untested) assumption for the application of symptom
provocation before treatment is that symptom provocation induces
the reconsolidation of fear and distressing memories into long-
term memories, which can be disrupted by neural stimulation
during this susceptible period (Forcato et al., 2007; Agren et al.,
2012; Schiller et al., 2013). Symptom provocation is believed to
activate the cortico-striato-thalamo-cortical circuitry, mainly in
the right hemisphere, which can be targeted by TMS (Saxena
et al., 2001). Stimulating circuits that are functionally activated
by symptoms is thought to increase the efficacy and specificity
of TMS-induced plasticity as it allows for specific modulation of
neural populations most affected by symptoms and stress (Saxena
et al., 2001; Silvanto et al., 2008). Notably, whereas symptom
provocation, typically as a mechanism for exposure therapy,
is an established part of psychotherapy in the treatment of a
number of psychiatric conditions, the additional benefit of current
therapeutic TMS protocols for OCD is only moderate vs. symptom
provocation alone (in the placebo condition, i.e., with sham TMS)
(Carmi et al., 2019). In the case of PTSD, recent trials even
indicate that TMS can reduce the therapeutic benefit of symptom
provocation alone (Isserles et al., 2021). The present challenges of
achieving an effective interaction between symptom provocation
and therapeutic neuromodulation is part of the motivation for
the development of new personalized and biomarker-based brain
stimulation protocols.

An individual-tailored symptom provocation hierarchy is
designed with the patient prior to treatment with TMS, such as
the seven-step process following a provocation hierarchy design
proposed by Maia et al. (2022). As described by Tendler et al.
(2019), symptom provocation should be administered using an
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internal and external hierarchy provocation list to formulate
questions that instill obsessive distress until the desired level of self-
reported distress is achieved (Maia et al., 2022). The desired level
of subjective self-reported distress is defined according to clinical
experience with good acceptability and treatment efficacy in clinical
trials (Carmi et al., 2019). Symptom provocation aims to achieve a
moderate self-reported level of obsessional distress (i.e., “4–7” on a
“0–10” Visual Analog Scale) before each stimulation session (Maia
et al., 2022). In addition to provocation hierarchy approaches,
virtual reality is also emerging as an option to provoke symptoms
of OCD (Dehghan et al., 2021). There is evidence that the degree
of distress during provocations done immediately prior to TMS
for OCD is related to symptom improvement more so than the
variability of distress, between-session habituation, and advancing
up the hierarchy of symptom provocation hierarchy (Guzick et al.,
2022). Challenges in this method include the possibility that
patients may engage in compulsions (physical or, more likely,
mental compulsions) during the symptom provocation, during
TMS stimulation, or after TMS stimulation. These could interfere
with the intensity of the symptom provocation, with the efficacy of
TMS, or with the overall efficacy of the treatment, respectively.

2.2.5. Symptom provocation of craving
Finally, craving is another symptom that can be provoked in

a clinical setting in a relatively straightforward way. Craving is a
symptom that occurs in the context of addictions (e.g., to drugs,
nicotine, or alcohol) and eating disorders (Mussell et al., 1996;
Greeno et al., 2000; Waters et al., 2001; Jarosz et al., 2007; Ng and
Davis, 2013), including bulimia nervosa and binge eating disorder.
Craving can be cue-induced (for example, presenting a particular
smell or picture). It has also been proposed that there are some
similarities between OCD and aspects of craving (Modell et al.,
1992). In a laboratory setup, administering a cue reactivity task
using pictorial pictures of either food or the drug is a possible way
to provoke craving. In summary, symptom provocation is a well-
established approach for a number of symptoms and psychiatric
disorders. However, approaches for rapidly reducing symptoms in
an experimental setting are much less studied.

3. Strategies for fast-acting
symptom reduction

As discussed above, pharmacological strategies, although a
cornerstone of therapy in psychiatry, can only be utilized in
exceptional circumstances for the purpose of the approach put
forward here. Behavioral therapeutic strategies are likely to be more
suitable and psychotherapy is an effective approach to symptom
reduction by achieving a behavioral and/or cognitive change.
The underlying explanation for different treatment approaches
is the widely-used emotion regulation theory by Gross (2015).
This theory assumes that emotions are reactions to the world,
so to feel differently or experience a reduction of symptoms,
one has to try to think or pay attention differently or act
differently. However, most established techniques are designed
to achieve a lasting change over weeks or months, not minutes.
Conversely, methods of achieving rapid symptom reduction are
generally only short-lasting and often not helpful (and sometimes

harmful), such as eating to reduce cravings. Below, we discuss
general approaches that may be suitable for the reduction of
the symptoms proposed above, which may occur in different
psychiatric disorders, including relaxation techniques, thought
suppression, guided attentional distraction, focused distraction, as
well as acceptance and the performance of the specific compulsions
in a controlled manner.

3.1. Symptom reduction by trigger
removal in anxiety disorders

Anxiety is a prevalent symptom in a number of psychiatric
disorders as both a primary or secondary symptom. The more
specific the anxiety is, the easier it can be modulated by provocation
and reduction strategies. One example is specific phobia: When a
patient with spider phobia is engaged in a behavioral approach test
(BAT) involving a live spider, increased avoidance and subjective
distress can be monitored. When the spider is out of sight,
subjective distress and avoidance are relatively rapidly reduced.
When the spider is presented again, avoidance and subjective
distress rise. In this scenario, a quick switch between different states
(anxious versus not anxious) can be achieved simply by presenting
and removing the trigger. A more general example of this principle
is the threat of predictable or unpredictable shock (Davis et al.,
2010). Often combined in a single (N)eutral, (P)redictable, and
(U)npredictable threat task (Schmitz and Grillon, 2012). Shock
threat leads to a rapid increase arousal, which can be measured both
physiologically (Hur et al., 2020) and via self-report (Balderston
et al., 2017b). When the threat is predictable, this elevated arousal
is transient (on the order of seconds) and only present when
the cue for the aversive shock is present (Åsli et al., 2009). In
contrast, when the threat is unpredictable, the elevated arousal
can be sustained (on the order of minutes or longer) and persists
during the entire period of elevated threat (Ameli et al., 2001).
Typically, elevated arousal is probed via random presentations of
a loud white noise, which elicits an acoustic startle reflex (Grillon
et al., 1991). This reflex is potentiated during elevated threat
(Balderston et al., 2017a).

In social anxiety, symptoms can be reduced by removing
the patient from the situation that causes anxiety or stopping
the video or other stimulus used for symptom provocation. For
investigating specific phobias, removing the anxiety-provoking
trigger could be a suitable method to switch behavioral states.
Removal of the situation is not a therapeutic approach but a
potential experimental behavioral intervention for switching on
and off the respective brain circuit to enable the computation of
EEG biomarkers. Moreover, it may have ecological validity since
avoidance is a common behavioral response to confrontation with
anxiety-provoking stimuli naturalistically.

3.2. Symptom reduction by relaxation,
suppression, distraction, and acceptance
in intrusive thoughts

Here, we consider methods for the fast-acting reduction of
intrusive thoughts such as experienced in OCD. Clinical experience
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suggests large inter-individual differences regarding the strategies
that are likely to be effective. Therefore, developing a practical
approach that can rapidly reduce the frequency and intensity
of intrusive thoughts in a laboratory setting depends on the
individual and the nature of the intrusive thought being targeted.
Note that these approaches are designed to develop an EEG-
derived biomarker in a laboratory setting. They are not necessarily
all suitable in a subsequent therapeutic setting that consists of
a combination of symptom provocation with biomarker-guided
personalized TMS.

For intrusive thoughts that induce non-specific anxiety,
muscle relaxation and diaphragmatic breathing are symptomatic
approaches that aim to reduce the physiological symptoms
associated with the intrusive thought, which may indirectly reduce
the frequency and intensity of intrusive thoughts experienced. The
researcher or clinician needs to be familiar with these techniques
to effectively guide the patient toward a reduced level of anxiety.
Suppression is a more direct mental control technique that can
rapidly and effectively manage unwanted thoughts, with several
standard thought suppression paradigms available often using
various different distractors. As a therapeutic strategy, thought
suppression, while it could be effective temporarily (Roemer and
Borkovec, 1994), may also exacerbate an existing obsessional
state (Wegner, 1994; Grisham and Williams, 2009), and might
become a mental compulsion. Nevertheless, thought suppression
could be considered a viable approach for symptom modulation
in a laboratory setting with the limitation that this approach
becomes ineffective quickly and that a potential rebound effect
might not coincide with the desired timing of the symptom-
provocation phase.

A further approach that is also widely used therapeutically
is distraction. A patient’s ability to distract themselves from
intrusive thoughts, behaviors and accompanying elevated anxiety
is essential when compulsions cannot be performed. The extent to
which patients can distract themselves varies significantly. Based
on Simon et al. (2014), attentional distraction also appears to
be effective in OCD patients and thereby distinguishes OCD
from other anxiety disorders. It was found that patients with
OCD use self-generated distraction less frequently than controls
(Amir et al., 1997). As this technique was shown to be effective
for reducing clinically relevant intrusive thoughts in the short
term (Najmi et al., 2009) (even though not been tested in
the long term), guided attentional distraction appears to be
a promising candidate approach to switch to a low-symptom
state in OCD patients, using, for example, a distracting bar
orientation task as in Simon et al. (2014). A similar approach
to guided attentional distraction is focused distraction. Instead of
performing a task as mentioned above, attention is focused on a
specific different thought (Wegner et al., 1987) as opposed to the
unfocused distraction strategy employed in thought suppression.
One way to apply focused distraction is to ask patients to
focus on the thought of a specific weekend with friends they
have either enjoyed or hope to enjoy and focus on the details
(Najmi et al., 2009).

A further option to achieve a reduction of intrusive thoughts
is acceptance. Acceptance is based on increasing the individual’s
ability to experience distressing thoughts without attempting
to alter their content or frequency (Hayes et al., 1999), i.e.,
without trying to get rid of the thought or accompanying

emotions. This strategy aims to reduce reactivity to unwanted
thoughts without trying to reduce their frequency (Bach
and Hayes, 2002). The underlying idea is that acceptance
encourages passive observation of the unwanted thought and
discourages the patient from struggling with it. Ultimately,
distress typically reduces after practicing this consistently,
although that is taught to not be the patient’s immediate goal.
However, acceptance in most cases is not a rapid strategy
compared to distraction that can work instantaneously in most
circumstances.

3.3. Symptom reduction by acting on
compulsions in OCD

Finally, patients with OCD usually try to cope with anxiety
and distress caused by intrusive thoughts, impulses or images by
developing repetitive acts or specific rituals. According to the DSM-
5, compulsions are defined as repetitive behaviors or mental acts
(e.g., praying, counting, and repeating words silently) that the
person feels driven to perform. These mental acts and behaviors
aim to prevent or reduce distress or prevent some event or
situation, but they are either excessive or disconnected with what
they are intended to prevent. However, performing the individual
ritual might be an effective way to achieve a rapid, short-term
reduction in symptom severity, which could be quite suitable for
the purpose developed here. This approach may work in a specific
subset of anxieties and compulsions. Contamination anxiety and
associated hand-washing compulsions are suitable examples for the
laboratory setting. Many compulsions will be difficult to perform
in the environment of a TMS and EEG recording, either because
they only occur in a specific environment (checking doors and
locks at home, for example) or because of limitations due to the
nature of the intrusive thought and the associated compulsion,
such as intrusive thoughts of harming or having harmed others and
seeking reassurance.

