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Preface to ”Brain Stimulation and

Neuroplasticity—Series II”

Due to the great success of our Special Issue “Brain Stimulation and Neuroplasticity“, we

decided to set up a second volume. A large number of qualified submissions confirmed the

importance of non-invasive brain stimulation methods in recent years and showed a broad field of

applications.

Again, this second volume of the Special Issue aims to gather pre-clinical and clinical data on

brain stimulation techniques (electrical and magnetic stimulation methods).

This Special Issue compiles latest research on the clinical and neurophysiological application of

brain stimulation methods and the impact of brain stimulation on imaging outcomes, neurobiological

markers, and clinical variables (including neurological, affective, and cognitive measures).
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1. Introduction

Following the great success of the first series of the Special Issue “Brain Stimulation and
Neuroplasticity” [1], this second series is once again dedicated to collecting a variety of high-
quality research articles on different brain stimulation techniques and related interventions
as well as their impact on neurobiological, neurophysiological, and clinical outcomes.

In this editorial, the articles included in this Special Issue are highlighted regarding
their impact on the field. Therefore, papers are grouped into work covering a neurophysio-
logical point of view, reflecting the use of neurobiological or neurophysiological parameters,
predictors, or outcomes in brain stimulation or related methods in healthy volunteers or
patients, or into work covering a clinical point of view, addressing the use of simulation
methods for the improvement of neuropsychiatric disorders. The studies published in
this Special Issue include work on central and peripheral nervous system stimulation
techniques involving electrical and magnetic stimulation protocols.

2. Neurophysiology and Neurostimulation

The neurophysiological studies included in this Special Issue involve work imple-
menting central and peripheral stimulation techniques.

Beginning with central stimulation, a study by Hosel and Tremblay [2] presented a
neurophysiological investigation on the modulation of motor-evoked potentials (MEPs)
in 19 healthy individuals using a modified version of intermittent theta burst stimulation
(iTBS), which is a special form of repetitive transcranial magnetic stimulation (rTMS). MEP
facilitation was observed in 68.42% of cases following a single session of 30 Hz/6 Hz
iTBS, suggesting the neuromodulatory potential of this paradigm. In addition, the recruit-
ment of early indirect waves (I-waves) appeared to predict MEP response following iTBS,
which might serve as a neurophysiological predictor of response if replicated in upcoming
controlled works.

In addition, Psomiades et al. [3] applied up to 20 sessions of bitemporal or right
unilateral ECT in a clinical study involving 23 patients with treatment-resistant depression
(brief or ultra-brief pulse stimulation (1 or 0.3 ms, respectively); number of sessions based
on individual clinical observations). They showed that patients with higher mature Brain-
Derived Neurotrophic Factor (mBDNF) levels before electroconvulsive therapy had a
better clinical outcome (remission based on the Montgomery–Åsberg Depression Rating
scale <10). Therefore, mBDNF—which plays a role in neural plasticity and neural network
survival—could be a marker for clinical treatment decisions.

Moreover, Suzuki et al. [4] investigated motor cortex stimulation using different
transcranial alternating current (tACS) protocols (alpha-tACS at 10 Hz vs. beta-tACS at
20 Hz vs. sham) in a randomized sham-controlled crossover study involving 16 healthy
individuals. After testing several setups, they adopted the Cz-CP1 setup (according to
the electroencephalographic (EEG) system for electrode positioning), which appeared to
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be optimal for targeting the hand motor area. Compared to the sham intervention, the
alpha- and beta-tACS resulted in greater alpha and beta oscillations, respectively, while
both conditions enhanced cortical inhibition when measured by MEP. The observed effects
might be explained by spike-timing-dependent plasticity or the entrainment of intrinsic
brain oscillations following tACS.

Furthermore, two studies employed transcranial direct current stimulation (tDCS). In
one of them, Kim et al. [5] applied four 20 min sessions of high-definition tDCS at 1 mA to
measure different cortical oxyhemoglobin concentrations using functional near-infrared
spectroscopy in 26 stroke survivors (one anode and four cathodes, stimulating C3 or C4
according to EEG system for electrode positioning). In this pilot work, oxyhemoglobin
concentration only increased in the affected hemisphere, indicating a change in the activity
imbalance between the affected and non-affected hemispheres. This could be interpreted
as a decrease in motor task-related hemodynamic burden at the level of the affected
hemisphere following high-definition tDCS, which might have clinical implications in the
rehabilitation field and merits investigation in large-scale controlled studies.

The second study is a case report by Ohnishi et al. [6]. They investigated the effects of
4-week anodal tDCS in addition to gait training in a post-stroke patient (current intensity
2 mA, 20 min sessions, anode 3 cm anterior to Cz EEG electrode position, and cathode
over the supraorbital region of the non-injured hemisphere). They found that the bilateral
stimulation of supplementary motor areas with gait training led to better electromyographic
outcomes (muscle activity and beta intermuscular coherence of the vastus medialis muscle)
than gait training alone.

Besides central stimulation techniques, two articles focused on peripheral stimulation.
Here, Asao et al. [7] applied a single 20 min session of repetitive peripheral magnetic
stimulation ((rPMS), 2 s train per 6 s, 25 Hz) in 14 healthy individuals using a randomized
crossover design. They compared the effect of rPMS when it was applied directly over the
hand skin or through splint materials (one or two layer(s)). rPMS induced MEP facilitation,
which is in line with previous studies on this matter. Some studies have documented rPMS-
induced cerebral activation involving the somatosensory, sensorimotor, and frontoparietal
regions. The observed rPMS facilitatory effects were only obtained with direct application
over the skin but not through splint layers.

Additionally, Von Wrede et al. [8] investigated the daytime-dependent effects of
transcutaneous auricular vagus nerve stimulation (taVNS) on EEG recordings in 18 pa-
tients being followed at the epileptology department and for whom long-term video EEG
recording was needed. In each patient, taVNS was applied in the mid-morning and early
afternoon according to the following parameters: biphasic signal applied at 25 Hz, impulse
duration of 20 s, and pause of 30 s. They found more considerable network changes after
stimulation in the afternoon (i.e., more integrated and less segregated network topology).
Therefore, the time of day appears to be a pertinent factor to account for in taVNS stud-
ies. Habituation and sham effects could be addressed in the future with double-blind
sham-controlled parallel works.

Finally, Kricheldorff et al. [9] present a narrative review on the possibilities of different
brain stimulation techniques, i.e., magnetic, electrical, and deep brain stimulation, to
modulate cortical neuroplasticity (i.e., MEP, EEG, magnetoencephalography outcomes) and
clinical as well as behavioral outcomes. They elegantly tackle the mechanisms of action of
these techniques and suggest future paradigms to pave the way for forthcoming research.

3. Clinical Outcomes and Neurostimulation

The clinical studies included in this Special Issue mainly focus on central stimulation
(one work using tDCS, two works employing rTMS).

Regarding tDCS, in an open-label study, Kurzeck et al. [10] showed that bifrontal
tDCS (anode and cathode over F3/F4 EEG electrode positions, respectively) could help
improve depression during pregnancy. In this open-label trial, six pregnant women were
included. They were treated with a classic tDCS protocol over several weeks (two daily
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30 min sessions over ten days followed by the option of one daily 30 min session over ten
days). Clinical improvements were observed in terms of the studied outcomes (Hamilton
Depression Rating Scale and Beck Depression Inventory), supporting the beneficial effects
of this technique in this specific clinical population.

Concerning rTMS, Alhelali et al. [11] investigated the effects of rTMS in a large cohort
of patients with unipolar and bipolar depression (n = 505). High-frequency rTMS protocols
were applied over the left or right dorsolateral prefrontal cortex or the medial prefrontal
cortex (mean number of sessions: 18–19). They found that both patient groups demon-
strated clinical benefits resulting from rTMS treatment. Still, rTMS is likely more effective
in reducing paranoid symptoms in bipolar depression (based on the Hamilton Depression
Rating Scale subitem analysis). These interesting findings deserve further confirmation in
prospective controlled trials adopting homogenous rTMS protocols.

Additionally, Schoisswohl et al. [12] present data of 22 patients with chronic tinnitus
undergoing different rTMS protocols over the temporal cortex (10 sessions, 2000 pulses
in total) using personalized (1 vs. 10 vs. 20 Hz; left or right according to parameters with
optimal loudness reduction in pre-testing) or standard protocols (1 Hz, left temporal).
Although treatment was personalized following pre-testing, the results did not show
that personalized treatment was clinically superior over standard treatment (the Tinnitus
Functional Index as the primary outcome).

4. Conclusions

To sum up, this second Special Issue once again shows the broad application of
different central and peripheral nervous system stimulation techniques to modulate neuro-
physiological or clinical symptoms. Many of the studies are preliminary and are limited
by the small sample sizes, the lack of sham groups, or some methodological uncertainties.
However, they reflect the potential of different clinical and neurophysiological research
applications and point to the further optimization of research questions. More research is
needed to further unravel the underlying physiological and biological mechanisms of these
techniques and to possibly expand the range of its application alone or in combination with
other therapeutic options in neuropsychiatry.
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the manuscript.
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Abstract: Electric and magnetic stimulation of the human brain can be used to excite or inhibit
neurons. Numerous methods have been designed over the years for this purpose with various
advantages and disadvantages that are the topic of this review. Deep brain stimulation (DBS) is
the most direct and focal application of electric impulses to brain tissue. Electrodes are placed in
the brain in order to modulate neural activity and to correct parameters of pathological oscillation
in brain circuits such as their amplitude or frequency. Transcranial magnetic stimulation (TMS)
is a non-invasive alternative with the stimulator generating a magnetic field in a coil over the
scalp that induces an electric field in the brain which, in turn, interacts with ongoing brain activity.
Depending upon stimulation parameters, excitation and inhibition can be achieved. Transcranial
electric stimulation (tES) applies electric fields to the scalp that spread along the skull in order to
reach the brain, thus, limiting current strength to avoid skin sensations and cranial muscle pain.
Therefore, tES can only modulate brain activity and is considered subthreshold, i.e., it does not
directly elicit neuronal action potentials. In this review, we collect hints for neuroplastic changes
such as modulation of behavior, the electric activity of the brain, or the evolution of clinical signs
and symptoms in response to stimulation. Possible mechanisms are discussed, and future paradigms
are suggested.

Keywords: deep brain stimulation (DBS); transcranial electric stimulation (tES); transcranial magnetic
stimulation (TMS); neuroplasticity; electroencephalography (EEG)

1. Introduction

Neuroplasticity of the nervous system covers a large variety of phenomena in order to
describe changes in the brain on different levels as a reaction to dynamic physiological or
pathological conditions. Neuroplasticity can be the result of neuronal reorganization on
a molecular, synaptic, and morphometric neuronal level [1]. It can also refer to changes
in neural circuits to adapt to changes in the environment (external stimuli) or changes in
brain functioning resulting from diseases of the nervous system itself (internal changes) [2].
Several environmental changes induce neuroplasticity such as learning [3,4], sleep [5],
aging [6], external stimuli which are accessible to sensory perception [7], and even changes
in lifestyle [8]. In addition, a broad range of therapies, ranging from non-pharmacological
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behavioral therapies [9,10] to pharmacological therapies, induce electrophysiological and
neuroplastic changes in the nervous system [11,12]. There is increasing evidence that
brain stimulation techniques are beneficial in treating diseases of the brain. Some of
these stimulation techniques have been approved by the Food and Drug Administration
(FDA), such as transcranial magnetic stimulation (TMS) to treat depression or deep brain
stimulation (DBS) to treat advanced Parkinson’s disease (PD).

In this review, we specifically focus on three modalities of brain stimulation techniques,
namely TMS, DBS, and transcranial electric stimulation (tES). Although these methods
have been investigated for a long time, to the best of our knowledge, their neuroplastic
capacity has never been compared in a narrative review. Given the clinical application of
these techniques, we focus on studies in humans and refer only briefly to animal models,
wherever needed.

For TMS, neuroplasticity is commonly indexed by the change in cortical excitability
before and after application of a course of repetitive TMS, which is measured by the ampli-
tude of peripherally recorded motor evoked potentials (MEPs). In order to demonstrate
plasticity in brain areas that do not elicit a behavioral reaction, TMS-evoked potentials
(TEPs) and neuroimaging techniques can be used. Hence, the neuroplastic capacity of TMS
will be subdivided according to the modalities used to reveal neuroplastic changes. Lasting
after-effects of TMS have been described as resembling mechanisms of neuroplasticity and
as being biologically similar to processes such as long-term potentiation and depression
(LTP/LTD) [13,14].