For most patients, the reassurance may last for some time, and it
is difficult to provoke symptoms repeatedly. However, compulsions
are not always consistently effective at reducing distress and,
in some cases, can cause distress. A further source of reduced
reliability is that patients sometimes must repeat compulsions
because they were ineffective the first time. It is also important
to consider that asking a patient with OCD to act on his or her
compulsions might be effective for the proposed EEG-biomarker
estimation measurement, but this is not a beneficial therapeutic
approach in the long term and can even aggravate the underlying
anxiety (Wittgenstein, 1975; de Haan et al., 2013). An alternative
experimental symptom provocation model to induce and reduce
distress in a relatively controlled manner consists of distress being
triggered, e.g., with photographs relevant to their OCD symptom
subtype(s), followed by removal of the photographs when the
participant pushes a button (Banca et al., 2015). The participant
engages in silent counting as a distraction technique between
symptom provocations to help reduce distress. This technique
mimics the individual symptom-reducing compulsive avoidance
behaviors, but does not cause movement or muscle artifacts in the
EEG recording and may lead to more homogenous group data, than
the use of individual strategies.
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3.4. Symptom reduction by consumption
in craving

Craving is a prominent symptom of addiction (to drugs,
nicotine, or alcohol) or eating disorders. As discussed earlier,
craving can be induced relatively easily using a suitable cue, but
unlike anxiety (see Section “3.1. Symptom reduction by trigger
removal in anxiety disorders” above), cue removal does not by
itself reduce craving. There are similarities between OCD and some
aspects of craving (Modell et al., 1992), as both are associated with
intrusive thoughts that cause significant distress and, in the case
of OCD, cause significant anxiety or cause the patient to act on
certain compulsions in order to control them or in case of addiction
lead to consumption of a substance. Similarly to acting on specific
compulsions of OCD, a direct, rapidly acting and controllable
approach to reduce craving symptoms could be simply allowing
consumption of the substance (or food) craved. Similar limitations
apply as in the previous section, and this is not a therapeutically
beneficial approach and may worsen the underlying addiction.

3.5. Symptom reduction by mindfulness
training

Another approach that has been discussed in the context
of addiction is mindfulness training. Mindfulness involves two
primary elements: focused attention and open monitoring (Lutz
et al., 2008). During focused attention, attention is concentrated on
a sensory object (often the sensation of breathing, but interoceptive
and proprioceptive body sensations or external visual foci can
also be used) while one acknowledges and then disengages from
distracting thoughts and emotions. Focused attention practices
often precede the practice of open monitoring, in which one
observes both the arising of mental contents and the field of
awareness in which those contents arise (Garland and Howard,
2018). These techniques have proven beneficial in several different
clinical trials in reducing cravings and could be a promising
approach to achieve a reduction of cravings in a laboratory setup
where the goal is to switch between different brain states within
minutes. A downside of this approach may be that it requires a
significant amount of prior training and not all study participants
are likely able to perform this strategy effectively (Witkiewitz and
Bowen, 2010; Garland et al., 2017; Spears et al., 2017).

4. Discussion

4.1. Summary

In this paper, we have considered different approaches that may
be applicable to achieve a rapid switching between states of low
and high symptom severity in a laboratory setting to extract EEG
and TMS-EEG signatures of the fluctuating activity of underlying
brain circuits. We have presented anxiety, intrusive thoughts, and
craving as exemplary symptoms that may be suitable and relevant
to different psychiatric disorders. Symptom provocation (switching
“on”) is a well-established procedure in psychiatry, and it can be

relatively easy to increase symptom severity in a short behavioral
intervention. Conversely, rapidly reducing symptoms is generally
much more difficult (switching “off”).

Strategies that are helpful therapeutically may not be suitable
for the experimental paradigm motivating this study. Specifically,
strategies requiring ongoing cognitive or behavioral volitional
activity throughout the “low symptom severity” period would
introduce an additional confounder in brain states. EEG and
TMS-EEG-derived biomarkers might then be sensitive to this
volitional action, as opposed to the brain circuit activity that
underlies the symptom. Similarly, strategies that may be suitable
for the experimental approach, where a rapidly induced short-
lasting change is required, may not be advisable in certain clinical
situations. Specifically, a symptom reduction in OCD may be
achieved by executing specific compulsions (such as hand washing)
or consuming the object of craving (such as eating food in binge
eating behavior, or smoking cigarettes in tobacco use disorder)
in a laboratory setting. Alternatively, removing the triggering
stimuli, possibly aided by the participant having control over
this avoidance-like behavior, may also be effective and perhaps
more controllable.

Whereas the “threat of shock paradigm” presented above is an
example for the effective experimental induction of anxiety, this
paradigm cannot easily be adapted to other symptoms. The use of
script driven imagery on the other hand seems to be a promising
generalizable approach to realize the goal of rapid psychiatric
symptom switching, when combined with intermittent recovery
periods to reverse the provocation. Pitman et al. (1987) played
a relaxation instruction tape prior to starting the experiment,
using the approach of guided attentional distraction. Data from
Lang (1979) demonstrates that imaging of relevant phobic content
prompts a specific increase in the amplitude of physiological
arousal. This suggests that intrusive thoughts caused by pathologic
emotional networks can be instigated in the laboratory through
various means, including imagery, and that the activation of these
networks is reflected not only in subjective reports but also in
specific patterns in the EEG and TMS-EEG response.

The desired experimental paradigm of rapid switching between
two states that differ only in symptom severity, and that can be
achieved during a TMS/EEG measurement in a laboratory setting,
will likely not be feasible for all types of symptoms and in all patient
populations. However, we hope that this approach will yield new
insights in specific cases. A specific proof-of-concept personalized
therapeutic brain intervention based on EEG markers of circuit
activity would be an important milestone in developing future
closed-loop EEG and TMS treatment approaches. We suggest
anxiety, intrusive thoughts and craving as possible candidates for
such an initial proof-of-concept study. Below, we discuss practical
considerations regarding the design of the experimental paradigm
motivating this investigation.

4.2. Design considerations

Although it is exciting to consider how much can be learned
from the symptom provocation possibilities described above, it is
important to consider the implementation of these possibilities
within the context of good experimental design and rigorous
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electrophysiological data collection techniques. Accordingly, the
following section will serve as a practical guide for how to properly
conduct well-controlled EEG and TMS/EEG measurements while
provoking psychiatric symptoms.

First, for the EEG-biomarker extraction, the cognitive-
behavioral state between the two conditions should be similar.
In an ideal scenario, the patient is in an otherwise neutral state
in both conditions that enables the acquisition of TMS and EEG
data without excessive signal artifacts (awake, seated in a chair,
with relaxed scalp muscles, eyes open, fixating a visual target) and
the behavioral intervention is short and limited to a few minutes
between the conditions (see Figure 1). If it is necessary to use
a mental task to achieve a change in symptom severity (such as
visual stimuli, mental imagery or mental verbalization), similar
tasks should be used during both conditions (e.g., observation of
critical faces in one condition and observation of neutral faces in the
other condition; or a less effective version of a focused distraction
task, that is otherwise similar).

Second, symptom severity should be measured repeatedly
during each condition to assess whether the intervention is
effective. Physiological markers (skin conductance, heart rate, blink
reflex, pupillometry) should be considered where available such
that assessment of the effectiveness of an induced state could be
corroborated by objective measurements. In the case of anxiety
and craving, a visual analog scale can also be used. In the case of
discrete symptoms that are either there or not, such as intrusive
thoughts, the study participant can press a button to indicate when
the intrusive thought occurred. This could be complemented with
a visual analog scale for distress, since it is possible for one to have
an intrusive thought without distress, e.g., during the symptom
reduction phase of the experiment.

Third, the task should be practiced, and the measurement
procedures should be demonstrated during a preparatory
experimental session to reduce novelty, salience, and training
effects during the recording. This could potentially also have
another beneficial effect as practicing ahead of time might produce
an experimentally-advantageous expectancy or priming effect,
such that the person anticipates that the provocation will induce
distress and the technique following it would reduce distress.

Regarding the neurophysiological measures, signal quality
should be monitored during the measurement so that excessive
artifacts (e.g., due to scalp muscle activity, eye blinks and eye
movements) can be addressed. Obtaining high-quality concurrent
TMS and EEG recordings is not trivial; recommendations for data
acquisition and analysis have recently been summarized elsewhere
(Hernandez-Pavon et al., 2023), and this is an active area of
research. It is also not obvious to decide the target location
and intensity of the TMS. It may be necessary to investigate
different candidate stimulation parameters in a calibration session
to determine the optimal location to probe the reactivity of the
circuit under investigation at an intensity that achieves an optimal
trade-off between maximizing cortical responses and minimizing
TMS-related EEG artifacts.

4.3. Limitations

An important inherent limitation in the proposed approach is
that only a small subset of symptoms and psychiatric conditions

are likely suitable for the rapid, controlled modulation of symptom
severity (such as a small number of specific phobias, other anxiety
conditions with specific triggers, and OCD). While resulting
TMS/EEG-derived biomarkers could yield relevant insights into
those specific pathologies, it is currently unclear whether the
findings are likely to generalize. This limitation could be
further exacerbated if highly individualized provocation and
reduction strategies are required, increasing the variability between
participants, as the EEG measurement will be affected by the
specific strategy employed to achieve the symptom modulation.

When evaluating strategies that could lead to a short-term
symptom reduction but are not consistent with therapeutic
approaches (such as smoking to reduce craving or execution of
rituals to reduce compulsions), the potential negative short- and
long-term effects on the study participant needs to be evaluated,
and a clear ethical justification of any such strategies is required.

Another limitation concerns the neurophysiological measures:
EEG is much more sensitive to the activity of superficially located
brain regions than deep brain regions (and dipoles oriented
orthogonally to the scalp surface instead of parallel). Even if an
effective strategy to modulate symptom severity can be found,
it may not be possible to derive reliable EEG markers for that
symptom. Similar constraints affect the TMS-EEG data; TMS is
thought to primarily activate neurons in the superficial parts of
the cortical sulcal walls and the gyral crowns. It may be difficult to
achieve the goal of using TMS to probe the circuits underlying the
specific psychopathology under investigation if none of the nodes of
the circuit are accessible to TMS stimulation. In these cases, indirect
circuit stimulation through a connected superficial (accessible) area
can be considered.

Note that the proposed approach depends on the assumption
that changes in the EEG reflect changes in the expression
of symptoms with a congruent timeline. Furthermore, because
increased pathological network activity will likely coincide with
involuntarily simultaneously increased activity in compensatory
networks, it may be difficult to disentangle the respective EEG-
signatures. Finally, even if a suitable EEG-derived biomarker can be
identified, this does not automatically mean that the target circuit
can be effectively modulated with a given TMS protocol.

In conclusion, it is important to match the timescale
of fluctuations in circuit activity with the timescale of the
neurophysiological measures. EEG data needs to be acquired over
several minutes to compute reliable spectral estimates; at least
dozens of TMS-EEG trials are required to extract evoked potentials
and induced oscillations. For symptoms such as anxiety and
craving, a stable high vs. low symptom severity condition may be
achievable for tens of minutes. However, for transient symptoms,
such as intrusive thoughts, symptoms may fluctuate on a much
faster timescale and the underlying short-lasting physiological
changes might not be accessible with the same neurophysiological
measures. Lastly, different synchronization and analysis approaches
may be required to identify discrete EEG events instead of
slow variations.

5. Outlook

We believe that the current lack of reliable biomarkers that
index the fluctuating activity of brain circuit activity with a
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temporal resolution of tens of seconds is a critical barrier in the
development of a next generation of personalized therapeutic brain
stimulation protocols. We hope that the approach put forward in
this work may help determine such EEG-derived biomarkers and
that this will lead to more effective brain intervention therapies for
patients suffering from neuropsychiatric disorders.
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Purpose: To investigate the e�ective connectivity (EC) changes after multisite

repetitive transcranial magnetic stimulation (rTMS) combined with cognitive

training (COG).

Method: We selected 51 patients with mild or moderate Alzheimer’s disease (AD)

and delivered 10Hz rTMS over the left dorsal lateral prefrontal cortex (DLPFC)

and the lateral temporal lobe (LTL) combined with COG or sham stimulation for

4 weeks. The selected AD patients were divided into real (real rTMS+COG, n =

11) or sham (sham rTMS+COG, n = 8) groups to undergo neuropsychological

assessment, resting-state fMRI, and 3D brain structural imaging before (T0),

immediately at the end of treatment (T4), and 4 weeks after treatment (T8). A 2

× 3 factorial design with “time” as the within-subjects factor (three levels: T0, T4,

and T8) and “group” as the between-subjects factor (two levels: real and sham)was

used to investigate the EC changes related to the stimulation targets in the rest of

the brain, as well as the causal interactions among seven resting-state networks

based on Granger causality analysis (GCA).

Results: At the voxel level, the EC changes from the left DLPFC out to the left

inferior parietal lobe and the left superior frontal gyrus, as well as from the left

LTL out to the left orbital frontal cortex, had a significant group × time interaction

e�ect. At the network level, a significant interaction e�ect was identified in the

increase in EC from the limbic network out to the default mode network. The

decrease in EC at the voxel level and the increase in EC at the network level were

both associated with the improved ability to perform activities of daily living and

cognitive function.

Conclusion: Multisite rTMS combined with cognitive training can modulate

e�ective connectivity in patients with AD, resulting in improved ability to perform

activities of daily living and cognitive function.

KEYWORDS

repetitive transcranial magnetic stimulation, cognitive training, Alzheimer’s disease,

resting-state fMRI, e�ective connectivity
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Highlights

- Multisite rTMS combined with cognitive training has been

shown to be potentially effective in patients with early-stage

Alzheimer’s disease.

- The effective connectivity changes associated with this new

non-drug adjuvant intervention were investigated.

- The decrease in effective connectivity at the voxel level and

the increase at the network level were both associated with

improved ability to perform activities of daily living and

cognitive function.

Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative

disorder with recent understanding as a disconnection syndrome.

The functional connectivity of large-scale networks is progressively

disrupted during disease progression (Gomez-Ramirez and Wu,

2014). As pharmacotherapy for AD is currently limited, attention

has been paid to non-drug adjuvant interventions such as repetitive

transcranial magnetic stimulation (rTMS). Using a pulsedmagnetic

field to create a current in the human brain, rTMS can produce a

persistent effect on the cortical synapse function after stimulation

(Huang et al., 2017). The frequency of pulse applications during

rTMS and the stimulation target are two prominent parameters for

evaluating the after-effects of rTMS. Traditionally, a high frequency

induces an excitation effect while a low frequency induces the

opposite (Riedel et al., 2019). High-frequency rTMS delivered at

10Hz significantly improved the cognitive function in AD patients

but low-frequency rTMS delivered at 1Hz did not (Ahmed et al.,

2012). For the stimulation target, single-site rTMS on the left dorsal

lateral prefrontal cortex (DLPFC) was shown to be potentially

effective in patients with AD (Level C of evidence) (Di Lazzaro et al.,

2021).

Recently, multisite rTMS combined with cognitive training,

also called “rTMS-COG therapy,” has been shown to be potentially

effective in AD patients at the early stage (Level B of evidence)

(Di Lazzaro et al., 2021). Using the NeuroAD system, 6-site (left

and right DLPFCs, left and right parietal cortices, Broca’s area, and

Wernicke’s area) rTMS combined with cognitive training improved

apathy and cognitive functions, including memory and language,

in AD (Lee et al., 2016; Suarez Moreno et al., 2022). However, upon

directly comparing a single site (only left DLPFC) andmultisite (the

same as the aforementioned 6-site approach) rTMS procedure, both

approaches performed similarly within a short treatment period

(Alcala-Lozano et al., 2018). The discrepancy is presumably due to

the use of rTMS alone. Another double-site (right middle frontal

gyrus and right inferior parietal lobule) rTMS procedure that did

not combine cognitive training failed to validate the multi-target

focused rTMS hypothesis in young healthy participants (Feng et al.,

2021). A possible explanation would be that coupling multisite

stimulation with cognitive training enhances the treatment effect

(Nguyen et al., 2018). The combination of multi-target stimulation

and cognitive training has shown to be a promising clinical

application prospect. However, the neurobiological effects of

rTMS-COG therapy need to be further expounded.

Resting-state functional magnetic resonance imaging (rs-fMRI)

is an appropriate tool for evaluating the neurobiological effects

of neurostimulation. rTMS has been approved for its ability to

modulate local activity in a remote area that is functionally

connected to cortical stimulation targets (Aceves-Serrano et al.,

2022; Qin et al., 2022). However, the causal interactions between

the stimulation targets and other brain regions have yet to

be explored. To our knowledge, functional connectivity (FC)

is defined as the temporal correlation between two remote

areas that are computationally efficient but undirected; effective

connectivity (EC) further provides direction information about

these associations (Deshpande and Hu, 2012). Granger causality

analysis (GCA) determines whether the activity in brain region X

engages in directed interaction with the activity in region Y, or vice

versa (de Graaf et al., 2009). GCA on rs-fMRI data enabled us to

investigate EC based on multiple linear regression (Deshpande and

Hu, 2012) and determine the positive or negative influences of the

stimulation targets on the rest of the brain after rTMS stimulation.

Besides the commonly known dysfunction of the default mode

network (DMN) (Greicius et al., 2004), AD is also affected by other

large-scale functional brain networks, such as the executive control

network (ECN) and frontoparietal network (FPN) (Liu et al., 2012;

Zhao et al., 2018). The DLPFC, associated with working memory

and attention, is an important node of the ECN and the FPN,

and the lateral temporal lobe (LTL) nearest to the hippocampal

formation (HF) is an important node of the DMN. In this study,

we chose the left DLPFC and left LTL as double-site stimulation

targets, combined with six types of cognitive training tasks (Zhang

et al., 2019; Qin et al., 2022). The study aimed to investigate the EC

changes associated with stimulation targets on the rest of the brain,

as well as the causal interactions among resting-state networks

(RSNs) after multisite rTMS-COG therapy.

Materials and methods

The study was approved by the Ethics Committee of

Tongji Hospital (Wuhan, China; Chinese Clinical Trail Registry

Registration number: ChiCTR-INR-16009227). Written informed

consent was obtained from all participants before enrollment

according to the Declaration of Helsinki.

Participants, study design, and intervention

Patients with AD were recruited in this study based on the

National Institute of Neurological Disorders and Stroke-Alzheimer

Disease and Related Disorders (NINCDS-ADRDA) criteria

(Dubois et al., 2007). None of the participants had any history

of head injury, stroke, depression, or tumor. All the patients had

taken medicine such as acetylcholinesterase inhibitors (Donepezil)

or N-Methyl-D-aspartate receptor antagonists (memantine) for at

least 3 months at a stable dosage. In total, 51 participants with mild

or moderate AD (clinical dementia rating ≤ 2) were recruited and

randomly assigned into a real rTMS with cognitive training (n =

26) group or a sham group (only receiving cognitive training, n

= 25) using a web-based randomization generator (http://www.

jerrydallal.com/random/randomize.htm).

Before treatment, all patients underwent neuropsychological

assessment and MRI scanning (T0). Then, the real rTMS or sham

stimulation was repeated five times from Monday to Friday for
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4 weeks. Another MRI scan and neuropsychological assessment

were performed on Saturday morning at the end of the 4-week

treatment (T4). To evaluate the long-time effect, an MRI scan and

neuropsychological assessment were followed up 4 weeks after the

end of treatment (T8). All neuropsychological measures before and

after the treatment were assessed by a specialist with over 20 years

of experience who was blinded to the allotment.

In the real group, rTMS was conducted in combination with

cognitive training for up to 1 h each day. A butterfly coil (MCF-

B65) with an inner diameter of 35mm was used for the rTMS

treatment, and the treatment was guided by an optical navigation

system (Magventure, Germany). High-frequency rTMS pulses were

delivered separately to the stimulation target first in the left DLPFC

(Talairach coordinates: X = −35, Y = 24, Z = 48) and then in the

left LTL (Talairach coordinates: X=−60, Y=−15, Z=−15). The

following parameters were used: 20 trains (5 s duration at 10Hz

with an inter-train interval of 25 s), 100% resting motor threshold

(RMT), 1,000 pulses, and 10min in total for each target, and there

were no maintenance sessions. The protocol in the sham condition

was the same as that in the real condition, except that the coil was

positioned with the lateral edge of one wing touching the scalp at

90◦(Pascual-Leone et al., 1996). All participants were asked if they

had any symptoms of discomfort after the stimulation.

The cognitive training was completed on an iPad tablet (version

9.1; Apple, USA) with several cognitive tasks selected by an

experienced cognitive therapist. The memory tasks were completed

during rTMS stimulation, while the other tasks, including attention

tasks, mathematical calculations, agility drills, language tasks, and

logic thinking tasks, were practiced after the stimulation ended

(Zhang et al., 2019). Please refer to our previous article for

detailed information.

MRI data acquisition

The MRI data were acquired using a 3T scanner (Discovery

750, GE Healthcare) using a 32-channel head coil. To minimize

head motion and reduce scanner noise, tight but comfortable foam

padding and earplugs were used. During the resting-state fMRI

scan, participants were instructed to close their eyes, not fall asleep,

and not think of anything in particular. Gradient-echo echo-planar

imaging (EPI) sequence was used to acquire fMRI images with

the following parameters: repetition time/echo time (TR/TE) =

2000/30ms, flip angle = 90◦, matrix = 64 × 64, field of view =

240, slice thickness = 4mm, interleaved acquisition, 29 axial slices

in total, and 240 timepoints. A sagittal T1-weighted structure image

was also acquired using a 3D brain-volume (3D-BRAVO) sequence

with the following parameters: TR/TE = 8.2/3.2ms, TI = 450ms,

slice gap = 1mm, matrix = 256 × 256, flip angle = 8◦, and voxel

size= 1× 1 mm.

MR data preprocessing

The resting-state fMRI data were preprocessed using SPM8

(http://www.fil.ion.ucl.ac.uk/spm/). The first 10 timepoints of the

rs-fMRI data were discarded, leaving the remaining 230 timepoints

for slice timing and motion correction (threshold: translational

or rotational motion parameters lower than 2mm or 2◦). The

normalization included the following steps: (1) structural images

were linearly coregistered to the mean functional image; (2) the

transformed structural images were segmented, and then the gray

matter was non-linearly coregistered to the Montreal Neurological

Institute (MNI) space; and (3) the motion-corrected functional

volumes were normalized to the MNI space using the parameters

estimated during the non-linear coregistration. The functional

images were resampled into a voxel size of 3 × 3 × 3 mm3 and

then smoothed using a Gaussian kernel of 8 × 8 × 8 mm3 full

width at half-maximum (FWHM). Finally, functional images were

band-pass-filtered with a frequency from 0.01 to 0.1Hz, and several

nuisance covariates (24 head motion parameters, averaged signal

from white matter, cerebrospinal fluid, and global signal) were

regressed out by performing multiple linear regression analysis.

A 6mm radius sphere centered on stimulation targets, that

is, the left DLPFC and the left LTL, was used as the seed

region. The coordinates were the same as those used for the

rTMS treatment. Bivariate first-order coefficient-based voxel-

wise GCA was performed to explore the influence of the

stimulation target on the rest of the brain using the REST

toolbox (http://www.restfmri.net).