While TMS is a hybrid method that is applied both in the clinic and in experimental
settings, DBS in humans is an exclusively therapeutic application. Thus, for DBS, we will
focus on clinical signs of plasticity and review DBS-induced neuroplastic changes in three
selected disorders, for which DBS has proven to be an effective treatment. On a clinical
level, we assume a neuroplastic process to be driven by an effect of neurostimulation,
whenever signs or symptoms of a disease (i) improve over a longer course of ongoing
stimulation (e.g., weeks or months after stimulation begin) and are stable in the stimulation
parameters such as amperage or stimulation frequency, (ii) show a clinically stable course
despite stopping the stimulation, and (iii) clinical side effects of neurostimulation occur
after a longer stimulation period and are unrelated to disease progression (malplasticity).
These considerations can also be transferred to stimulation-related neurobehavioral effects
in healthy volunteers when changes in behavior occur over the course of an ongoing
stimulation and clearly outlast the period of neurostimulation.

Finally, tES is mainly used in basic and applied research with preliminary clinical
applications to date. Transcranial electric stimulation (tES) is an umbrella term and com-
prises several different techniques, including transcranial direct current stimulation (tDCS),
alternating current stimulation (tACS), and random noise stimulation (tRNS). While these
techniques are similar in terms of their setup, their effects on neuronal mechanisms and
behavioral outcomes differ, and thus, will be discussed separately. To evaluate neuroplas-
ticity, we consider tES-induced after-effects on physiological measurements such as EEG,
MEG, EMG, and its effects on observable behavior. Neuroplasticity can occur at different
timescales. Short-term plasticity refers to phenomena in the range of milliseconds to sec-
onds which are probably due to neurotransmitter depletion or changes in neurotransmitter
influx that modulate the firing rate of neurons. Long-term plasticity operates in the range
of minutes to hours and effects can last as long as days, months, or years. For long-term
plasticity to occur, changes in NMDA receptor activity, gene expression, and morphology of
the synapse are assumed [15]. While brain stimulation also results in short-term plasticity,
we focus on effects due to long-term plasticity for the purpose of this review.

A caveat of our selected definition to infer neuroplasticity is that we cannot directly
test and evaluate assumptions about the cellular mechanisms of action in the human
brain. We assume the cellular basis of these effects to be synaptic changes, including the
involvement of AMPA and NMDA receptors, which, in turn, have secondary effects on
neurons, networks, and behavior [16]. Hence, we have included studies that investigated
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the involvement of neurotransmitters known to be relevant for neuroplasticity and that
showcased not only neurophysiological and behavioral signs of neuroplasticity but referred
also to morphometric changes as a consequence of neurostimulation, whenever available.
The reviewed neurostimulation methods are used in different contexts upon which the
kind of evidence for neuroplasticity may depend. For example, probing neuroplasticity
evaluated by administration of NMDA antagonist is a perfectly feasible approach in healthy
young individuals but may be ethically questionable in a sample of diseased patients with
chronic DBS. Due to such limitations, finding a general structure that allows us to identify
evidence of neuroplasticity for all methods equally well was deemed impossible. Hence,
we decided to review the methods in the context in which they are most commonly applied,
as described above.

2. Transcranial Magnetic Stimulation (TMS)

2.1. Overview of TMS Methods

Transcranial magnetic stimulation (TMS) is a non-invasive technique for stimulation
of distinct brain regions [13,14,17]. After placing a magnetic coil over a subject’s head, a
brief, high-intensity magnetic field pulse can be generated, which, in turn, induces electric
currents of sufficient magnitude to depolarize neurons [14]. A single pulse onto the primary
motor cortex (M1) can activate the corticospinal tract, thus, inducing a contraction in the
targeted contralateral muscle. Using electromyography (EMG), these contractions may be
recorded as motor-evoked potentials (MEPs) [18]. As such, single-pulse TMS can be used to
map functional cortical representations of muscles or speech functions, an FDA-approved
technique known as cortical mapping [19], or can be used as a diagnostic tool, for example,
to measure the central motor conduction time in multiple sclerosis [20]. Stimulation of
non-motor cortical regions has no directly observable effect, but cortical reactivity to the
stimulation can be recorded using EEG, observed in behavior, or subjectively experienced.
For example, when applying single pulses to the visual cortex, subjects may report experi-
encing phosphenes or scotomas [21]. To overcome this issue, coregistration of TMS and EEG
has become a successful method of investigating the neural reactivity of brain regions that
do not provide an observable behavioral correlate [22]. With the advent of neuronavigation,
it is possible to precisely modulate regions across the entire cortex in an individualized
manner. Targets localized by functional and structural neuroimaging are becoming widely
used and even real-time targeting of the brain’s fiber tracts through tractography-based
TMS neuronavigation is currently being developed with promising results [23,24].

In addition to single pulses, TMS can be applied in trains of repeated TMS pulses
(rTMS) at various stimulation frequencies to modulate neural activity. Repeated pulses have
a more prolonged effect on the brain that outlasts the effects of the stimulation itself by min-
utes or even hours [25–27]. Importantly, rTMS exerts not only local but also distant effects
through connectivity between regions, which can be revealed behaviorally, psychophysio-
logically, or by combining TMS with neuroimaging [28–31]. These lasting after-effects of
rTMS may underlie its successful applications as therapeutic interventions. When rTMS
sessions are applied daily over a period of days or weeks, they can produce significant
clinical improvement in a variety of neurological and psychiatric disorders [32]. Regarding
psychiatric disorders, the majority of evidence stems from antidepressant effectiveness in
treatment-refractory major depressive disorder (MDD) [33,34]. TMS further received FDA
approval for the treatment of migraine headache with aura, obsessive-compulsive disorder,
smoking cessation, and anxiety comorbid with MDD [19] (for a complete overview of
current guidelines on the therapeutic efficacy of rTMS, see [32]).

2.2. Neuroplasticity

2.2.1. After-Effects of TMS: Changes in MEPs

Because of the lack of an objective and reliable index of cortical excitability outside the
M1, early attempts to evaluate TMS-induced neuroplasticity have been largely restricted to
M1. Thus, we begin by reviewing neuroplastic evidence after TMS from M1. It should also
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be noted here that TMS is not only used to induce LTP-like plasticity but also to indirectly
probe LTP-like plasticity in the human motor cortex in health and disease and to test the
induction of motor cortical plasticity induced by other interventions, for instance, motor
training or tDCS [35–38].

The nature of rTMS after-effects is complex and influenced by many parameters such
as the frequency, intensity, and duration of the stimulation. Chen et al. [39] demonstrated
that low-frequency (0.9 Hz) rTMS for 15 min (810 pulses, at a stimulation intensity of 115%
of MEP threshold) resulted in a significant depression of MEP amplitude for at least 15 min
after the rTMS protocol. By contrast, rTMS at 5 Hz, given in separated short trains, has been
shown to facilitate motor cortical excitability for at least 30 min [27,40–42]. This led to the
general assumption that low-frequency (1 Hz or less) rTMS decreases cortical excitability,
whereas high-frequency (5 Hz or greater) rTMS increases cortical excitability [43]. However,
this assumption has been challenged by a finding that suggests that the intertrain-interval
used in high-frequency rTMS protocols is an additional factor, as a continuous stimulation at
5 Hz was found to induce inhibition instead of facilitation [44]. The duration of after-effects
is thought to be dependent on the number of pulses given in a protocol, i.e., a higher number
of pulses tends to produce greater and longer-lasting effects [42,45]. Nevertheless, it should
be mentioned that succeeding studies did not consistently support these results [46] and the
direction of effects can even be reversed with varying pulse numbers [47–49]. Stimulation
intensity is often set as a certain percentage of an individual’s motor threshold (MT),
which is defined as the minimum stimulus strength that produces a small MEP (usually
50–100 µV) in the target muscle, in about 50% of 10–20 consecutive trials [50]. Further, it
can be distinguished between the motor threshold at rest (resting motor threshold (RMT))
and the motor threshold during slight activation of the muscle (active motor threshold
(AMT)). Cortical excitability generally increases as a function of intensity, i.e., intensities
less than MT tend to decrease cortical excitability, whereas intensities greater than MT
increase cortical excitability [51,52].

More recently, new rTMS protocols that use “patterned” forms of rTMS have been
developed. Theta burst stimulation (TBS) is the most commonly used form and consists of
bursts of three pulses at 50 Hz, repeated at intervals of 200 ms [53]. This protocol is based
on the naturally occurring theta rhythm (5 Hz) of the hippocampus and has been shown to
induce synaptic plasticity in animal experiments [54]. TBS can be delivered as a single train
of bursts lasting 20–40 s (continuous TBS (cTBS)) which has a primarily inhibitory effect on
cortical excitability, for instance, 40 s of continuous TBS (cTBS) reduces the amplitude of
MEPs for nearly 60 min [53]. As opposed to that, the burst train can be split up into twenty
2 s sequences repeated every 10 s (intermittent TBS (iTBS)), which has mainly excitatory
effects (Figure 1). A total of 190 s of iTBS increases MEPs for at least 15 min [53]. TBS has
gained popularity as it induces longer-lasting effects with shorter application time and
lower stimulation intensity than conventional rTMS paradigms [55], and has drastically
increased time efficiency in its clinical application [56].

Paired associative stimulation (PAS) is another TMS protocol that combines TMS of the
motor cortex with peripheral nerve stimulation (PNS) at the wrist [57]. When repeatedly
paired with an interstimulus interval (ISI) of 25 ms, it allows for the synchronous arrival
of electromagnetic stimulation and afferent (i.e., peripheral) stimulation in the brain, and
facilitates cortical excitability. The application of 90 pairs of stimuli (rate 0.05 Hz) led to
PAS-induced LTP-like plasticity, which was seen in a long-term increase (<30 min) of the
MEP in the target muscle [57–59]. By contrast, a shorter interval between the TMS pulse
and the PNS pulse (e.g., ISI of 10 ms) led to PAS-induced LTD-like plasticity and a decrease
in cortical excitability [59]. Due to the shorter interval, the afferent pulse from the median
nerve stimulus arrives shortly after the TMS pulse. Thus, PAS protocols demonstrate some
of the characteristics of spike-timing dependent plasticity. In this concept, the precise
temporal interval between presynaptic and postsynaptic spikes modulates LTP-like or LTD-
like synaptic plasticity [60]. Instead of pairing a magnetic pulse with a peripheral stimulus,
another variant is cortico-cortical PAS, which pairs two connected cortex areas with each
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other by using two TMS coils [61,62]. Moreover, TMS pulses can be paired with subcortical
stimulation using implanted deep electrodes in patients with DBS [63]. One very promising
novel clinical approach using PAS is the combination of high-frequency TMS of M1 with
high-frequency PNS of the contralateral limb as a means of spinal cord rehabilitation. This
approach aims to safely induce an LTP-like effect at corticomotoneuronal synapses of the
spinal cord leading to improved corticospinal conduction in patients with incomplete
spinal cord injury (SCI) [64].

Figure 1. Test amplitudes are elicited by single-pulse TMS before and after application of rTMS
protocol and can be used as a measure of cortical excitability. The effect depends, among other
factors, on stimulation frequency and pattern. rTMS at high frequencies (e.g., 10 Hz) increases cortical
excitability, while low-frequency rTMS (e.g., 1 Hz) decreases cortical excitability. TBS is a patterned
form of rTMS and decreases cortical excitability when applied as a continuous train and increases
cortical excitability when applied intermittently, i.e., 2 s repeated every 10 s.

2.2.2. Combining TMS with EEG

Plasticity-like after-effects induced by rTMS were traditionally revealed in the mo-
tor cortex in an indirect manner by measuring the change in the MEP amplitude. The
combination of TMS with EEG offers an alternative and more direct demonstration of
neuroplasticity induced by TMS in humans [65]. Similar to the principles of MEPs, changes
in amplitude and latency of the TMS-evoked potential (TEP) can be obtained from the
EEG signal across the entire scalp and used to measure changes in cortical excitability [22].
TEPs have proven to be a sensitive and reliable measure of cortical excitability and are
comparable to MEP amplitude recordings [66–68]. Motor cortex stimulation-induced TEPs
are well characterized and differential effects of rTMS protocols on TEPs are largely consis-
tent with those seen in MEPs. Traditional inhibitory protocols seem to produce a decrease
in cortical excitability [69–71], whereas traditional excitatory protocols seem to increase
cortical excitability [65,72]. Measuring TEPs with the combined use of TMS-EEG has several
additional advantages over MEPs. First, it has been suggested that it is a more sensitive tool
to assess cortical excitability than MEPs, as they are measurable at intensities that are signif-
icantly below the motor threshold [70,73,74]. Second, it is also possible to track the spread
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of activity from the stimulated site to neighboring areas and distant, functionally connected
areas, as responses can be recorded from virtually any electrode on the scalp [21,74]. A TMS
pulse on M1 in one hemisphere, for instance, spreads ipsilaterally via association fibers but
also to the contralateral hemisphere via transcallosal fibers [22,65,75,76]. Third, while MEP
paradigms are largely restricted to M1, the combined use of TMS-EEG allows studying
after-effects of rTMS on practically any cortical area that is accessible to TMS. For example,
TEPs are well defined when TMS is applied to the dorsolateral prefrontal cortex (DLPFC)
and plasticity-like after-effects have been demonstrated within this region [67,68,77,78].
Applying TMS to areas other than the primary motor cortex has provided important in-
sights into the generalizability of effects of intensity and duration of rTMS [79]. In addition
to these advantages, a limitation of combining TMS with EEG is the risk of various TMS-
evoked artifacts in the EEG signal, including TMS-induced muscle, decay, auditory, and
blink startle artifacts [78]. However, extensive efforts have been made to minimize these
artifacts in TMS-EEG recordings. For a complete overview and challenges of the TMS-EEG
methodology, see [79].

In addition to TEPs, rTMS also produces changes in other EEG metrics, such as changes
in TMS-evoked oscillatory brain activity and connectivity measures [80–82]. Interestingly,
ongoing EEG features are now used to provide feedback to determine, for instance, the
exact timing of rTMS pulses. Known as closed-loop stimulation, these approaches aim to
enhance the neuroplastic capacity of rTMS by coupling the TMS parameters to real-time
EEG biomarkers [83,84].

2.2.3. After-Effects Revealed by PET and MR Imaging

Similarly, other neuroimaging studies have demonstrated that rTMS not only induced
changes in the area directly under the coil but also in more distant regions of the brain.
For instance, rTMS can exert long-distance modulatory effects on subcortical brain regions,
including activation of the striatal reward system (e.g., [85]). The magnitude of dopamine
(DA) release in response to single rTMS has been shown to be comparable to the adminis-
tration of d-amphetamine at a dose of 0.3 mg/kg, a compound known to increase synaptic
dopamine signaling [86]. In addition to dopaminergic transmission, both the serotonergic
system and the cholinergic system also seem to be involved in promoting the after-effects
of rTMS [87].

Positron emission tomography (PET) studies have provided additional evidence for
neuroplastic changes after rTMS, as it was shown that rTMS of the left M1 influenced the
resting activity of the motor system beyond the duration of the stimulation [88,89]. Beyond
that, metabolic changes were also evoked in brain regions interconnected with the stimula-
tion site. These studies also demonstrated an acute reorganization of activity to other areas,
as movement-related activity in the premotor cortex of the non-stimulated hemisphere
increased after inhibitory rTMS, which was interpreted as a compensatory reaction to the
inhibitory effect of 1 Hz rTMS [88]. This reorganization of activity probably resembles that
in patients after recovery from stroke [90]. A rapid reorganization in functional brain net-
works induced by rTMS can also be seen using functional MRI. After 1 Hz rTMS to the left
dorsal premotor cortex (PMd), a short-term reorganization was seen in the right PMd [91].
Yet, another fMRI study could show that both supra- and subthreshold rTMS over the left
M1/S1 influenced the BOLD signal outside of the stimulated area (i.e., supplementary
motor area, contralateral M1/S1), while only supra-threshold rTMS increased BOLD signal
in the stimulated area [92]. A recent systematic review that presented 33 rTMS studies with
pre- and post-rTMS measures of fMRI resting-state functional connectivity (RSFC) demon-
strated reliable changes in RSFC after rTMS [93]. Interestingly, the direction of change was
not always consistent with the direction traditionally observed in the stimulated brain area.
More specifically, conventionally inhibitory stimulation protocols (e.g., 1 Hz) tended to
increase RSFC, while the direction of changes after excitatory stimulation protocols was
mixed. Moreover, rTMS-induced changes were not confined to the stimulated functional
network, but a majority of changes were found in other brain networks. Hence, rTMS
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effects tend to spread across networks (ibid.). The importance of understanding these rela-
tionships can be of particular value, as there is growing interest in attempting to indirectly
target distant brain areas through their connections with more accessible cortical areas. To
this end, Wang et al. [31] targeted cortical-hippocampal networks by stimulating a subject-
specific parietal region that showed high functional connectivity with the hippocampus.
Crucially, they were able to demonstrate that increased functional connectivity in these
networks positively correlated with associative memory performance after multi-session
stimulation. These alterations likely represent neuroplasticity, as the effect persisted for
24 h after stimulation. Similarly, Mielacher et al. [94] augmented iTBS of the DLPFC for
MDD treatment by adding daily sessions of stimulation over individualized parietal targets
that were functionally connected to the hippocampus and found increased connectivity
between hippocampus and DLPFC that lasted days after stimulation.

In addition to functional changes, TMS-induced neuroplasticity has also been demon-
strated through structural changes in the human brain, beneath the site of stimulation,
as well as in more distal brain regions [95]. Specifically, after a course of standard rTMS
treatment for MDD, patients showed increased gray matter density brain volume in the left
anterior cingulate cortex which correlated with the clinical response to treatment [96], a
finding also shown by measuring MDD patients’ cortical thicknesses in the same region [97].
In a different study, several brain regions were shown to have increased in volume after
treatment but this did not correlate to treatment response (left anterior cingulate cortex, the
left insula, the left superior temporal gyrus, and the right angular gyrus) [96] as well as an
increase in hippocampus volume [98]. Despite the absent relation to treatment response, a
corresponding study pointed to another important aspect when considering plastic changes
after prolonged rTMS treatment. Noda et al. [99] reported enhanced theta-gamma coupling
at the C3 EEG-electrode site to be significantly correlated with hippocampal volumetric
change, suggesting a potential structure-function relationship by the rTMS-induced plastic-
ity. However, it should be cautioned that the physical basis of these morphological imaging
methods remains poorly defined and seems to reflect tissue characteristics as well as the
abundance and distribution of specific cell types (including neurons, glia, vasculature, but
also subcellular components such as dendrites and spines) [100].

2.2.4. Pharmacological Evidence

Lasting after-effects of rTMS seem to implicate synaptic changes and are commonly
explained by processes that are similar to LTP/LTD plasticity. Probably, the most direct evi-
dence for this assumption stems from an in vitro model of repetitive magnetic stimulation
using mouse organotypic entorhino-hippocampal slice cultures. It was found that 10 Hz
stimulation not only led to a long-lasting increase in glutamatergic synaptic strength but
also increased GluA1 levels as well as enlarged dendritic spines [101]. Since direct evidence
is difficult to obtain in human subjects, pharmacological studies can provide essential infor-
mation about the underlying mechanism of rTMS-induced after-effects by using drugs that
act on receptors involved in neuroplasticity. One such study by Huang et al. [102] showed
that the use of selective NMDA receptor antagonists interrupted the suppressive effect
of cTBS and the facilitatory effect of iTBS. A similar effect of NMDA receptor antagonists
was also found on PAS-induced after-effects [58,59] and 1 Hz rTMS [103]. Conversely,
the use of d-cycloserine, a partial NMDA agonist, has been shown to further potentiate
motor excitability after 10 Hz rTMS [104]. Moreover, it also modulates the effects of TBS-
induced plasticity, although here it seems to reverse after-effects of iTBS from facilitation to
inhibition [105,106]. A possible explanation for this might be the simultaneous inhibitory
and excitatory effects with differing time course. Additionally, PAS- and TBS-induced
plasticity were demonstrated to be modulated by calcium channel antagonists [107,108].
Taken together, it appears that the after-effects of rTMS rely on NMDA receptor-mediated
glutamatergic function, suggesting that LTP/LTD mechanisms are involved. Ziemann
et al. [109] used a temporary ischaemic block of the hand, which produced a reduction in
GABAA inhibition in the contralateral motor cortex, to facilitate the induction of plasticity
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by a low-frequency rTMS paradigm. Comparable to in vitro studies, this finding provides
further evidence that the effects of rTMS are due to an LTP-like mechanism.

Even though these studies show unanimously that TMS-induced potentiation and
inhibition rely on NMDA receptors, there is mounting evidence that other processes such
as neurotrophic, neuroinflammatory, and neuroendocrine factors, or even the neuro-glia
network play a role in the observable after-effects (for an overview see [87]).

One exemplary line of evidence comes from studies investigating the brain-derived
neurotrophic factor (BDNF) gene. A single nucleotide polymorphism (SNP) on the BDNF
gene—BDNF Val66Met—is associated with hippocampal volume, episodic memory, as
well as decreased experience-dependent plasticity in the motor cortex in the normal pop-
ulation [110]. Cheeran et al. [111] showed that Val66Met carriers responded differently
to cTBS, iTBS, and PAS protocols as compared with Val66Val individuals, suggesting an
influence of BDNF on the induction of rTMS after-effects. This, in turn, supports the notion
that rTMS truly affects neuroplasticity.

2.2.5. Behavioral and Therapeutic Evidence

The literature reviewed above clearly demonstrates that rTMS elicits after-effects on
the brain that outlast the period of stimulation and that these seem to indicate neuroplastic-
ity. However, the exact nature of the after-effects is further complicated by the fact that they
interact with voluntary muscle activity and behavioral learning [25] and depend on the
history of synaptic activity in the stimulated region, in a manner that is compatible with a
concept that is referred to as “metaplasticity” [112]. Metaplasticity is a higher-order form
of synaptic plasticity and refers to neuronal activity that primes the subsequent induction
of LTP or LTD [113]. A theoretical model for homeostatic metaplasticity is the Bienenstock–
Cooper–Munro theory [114], which postulates that the threshold for inducing LTP and LTD
is adjusted in response to previous time-averaged levels of postsynaptic activity. Impor-
tantly, rTMS plasticity paradigms seem to be consistent with the rules of metaplasticity, as
shown in studies using priming stimulation [112–115]. More specifically, a prior history
of increased activity (i.e., induced by another TMS protocol) enhances the effectiveness of
inhibitory rTMS protocols, whereas a prior history of reduced activity enhances the effect of
facilitatory rTMS [115–118]. Additionally, motor learning also seems to interact with rTMS
after-effects homeostatically [25,119,120]. Such homeostatic interactions are in agreement
with the notion that rTMS induces synaptic plasticity.

Ultimately, after-effects seem to also exert influences on behavior and cognition,
including cognitive enhancement both in healthy volunteers [121] and in patients suffering
from psychiatric/neurological diseases [122].

Neuroplastic changes after rTMS may also underlie the therapeutic benefits of therapy
with TMS. The largest body of evidence of clinical effects can be found for treatment-
refractory depression, for which most commonly an excitatory stimulation protocol is
applied to the left DLPFC [32,123]. Recent evidence favors the use of iTBS protocols, as
they have been shown to be clinically non-inferior to conventionally used high-frequency
stimulation while allowing for a much shorter application time [56]. Moreover, high-dose
(90,000 pulses administered over 50 sessions in five days (10 sessions/day)) intermittent
TBS protocols with functional-connectivity-guided targeting demonstrate rapid-acting
antidepressant effects even in patients with highly refractory depression [124].

3. Deep Brain Stimulation (DBS)

Deep brain stimulation (DBS) was introduced as a treatment for movement disorders
in 1987, when A. Benabid implanted deep brain electrodes in the ventral intermediate
nucleus of the thalamus (VIM) to treat severe tremor in essential tremor (ET) or Parkinson’s
disease (PD) [125,126]. To date, DBS has proven to be effective and reached FDA approval
for several indications, such as advanced PD, ET, medication refractory epilepsy, and has
gained FDA humanitarian device exemptions for idiopathic dystonia syndromes (iDS)
and obsessive-compulsive disorders. The neuroanatomic target structures include the
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subthalamic nucleus (STN), VIM, the internal part of the globus pallidum (GPi), the thalamic
anterior nuclei, and the crus anterior of the internal capsule. A schematic illustration of
STN-DBS is shown in Figure 2.

 
Figure 2. Coronal cut of the brain, highlighting structures of the basal ganglia (BG) with an exemplary
depiction of a DBS setup targeting the subthalamic nucleus. Electrical current is delivered from the
implanted pulse generator to the targeted brain structure. The figure was created with biorender.com
(accessed 1 February 2022).

3.1. Overview of DBS Methods

The results of the first series of investigations suggest that effective neurostimulation
via deep brain electrodes acts like a lesion effect. In his seminal observation of the first
patient treated with VIM DBS, Benabid reported that low-frequency stimulation of the
VIM in the range of 30 to 50 Hz did not improve tremor but evoked sensory (paresthe-
sias) and motor symptoms (contractions), whereas a stimulation frequency above 100 Hz
dramatically improved tremor [125,126]. The VIM was the first target, because previ-
ous therapies such as electric or thermic coagulation of the VIM improved contralateral
tremor [127], but were irreversible, tissue destructive and often included severe side effects
such as sensory loss, paresthesia, or dysarthria. Systemic application of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridin (MPTP) and local injection of neurotoxin 6-hydroxydopamine
(6-OHDA) create a Parkinson’s disease model in animals [128,129], which is the basis for
studying the effects of DBS. Electrophysiological studies from animal models of PD and in
PD patients demonstrate STN overactivity particularly in the beta frequency [130,131]. An
additional chemical lesion in the STN has been shown to lead to an improvement in Parkin-
son’s symptoms [132]. Translating these findings into clinical research, high-frequency
stimulation of the STN in patients with PD reduced signs and symptoms of PD and mim-
iced the effect of an STN lesion seen in animal studies. Thus, the mechanism of action of
DBS was initially believed to be a local inhibition effect (“inhibition hypothesis”). Neuronal
inhibition can be explained by a depolarization block in the vicinity of the stimulation,
inactivating voltage-gated currents and activating inhibitory afferents, which might be
specifically important for GPi stimulation in dystonia [133,134]. In PD, DBS also modifies
the firing pattern within the BG, reducing abnormal firing patterns, such as bursts and
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oscillations in the beta frequency [135,136]. Decreasing the beta frequency within the BG
is associated with clinical improvement in akinesia, rigidity, and albeit comparatively
weaker, tremor [137]. DBS also excites afferent axons antidromically influencing the motor
cortex probably via the hyperdirect pathway [138,139]. A more detailed analysis of cor-
tical stimulation demonstrated a triphasic response pattern within the BG circuits (early
excitation, inhibition, and late excitation) [140], DBS of the GPi, and STN inhibit cortical-
evoked responses suggesting that it blocks information flow through the GPi (“disruption
hypothesis”) [134]. In summary, the mechanisms of action of DBS are not fully understood,
may depend on the composition of neuronal elements in the stimulated nucleus, and may
depend on the underlying disease-specific pathophysiological conditions. However, these
stimulation-induced changes have a network effect, demonstrated by an antidromic effect
to the stimulation target afferent fibers, a filtering effect of patterns of oscillation within
the BG circuits and downstream effects of efferent fibers influencing the next relay station
throughout connectivity. Hence, neuroplastic changes induced by DBS within the nervous
system are likely reflected in and observable as network effects.