Resting-state fMRI networks were identified by using the

Group ICA program of the fMRI toolbox (http://www.nitrc.

org/projects/cogicat/). Seven classic networks, including a visual

network, a sensorimotor network, a dorsal attention network, a

salience/ventral attention network, a limbic network, a control

network, and a default mode network (DMN), were used as

the networks of interest, which were obtained by a clustering

approach across the cerebral cortex using resting-state functional

connectivity MRI from 1,000 healthy subjects (Yeo et al., 2011).

The generated network components were exported to calculate the

inter-network effective connectivity.

Statistics

The normal distribution of the data was determined by

performing the Kolmogorov–Smirnov test. The χ
2 test or Fisher’s

exact test was performed to compare the categorical variables. An

independent t-test or the Mann–Whitney test was performed for

the quantitative parameters. EC changes at the voxel and network

level were analyzed using a flexible factorial design installed in

SPM12. We considered a 2 × 3 factorial design with “time” as the

within-subjects factor (three levels: T0, T4, and T8) and “group”

as the between-subjects factor (two levels: real rTMS + COG

and sham rTMS + COG). If the group × time interaction was

significant, post-hoc analysis was performed to explore the simple

effects of time and group with the least significant difference

(LSD) correction. All behavioral measures were analyzed using the

IBM Statistical Package for the Social Sciences (SPSS) version 25,

and graphs were made in GraphPad Prism 8. The relationship

between EC changes and behavioral changes before and after

the intervention was explored by performing a partial correlation

analysis. Sex, age, education level, CDR, and disease duration were

set as covariates in all tests.

Frontiers inNeural Circuits 03 frontiersin.org99

https://doi.org/10.3389/fncir.2023.1202671
http://www.fil.ion.ucl.ac.uk/spm/
http://www.restfmri.net
http://www.nitrc.org/projects/cogicat/
http://www.nitrc.org/projects/cogicat/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org


Qin et al. 10.3389/fncir.2023.1202671

FIGURE 1

Experiment design: the evaluation of neuropsychological test scores and resting-state functional MRI before and after rTMS application, as well as

the rTMS parameters and targets. rTMS, repetitive transcranial magnetic stimulation; COG, cognitive training; DLPFC, dorsal lateral prefrontal cortex,

and LTL, lateral temporal lobe; L, left.

Results

All the 51 patients enrolled received pre- and post-

neuropsychological tests, with 26 allocated to the real rTMS

+ COG group and 25 to the sham rTMS + COG group, in which

only 22 of them underwent pre-treatment MRI scan because the

family members of the others refused. At the end of 4 weeks’

treatment (T4), three patients in real group missed the MRI scan,

with 11 patients in real group and 8 patients in sham group. At

timepoint T8, one patient in real group refused to be scanned

again. Two patients in sham group missed the scan time because

of damage to the MRI instrument on the day of the scheduled.

Figure 1 shows the flow diagram of this study and the detailed

rTMS parameters.

Before treatment, there were no significant differences in sex,

age, education level, course of the disease, and clinical dementia

rating (CDR) between the real and sham groups (p > 0.05).

Table 1 shows the detailed demographic characteristics. As for the

alteration of neuropsychological scores, theMMSE score increment

at T4 in the real group significantly differed from that of the

sham group (p = 0.04). The activities of daily living (ADL) score

decrease in the real group significantly differed from that in the

sham group at T4 (p= 0.01) and T8 (p= 0.02). As for the Montreal

Cognitive Assessment (MoCA), Alzheimer’s Disease Assessment

Scale-Cognitive Subscale (ADAS-cog), and the auditory verbal

learning test (AVLT) changes, there were no significant differences

between the real and sham groups at either T4 or T8 (p > 0.05).

EC changes at the voxel level

In general, the left DLPFC seed from the GCA analysis showed

significant causal outflow to five clusters (p< 0.05, FWE corrected),

that is, the left inferior parietal lobe (IPL), the left superior frontal

gyrus (SFG), the left postcentral gyrus (PoCG), the left thalamus,

and the right parahippocampus (Figure 2A). However, the reverse

influence after rTMS-COG treatment was not significant (p> 0.05).

Specifically, a significant group × time interaction effect (F

= 14.057, p = 0.000) was observed for EC changes from the left

TABLE 1 Demographic characteristics of the real and sham groups.

real
rTMS +
COG

sham
rTMS +
COG

t/Z/χ2
P

Sex (male/female, n) 2/9 3/5 0.26 0.61

Age (yrs.) 67.36±

6.98

66.25± 8.07 0.32 0.75

Education (yrs.) 12.27±

1.79

11.50± 2.83 0.73 0.48

Course of disease (yrs.) 3.64± 1.96 3.63± 1.51 0.01 0.99

CDR (0.5/1/2) 3/4/4 0/5/3 2.85 0.24

MMSE T4-T0 3.00± 1.55 1.38± 1.51 −2.06 0.04

T8-T0 2.40± 1.58 1.50± 3.02 −1.16 0.25

MoCA T4-T0 2.64± 2.58 2.13± 2.36 −0.17 0.87

T8-T0 2.40± 2.27 2.00± 3.85 −0.55 0.59

ADAS-cog T4-T0 −3.79±

3.50

−0.96± 2.59 −1.78 0.08

T8-T0 −4.13±

2.26

−1.80± 4.14 −1.12 0.26

AVLT T4-T0 4.13± 3.80 1.45± 4.63 −0.71 0.48

T8-T0 8.75±

11.30

−2.86± 8.57 −1.70 0.09

ADL T4-T0 −2.73±

1.62

−0.88± 0.83 −2.59 0.01

T8-T0 −2.89±

2.20

1.00± 2.76 −2.26 0.02

rTMS, repetitive transcranial magnetic stimulation; COG, cognitive training; CDR, Clinical

Dementia Rating; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive

Assessment; ADAS-cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; AVLT,

auditory verbal learning test–HuaShan version; ADL, activities of daily living.

DLPFC to the left IPL. Post-hoc analysis indicated that, compared

with the baseline, high-frequency rTMS + COG produced a

significant reduction in EC at timepoints T4 (p = 0.010) and T8 (p

= 0.001), while sham rTMS+COG produced a significant increase

in EC at timepoint T8 (p = 0.024) (Figure 2B, line chart). The EC

changes differed significantly between the real and sham groups at

T8 (p= 0.001) but not at T4 (p= 0.115) (Figure 2B, bar chart).
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In terms of EC changes from the left DLPFC to the left SFG,

a significant time × group effect was also identified (F = 10.766,

p = 0.001). Compared with the baseline, high-frequency rTMS +

COG produced a significant reduction in EC at timepoints T4 (p=

0.000) and T8 (p = 0.000) (Figure 2C, line chart). The EC changes

differed significantly between the real and sham groups at both T4

(p= 0.003) and T8 (p= 0.002) (Figure 2C, bar chart).

For EC changes from the left DLPFC to the left PoCG, only

the time main effect was significant (F = 4.053, p = 0.035).

High-frequency rTMS + COG produced a significant reduction

in EC at timepoint T8 (p = 0.013) but not at timepoint T4 (p =

0.164) (Figure 2D, line chart). The EC changes differed significantly

between the real and sham groups at T8 (p = 0. 013) but not at T4

(p= 0.285) (Figure 2D, bar chart).

The EC changes from the left DLPFC to the left thalamus also

showed a significant time main effect (F = 3.579, p = 0.049).

The real rTMS + COG produced a significant reduction in EC

at timepoints T4 (p = 0.001) and T8 (p = 0.024) (Figure 2E, line

chart). The EC changes differed significantly between the real and

sham groups at both T4 (p= 0.046) and T8 (p= 0.025) (Figure 2E,

bar chart).

The EC changes from the left DLPFC to the right

parahippocampus also showed a time main effect (F = 5.704,

p = 0.012). Compared with the baseline, the high-frequency rTMS

+ COG produced a significant reduction in EC at timepoints T4 (p

= 0.017) and T8 (p = 0.047), while the results of the sham group

were not significant at either T4 or T8 (Figure 2F, line chart). The

EC changes between the real and sham groups also showed no

difference at either T4 (p = 0.247) or T8 (p = 0.140) (Figure 2F,

bar chart).

The left LTL seed from the GCA analysis revealed two clusters

with significant causal outflow (p < 0.05, FWE corrected), that is,

the left orbital frontal cortex (OFC) and the right superior temporal

gyrus (STG) (Figure 3A), with no significant reverse influence (p

> 0.05). The EC changes from the left LTL out to the left OFC

showed significant time× group interaction (F= 4.198, p= 0.032).

Compared with the baseline, the high-frequency rTMS + COG

produced a significant reduction in EC at timepoints T4 (p =

0.030) and T8 (p = 0.037). The sham group showed no significant

difference at T4 (p = 0.072), but it produced a significant increase

in EC at T8 (p = 0.024) (Figure 3B, line chart). The EC changes

between the real and sham groups differed significantly at T8 (p =

0.008) but not at T4 (p= 0.491) (Figure 3B, bar chart).

In terms of the EC changes from the left LTL to the right STG,

the time main effect was significant (F= 7.442, p= 0.016). The real

rTMS + COG produced a significant reduction in EC at timepoint

T4 (p = 0.004), but it showed no significant changes at T8 (p =

0.232). The sham group showed no significant changes at either

T4 (p = 0.155) or T8 (p = 0.159) (Figure 3C, line chart). The EC

changes between the real and sham groups showed no significant

difference at either T4 (p= 0.138) or T8 (p= 0.121) (Figure 3C, line

chart). Table 2 summarizes the voxel-level results of EC changes for

directional influence to and from the left DLPFC and left LTL seeds.

EC changes at the network level

For pairwise EC changes of the seven networks, a significant

time × group interaction was only observed from the limbic

network out to the default mode network (DMN) (F = 7.070, p =

0.005, Figure 4A). Compared with the baseline, the high-frequency

rTMS+ COG induced no significant EC changes at T4 (p= 0.231),

but it produced a significant increase at T8 (p = 0.034). The sham

group showed no significant EC changes at T4 (p = 0.381), but it

showed a significant decrease at T8 (p = 0.014) (Figure 4B). The

EC changes between the real and sham groups showed significant

differences at T8 (p= 0.005) but not at T4 (p= 0.255) (Figure 4C).

Partial correlation analysis

For voxel-level EC changes, partial correlation analysis showed

that the EC changes from the left DLPFC out to the left IPL,

left SFG, left PoCG, left thalamus, and right parahippocampus

were all positively correlated with ADL changes at T4 or T8 (P

< 0.05), indicating that the reduction in EC induced by the real

rTMS intervention improved the ability to perform activities of

daily living. In particular, the decrease in EC from the left DLPFC

out to the right parahippocampus was associated with a decrease

in ADAS-cog score 4 weeks after the end of the treatment (T8),

indicating that the reduction in EC from the left DLPFC out to

the right parahippocampus was associated with improved cognitive

function in patients withmild tomoderate AD in the long term. For

the network-level EC changes, the increase in EC from the limbic

network out to the DMN at T8 was correlated with an increase in

MoCA score after rTMS-COG treatment. Table 3 shows the partial

correlation analysis results.