3.2. Studies Demonstrating Effects of Neuroplasticity

3.2.1. Evidence for Neuroplasticity in Essential Tremor

We define clinical evidence for neuroplasticity as improvement of clinical signs and
symptoms over time in a constant neurostimulation setting. Constant neurostimulation, in
this context, implies that neither volume of activated tissue nor amplitude or stimulation
frequency were changed. Clinical signs of plasticity can also be assumed when side-
effects of neurostimulation occur over time in a constant stimulation setting. Movement
disorders are a suitable candidate to observe clinical effects of neuroplasticity over time.
Symptoms are easily observable and allow for a complete and continuous observation of
their evolution under chronic DBS. Other disorders, such as for example, epilepsy, where
the target symptom of DBS is a reduction in seizure frequency, are much harder to monitor
for clinically observable effects of DBS-induced neuroplasticity. Therefore, the disorders ET,
PD, and iDS were chosen as examples of DBS-induced neuroplasticity.

The clinical effect of VIM-DBS in ET is two-fold. Initially, it starts as a lesion effect
that often substantially improves upper limb tremor in the first days after DBS surgery.
When the tremor reoccurs, DBS is initiated, demonstrating an immediate reduction of
about 90% in tremor amplitude [141]. This effect is a direct consequence of the disruption
of information flow throughout the volume of activated tissue within the VIM and the
dentato-thalamic tract, respectively [142]. Most cases have shown a gradual worsening of
tremor amplitude over a time frame of years [143–145]. The long-term loss of VIM-DBS
efficacy may be the result of disease progression and habituation to neurostimulation.
Habituation can be interpreted as a neuroplastic effect that diminishes the stimulation
effect post electrode implantation and stimulation initiation; both processes are difficult to
disentangle. While, ideally, the difference in tremor severity in a stimulation-ON setting
between two time points would reflect disease progression alone, habituation effects are
likely to contribute as well. Controlling for the rebound effect of the tremor, seen in a third
of patients, Paschen and colleagues disentangled the loss of stimulation efficacy over time
in a sample of 20 ET patients; 13% of overall worsening in the stimulation-ON condition
was attributable to habituation, whereas 87% of worsening in tremor severity could be
explained by disease progression [146]. While it is convenient to explain the decrease in
clinical efficacy solely in terms of disease progression and habituation, other uncontrolled
factors such as prolonged rebound effects or emotional stress during tremor recordings
might also have affected the study results. Nonetheless, even if only to a small degree,
habituation effects play a role in the time course of treatment by VIM-DBS for severe
essential tremor. Patel and colleagues further reported habituation of VIM-DBS in patients
suffering from medical refractory tremor in the course of a demyelinating sensorimotor
peripheral neuropathy [147]. This observation shows that habituation of VIM-DBS effects
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is likely not disease specific. While the mechanisms of habituation are presently unknown,
they are of interest to prolong the VIM-DBS effect on tremor suppression.

In conclusion, there is a need to understand habituation effects of DBS to identify risk
factors associated with habituation and to characterize neuroanatomic structures within the
volume of activated tissue. A better understanding of habituation may help to find better
stimulation protocols, sweet spots in the area of the VIM, or to develop pharmacological
strategies to stop or to delay malplasticity driving habituation. However, to date, there is
insufficient data to answer the question if lesion-associated habituation and stimulation-
associated habituation share the same mechanisms. This question is of relevance in the
treatment of MR-guided focused ultrasound thalamotomy in the context of ET.

3.2.2. Evidence for Neuroplasticity in Parkinson’s Disease

Comparable to ET, STN-DBS in PD patients leads to an immediate improvement
in motor functions [148,149]. Tremor, rigidity, and akinesia improve within seconds to
minutes. Several studies have documented positive long-lasting effects of STN-DBS in
PD even when the neurostimulation is switched off. After medication and stimulation
wash-out phase of three to five days, Benabid et al. [150] reported a slight improvement
in motor functions six months after surgery as compared with preoperative scores. This
observation has been confirmed by other studies [151,152]. Larger clinical follow-up studies
have reported equal, or even a slight, improvement in motor function present one to four
years follow-up [153–155].

These findings are rather unexpected in a progressive disorder. Two studies compared
the clinical motor status before electrode implantation six months and four years after
electrode implantation and assessed cerebral blood flow (CBF) SPECT. As compared with
preoperative baseline and six months after electrode implantation, CBF SPECT four years
after surgery demonstrated increased rCBF in the supplement motor area (SMA) in condi-
tions medication-OFF/stimulation-ON [156] and medication-OFF/stimulation-OFF [157].
Changes in rCBF correlated with clinical improvements.

Evidence that the observed rCBF differences are indicative of STN-DBS related neu-
roplasticity comes from a postmortem study [158] which identified no, or minimal, tissue
damage in the vicinity of the electrode tips. This, in conjunction with the observed signifi-
cant increase in rCBF in the pre-SMA from six months to four years after surgery, would
argue against otherwise alternatively hypothesized progressive lesion effects to restore
motor functions in a chronic STN-DBS setting.

It also seems unlikely that factors associated with the duration of medication with-
drawal or duration of stimulation holidays explain the lack of clinical progression in the
medication-OFF/stimulation-OFF condition. Typically, the motor status in PD patients
reaches a plateau three hours after switching OFF STN-DBS [159]. Medication and stim-
ulation withdrawal phase vary among studies, often ranging between 10 and 12 h in a
majority of studies, in line with the reported studies. The hypothesis of a STN-DBS related
neuroprotective effect on DA could also not be confirmed. [123I]FP-CIT SPECT measuring
the level of dopaminergic neurons (DA) in vivo, showed a comparable decrease in binding
of radioligand in STN-DBS and non-operated PD groups [160]. Another potentially con-
founding factor might be the patient’s level of physical activity. Stable motor performance
significantly increases after surgery.

Investigations about the effect of improved motor performance on physical activity
are currently lacking. This is relevant because physical activity interventions are known to
be an effective strategy to improve motor symptoms in PD [161]. However, its long-term
effect on rCBF in the pre-SMA has not been sufficiently investigated. In conclusion, the
mechanisms of a slight beneficial effect of STN-DBS, as described on motor performance,
are not known. One explanation beyond the training hypothesis is that STN-DBS induces
neuroplasticity that restores pre-SMA function and, to a smaller amount, motor functions
in PD.
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Long-term STN-DBS is also associated with attenuation of STN resting-state beta
band activity. PD is characterized by elevated resting-state beta band activity of local field
potentials (LFPs) in the STN. STN-DBS effectiveness is indexed by a reduction in elevated
beta band activity. Trager et al. [162] and Chen et al. [163] highlighted that long-term
STN-DBS also attenuated beta band amplitudes at rest (stimulation-OFF). Attenuation
was already evident three months post implantation and two months post high-frequency
stimulation (HFS) start [163] and may be time limited, as no further adaption in the beta
band was detected between six and twelve months by Trager et al. [162]. Moreover, it
might initially occur broad brand (low- and high- beta band specific) and after two months
attenuation might be limited to the high-beta band activity [163]. Lesioning effects, as
an alternative explanation, appears unlikely, as attenuation occurred as compared with
one month after implantation [163] and was only present in the stimulated STN, in a
subset of bilaterally implanted, but unilaterally stimulated patients [162]. While beta band
attenuation was associated with overall motor improvement in both studies, the exact
relationship between STN resting-state beta amplitude and overall motor improvement is
not clear.

Sensory motor integration has also been shown to improve after long-term STN-DBS in
patients with PD. Short latency afferent inhibition (SAI) and long latency afferent inhibition
(LAI) index different aspects of sensory motor integration, likely with different anatomical
origins (see Turco et al. [164] for an overview); both refer to effects of cortical inhibition
of sensory evoked potentials, and are impaired in PD [165]. Sailer et al. [165] found SAI
to be impaired in PD only ON dopaminergic (MED-ON) medication as compared with
HC, whereas LAI has been shown to be impaired regardless of medication status. Shukla
et al. [166] assessed the long-term effects of STN-DBS on SAI and LAI, considering effects
of DBS (ON/OFF) and dopaminergic medication (ON/OFF) over time. One month post
implantation, the effects of STN-DBS were difficult to discern. However, six months post
implantation, DBS-ON was able to offset the impairment on SAI caused by MED-ON.
Furthermore, LAI normalized under DBS-ON in conjunction with MED-ON after six
months. Proprioception deficits present under MED-ON improved in conjunction with
DBS. However, the relationship between LAI and SAI improvements is not clear.

At present, long-term volumetric effects of long-term STN-DBS are lacking. To
the best of our knowledge, only two studies have assessed volumetric changes after
long-term STN-DBS retrospectively in a sample of PD patients undergoing staged bilat-
eral implantation [167,168]. While both studies reported volumetric changes, they were
in disagreement on whether long-term STN-DBS overall led to volume reductions or
increases in the targeted brain structures. Sankar et al. [167] and Kern et al. [168] both
found reductions in hippocampal volumes, although in different hemispheres (both hip-
pocampi or only ipsilateral to the stimulated STN) and to different degrees (~14\% and
~3\%). The large decrease in hippocampal volume observed by Sankar et al. [167] was
not accompanied by a decrease in neuropsychological measures. With regard to BG struc-
ture volumetric changes, both studies were in disagreement. Sankar et al. [167] reported
increases in putamen volume contralateral to the stimulated STN, Kern et al. [168] found
overall decreases in basal ganglia-thalamocortical circuits (includes caudate, putamen,
pallidum, and thalamus), particularly ipsilateral to the stimulated STN. The disagree-
ment in the results of both studies may partially be explained by variable stimulation
durations, low imaging resolution (1.5T), and small sample sizes. While both studies
differ in results and methodology, in conjunction, they illustrate that long-term STN-DBS
might also affect brain volume

In terms of long-term neuroplastic functional changes, a longitudinal study by Ge
et al. [169] assessed alternations of the PD-related metabolic covariance pattern (PDRP)
expression using F-FDG PET in a group of healthy control participants, PD patients, and PD
patients (N = 9), who underwent STN-DBS. DBS participants were scanned pre-operative,
three, and twelve month post operation, with post-operation scans being performed OFF-
Meds and OFF-DBS. The therapeutic decrease in UPDRS scores at three month post opera-
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tion was associated with a reduction PDRP. Moreover, graph theoretical network analysis
of the F-FDG PET images showed that the initally increased small-worldness coeffcient
within the PDRP subspace (as compared was healthy controls) was normalized three month
post operation. This illustrates the capacity of DBS to exert long-term effects on functional
network organization.

Mechanisms by which neuroplastic/neuroprotective effects of STN-DBS in PD oc-
cur are presently only well investigated in animal models. Preclinical work suggests a
prominent role for BDNF inducing neuroplastic changes, in the nigrostriatal system and
the motor cortex (e.g., [170]). However, clinical confirmatory evidence is still not available.
On the contrary, BDNF rs6265 polymorphism in Parkinson’s patients has been shown not
to be predictive of clinical outcome two years post STN-DBS [171].

3.2.3. Evidence for Neuroplasticity in Dystonia

The GPi is the established stimulation area to treat dystonia. As compared with
ET or PD, the evolution of the antidystonic effect after GPi-DBS differs. Whereas phasic
movement patterns respond fast after switching on neurostimulation [172], tonic postures
and patterns improve only over weeks or even months after stimulation onset. Most studies
have demonstrated a plateau in the treatment effect after three months [173]. Therefore, it
is plausible that a long-lasting neuroplastic effect occurs, which leads to an improvement
in symptoms over time. Dystonic symptoms may recur rapidly when the stimulation is
discontinued in the first years [174]. However, in some cases, it has also been observed
that after cessation of long-term stimulation, the therapeutic effect remained sustained over
time [175,176]. Among the potential explanations for these neurological benefits, it can be
assumed that DBS therapy may have the capacity to induce plastic changes that lessen or
obviats the need for further treatment [177].

Whereas in PD patients reduced neural plasticity is often observed [178], dystonia
patients exhibit excess neural plasticity [179–181]. Ruge et al. [180] tested long-term effects
of GPi-DBS on neural plasticity via paired associative stimulation (PAS) and short-latency
intracortical inhibition (SICI). SICI was increased as compared with HC pre-DBS implanta-
tion (indexing reduced inhibition) and reached normal levels over the course of treatment
(one-, two-, and three-months post implantation). Response to PAS was also increased as
compared with HC prior—indexing increased plasticity. Whereas SICI measures reduced
gradually over the course of treatment, responses to PAS dropped sharply below HC
response before gradually returning to normal levels as compared with HC. Increased
plasticity preoperative has also been shown to correlate with symptom severity and benefit
of DBS three months post implantation [181].

Ni et al. [182] linked GPi-DBS and the normalization of neural plasticity directly. In
dystonia patients who had received clinically effective DBS (at least six months prior),
single pulse GPi-DBS (only at clinically effective contacts and dosages) resulted in two
distinct evoked potentials (EP) in the motor cortex. A negative EP at ~10 ms and a positive
EP at ~25 ms with specific facilitatory and inhibitory effects on motor evoked potentials
(MEP). In combination with TMS, if the interstimulus interval was 10 ms, MEP amplitudes
were relatively increased. In contrast, if the interstimulus interval was 25 ms, MEP ampli-
tudes decreased. Single pulse GPi-DBS and PAS with interstimulus intervals at 10 ms or
25 ms lead to motor cortical facilitation during and 30 min post PAS. The effect was more
pronounced at interstimulus intervals of 25 ms. While these effects occur presumably after
normalization of initially observed hyperplasticity [180], Ni et al. [182] provided evidence
for the causal relevance of GPi-DBS for cortical plasticity in dystonia.

4. Transcranial Electric Stimulation (tES)

4.1. Overview of tES Methods

Transcranial electric stimulation refers to a variety of methods where a small electric
current is non-invasively applied to the brain via two or more electrodes on the scalp.
The current flows through the skin, bone, and brain tissue from one electrode to another.
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Depending on the precise stimulation parameters (particularly the waveform), tES can be
subdivided into different techniques among which transcranial direct current stimulation
(tDCS), transcranial alternating current stimulation (tACS), and transcranial random noise
stimulation (tRNS) are the most commonly used to date. As compared with TMS and
DBS, tES methods are relatively young and no reliable stimulation protocols have yet been
established for successful therapy of neurological or psychiatric conditions, although first
trials are underway to move the methods towards clinical applications (for an overview of
clinical research on tDCS, see Zhao et al. [183], for an overview of clinical research on tACS,
see Elyamany et al. [184]).

Due to skin sensations in response to electric stimulation, the intensity of tES is limited
to one or a few mA (milliamperes). This results in an important difference to DBS and TMS,
which are considered to be super-threshold brain stimulation techniques, i.e., the electric
field resulting from stimulation can directly excite or inhibit neurons to fire action potentials
or suppress firing, respectively. In contrast, tES is considered to be a subthreshold brain
stimulation technique, since the electric field inside the brain is comparably weak and will
only modulate the likeliness of neuronal firing in case of tDCS or the spike timing in case
of tACS. The spike rate is not directly manipulated.

It is important to know where to place the stimulation electrodes on the scalp in order
to target a specific brain region. For this purpose, finite element models have been used to
predict the pattern of current density resulting from electric stimulation. At first, T1- and T2-
weighted images are acquired with magnetic resonance imaging (MRI). Then, the images
are segmented into tissues of different conductivity. Lastly, a computer algorithm (e.g., the
Roast toolbox in MATLAB or SIMNIBS) computes the pattern of current flow for the
selected electrode montage (as shown in Figure 3). Recently, we were able to demonstrate
that a high correlation of the pattern of current flow and the source localization of the
brain activity that was intended to be modulated by tACS resulted in stronger effects of
amplitude enhancement (Kasten et al. [185]).

Figure 3. (a) Visualization of current density pattern for a montage with stimulation electrodes at EEG
locations Cz and Oz; (b) source localization of the human alpha generator from a MEG experiment;
(c) it was recently shown that properties of the electric field (i.e., the similarity of the electric field
and the activation map and the strength of the field) can be used to model the expected effect of an
alpha-tACS experiment aiming to increase the amplitude of the alpha activity. Only after active (but
not sham) stimulation the model predicted changes in alpha amplitude. Adapted from Ref. [185].
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4.2. Assumed Neuronal Mechanisms

4.2.1. tDCS

During tDCS, a static electric field is applied between two or more electrodes for a
duration commonly ranging between 5 and 20 min. The static field induces a subtle shift in
a neuron’s resting membrane potential. Depending on its polarity, neurons exposed to the
electric field are slightly de- or hyperpolarized, increasing or decreasing the likelihood of
firing an action potential in response to incoming post-synaptic potentials [186–188].

In humans, the effects of tDCS were first investigated by assessing the size of motor
evoked potentials (MEPs), which occur in response to single-pulse TMS over the motor
cortex. Generally, it has been observed that the size of MEPs increased after anodal
stimulation of the motor cortex, whilst decreasing after cathodal stimulation [35,189].
This has led to the notion that tDCS increases cortical excitability below the anode, while
decreasing excitability below the cathode. However, more recent modeling work has
pointed out that the exact effects on the neuronal level are highly dependent on the
neuron’s orientation relative to the applied electric field, which is strongly determined
by cortical folding [190]. In addition to acute effects during stimulation, it has often
been observed that physiological effects persist for several tens of minutes after tDCS
is switched off [35,189]. The duration of these effects depends on the duration of tDCS
application. While stimulation durations of 5 to 7 min induce only short-lived after-
effects in the range of 1–5 min, durations of 9–13 min can induce long-lasting alterations
of MEPs for 30 or even up to 90 min [189]. In addition to these initial benefits of increasing
tDCS dosage by longer stimulation durations, several studies have report an overall
nonlinear relationship between tDCS dose and after-effects when stimulation amplitudes
and/or durations are further increased. For example, the excitatory effect of anodal
tDCS has been observed to revert after prolonged application for 26 min [191]. Similarly,
the inhibitory effect of cathodal tDCS was reversed after 20 min of application when
stimulation intensity was increased from 1 mA to 2 mA [192]. A more recent systematic
comparison of stimulation amplitudes of anodal and cathodal tDCS, additionally, found
no evidence for a correlation of stimulation current and the strength of tDCS after-effects
on MEPs [193]. Interestingly, after-effects of tDCS do seem to accumulate in protocols
that utilize temporally spaced, repeated sessions of stimulation [194,195], suggesting a
possible involvement of late-stage LTP-like plasticity [191].

Although tDCS effects are most widely studied with respect to their influence on
MEPs, tDCS has been shown to affect more direct measures of human brain activity such
as eliciting lasting changes in EEG activity. It has been suggested that, due to its effect
on cortical excitability, tDCS modulates EEG oscillations which sources are located in the
stimulated target regions in the brain. However, which frequency band in the EEG is
affected by stimulation as well as the direction of these effects seem rather inconsistent,
difficult to predict, and may vary depending on the background task. For example, Miller
et al. [196] reported a reduction in frontal-midline theta band power following anodal
tDCS during a sustained attention task, while Zaehle et al. [197] reported a decrease in
theta band power after cathodal tDCS, accompanied by similar spectral changes in the
alpha band during a working memory task. When targeting regions in the motor cortex,
Ardolino et al. [198] reported increased power in the delta and theta band following
cathodal tDCS, while Matsumotu et al. [199] found that anodal tDCS increased event-
related desynchronization of motor cortical mu-oscillations, while cathodal tDCS reduced
it. Again, the two studies differ in terms of the underlying background tasks (rest vs. motor
imagery). When targeting posterior brain regions during rest, Spitoni et al. [200] found a
positive effect of anodal tDCS on spectral power which was limited to the alpha band, but
no effect of cathodal stimulation. A similar effect was later reported by Mangia et al. [201],
who, however, also reported a significant effect of anodal tDCS on power in the beta band.
Interestingly, EEG changes elicited by tDCS are commonly only observed for a few minutes
after stimulation, which is in contrast to the partly hour long effects observed on MEPs.
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Another line of evidence comes from the investigation of changes in brain connectivity
as a consequence of tDCS (for a review, see [202]). For example, resting-state data have
been recorded with functional magnetic resonance imaging (fMRI) before and after tDCS
stimulation. Participants who received stimulation revealed significant changes in regional
brain connectivity in the default mode network and in fronto-parietal networks as compared
with participants who received sham stimulation [203].

TDCS has also been applied as a therapeutic tool in multiple diseases. For exam-
ple, tDCS has been demonstrated to suppress the symptoms of depression (for review,
see [204]). An evidence-based analysis reported that tDCS was probably also effective to
treat symptoms of fibromyalgia and addiction/craving [205].

While acute effects of tDCS during stimulation have been linked to shifts in mem-
brane polarization, offline effects of tDCS are usually explained by processes of LTP- and
LTD-like synaptic plasticity (for an overview see Stagg and Nitsche [206]). In particular,
it has been shown that selective NMDA receptor antagonists reduce or completely abol-
ish after-effects of anodal and cathodal tDCS on motor cortical excitability in vivo and
in vitro [207,208]. Evidence from in vitro stimulation of slice preparations of mice further
suggested an involvement of the brain-derived neurotrophic factor (BDNF) [208,209],
which was involved in all stages of NMDA receptor-dependent LTP, whereas its pre-
cursor peptide (pro-BDNF) has been associated with LTD [210,211]. More recently, it
was observed that a frequent polymorphism in the BDNF gene (nonconservative amino
acid substitution from valine (Val) to methionine (Met) on codon 66) modulates the
size of after-effects of anodal (but not cathodal) tDCS [212]. In that study, participants
with the Val66Met polymorphism showed stronger enhancement of MEPs after tDCS
as compared with participants with Val66Val after about 20 min post stimulation. In-
terestingly, this finding is contrary to the effect of the polymorphism on after-effects in
other stimulation methods, where participants carrying the Val66Met polymorphism
tended to show reduced or even abolished responses to the stimulation protocol (e.g.,
iTBS [212] and tACS [213]). Delivering an NMDA agonist prior to anodal tDCS of the
human motor cortex increased the duration of enhanced MEPs from one hour to one
day [214]. Long-lasting after-effects of tDCS on motion perception have even been found
to persist over a time period of 28 days [215].

4.2.2. tACS

The effects that tACS has on ongoing brain oscillations during stimulation are believed
to rely on neural entrainment, while the after-effects that outlast the end of stimulation are
assumed to be implemented by neural plasticity [216]. By definition, entrainment itself does
not outlast the stimulation period. Nevertheless, the effect of entrainment does not vanish
instantly. For a few cycles after stimulation offset, the internal phase of the oscillation is still
coupled to the external force, as has been reported for rTMS [217] and tACS [218]. After-
effects indicate that tACS interferes with cortical neurons and demonstrate the efficacy of
the method with potential for therapeutic applications.

It has been demonstrated that 10 min of tACS at an individual’s EEG alpha frequency
(IAF) resulted in enhanced EEG alpha amplitudes in a time window of three minutes after
the end of stimulation [219]. In order to investigate the duration of this after-effect, another
study recorded 30 min of EEG after 20 min of tACS at IAF and observed elevated alpha
amplitudes for the whole time interval after stimulation had ended [220]. Interestingly,
the effect could only be observed when participants had their eyes open and started out
with low alpha amplitudes, but not when they had their eyes closed and started out with
high alpha amplitudes. Since that after-effect was still observable even at the end of the
recording interval, yet another study recorded EEG for an even longer time period after
stimulation, i.e., 90 min and demonstrated that 20 min of tACS achieved an after-effect on
EEG alpha oscillations for 70 min [221].

Importantly, the after-effect of enhanced EEG alpha amplitudes also modulates
cognitive processing after the end of stimulation. For example, improved mental rota-
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tion ability has been observed for about one hour after the end of tACS at individual
alpha frequency over the visual cortex [222]. Along the same lines, tACS in the alpha
frequency range improved multiple other visual processing abilities [223,224]. If other
brain regions are stimulated, alpha-tACS can also achieve after-effects on other cognitive
functions such as word processing in the prefrontal cortex [225] or motor behavior over
the precentral cortex [226].

Notably, after-effects of tACS were not always detected [227], indicating that the
phenomenon possibly depends upon stimulation intensity and/or duration. In line with
that finding, it has been demonstrated that one second of tACS was not sufficient to
achieve any after-effects suggesting a dose-response relationship [228]. This is in line
with animal experiments that stimulated for a few seconds and were able to demonstrate
entrainment but no after-effects. Another form of dose-response relationship has been
demonstrated more recently by studies that were able to relate the strength of tACS-induced
neurophysiological and behavioral after-effects to individual differences in the applied
electric field, which could vary substantially due to anatomical differences [185,229].