Discussion

Using the left DLPFC and the left LTL as the stimulation

targets, we explored the EC alterations after multisite rTMS-COG

therapy and obtained three main results: first, at the voxel level,

EC changes from the left DLPFC out to the left IPL and left SFG,

as well as from the left LTL out to the left OFC had a significant

group × time interaction effect. Second, at the network level, a

significant interaction was identified on the EC increment from

the limbic network out to the DMN. Third, the decrease in EC at

the voxel level and the increase in EC at the network level were

associated with improved ability to perform activities of daily living

and cognition.

rTMS-COG therapy-induced e�ective
connectivity decrease from stimulation
targets out to several brain regions at the
voxel level

In our study, rTMS-COG therapy induced a decrease in EC

from the left DLPFC out to the left IPL and from the left

LTL out to the left OFC, while cognitive training alone (sham

condition) induced a significant increase in EC in the long term

(T8). rTMS stimulation on the left DLPFC has been observed

to have definite benefits for patients with mild AD (Di Lazzaro

et al., 2021). As an important node of the ECN and the FPN

(Vincent et al., 2008), the left DLPFC has been mostly used and has
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FIGURE 2

Results of EC changes from the left DLPFC out to the rest of whole brain at voxel level. (A) The pattern diagram showing the stimulation site (left

DLPFC) and the five brain regions with significant EC changes. (B–F) Line and bar charts showing the post-hoc analysis results from left DLPFC out to

left IPL (B), left SFG (C), left PoCG (D), left thalamus (E), and right parahippocampus (F). *Indicates p < 0.05, FWE corrected. L, left; R, right; DLPFC,

dorsal lateral prefrontal cortex; IPL, inferior parietal lobe; SFG, superior frontal gyrus; PoCG, postcentral gyrus; paraHippo, parahippocampus, EC,

e�ective connectivity.

FIGURE 3

Results of EC changes from the left LTL out to the rest of whole brain at voxel level. (A) The pattern diagram showing the stimulation site (left LTL)

and the two brain regions with significant EC changes. (B, C) Line and bar charts showing the post-hoc analysis results from left LTL out to left IOFC

(B) and right STG (C). *Indicates p < 0.05, FWE corrected. L, left; R, right; LTL, lateral temporal lobe; OFC, orbital frontal cortex; STG, superior

temporal gyrus; EC, e�ective connectivity.

been proven to be a beneficial stimulation target for AD (Cotelli

et al., 2008, 2011; Ahmed et al., 2012). The IPL related to bottom-

up attention and episodic memory is an important node of the

ECN (Xiao et al., 2022). Information flow from the IPL to the

anterior DMN subsystem has been reported, along with extensive

connections between the parietal cortex and the frontal cortex (the

parieto-frontal circuit) (Buckner et al., 2009; Luo et al., 2019). Our

study found a significant decrease in EC from the left DLPFC to

the ipsilateral IPL, associated with improved ADL score both in the

short and long term (T4 and T8). This is also in line with previous

observations that the TMS of the left DLPFC could selectively

modulate functional connectivity both within and between the
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TABLE 2 2 × 3 flexible factorial design results of e�ective connectivity changes.

Cluster size Peak MNI coordinate Peak intensity

DLPFC→ L-IPL (group× time) 10 −60 −30 21 22.4392

DLPFC→ L-SFG (group× time) 12 −24 18 57 25.8903

DLPFC→ L-PoCG (time main effect) 5 −21 −48 6 21.094

DLPFC→ L-Thalamus (time main effect) 6 −9 −30 0 27.6886

DLPFC→ R-parahippocampus (time main effect) 14 24 −6 −36 30.9024

LTL→ L-OFC (group× time) 40 −27 60 −12 33.3441

LTL→ R-STG (time main effect) 38 48 12 −21 58.5413

L, left; R, right; DLPFC, dorsal lateral prefrontal cortex; IPL, inferior parietal lobe; SFG, superior frontal gyrus; PoCG, postcentral gyrus; LTL, lateral temporal lobe; OFC, orbital frontal cortex;

STG, superior temporal gyrus.

FIGURE 4

Results of inter-network EC changes among seven classic resting-state networks. (A) The pattern diagram showing significant pairwise EC changes

from limbic network out to DMN. (B, C) Line and bar charts showing the post-hoc analysis results. *Indicates p < 0.05, FWE corrected. L, left; R, right;

DMN, default mode network.

ECN and DMN in patients with depression (Liston et al., 2014).

rTMS over DLPFC modulated the coupling between the ECN and

the DMN in healthy people and in heroin-dependent individuals

(van der Werf, 2010; Chen et al., 2013; Jin et al., 2022). Stimulation

of the left LTL with transcranial direct current stimulation (tDCS)

improved recognition memory in AD patients (Ferrucci et al.,

2008). Similarly, in our study, a decrease in EC from the left LTL

out to the ipsilateral OFC improved episodic memory in the short

term (T4) and the ability to perform activities of daily living in the

long term (T8).

For EC changes from the left DLPFC out to the left SFG,

rTMS-COG therapy induced a significant decrease in EC in

both the short and long terms, with no significant changes for

cognitive training (sham condition). Causal interactions between

the frontoparietal central executive and the DMN were well

identified in a TMS/fMRI study (Chen et al., 2013). Since

the FPN covers several frontoparietal areas, including the SFG

(Vincent et al., 2008), our study showed that rTMS targeted

on the left DLPFC also induces information flow within the

FPN, resulting in benefits for ADL in both the short and

long terms.

rTMS-COG therapy-induced EC increase at
the network level

rTMS is effective for increasing and decreasing (low-frequency:

decrease, high-frequency: increase) functional coherence within the

prefrontal-limbic network (Riedel et al., 2019). rTMS reportedly

induces hypoconnectivity within the DMN in patients with

amnestic mild cognitive impairment (aMCI)(Cui et al., 2019).

However, the inter-network causal effect after multisite rTMS-

COG treatment has yet to be expounded. In our study, compared

with the cognitive training group (the sham condition), high-

frequency rTMS-COG treatment induced a significant increase

in EC from the limbic network out to the DMN at the 4-week

follow-up after treatment (T8), indicating that multisite TMS-COG

therapy had a long-term effect at the network level. Furthermore,
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TABLE 3 Partial correlation analysis of e�ective connectivity changes and neuropsychological score changes.

EC changes Neuropsychological score changes PCC p

DLPFC→ L-IPL ADL T4-T0 0.725 0.027

ADL T8-T0 0.916 0.004

DLPFC→ L-SFG ADL T4-T0 0.687 0.041

ADL T8-T0 0.939 0.002

DLPFC→ L-PoCG ADL T8-T0 0.940 0.002

DLPFC→ L-Thalamus ADL T4-T0 0.858 0.003

ADL T8-T0 0.971 0.000

DLPFC→ R-parahippocampus ADAS-cog T8-T0 0.822 0.023

ADL T8-T0 0.762 0.047

LTL→ L-OFC AVLT T4-T0 −0.712 0.032

ADL T8-T0 0.817 0.025

LTL→ R-STG ADL T8-T0 0.871 0.011

Limbic network→ DMN MOCA T8-T0 0.770 0.043

EC, effective connectivity; PCC, partial correlation coefficient; L, left; R, right; DLPFC, dorsal lateral prefrontal cortex; IPL, inferior parietal lobe; SFG, superior frontal gyrus; PoCG, postcentral

gyrus; LTL, lateral temporal lobe; OFC, orbital frontal cortex; STG, superior temporal gyrus; ADL, activities of daily living; ADAS-cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale;

AVLT, auditory verbal learning test–HuaShan version; MoCA, Montreal Cognitive Assessment.

the inter-network increase in EC was associated with cognition

improvement (MoCA score increase).

It is particularly noteworthy that, although the cognitive

training tasks were the same in the real rTMS and sham groups

in our study, we could not ascribe the improvement in clinical

outcomes in the real group to rTMS itself. It has been reported that

TMS may have a synergistic effect with cognitive training (Rabey

et al., 2013). Interlaced with cognitive training, rTMS has additional

beneficial effects (Bentwich et al., 2011). Our results may aid the

understanding of the neurobiological effects of rTMS-COG therapy

on a macro-scale.

Limitations

Our study has several limitations. First, due to the

longitudinal design, the sample size and statistical efficiency

were limited. Therefore, we cannot rule out the possibility that

some of the changes we observed after rTMS-COG were not

causally related to the treatment. Second, AD patients were

recruited based on the NINCDS-ADRDA criteria instead of the

amyloid/tau/neurodegenaration (ATN) diagnostic framework.

These criteria were chosen because the cerebral spinal fluid (CSF)

biomarker and molecular neuroimaging with positron emission

tomography (PET) are usually unavailable in clinical practice

due to their “invasive” characteristics. The heterogeneity across

participants may have influenced the results, so our findings could

be considered exploratory. When interpreting the findings of the

present study, a great deal of caution is needed. A multi-center

cohort study is needed to validate our pilot study.

Conclusions

In summary, at the voxel level, multisite rTMS-COG therapy

changed the EC from the stimulation targets out to several brain

regions, covering important networks, especially the DMN, ECN,

and FPC. At the network level, rTMS-COG increased the EC

from the DMN out to the limbic network. All the alterations were

accompanied by better outcomes related to the ability to perform

activities of daily living and cognition function in the short or

long terms or both. This study provides a novel explanation for

the neurobiological mechanisms of multisite rTMS-COG therapy

in AD patients and further sheds light on the direction of targeted

brain network modulation in the future.
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Background: Electric field (E-field) modeling is a valuable method of elucidating

the cortical target engagement from transcranial magnetic stimulation (TMS) and

transcranial electrical stimulation (tES), but it is typically dependent on individual

MRI scans. In this study, we systematically tested whether E-field models in

template MNI-152 and Ernie scans can reliably approximate group-level E-fields

induced in N = 195 individuals across 5 diagnoses (healthy, alcohol use disorder,

tobacco use disorder, anxiety, depression).

Methods: We computed 788 E-field models using the CHARM–SimNIBS 4.0.0

pipeline with 4 E-field models per participant (motor and prefrontal targets for

TMS and tES). We additionally calculated permutation analyses to determine the

point of stability of E-fields to assess whether the 152 brains represented in the

MNI-152 template is sufficient.

Results: Group-level E-fields did not significantly differ between the individual

vs. MNI-152 template and Ernie scans for any stimulation modality or location

(p > 0.05). However, TMS-induced E-field magnitudes significantly varied by

diagnosis; individuals with generalized anxiety had significantly higher prefrontal

and motor E-field magnitudes than healthy controls and those with alcohol use

disorder and depression (p < 0.001). The point of stability for group-level E-field

magnitudes ranged from 42 (motor tES) to 52 participants (prefrontal TMS).

Conclusion: MNI-152 and Ernie models reliably estimate group-average TMS

and tES-induced E-fields transdiagnostically. The MNI-152 template includes

sufficient scans to control for interindividual anatomical differences (i.e., above

the point of stability). Taken together, using the MNI-152 and Ernie brains to

approximate group-level E-fields is a valid and reliable approach.

KEYWORDS

TMS, tES, tDCS, non-invasive brain stimulation, electric field (E-field) modeling, finite
element method (FEM), MNI-152, template MRI scan
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Introduction

Transcranial magnetic stimulation (TMS) and transcranial
electrical stimulation (tES) are two methods of non-invasively
stimulating the human brain (Barker et al., 1985; Nitsche and
Paulus, 2000; Dayan et al., 2013). Using electromagnetic (i.e.,
TMS) or direct electrical energy (i.e., tES), non-invasive brain
stimulation can excite or inhibit the different brain regions via
long-term potentiation (LTP) or long-term depression (LTD)-like
effects (Chervyakov et al., 2015; Kronberg et al., 2017). Researchers
have utilized TMS and tES to stimulate various neural circuits
to understand how exciting or inhibiting different brain regions
within networks causally affects brain activity (Sack, 2006; Hobot
et al., 2021; Grover et al., 2022). In addition, both TMS and tES
have been used clinically for treating multiple neurological and
psychiatric diagnoses. Most notably, TMS is US FDA-approved
to treat depression (O’Reardon et al., 2007; George et al., 2010),
depression with anxiety, obsessive compulsive disorder (OCD)
(Carmi et al., 2019), migraine headaches, and tobacco use disorder
(Zangen et al., 2021). However, while TMS is FDA-approved to treat
these four diagnoses, it is not consistently effective for every patient.
For instance, once daily TMS for depression has response rates in
a naturalistic setting of approximately 50–70% (Carpenter et al.,
2012, 2021). While impressive, there is still room for improvement.
In addition, tES studies have reported varying results (Horvath
et al., 2015), with multiple well-designed clinical trials reporting
mixed findings in the treatment of depression (Brunoni et al.,
2017; Loo et al., 2018) and in other domains such as working
memory (Brunoni and Vanderhasselt, 2014; Papazova et al., 2018;
Westwood and Romani, 2018). Thus, there is an ongoing need
to further understand and develop more effective TMS and tES
treatments for multiple diagnoses. A key consideration to improve
TMS and tES efficacy is determining whether a therapeutic level
of stimulation engages the cortical target and neural circuit of
interest (Zmeykina et al., 2020; Turi et al., 2021). A tool that
can elucidate the amount of target and circuit engagement, and
potentially improve clinical responses via personalized dosing, is
electric field (E-field) modeling.

E-field modeling is a method of accurately estimating how
much non-invasive brain stimulation applied at the scalp reaches
the cortical level using magnetic resonance imaging (MRI) scans,
tissue segmentations/meshing, and tissue conductivity values
(Huang et al., 2017; Saturnino et al., 2019). As the magnitude of
the E-field affects brain activity in a specific region or network,
variability in the induced E-field can subsequently impact clinical
response (Suen et al., 2020; Caulfield et al., 2022b; Zhang et al.,
2022; Deng et al., 2023). Seminal studies in clinical TMS described
how older individuals with larger scalp-to-cortex distances did
not respond to treatments suggesting that the induced E-field
magnitude is key to maximizing therapeutic response (Kozel
et al., 2000; Nahas et al., 2004). Regarding tES, researchers have
reported varying effects at differing scalp stimulation intensities
in 0.5 mA increments (Moliadze et al., 2012; Batsikadze et al.,
2013), highlighting the need for dose standardization and more
advanced understanding of tES-induced E-fields at the cortical
level. E-field modeling can elucidate dose-response relationships
between E-field magnitude and therapeutic response and has
broad applications including prospective dosing to ensure patients

receive similar E-field intensities at specific brain regions (Caulfield
et al., 2020, 2021; Saturnino et al., 2021; Dannhauer et al.,
2022). However, most clinical brain stimulation providers do not
implement E-field modeling for a variety of reasons, including
the difficulty of obtaining structural MRI scans, lack of E-field
modeling expertise, and need for advanced equipment such as
neuronavigation (Caulfield et al., 2022a).

A possible proxy for using individual MRI scans that has not
yet been systematically investigated is whether using a template
MRI scan would be a suitable method of approximating group-
average E-field values. While a group-level E-field model is
incapable of explaining interindividual variability, it is highly
informative in the search for what E-field intensities are clinically
meaningful, in which populations and setting. As many researchers
also retrospectively report the induced E-fields in template or
standard brains included in E-field modeling packages (e.g.,
Konakanchi et al., 2020; Cobb et al., 2021), we sought to assess
the accuracy of utilizing template brains to estimate group-level
E-field averages. Moreover, utilizing template MRI scans could be
useful for exploring general, non-patient specific properties of non-
invasive brain stimulation such as the effects of novel tES electrode
placements, coil architecture or angle, or estimating group-level
effects such as in grant applications or to demonstrate the feasibility
of tES or TMS in particular populations.

In this study, our goal was to assess whether using the MNI-152
brain or Ernie brain included in E-field modeling software packages
would produce similar E-field values to N = 195 TMS participants
with T1w MRI scans. If template scan and group-average E-field
values were similar, researchers and clinical providers without
access to individual MRI scans could still inform and approximate
E-field modeling derived values with greater certainty than would
be afforded in the absence of computational approaches.

Materials and methods

Participants

In total, we included the MRI scans of 195 participants in
this E-field modeling study from an initial dataset of N = 197;
two participants were deemed to have poor segmentation integrity
and were excluded from further analysis. Each participant was
treated with TMS in six Medical University of South Carolina IRB-
approved protocols and provided written informed consent. The
195 participants were comprised of 106 men and 89 women, with
an average age = 39.3 ± 14.0 years old and age range = 20–69 years
old. Participants had the following five diagnoses: healthy controls
(N = 31), alcohol use disorder (N = 87), tobacco use disorder
(N = 31), generalized anxiety (N = 25), and depression (N = 21).

In addition, we utilized the MRI scans of the MNI-152 template
brain (Fonov et al., 2011) and Ernie, an MRI scan and head model
included in the SimNIBS software package that is commonly used
to approximate E-fields. The MNI-152 template is an averaged
structural MRI template based on 152 people, including 86 male/66
female brains with an average age = 25.02 ± 4.90 and age
range = 18–44 years old. While the demographical information of
the Ernie dataset has not been previously published due to PHI
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considerations, this head model has been used in several E-field
modeling studies (e.g., Kalloch et al., 2020; Gomez et al., 2021).

Motor threshold acquisition procedure

Using a MagVenture MagPro R30 or X100 machine and Cool-
B65 TMS coil, TMS operators acquired resting motor threshold
(rMT) values for each of the 195 participants using a visual
approach. We defined the motor threshold as 5/10 visible anterior
pollicis brevis (APB) muscle twitches. The rMT values were an
average of 50.46 ± 8.91% (range = 31–78%) of maximal machine
output. Therefore, the average 120% rMT stimulation intensity
was 60.55 ± 10.70% of maximal machine output. Both TMS
machines have a maximal dI/dt stimulator-coil output of 150e6
A/s, ensuring that each participant was stimulated with the same
intensity across machines.

As rMTs were not acquired for the MNI-152 and Ernie brains,
we simulated TMS using 120% of the group average rMT from the
N = 195 experimentally determined values to the closest percentage
point. This equated to 61% of machine output on the MagVenture
MagPro systems with Cool-B65 TMS coil.

MRI scan parameters

Individual MRI scans were acquired at MUSC on a
Siemens PRISMA 3T scanner and 32-channel head coil. Each
participant underwent an MPRAGE structural T1w MRI scan
with 0.9 mm × 0.9 mm × 0.9 mm isotropic voxels, image size:
256 × 256 × 256 voxels, TR: 2,300 ms, TE: 2.32 ms, TI: 900 ms,
acceleration factor PE: 2, 192 slices, fat suppression off. The MNI-
152 template brain is an open access composite brain comprised of
152 individuals with 1 mm × 1 mm × 1 mm voxels and image size:
182 × 238 × 282 voxels (Fonov et al., 2011). The Ernie T1w scan
was acquired with 1 mm × 1 mm × 1 mm voxels with image size
182 × 238 × 282 voxels.

E-field modeling overview

We utilized SimNIBS 4.0.0 (Saturnino et al., 2019) and the
CHARM segmentation and meshing pipeline (Puonti et al., 2020)
for E-field modeling based on individual MRI scans acquired in
each participant and the MNI-152 and Ernie scans (Figure 1).
In total, we created N = 195 individual head models and one
head model each for the MNI-152 brain and the Ernie brain.
CHARM segments and meshes MRI scans into anatomically
accurate tetrahedral head models comprised of 9 tissue layers: scalp,
compact bone, spongy bone, cerebrospinal fluid (CSF), gray matter,
white matter, eyeballs, blood vessels, and muscle. We assigned
standard tissue conductivity values (Wagner et al., 2004; Opitz et al.,
2015; Saturnino et al., 2015) to each tissue type (Scalp: 0.465 S/m,
compact bone: 0.008 S/m, spongy bone: 0.025 S/m, CSF: 1.654 S/m,
gray matter: 0.275 S/m, white matter: 0.126 S/m, eyeballs: 0.5 S/m,
blood vessels: 0.6 S/m, and muscle: 0.16 S/m). As each tissue
is assigned a different conductivity value, E-field modeling can
accurately estimate the magnitude of stimulation that reaches the

cortex in both TMS and tES. We visually inspected each head model
to ensure the accuracy of segmentation and meshing. Due to this
process, the head models for two individuals from an initial 197
scans were excluded due to noticeable intersections between tissue
layers.

TMS E-field modeling

Using the 10-10_UI_Jurak_2007 EEG coordinate file output
in SimNIBS (Jurcak et al., 2007), we centered the simulated
MagVenture_Cool-B65 coil model over C3 (motor) and F3
(prefrontal) (Beam et al., 2009) stimulation targets in two E-field
models (Figures 1, 2). For stimulation intensity, we calculated the
dI/dt value in A/s, with a maximum stimulator-coil output of 150e6
A/s. Using the motor threshold values, we calculated the 120%
motor threshold stimulator output and multiplied this value by the
maximum stimulator output (e.g., 50% stimulator output = 75e6
A/s). Custom MATLAB scripts ensured that the coil angle was
oriented exactly 45◦ relative to the sagittal plane in each model.

tES E-field modeling

For tES simulations, we bilaterally centered electrodes over the
motor (C3 and C4) or prefrontal (F3 and F4) cortices using the
same 10-10_UI_Jurak_2007 EEG coordinate file (Figures 1, 2). We
used conventional 7 cm × 5 cm pad electrodes with the longer
electrode axis oriented left/right on each participant’s scalp. tES was
simulated using 2 mA electrical current with the anodal electrode
placed over the left hemisphere (C3 and F3) and the cathodal
electrode placed over the right hemisphere (C4 and F4). While
there are other commonly used electrode placements such as C3-
supraorbital (SO) and F3-SO, we chose bilateral placements as they
are commonly used and previous reports have found no significant
differences in large-scale modeling between bilateral C3-C4 and
C3-SO placements with 7 cm × 5 cm pad electrodes (Caulfield and
George, 2022).

E-field magnitude outcome measure

To examine the E-field at the cortical target, we utilized two
region of interest (ROI) analyses for both the TMS and tES
models. Both ROIs extracted the average E-field within a spherical
volume with a radius of 10 mm with a gray matter mask, as has
been previously reported in the literature (e.g., Caulfield et al.,
2022a; Caulfield and George, 2022). At a post-processing step, the
CHARM segmentation pipeline fits the MNI template brain to
the individual scan enabling researchers to perform analyses using
standardized MNI coordinates across participants. Notably, this
MNI template fitting does not affect the segmentation and meshing
process as CHARM was trained on N = 20 individual head models.

For each person, the ROIs were centered over the stimulation
target in the left hemisphere at motor MNI coordinate: −52.2,
−16.4, 57.8 and prefrontal MNI coordinate at −35.5, 49.4, 32.4,
based on publications reporting the locations of the cortical
projections from scalp locations C3 (motor cortex) and F3
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FIGURE 1

Electric field modeling pipeline. We created 195 individual head models and head models for the MNI-152 template brain and Ernie, an included
mesh in the SimNIBS example folder. For each person, we computed four E-field models to simulate the effects of stimulation over the motor and
prefrontal cortices with TMS and tES. This figure shows the pipeline in a representative participant.

(prefrontal cortex) (Okamoto et al., 2004; Okamoto and Dan,
2005).