It should be noted that after-effects of tACS on brain oscillations are not only observed
on EEG/MEG amplitudes but have also been demonstrated for other parameters such
as, for example, phase coherence between hemispheres probably reflecting changes in
functional connectivity [230,231].

Note in addition that entrainment and plasticity are not mutually exclusive and may
rely on each other [227]. It is plausible to assume that a successful entrainment during stim-
ulation might be a necessary requirement for the generation of neuroplasticity reflecting
enduring after-effects. The first evidence for the assumed interaction of online entrain-
ment and after-effect was reported by [232]. These authors were able to demonstrate that
the strength of an increased alpha amplitude after the end of stimulation correlated posi-
tively with the power during stimulation. These findings suggest a relationship between
entrainment and plasticity, in which stronger entrainment predicts stronger after-effects.

However, Vossen et al. [227] showed that entrainment may not be required to produce
tACS after-effects. They applied short durations of tACS at individual alpha frequency
with short breaks of an equal duration. The experiment was composed of four conditions:
short/phase continuous (i.e., no phase shifts between trains of stimulation) with three
seconds of stimulation and three seconds of break; long/phase continuous with eight
seconds of stimulation and eight seconds of break; long/phase discontinuous with eight
seconds of stimulation and break, and phase shifts of 0, 90, 180, or 270 between trains of
stimulation, as well as a sham condition with only one train of stimulation at the start of the
experiment. The authors compared pre- versus post-stimulation EEG periods and reported
a significant increase in alpha power for the long stimulation trains as compared with short
stimulation trains and sham. The increased after-effect was observed irrespective of the
continuity of phase, suggesting that entrainment was not required for after-effects.

Clinical studies using tACS have revealed that stimulation in the gamma frequency
range can improve memory scores in Alzheimer’s disease [233]. In patients suffering
from schizophrenia, tACS in the alpha frequency range was successful to decrease
auditory hallucinations [234,235]. For reviews on further long-term effects of tACS in
clinical populations, see [184,236].

Animal experiments can investigate synaptic plasticity by stimulating the pre-synaptic
neuron and recording from the post-synaptic neuron. Such experiments have revealed that
synaptic weights change depending upon the relative timing of pre- and post-synaptic
spikes, a rule that is referred to as spike-timing dependent plasticity ((STDP) see Figure 4a).
A simulation using artificial neural networks has tested whether this synaptic mechanism
was susceptible to repetitive stimulation and could be responsible for the after-effects of
tACS [219]. As shown in Figure 4b, neurons were interconnected with axons of different
axonal delay times representing different resonance properties of the established neuronal
loops. When this network was stimulated with a spike train of 10 Hz and synapses
were updated according to the STDP rule, the synapses were strengthened that were

21



Brain Sci. 2022, 12, 929

incorporated in loops with resonance frequencies at the stimulation frequency and slightly
above (Figure 4c).

Figure 4. This figure illustrates the mechanism of spike-timing dependent plasticity (STDP) which
might explain after-effects of transcranial brain stimulation. (a) Synaptic weights are increased if
a post-synaptic potential follows a pre-synaptic spike, i.e., long-term potentiation (LTP) occurs, if,
however, a post-synaptic potential occurs prior to a pre-synaptic spike, long-term depression (LTD)
is the result; (b) schematic illustration of a network simulation: A driving neuron (gray) established
a recurrent loop with each neuron of a hidden layer, the total synaptic delay (i.e., the sum of both
delays of the loop) varied between 20 and 140 ms (only three such loops are shown here), the driving
neuron was stimulated with a spike train of 10 Hz; (c) synaptic weights of the back projection as a
function of the total synaptic delay of the recurrent loops: grey dots display synaptic weights at the
start of the simulation ranging from 0 to 8, black dots represent synaptic weights after the end of
simulation. External stimulation of the driving neuron at 10 Hz resulted in synaptic weights above
the initial average of 4 (dashed line) for recurrent loops with a total delay between 82 and 100 ms,
indicating LTP (region shaded in red). For all other delays, synaptic weights were reduced, indicating
LTD (region shaded in blue).

All of the above evidence is, of course, only indirect evidence for synaptic plasticity. It
would be desirable to see that neurotransmitters known to be involved in plasticity play
a role in the observed after-effects. A recent study demonstrated that when an NMDA
receptor antagonist was given to participants, the after-effect of 20 Hz tACS on motor cortex
excitability and EEG beta oscillations was abolished [237]. Another finding that pointed in
the same direction investigated the effect of a genetic polymorphism of the brain-derived
neurotrophic factor (BDNF) [213]. The authors were able to demonstrate that the observed
increase in the EEG alpha amplitude after stimulation with alpha-tACS as compared with a
control group was a function of the Val66-Met polymorphism of the BDNF gene.
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4.2.3. tRNS

tRNS uses band-limited white noise as a signal for electrical stimulation. The effect
of tRNS is believed to be due to modulation of ion channels and/or the noise raising the
peaks of subthreshold neural oscillations above the threshold for firing, a mechanism
referred to as stochastic resonance [238]. It has been demonstrated that 10 min of tRNS
of the motor cortex led to enhanced TMS-evoked motor potentials for up to 60 min after
the end of stimulation [239]. The effect also seems to be dose dependent, i.e., five and six
minutes of tRNS result in after-effects, while 4 min of stimulation are not sufficient [240].
In contrast to the after-effects of tDCS and tACS, the after-effect of tRNS is not modulated
by NMDA receptor agonists or antagonists but is suppressed by the GABA agonist
lorazepam [241]. Interestingly, the BDNF polymorphism (Val66Val/Val66Met) that has
been suggested to modulate the induction of LTP-like plasticity in other brain stimulation
methods such as iTBS, anodal tDCS, and tACS, has not been found to influence tRNS
after-effects on MEPs [212].

The fact that tRNS achieves after-effects on oscillatory EEG activity [242], despite its
inability to entrain brain oscillations due to its non-rhythmic pattern [238], supports the
abovementioned notion that entrainment may not be required for synaptic plasticity effects
of tES.

5. Comparison of Methods Regarding Neuronal Plasticity

In this narrative review, we present three stimulation methods, i.e., TMS, DBS, and tES, and
summarize the evidence suggesting a neuroplastic capacity of these neurostimulation techniques.

For TMS, evidence suggesting that after-effects are produced through neuroplastic
mechanisms comes from three types of results: (i) rTMS protocols induce changes in
cortical excitability, as seen in MEP amplitudes, which outlast the period of stimulation;
(ii) lasting after-effects on brain activity after rTMS protocols can also be revealed using
neuroimaging; (iii) the effects of rTMS are altered by drugs that act on receptors involved in
neuroplasticity, for esample, NMDA receptor antagonists. As a restriction, it must be stated
that patients in clinical brain stimulation studies are often also treated pharmacologically
(e.g., pharmacological treatment kept stable), hence, reported long-lasting effects might be
favored by metaplastic phenomena induced by chronic pharmacological treatment [243].

For DBS, the time course of the evolution of symptom relief after switching on GPi
stimulation for dystonia is compatible with the assumption of a neuroplastic effect. Es-
pecially tonic patterns of a dystonic syndrome improved after weeks or months of active
stimulation. In some patients, it has been observed that during stimulation cessation, after
long-term stimulation, the therapeutic effect is sustained over time. In VIM-DBS for ET,
habituation may reflect neuroplasticity, whereas in STN-DBS, hints toward evidence for
neuroplasticity come from electrophysiological studies reporting after-effects of stimulation
in the beta band range of oscillatory activity.

For transcranial electric stimulation, the evidence for after-effects comes mainly from
three types of results: (i) TMS-induced MEPs reveal modulations of cortical excitation
during electrical stimulation of the motor cortex, these changes outlast the end of the
stimulation period; (ii) parameters of EEG and MEG oscillations such as amplitude and
phase coherence have been observed to be elevated after the end of stimulation lasting for
up to an hour; (iii) behavioral changes such as reaction times or error rates in cognitive
experiments induced by tES that outlast the end of stimulation as well as reduced symptoms
in neuropsychiatric diseases. At least the first two types of results are also modulated by
neurotransmitters known to be involved in synaptic plasticity.

All three brain stimulation methods reviewed here reveal indirect signs of neuro-
plasticity, i.e., after-effects of elevated EEG/MEG amplitudes as well as behavioral or
clinical after-effects. The three stimulation techniques differ in terms of the volume of
tissue activated. We hypothesize that the neuroplastic effects are mediated by different
mechanisms, i.e., how these stimulation techniques influence brain networks. DBS stim-
ulates a focal circumscribed volume of tissue, acting as a hub in a neural network. Small
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brain nuclei such as STN and VIM circumscribe fiber tracts, such as the ansa lenticularis,
are powerful interfaces within the motor network. Network effects, therefore, arise from
a focal manipulation of network hubs within a deregulated neuronal system; tES and
rTMS are less focal neurostimulation techniques. However, their potency to change EEG
oscillations argues for their impact to influence brain network functions. Taken together,
all three stimulation techniques have a capacity to interfere with brain networks and
modify neuronal network functions.

Importantly, it has also been demonstrated that genetic polymorphisms and drugs that
affect the function of neurotransmitters responsible for synaptic plasticity result in modula-
tions of those after-effects. This makes it plausible to assume that the observed after-effects
are, in fact, due to synaptic plasticity. Due to the large number of participants/patients that
are required for studies on genetic polymorphisms, the evidence is sparse in DBS, which
requires the implantation of electrodes in patients, as compared with TMS/tES.

The three methods of brain stimulation reviewed here operate at different time scales.
The duration of rTMS, especially at high stimulation frequencies, is limited to the order
of several minutes due to the relatively high amount of energy that is delivered to the
brain; tES can be applied for up to about 30 min continuously due to its reduced energy
as compared with TMS; DBS is typically applied chronically over years. Nevertheless, it
would be interesting for future studies to directly compare the three described methods
with each other regarding their effects upon synaptic plasticity.

The three methods also differ with regard to their focality. DBS is the most focal
method with stimulation electrodes directly inserted into brain tissue, thereby, directly
stimulating neurons in their vicinity. rTMS is a little less focal, since the magnetic field
generated by the coil has to penetrate the skull before inducing an electric field inside
the brain tissue. This electric field is strongest in superficial brain areas and decreases in
intensity in deeper brain areas. tES is the least focal of the three methods. The electric
field has to penetrate the skull and reaches all the way from one stimulation electrode
to the other. For conventional, two-electrode montages, the maximum of the resulting
electric field inside the brain occurs in the area between the two electrodes. For more
advanced montages using a smaller area for current injection and a larger area to return
the current, the field can be focused in the proximity of the injecting electrode. If the
electrodes are placed too close to each other, the electric current is shunted by the scalp
and only little current reaches brain tissue. While tES methods allow for stimulating
superficial brain regions, targeting deep brain regions is not possible without strong
co-stimulation of the overlaying cortex. A relatively new method, transcranial temporal
interference stimulation (tTIS), has been developed in an animal model and aims to avoid
this disadvantage of tES [244]. For tTIS, two pairs of electrodes are placed on the scalp,
each introducing a banana-shaped region of current density inside the brain. Sine waves
of slightly different frequencies are fed into the brain via each pair, for example, 1000 Hz
and 1010 Hz, both frequencies being outside the frequency range relevant for brain
activity, i.e., above 1000 Hz. In these brain areas where the two regions of current flow
overlap, the two frequencies interact and a beat frequency can be seen at the difference
frequency, i.e., 10 Hz. Simulations of the electric fields during tTIS suggest that this
approach can target deep brain regions, whilst substantially reducing co-stimulation
of the overlaying brain regions [245]. In addition, simulations of computational neural
network models suggest that such beat frequencies are, in principle, capable of engaging
neural oscillations [246,247], albeit at much higher stimulation intensities as compared
with conventional tES methods. Notably, a first study has recently demonstrated that this
method is able to modulate human brain activity [248]. Future studies should evaluate
whether plasticity can be induced by this method.

Limitations

The literature that we cited revealed partially conflicting results. This is most likely
due to small sample sizes of the studies. Sample size becomes particularly an issue when
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studies attempt to relate neuroimaging results of a few subjects to heterogeneous clinical
scores which can vary widely even within the same subject. In that case, we focused
on reporting imaging and electrophysiological evidence. In addition, we decided not to
review literature on animal research that investigated plasticity directly at the synaptic level.
Instead, we focused on human studies applying neurostimulation. This decision limits our
conclusions since only animal studies can unequivocally demonstrate synaptic changes.
Human studies on neurostimulation can only observe indirect effects of neuroplasticity. In
contrast to animal models of brain stimulation, brain stimulation in general, and specifically
in DBS, works over a period of years to decades [249,250], which cannot be recreated in an
animal study. It has to be noted that after-effects observed after neurostimulation could
also result from other mechanisms than neuroplasticity. Potentially, neurostimulation could
result in other effects such as up- or downregulating the secretion of neurotransmitters
such that altered levels of these neurotransmitters outlast the end of stimulation. Especially
in the case of altered behavior, indirect effects of neurostimulation are conceivable. For
example, if PD patients experience improved motor function during neurostimulation, it
can be assumed that they, in turn, move more after neurostimulation. In that case, the
observed after-effects could also be due to increased mobility.