Statistical measures

We conducted two types of statistical analyses to assess the
suitability of utilizing the MNI-152 and Ernie scans and head
models in lieu of having individual MRI scans. First, we used four
one-way ANOVAs to assess the group-level differences between
individual MRI scan E-field models and the MNI-152 and Ernie
E-field models (four ANOVAs; one ANOVA each for motor TMS,
prefrontal TMS, motor tES, and prefrontal tES). In addition,
we computed additional one-way ANOVAs measuring the effects
of diagnosis or sex on E-field results and differences between
individual, MNI-152, and Ernie scans (eight total ANOVAs; one
set of four ANOVAs for diagnosis and one set of four ANOVAs
for sex). For sex, we accounted for conditions of men in the
N = 195 sample, women in the N = 195 sample, the MNI-152
template, and Ernie. We chose to not examine the effects age on
E-field magnitudes due to the collinearity of age and increased
scalp-to-cortex distances already inherently being accounted for in
E-field models and the unknown age of Ernie. All ANOVAs were
calculated using SPSS 27.0 (IBM Corp., Armonk, NY, USA). For all
statistical measures, the significance level was set to α = 0.05 (two-
tailed).

Second, to determine the minimum number of E-field models
on individual scans to obtain a stable E-field value, we performed
four permutation statistical analyses on the 195 individual E-field
models in MATLAB R2022b (The Mathworks Inc., Natick, MA,
USA). Our approach was based on the work of Van Hoornweder
et al. (2022a). In the sample of N = 195 E-field models for each
stimulation paradigm (i.e., motor TMS, prefrontal TMS, motor
tES, and prefrontal tES), we randomly selected subsamples with

increasing size from N = 1 to N = 195, repeating the procedure
10,000 times per subsample (i.e., 1,950,000 subsamples for each
permutation). We chose to combine the heterogenous populations
to maximize the likelihood of determining a corridor of stability
since each individual diagnostic population had only N = 21 to
N = 87 participants. We defined a corridor of stability between
the 5 and 95th percentile range of the entire sample. In line with
prior methodology, we calculated the “point of stability” which
we defined as the point where the mean of the randomly selected
subsample enters the corridor of stability and does not leave it
at increasing subsample sizes. Our primary goal in determining
the point of stability was to assess how many individual scans
and subsequent E-field models would be needed to produce stable
E-field values on the group level; if this number were larger than
152, it would suggest that a template brain with more scans than
the MNI-152 composite scan would be necessary to accurately
estimate group-level E-field models. All data are reported as
mean ± standard deviation (SD).

Results

TMS electric field magnitudes

For both motor and prefrontal TMS-induced E-fields, the
195 individual MRI scans did not significantly differ from the
MNI-152 and Ernie brains (Figures 3A, B). TMS-induced motor
E-fields did not significantly differ amongst the individual brains
(85.3 ± 15.5 V/m), MNI-152 template (78.2 V/m), and Ernie brain
(81.5 V/m), F(2, 194) = 0.13, p = 0.88, ηp

2 = 0.001 (Figure 3A
and Table 1). Similarly, TMS-induced prefrontal E-fields did not
significantly differ between individual brains (80.3 ± 14.9 V/m),
the MNI-152 template (80.1 V/m), and Ernie brain (72.6 V/m), F(2,
194) = 0.14, p = 0.87, ηp

2 = 0.001 (Figure 3B).
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FIGURE 2

Visual comparison of the MNI-152, Ernie, and N = 195 individual E-field models. Here, we show the TMS coil and tES electrode placements, and
E-field models in the MNI-152 and Ernie brains, as well as the E-field models in the N = 195 participants with the minimum, median, and maximum
E-fields. Qualitatively, the MNI-152 and Ernie brains produce similar E-field magnitudes as the median models for each of the four stimulation types.

We additionally measured the differences in TMS-induced
E-fields by diagnosis, finding that there were significant effects of
diagnosis on E-field magnitude in both motor [F(4, 190) = 6.09,
p < 0.001, ηp

2 = 0.114] and prefrontal TMS [F(4, 190) = 5.96,
p < 0.001, ηp

2 = 0.111]. See Table 1 for detailed E-field

magnitudes reported by diagnosis. For motor TMS, post hoc
Tukey-corrected analyses revealed significant differences between
generalized anxiety (95.8 ± 15.9 V/m) compared to healthy
controls (84.2 ± 14.5 V/m), alcohol use disorder (81.6 ± 13.7 V/m),
and depression (81.1 ± 17.2 V/m). We found additional
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FIGURE 3

E-field magnitudes produced from the MNI-152, Ernie, and N = 195 individual head models. There were no significant differences between the
E-field magnitudes produced at motor and prefrontal ROIs between the MNI-152, Ernie, and N = 195 individual models, suggesting that template
brains can reliably approximate the E-fields produced on a group level. Error bars denote ± standard deviation.

TABLE 1 Electric field means and standard deviations (in parentheses) of MNI-152, Ernie, transdiagnostic, and individual diagnostic populations.

Motor TMS (V/m) Prefrontal TMS (V/m) Motor tES (V/m) Prefrontal tES (V/m)

MNI-152 81.46 80.14 0.293 0.294

Ernie 78.16 72.58 0.286 0.244

Transdiagnostic (N = 195) 85.26 (15.54) 80.35 (14.88) 0.347 (0.075) 0.299 (0.064)

Anxiety (N = 25) 95.76 (15.90) 88.75 (13.44) 0.350 (0.082) 0.289 (0.062)

Tobacco use disorder (N = 31) 90.96 (15.52) 87.30 (17.74) 0.376 (0.098) 0.318 (0.087)

Healthy controls (N = 31) 84.20 (14.48) 79.23 (13.11) 0.343 (0.059) 0.310 (0.052)

Alcohol use disorder (N = 87) 81.60 (13.66) 76.35 (12.43) 0.341 (0.064) 0.291 (0.057)

Depression (N = 21) 81.11 (17.17) 78.30 (17.25) 0.327 (0.080) 0.299 (0.070)

differences between the motor E-field magnitudes produced
in tobacco use disorder (91.0 ± 15.5 V/m) and alcohol use
disorder. For prefrontal TMS, participants with generalized anxiety

(88.8 ± 13.4 V/m) and tobacco use disorder (87.3 ± 17.7 V/m) had
significantly higher E-fields than those with alcohol use disorder
(76.3 ± 12.4 V/m).
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Regarding the effects of sex on TMS-induced E-fields, we found
no significant differences between E-field magnitudes for men,
women, the MNI-152, or Ernie brains. For motor TMS models,
women (87.7 ± 15.5 V/m), men (83.2 ± 15.4 V/m), the MNI-152
template (78.2 V/m), and Ernie (81.5 V/m) did not significantly
differ in E-field magnitude, F(3, 193) = 0.89, p = 0.45, ηp

2 = 0.014,
F(3, 193) = 1.42, p = 0.24, ηp

2 = 0.022. Similarly, for prefrontal
TMS models did not significantly differ between populations of
women (82.1 ± 14.8 V/m), men (78.8 ± 14.8 V/m), the MNI-
152 template (80.1 V/m), and Ernie (72.6 V/m), F(3, 193) = 0.89,
p = 0.45, ηp

2 = 0.014.

tES electric field magnitudes

Likewise, both the motor and prefrontal tES E-fields were
similar between the N = 195 individual scans, the MNI-
152 template, and Ernie brains (Figures 3C, D). Motor tES
E-fields did not significantly differ between the individual brains
(0.35 ± 0.075 V/m), MNI-152 template (0.29 V/m), and Ernie brain
(0.29 V/m), F(2, 194) = 0.58, p = 0.56, ηp

2 = 0.006 (Figure 3C).
Furthermore, prefrontal tES E-fields did not significantly vary
between individual brains (0.30 ± 0.06 V/m), the MNI-152
template (0.29 V/m), and Ernie brain (0.24 V/m), F(2, 194) = 0.36,
p = 0.70, ηp

2 = 0.004 (Figure 3D).
In contrast to the TMS-induced E-fields, tES E-fields did not

differ by diagnosis for both motor [F(4, 190) = 1.76, p = 0.14,
ηp

2 = 0.036] and prefrontal tES [F(4, 190) = 1.42, p = 0.23,
ηp

2 = 0.029]. See Table 1 for specific E-field magnitudes by
diagnosis.

With regards to the effects of sex on tES-induced E-fields, we
found no significant differences between E-field magnitudes for
men, women, the MNI-152, or Ernie brains. For motor tES, there
were no significant differences between women (0.36 ± 0.082 V/m),
men (0.33 ± 0.066 V/m), the MNI-152 template (0.29 V/m), and
Ernie brains (0.29 V/m), F(3, 193) = 2.52, p = 0.06, ηp

2 = 0.038.
Likewise, for prefrontal tES, there were no significant differences
between women (0.30 ± 0.069 V/m), men (0.30 ± 0.061 V/m),
MNI-152 template (0.29 V/m), and Ernie brains (0.24 V/m), F(3,
193) = 0.42, p = 0.74, ηp

2 = 0.006.

Sample size stability analyses

Using four permutation analyses, we determined the minimum
number of participants and E-field models needed to produce
stable group-level E-field values in this heterogenous N = 195
group (Figure 4). For motor TMS, the stable E-field value was
achieved at N = 48 participants compared to N = 52 for prefrontal
TMS (Figures 4A, B). Regarding motor tES, N = 42 participants
were needed to achieve stability, versus N = 51 for prefrontal tES
(Figures 4C, D).

Discussion

In this study, we assessed the utility of calculating TMS and
tES E-field models in the template MNI-152 scan and Ernie brain

compared to N = 195 participants with 5 diagnoses (i.e., healthy
controls, alcohol use disorder, tobacco use disorder, generalized
anxiety, and depression). We simulated four common non-invasive
brain stimulation protocols (i.e., motor and prefrontal TMS and
tES) per participant for 788 total E-field models. We found that
there were no significant group-level differences of the E-field
magnitudes induced from motor and prefrontal TMS and tES
from individual scans vs. MNI-152 and Ernie brains. For TMS,
the MNI-152 template produced 8.3 and 0.3% lower E-fields for
the motor and prefrontal cortices, respectively, while the Ernie
brain had 4.5 and 9.7% lower E-fields than the group average
motor and prefrontal E-fields from the N = 195 participants
(Figure 3 and Table 1). There were more pronounced, albeit still
non-significant differences for tES, with the MNI-152 template
producing 16.3 and 1.6% lower E-fields and the Ernie brain having
17.7 and 18.4% lower E-fields in the motor and prefrontal cortices,
respectively, than the N = 195 individual models. Thus, while
there were no significant overall E-field magnitude differences, it
appears that the MNI-152 and Ernie brains are most accurate at
estimating the group-level regions and neural circuits simulated
by TMS, compared to tES. In conjunction with prior reports
(Minjoli et al., 2017; Tzirini et al., 2022), MNI-152 and Ernie brains
may be most accurate at estimating TMS-induced E-fields due to
TMS being less affected by individual tissue composition due to
the electromagnetic stimulation approach compared to the direct
electrical stimulation method utilized in tES, which is more heavily
governed by the underlying tissue composition.

It is also important to consider the effects of diagnosis on
E-field magnitude. Here, we reported that TMS-induced E-fields
differ as a product of diagnosis, such that individuals with
generalized anxiety and tobacco use disorder had significantly
higher motor and prefrontal E-fields than those with alcohol
use disorder. In addition, individuals with generalized anxiety
had significantly higher motor E-fields than healthy controls and
people with depression. Interestingly, these nuanced relationships
between E-field magnitude and diagnosis only existed for TMS
and not tES, as all tES-induced E-fields did not differ by
diagnosis (Table 1). This may be in part due to uniform tES
applying the same stimulation intensity of 2 mA across models
whereas our TMS models used the experimentally-determined
dI/dt values based on individual motor thresholds determined for
each person. Since a uniform stimulation intensity was applied
across each person, fixed dose 2 mA tES may have reduced
the amount of variation between individuals that individualized
motor threshold values provide. These data point at the utility
of personalized dosing for tES as certain diagnoses likely require
a higher individualized dosage for appropriate target engagement
of cortical targets and neural circuits. Moreover, since we found
no group-level differences combining across diagnoses between
N = 195 TMS and tES E-fields and template MNI-152 and Ernie
brains, this relationship may change depending on the different
diagnoses considered. Therefore, future research should consider
further investigating the appropriateness of using template MNI-
152 and Ernie brains to estimate group-level E-fields in different
populations. Likely, these TMS-induced E-field data indicate
differing neurophysiology and the up- or down-regulation of neural
circuits across diagnostic populations. In comparison, similar tES-
induced E-fields across diagnoses might indicate that the scalp-to-
cortex distance and tissue compositions may be relatively similar
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FIGURE 4

Permutation analyses to determine stable sample sizes in N = 195 participants. To further analyze whether utilizing a template scan is an appropriate
method of approximating group-level E-field magnitudes of different stimulation paradigms, we performed bootstrapping analyses to determine the
stable sample size at which the E-fields produced remained within the 95% confidence interval, as denoted with a vertical line. We found that this
number ranged from 42 (motor tES) to 52 (prefrontal TMS). As 52 participants is lower than the 152 scans included in the MNI-152 template, these
data suggest that utilizing template scans may be a method of estimating stable group-level E-field magnitudes.

across populations, as reflected by the similar tES-induced E-field
magnitude values. Future research could further elucidate the
modality-specific findings and interactions with diagnoses that we
reported here.

In a second series of analyses, we used a permutation
approach to compute the point of stability at which the group
average E-field value did not increase in variance with additional
E-field models (i.e., the point of stability). The point of stability
differed slightly by stimulation modality and location, with
a range of 42 to 52. Notably, the point of stability across
stimulation modalities was always well short of the 152 scans
included in the MNI-152 brain, further validating the composite
brain as having a high enough number of scans that the
interindividual variation is likely appropriately represented. Taken
together, these data validate the strategy of using a template
MNI-152 brain scan to approximate group-level E-field results
as it takes many scans into consideration that average across
neuroanatomical idiosyncrasies.

There are numerous implications of this research and how
template MRI scans could be utilized to estimate how much
stimulation reaches the cortex. First, while the utility of using
template brains for E-field modeling is question-dependent, it
appears that template brains can reliably estimate group-level
effects, even in a clinically heterogenous group. We report that
the group-level E-field values from individual MRI scans do not

significantly differ from the E-field values produced from MNI-
152 and Ernie brains, validating the use of template scans to
estimate group-level E-field values. Using template scans for E-field
modeling could have multiple uses. For instance, using template
scans for E-field modeling could inform the effects of more
sophisticated and optimized electrode positioning, sizes, and inter-
electrode distances such as through high definition tES (HD-tES) or
anterior posterior pad surround tES (APPS-tES), as has been done
in prior publications (Datta et al., 2009; Deng et al., 2013; Saturnino
et al., 2015; Laakso et al., 2016; Caulfield and George, 2022). As
many tES studies do not acquire MRI scans, particularly with the
increasing use of at-home tES (André et al., 2016; Riggs et al.,
2018; Pilloni et al., 2022), using a template MRI scan to plan more
optimized tES electrode positioning and intensity for a specific goal
may help to ensure that a therapeutic cortical intensity is induced
at the right target on the group level.

It is also interesting to compare our findings to prior efforts
looking at datasets of 60 or more individual E-field models such
as the study by Laakso et al. (2016). Similar to our results, these
researchers reported more variable frontal tES-induced E-fields
than motor E-fields, substantiating our finding that prefrontal tES-
induced E-fields required a greater number of participants to obtain
a point of stability (Figure 4). This is notable as Laakso et al. (2016)
included 64 healthy younger adults whereas we collapsed across
5 transdiagnostic groups, suggesting that our results might hold
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true in individual populations. It is also important to note other
potential differences between our study and the one by Laakso
et al. (2016), including different E-field measures (ROI magnitude
vs. whole brain normal component). Further research with larger
sample sizes per diagnostic condition is needed.

Furthermore, tES has widespread clinical potential but there
have been mixed results to date, possibly in part to different
amounts of stimulation reaching the cortex with uniform 2 mA
dosing. Personalized E-field dosing is an approach that could
standardize the stimulation intensity at the cortical target based
on varying the dose at the scalp (Caulfield et al., 2020). While
personalized E-field dosing is not possible using a template scan,
our hope is that we have validated the approach of modeling on the
MNI-152 or Ernie brains to provide reliable general estimations for
how much stimulation is reaching the cortex in an average person.
In turn, the information obtained from quantifying how much
stimulation is reaching the cortex on average will surely benefit
the ongoing search for the optimal E-field magnitude to maximize
non-invasive brain stimulation effects within specific clinical
populations and settings (Wischnewski et al., 2021; Alekseichuk
et al., 2022; Caulfield et al., 2022b).

Moreover, it is now a common practice to include E-field
models in brain stimulation publications and grant applications to
substantiate experimental choices of where to position the TMS
coil or tES electrodes and which stimulation intensity to choose.
As such, including E-field models are informative and allow peers
to assess whether an appropriate amount of stimulation reaches
the cortex and adequately stimulates the neural circuit of interest.
In lieu of having already acquired MRI scans, many researchers
perform these E-field models on the MNI-152 template brain
(Konakanchi et al., 2020; Cobb et al., 2021), or on the Ernie
brain (Kalloch et al., 2020; Gomez et al., 2021) included in the
SimNIBS software package. Our study validates the strategy of
performing E-field modeling on these MNI-152 and Ernie head
models as they can reliably approximate group-level E-field effects
of how much and where in different brain regions and neural
circuits the stimulation reaches the cortex. Furthermore, it was
previously unclear whether the use of the MNI-152 template
brain, comprised of healthy adults, would adequately estimate the
stimulation intensity in clinical populations. While our scope was
limited to diagnoses of mental health and healthy participants,
our finding that the group-level E-fields induced from motor and
prefrontal tES and TMS did not differ from the template brain
suggests that template brain models produce roughly the same
E-field magnitudes transdiagnostically. This work should be further
evaluated in other diagnoses as particular populations (e.g., stroke)
could have greater E-field differences compared to template scan
E-fields, especially based on lesion location (Minjoli et al., 2017;
Mantell et al., 2021).

While the specific research question dictates the most suitable
E-field modeling approach, these data suggest an upper sample
size limit of what researchers might consider for future group-level
E-field modeling studies. Since it is relatively simple to scale up
the number of models and participants in modeling approaches,
some researchers have included hundreds of participants with the
goal of obtaining stable E-field values that were not significantly
impacted by outliers (e.g., Caulfield and George, 2022). Our
bootstrapping data suggest that for research questions about the
group-level effects of E-field modeling, there is no additional

increase in the variation of modeling results above 52 individuals
for any stimulation modality. Thus, if the experimenter includes
more participants with the objective of reducing the variation
of group-level E-field estimates, there are diminishing returns
above the point of stability. However, it is important to note that
prior findings suggesting that the point of stability is higher than
N = 52 were likely biased by larger sample sizes (Van Hoornweder
et al., 2022a), as is the case in any permutation approach. Future
research might also consider performing permutation analyses that
separate participants by diagnosis to investigate whether there are
differences in the point of stability by condition.

Finally, while we primarily considered how E-field modeling in
a template brain might be able to inform group-level analyses, it is
important to substantiate how an individually selected E-field value
would compare to the MNI template brain estimate (see Figure 2
for minimum, median, and maximum E-fields in the N = 195
sample compared to the MNI-152 template and Ernie brain). We
reported the following averages and ranges of E-field magnitudes
produced from TMS and tES: motor TMS: 85.3 ± 15.5 V/m;
prefrontal TMS: 80.3 ± 14.9 V/m; motor tES: 0.35 ± 0.07 V/m;
prefrontal tES: 0.30 ± 15.5 V/m. While examining individual
E-fields in retrospective or prospective study designs necessitates
having individual MRI scans, considering these averages ± 2 SD
provides a 95% confidence interval for E-field magnitudes in these
TMS and tES protocols. Using these ranges, there were between
7 and 10 individuals falling outside of 2 SD in each stimulation
protocol. That the MNI-152 template and Ernie head models
produced similar E-field values as the group average values suggests
that they are suitable proxy head models for estimating group-
average E-fields and that most people (i.e., approximately 95% of
people) do not significantly differ on an individual-by-individual
basis from the E-fields produced in the MNI-152 brain.

Limitations and future directions

Briefly, it is important to consider the limitations of this study.
We used the MNI-152 brain as a commonly utilized template, but
there may be closer matching composite MRI scans depending on
the population of interest. For instance, if a researcher wanted to
investigate the group-level E-fields in an aging population could
consider using more specific age-matched (Fillmore et al., 2015)
or diagnosis-matched (Dadar et al., 2022) templates for potentially
more accurate simulations. While we used bilateral electrode
placements (i.e., C3-C4 and F3-F4) instead of other common
electrode placements (e.g., C3-SO and F3-SO), prior large-scale
findings have shown that there are no significant differences in
E-field magnitudes between C3-C4 and C3-SO (Caulfield and
George, 2022). This prior results leads us to believe that the
MNI template and Ernie scan would be similarly suitable to
accurately estimate E-field magnitudes at other similar electrode
placements. In addition, we only utilized a T1w MRI scan for
E-field modeling in our naturalistic sample, based on the MRI
scans acquired across the parent studies. However, prior reports
have described how the inclusion of both T1w and T2w MRI
scans improves segmentation accuracy at the skull-CSF border
(Nielsen et al., 2018; Van Hoornweder et al., 2022b) and how
this can affect E-field modeling values in a regionally-specific
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fashion (Van Hoornweder et al., 2022). Furthermore, we chose a
spherical ROI as our outcome measure, but this may not have
encapsulated the peak E-fields induced from tES. Prior results have
reported that the maximal E-field is not always located underneath
the center of tES electrodes (Caulfield and George, 2022) in the
conventional bilateral electrode placement. Forthcoming research
has also highlighted the importance of considering the focality of
stimulation and recommended reporting both ROI and percentile-
based outcome measures (Van Hoornweder et al., 2023), which we
did not do here. Thus, extending these data to report percentile-
based E-fields could more broadly inform future studies and grant
applications utilizing the template scan approach. With larger
sample sizes, future analyses could extend the point of stability
analyses to specific diagnoses (e.g., healthy controls or participants
with anxiety). This method could help to inform the needed
number of participants to achieve stable E-field values in these
diagnoses as opposed to the transdiagnostic approach that we took
here. Finally, we focused on superficial brain targets in this study
due to these regions being the primary targets in TMS and tES. In
addition, it is more difficult to standardize the tissue compositions
between participants at deeper targets due to varying levels of gray
vs. white matter. Future research could consider examining deeper
targets in more depth, but this was beyond the scope of the current
study.

Conclusion

Utilizing the MNI-152 template scan and Ernie brain produce
similar group-level estimations of TMS and tES-induced E-field
magnitudes over the motor and prefrontal cortices. Using the MNI-
152 brain to approximate group-level E-field effects can provide
valuable insight into the amount of stimulation reaching different
cortical regions and neural circuits in lieu of individual MRI
scans. While preliminary, TMS-induced E-field magnitudes, but
not tES-induced E-field magnitudes differed in some diagnoses,
including higher motor and prefrontal E-fields in participants with
generalized anxiety than alcohol use disorder, healthy controls,
and those with depression. Further research is needed to further
elucidate the relationships between different diagnoses and E-fields,
and whether these impact response to TMS and tES treatments.
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