In order to demonstrate more unequivocally that the abovementioned after-effects
of brain stimulation are, in fact, due to neuroplasticity, future studies should focus on
the involvement of relevant neurotransmitters, receptors, genes, etc. [251]. For example,
positron emission tomography (PET) is feasible in parallel to all three brain stimulation
methods described in this review (TMS [85,89], DBS [252,253], and tES [254,255]). In the
past, however, PET was mainly used to investigate how brain activity changes in response
to brain stimulation, i.e., regional cerebral blood flow was assessed [256]. It is, however,
also possible to investigate how brain stimulation changes the binding of very specialized
ligands to certain neurotransmitters and their receptors [257]. Crucially, a recent study
used PET imaging to visualize AMPA receptors in humans [258]. A combination of PET
imaging and brain stimulation would further our understanding of the interplay between
brain stimulation and neuroplasticity.
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Grmela, R.; Rektorová, I. Impact of Cognitive Reserve on Dance Intervention-Induced Changes in Brain Plasticity. Sci. Rep. 2021,
11, 18527. [CrossRef]

10. Shigihara, Y.; Hoshi, H.; Shinada, K.; Okada, T.; Kamada, H. Non-Pharmacological Treatment Changes Brain Activity in Patients
with Dementia. Sci. Rep. 2020, 10, 6744. [CrossRef]

11. Minzenberg, M.J.; Leuchter, A.F. The Effect of Psychotropic Drugs on Cortical Excitability and Plasticity Measured with Transcra-
nial Magnetic Stimulation: Implications for Psychiatric Treatment. J. Affect. Disord. 2019, 253, 126–140. [CrossRef]

12. Zhuang, X.; Mazzoni, P.; Kang, U.J. The Role of Neuroplasticity in Dopaminergic Therapy for Parkinson Disease. Nat. Rev. Neurol.

2013, 9, 248–256. [CrossRef]
13. Barker, A.T.; Jalinous, R.; Freeston, I.L. Non-Invasive Magnetic Stimulation of Human Motor Cortex. Lancet 1985, 1, 1106–1107.

[CrossRef]
14. Hallett, M. Transcranial Magnetic Stimulation: A Primer. Neuron 2007, 55, 187–199. [CrossRef]
15. Tsodyks, M.; Wu, S. Short-Term Synaptic Plasticity. Scholarpedia 2013, 8, 3153. [CrossRef]
16. Brown, J.C.; Higgins, E.S.; George, M.S. Synaptic Plasticity 101: The Story of the AMPA Receptor for the Brain Stimulation

Practitioner. Neuromodulation Technol. Neural Interface 2022, in press. [CrossRef]
17. Wagner, T.; Valero-Cabre, A.; Pascual-Leone, A. Noninvasive Human Brain Stimulation. Annu. Rev. Biomed. Eng. 2007, 9, 527–565.

[CrossRef]
18. Rothwell, J.C.; Hallett, M.; Berardelli, A.; Eisen, A.; Rossini, P.; Paulus, W. Magnetic Stimulation: Motor Evoked Potentials. The

International Federation of Clinical Neurophysiology. Electroencephalogr. Clin. Neurophysiol. Suppl. 1999, 52, 97–103.
19. Cohen, S.L.; Bikson, M.; Badran, B.W.; George, M.S. A Visual and Narrative Timeline of US FDA Milestones for Transcranial

Magnetic Stimulation (TMS) Devices. Brain Stimul. Basic Transl. Clin. Res. Neuromodulation 2022, 15, 73–75. [CrossRef]
20. Snow, N.J.; Wadden, K.P.; Chaves, A.R.; Ploughman, M. Transcranial Magnetic Stimulation as a Potential Biomarker in Multiple

Sclerosis: A Systematic Review with Recommendations for Future Research. Neural Plast. 2019, 2019, e6430596. [CrossRef]
21. Amassian, V.E.; Cracco, R.Q.; Maccabee, P.J.; Cracco, J.B.; Rudell, A.P.; Eberle, L. Transcranial Magnetic Stimulation in Study of

the Visual Pathway. J. Clin. Neurophysiol. 1998, 15, 288–304. [CrossRef]
22. Ilmoniemi, R.J.; Virtanen, J.; Ruohonen, J.; Karhu, J.; Aronen, H.J.; Näätänen, R.; Katila, T. Neuronal Responses to Magnetic

Stimulation Reveal Cortical Reactivity and Connectivity. Neuroreport 1997, 8, 3537–3540. [CrossRef]
23. Modak, A.; Fitzgerald, P.B. Personalising Transcranial Magnetic Stimulation for Depression Using Neuroimaging: A Systematic

Review. World J. Biol. Psychiatry 2021, 22, 647–669. [CrossRef]
24. Aydogan, D.B.; Souza, V.H.; Lioumis, P.; Ilmoniemi, R.J. Towards Real-Time Tractography-Based TMS Neuronavigation.

Brain Stimul. 2021, 14, 1609. [CrossRef]
25. Ziemann, U. TMS Induced Plasticity in Human Cortex. Rev. Neurosci. 2004, 15, 253–266. [CrossRef]
26. Ziemann, U.; Paulus, W.; Nitsche, M.A.; Pascual-Leone, A.; Byblow, W.D.; Berardelli, A.; Siebner, H.R.; Classen, J.; Cohen, L.G.;

Rothwell, J.C. Consensus: Motor Cortex Plasticity Protocols. Brain Stimul. 2008, 1, 164–182. [CrossRef]
27. Pascual-Leone, A.; Valls-Solé, J.; Wassermann, E.M.; Hallett, M. Responses to Rapid-Rate Transcranial Magnetic Stimulation of

the Human Motor Cortex. Brain 1994, 117 Pt 4, 847–858. [CrossRef]
28. Eldaief, M.C.; Halko, M.A.; Buckner, R.L.; Pascual-Leone, A. Transcranial Magnetic Stimulation Modulates the Brain’s Intrinsic

Activity in a Frequency-Dependent Manner. Proc. Natl. Acad. Sci. USA 2011, 108, 21229–21234. [CrossRef]
29. Raij, T.; Nummenmaa, A.; Marin, M.-F.; Porter, D.; Furtak, S.; Setsompop, K.; Milad, M.R. Prefrontal Cortex Stimulation Enhances

Fear Extinction Memory in Humans. Biol. Psychiatry 2018, 84, 129–137. [CrossRef]
30. Siebner, H.R.; Bergmann, T.O.; Bestmann, S.; Massimini, M.; Johansen-Berg, H.; Mochizuki, H.; Bohning, D.E.; Boorman, E.D.;

Groppa, S.; Miniussi, C.; et al. Consensus Paper: Combining Transcranial Stimulation with Neuroimaging. Brain Stimul. 2009, 2,
58–80. [CrossRef]

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

32. Lefaucheur, J.-P.; Aleman, A.; Baeken, C.; Benninger, D.H.; Brunelin, J.; Di Lazzaro, V.; Filipović, S.R.; Grefkes, C.; Hasan, A.;
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Abstract: Transcutaneous auricular vagus nerve stimulation (taVNS) is a novel non-invasive treat-
ment option for different diseases and symptoms, such as epilepsy or depression. Its mechanism of
action, however, is still not fully understood. We investigated short-term taVNS-induced changes
of local and global properties of EEG-derived, evolving functional brain networks from eighteen
subjects who underwent two 1 h stimulation phases (morning and afternoon) during continuous
EEG-recording. In the majority of subjects, taVNS induced measurable modifications of network
properties. Network alterations induced by stimulation in the afternoon were clearly more pro-
nounced than those induced by stimulation in the morning. Alterations mostly affected the networks’
topology and stability properties. On the local network scale, no clear-cut spatial stimulation-related
patterns could be discerned. Our findings indicate that the possible impact of diurnal influences on
taVNS-induced network modifications would need to be considered for future research and clinical
studies of this non-pharmaceutical intervention approach.

Keywords: epilepsy; transcutaneous auricular vagus nerve stimulation; functional brain networks;
biological rhythms

1. Introduction

Brain stimulation is a rapidly evolving field of research and treatment that involves
different invasive and non-invasive techniques. For vagus nerve stimulation (VNS), invasive
and non-invasive devices are available. Invasive VNS is an established stimulation treatment
that finds application in several diseases, including depression and epilepsy. Non-invasive
VNS is a more recent approach that is still under experimental and clinical investigation. Non-
invasive transcutaneous vagus nerve stimulation (tVNS) can be performed as transcutaneous
cervical VNS (tcVNS), percutaneous auricular VNS (paVNS), and transcutaneous auricular
VNS (taVNS). The ease of use—and therefore the possibility of a rapid introduction of therapy
and immediate removal of this stimulation device—explains the great interest in taVNS for
research and treatment. A broad spectrum of symptoms and diseases such as CNS disorders
(e.g., epilepsy [1], migraine [2], disorders of consciousness [3], and cognitive impairment [4]),
as well as cardiovascular or digestive system diseases (e.g., [5,6], pain [7], insomnia [8], or
COVID [9,10], are targets of taVNS. So far, the mechanism of action of taVNS is not fully
understood, but widespread activity in expected vagal projection areas, including nucleus
tractus solitarius, locus coeruleus, hypothalamus, thalamus, amygdala, hippocampus, as
well as the prefrontal cortex and other widespread areas [11] were reported, though different
study protocols and investigated subjects make interpretation difficult. There is a growing
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body of evidence of efficacy in several diseases [12,13]; nevertheless, there is currently no
final agreement on optimal stimulation parameters. As for clinical use, it might be difficult
for some patients to integrate the recommended stimulation time (e.g., for epilepsy treatment,
four hours a day continuously, or as blocks of a minimum of one hour stimulation (patients’
information, tVNS technology®)) into their daily lives, which may lead to worse adherence
to treatment advice [14,15]. Furthermore, there are currently no recommendations that state
which time of the day taVNS should preferably be performed. Diurnal variation of vagal
activity is a well-known phenomenon [16], and association of medical conditions linked to the
vagal tone or vagal activity to certain times of the day have been demonstrated before [16–20].
One approach to elucidate the mechanism of action of taVNS is that it mimics an impaired or
lost vagal sensory feedback to the brain [7]. Considering this ansatz and taking into account
the diurnal fluctuations of the vagal activity, one can hypothesize a variation of the effect of
taVNS depending on time of day.

Previous studies [15,21] demonstrated that the impact of short-term taVNS on brain
dynamics can be monitored and characterised with EEG-derived evolving functional brain
networks [22,23]. Stimulation-mediated modifications of various network properties indi-
cate that short-term taVNS has a topology-modifying, robust, and stability enhancing effect.
Network properties, however, may also be influenced by various biological rhythms [24],
and it is not yet clear if, and to what extent, these influences impact taVNS-mediated net-
work modifications. Addressing these issues, here, we extend our previous investigations
on short-term taVNS-mediated modifications of evolving functional brain networks, and
put forward the following hypotheses:

• modifications of the networks’ global (topology, stability, and robustness) and local
characteristics (importance of network constituents) depend on the time of day the
stimulation was performed; and

• a taVNS-related neuromodulatory effect on functional brain networks (i.e., a repeated
stimulation amplifies network modifications induced by the previous stimulation) can
be identified using short-term stimulations performed twice a day

2. Materials and Methods

2.1. Subjects

Subjects who were diagnosed and treated between January 2021 to July 2021 as in-
patients at the Department of Epileptology, University Hospital Bonn, were screened for
suitability for this study. Inclusion criteria were clinical necessity for long-term video-EEG-
recording. Exclusion criteria were previous brain surgery, actual or previous neurostimula-
tion such as invasive or non-invasive vagus nerve stimulation or deep brain stimulation,
progressive disease, seizures occurring within 24 h before the start of the study or within
the study, insufficient German language capability, mental disability, and incabability to
follow instructions. All subjects were provided with written information and were given
the opportunity to ask further questions. Eighteen subjects volunteered to participate and
signed an informed consent form. The study protocol had previously been approved by
the ethics committee of the Medical Faculty of the University of Bonn and was performed
in accordance with the tenets of the Declaration of Helsinki.

2.2. Transcutaneous Auricular Vagus Nerve Stimulation and Examination Schedule

Extending previous studies [15,21], we applied transcutaneous auricular vagus nerve
stimulation twice on the same day: for one hour in the mid-morning and for another
hour in early afternoon while the subjects underwent continuous video-EEG-recording
(morning (taVNS1): 1 h pre-stimulation phase (pre 1), 1 h taVNS phase (stim 1), and 1 h
post-stimulation phase (post 1); afternoon (taVNS2): 1 h pre-stimulation phase (pre 2), 1 h
taVNS phase (stim 2), and 1-h post-stimulation phase (post 2), see Figure 1).
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Figure 1. Examination schedule to probe for short and longer-lasting taVNS-induced changes in
evolving functional brain networks. The schedule consisted of two 1 h stimulation phases (morn-
ing: stim 1 and afternoon: stim 2; yellow-shaded blocks) each phase was preceded and followed by a
pre- and post-stimulation phase, each lasting one hour (green-shaded blocks). During each of the 3 h
blocks, subjects continued laid-back activities (no other activation methods applied, no eating) and
they continued performing daily activities during the break (no other activation methods applied).
The whole examination schedule (including the break) was embedded into a continuous video-EEG-
recording. In our analyses, we neglected data from the first and last 15 min of each phase (darker
colours) in order to remove possible transient effects (e.g., due to movements or expectation effects).

Stimulation was carried out unilaterally in the left cymba conchae with a taVNS
device (tVNS Technologies GmbH, Erlangen, Germany) with non-adjustable parameters
(biphasic signal form, impulse frequency 25 Hz, impulse duration 20 s, impulse pause
30 s). The intensity of stimulation was increased until the subject noticed a non-painful
“tingling”. Both stimulation phases were carried out with the same intensity. There was
neither alteration of CNS medication (if taking any) nor application of activation methods
(such as photo stimulation, hyperventilation, or sleep deprivation) at least 24 h before start
of the study.

2.3. EEG Recording and Data Pre-Processing

Electroencephalograms (EEG) were recorded from 19 electrodes according to the
10–20 system (with Cz as physical reference). EEG data were sampled at 256 Hz using
a 16 bit analogue-to-digital converter (Micromed, S.p.A., Mogliano Veneto, Italy) and
were band-pass filtered offline between 1–45 Hz (4th order Butterworth characteristic). A
notch filter (3rd order) was used to suppress contributions at the line frequency (50 Hz).
All recordings were visually inspected for strong artefacts (subject movements, amplifier
saturation, or stimulation artefacts), and such data were excluded from further analyses.

2.4. Characterising Evolving Functional Brain Networks on Global and Local Scale

Functional networks consist of vertices and edges. When analysing brain dynamics
with network-theoretical approaches, vertices are usually associated with brain regions
sampled by the EEG electrode contacts and edges with time-varying estimates of the
strength of interactions between the vertices’ dynamics, regardless of their anatomical
connections. Following previous studies [15,21], we derived evolving, fully connected,
weighted, and undirected networks from a time-resolved synchronisation analysis of
the abovementioned EEG-recording (sliding-window analysis on data windows of 20 s
duration each), assessed important global and local characteristics of the networks, and
tracked their changes over time (see [15,21] for details).
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On the global network scale, we calculated the topological characteristics’ average
clustering coefficient C and average shortest path length L to assess the networks’ func-
tional segregation and integration. The former reflects independent information processes
between brain regions, and the latter reflects dependent information [25]. A network’s
functional segregation can be characterized by the average clustering coefficient C: the
lower the C, the more segregated the network. Functional integration can be characterized
by the average shortest path length L: the lower the L, the more integrated the network.
In order to characterize the networks’ stability, we calculated synchronisability S, which
assesses the networks’ propensity (or vulnerability) to be synchronised by an admissible
input activation: the higher the S, the easier it is for the synchronised state to be perturbed.
Eventually, we calculated assortativity A, to assess the networks’ robustness [26]. Assorta-
tivity reflects the tendency of edges to connect vertices with similar or equal properties, here
weighted degree [27,28]. If edges preferentially connect vertices with similar properties,
such networks are called assortative, and they tend to disintegrate into different groups
more strongly than disassortative networks do. Disassortative networks are more vulner-
able to perturbations and appear to be easier to synchronize than assortative networks
(decreased robustness).

On the local network scale, we employed three opposing centrality concepts to charac-
terize the role networks constituents (vertices and edges) play in the larger network [29–33].
A vertex or edge with a high betweenness centrality index CB is central if it connects
different regions of the network as a bridge. A vertex or edge with a high eigenvector
centrality index CE is central if it is connected to the vertices or edges which are central as
well, reflecting the influence of the vertex or edge on the network as a whole. With strength
centrality CS, the larger the sum of weights of a vertice’s adjacent edges the more central
is the vertex [34,35]. For the edges, we employed the novel nearest neighbor centrality
concept; a high nearest neighbor centrality index CN highlights an edge that is more central
the larger its weight, and the more similar and the higher the strengths of the connected
vertices [33]. Consequently, CN is largely independent of the networks’ topology as it is
solely based on local vertex and edge properties. Thus, an edge with a high CN value
reflects a local bottleneck possible coinciding with global bottlenecks.

2.5. Evaluating the Possible Influence of Biological Rhythms on Time-Dependent
Network Characteristics

We estimated the power spectral density (Lomb–Scargle periodogram [36]) of time
courses of local and global network characteristics (see Figure 2) to identify a possible
influence of ultradian rhythms in particular, which are often defined as having periods
shorter than 20 h but longer than 1 h. Given our examination schedule, we concentrated on
period lengths between 30 min and 180 min. Data from subjects, for which we encountered
strong contributions (spectral density > 20 [a.u.]) at these period lengths, were not taken
into account for further analysis.
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Figure 2. (a) Exemplary time courses (grey lines) of average clustering coefficient C, average shortest
path length L, assortativity A, and synchronisability S of two subjects. Smoothed time courses
(moving average over 17 min) are shown as black lines. Yellow-shaded areas mark the two 1 h
stimulation phases. (b) Power spectral density estimates P of the respective time courses.

2.6. Classification of Stimulation Effects

Taking into account earlier observations [15,21], here, we define various stimulation
effects acting on different timescales if network characteristics differ significantly between
two phases of the examination schedule (cf. Figure 1):

• immediate stimulation effect: network characteristics during the pre-stimulation
phase and during the stimulation phase (pre → stim) differ significantly (either in the
morning or in the afternoon);

• enduring stimulation effect: an immediate stimulation effect can be observed and net-
work characteristics during the pre-stimulation phase and during the post-stimulation
phase (pre → post) differ significantly (either in the morning or in the afternoon);

• prolonged stimulation effect: an immediate stimulation effect of the morning stimula-
tion can be observed and network characteristics during the pre-stimulation phase 1
and during the pre-stimulation phase 2 (pre 1 → pre 2) differ significantly;

• longer-lasting stimulation effect: an immediate stimulation effect of the morning
stimulation can be observed and network characteristics during the pre-stimulation
phase 1 and during the post-stimulation phase 2 (pre 1 → post 2) differ significantly.
If immediate effects can be observed for both stimulations (pre 1 → stim 1 and pre
2 → stim 2), we consider the long-lasting effect to be accumulating.
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A subject for whom an immediate effect of taVNS could be identified is classified as a
taVNS responder (morning stimulation: taVNS1 responder; afternoon stimulation: taVNS2
responder). In addition, we refer to a network characteristic which exhibited a significant
difference as annex (e.g., a subject for whom an immediate effect during the morning
stimulation can be observed for the average clustering coefficient is classified as taVNS1-
C responder).

2.7. Statistical Analyses

We investigated differences between network characteristics from the three phases in
the morning (pre 1: pre-stimulation; stim 1: during stimulation; post 1: post-stimulation)
and in the afternoon (pre 2: pre-stimulation; stim 2: during stimulation; post 2: post-
stimulation) on a per-subject level using the Mann–Whitney U-test (pre 1 vs. stim 1; pre
1 vs. post 1; pre 2 vs. stim 2; pre 2 vs. post 2; pre 1 vs. pre 2; pre 1 vs. post 2; p < 0.05;
Bonferroni correction). In order to remove possible transient effects, we neglected data
from the first and last 15 min of each phase. Further downstream analyses were performed
for taVNS responder only.

3. Results

Due to the clinical setting on the ward, recruiting participants for longer EEG-recordings
without disturbing the clinically necessary work flow was challenging. From the 18 eli-
gible subjects, three subjects had to be excluded (one due to previous seizure, one due to
withdrawal of consent, one due to EEG data quality). Data from fifteen subjects (9 females;
age 19–75 years, mean 40 years; duration of disease 0.1–36 years, mean 10.5 years) were
included in the analyses. The same current intensities were used in both stimulation phases
(range: 1.0–5.0 mA, mean 2.48, SD ± 1.2). No correlation between demographic data (age,
duration of disease), as well as current intensity and immediate and enduring significant
changes of network characteristics, could be observed (Pearson’s ρ p > 0.05).

In Figure 2a, we show exemplary time courses of the global network characteris-
tics—average clustering coefficient C, average shortest path length L, synchronisability
S, and assortativity A—of two subjects. All time courses exhibit both short-time and
long-time fluctuations, albeit to varying degrees. Evaluating the possible influence of
ultradian rhythms on the time-dependent network characteristics, we observed negligible
contributions at period lengths between 30 and 180 min for subject 7 (see periodograms in
Figure 2b). In contrast, we identified pronounced contributions at period lengths around
50, 80, and 120 min for subject 10. Similar pronounced contributions were obtained for
the time courses of the global network characteristics from subjects 12 and 13. Data from
these three subjects were excluded from further analysis, in order to avoid misinterpreting
changes of network characteristics related to the waxing and waning of ultradian rhythms
as possible taVNS-induced modifications of evolving functional brain networks.

3.1. Morning taVNS-Induced Immediate and Enduring Network Modifications on the Global and
Local Scale

We observed in the majority of subjects an immediate stimulation effect (pre 1 → stim 1)
on all global network characteristics (average clustering coefficient C, average shortest
path length L, assortativity A, and synchronisability S). Depending on the investigated
network characteristic, 42% to 75% of the subjects presented with significant immediate
taVNS-induced modifications of their evolving functional brain networks (taVNS1-C: 67%
(8 subjects); taVNS1-L: 75% (9 subjects), taVNS1-A: 42% (5 subjects), taVNS1-S: 75% (9 sub-
jects)). Similarly, we observed an enduring stimulation effect (pre 1 → post 1) in a com-
parable number of subjects (C: 58% (7 subjects); L: 67% (8 subjects), A: 17% (2 subjects),
S: 67% (8 subjects)). A small number of subjects neither responded to the morning nor to
the afternoon stimulation (C: 2 subjects; L: 2 subjects and A: 2 subjects; note that these were
not the same subjects).
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Tracking the taVNS-induced modifications of networks on a single-subject level
(Figure 3, left) suggested that the responders can be assigned to two subgroups, those
with positive and those with negative significant modifications of their global network
characteristics. Five subjects presented with an immediate increase of average clustering
coefficient C (+8.7%, we report the change of mean values in the following) and three
with an immediate decrease (−6.1%). Similarly, three subjects presented with an enduring
increase of C (+6.2%) and another four with an enduring decrease (−4.2%). The enduring
stimulation effect was, in general, less pronounced. We derived similar results for the
average shortest path length L. Five subjects presented an immediate increase of L (+10.8%)
and another four presented an immediate decrease (−18.1%). Four subjects presented
a more pronounced enduring increase of L (+15.4%) and another four presented a less
pronounced enduring decrease (−5.2%). For assortativity A, we observed an immediate
decrease (−44.6%) for five subjects. Only two subjects presented enduring effects (increase
in one subject, +15.6%; decrease in one subject, −31.7%). The latter figures have to be inter-
preted with care, given the anomalous large relative changes. In the following, we therefore
refrain from an interpretation in terms of modifications of the networks’ robustness. With
regard to synchronisability S, four subjects presented an immediate increase (+7.3%) and
another five presented a more pronounced immediate decrease (−13.0%). Five subjects
presented a more pronounced enduring increase of S (+11.2%) and another three presented
a less pronounced enduring decrease (−6.2%).

−
−

−

−
− ff

−

−

−
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Figure 3. Relative changes of global network characteristics (average clustering coefficient C, average
shortest path length L, assortativity A, and synchronisability S) of all responders (colour-coded).
Group medians are shown in black, and all lines are for eye-guidance only. Data normalized to
the respective values from the morning pre-stimulation phase (left; white-shaded area) and from
the afternoon pre-stimulation phase (right; white-shaded area). Light-grey shaded area marks the
break between the two 3 h examination phases. The different scaling of the y-axis for assortativity is
due to the fact that this characteristic only rarely deviated from −0.02 which resulted in anomalous
large relative deviations. We note that we obtained for the vast majority of investigated networks,
indications for a random topology (their assortativity values were confined to the range of A values
derived from 1000 random networks with the same number of vertices and edge densities as the
evolving functional brain networks).

On the local network scale, different vertex and edge centrality concepts highlighted
different brain regions and interactions between brain regions as most central (highest
centrality value), as expected. Vertex betweenness centrality highlighted left fronto-centro-
temporal brain regions as most central, vertex eigenvector centrality posterior brain regions,
and vertex strength centrality left temporo-parietal brain regions. Edge betweenness
centrality highlighted edges as most central that connect fronto-central vertices, whereas
edge eigenvector centrality as well as nearest neighbor centrality rated edges connecting
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left parieto-temporo-occipital vertices as most central. Note that quite often, most central
edges connected vertices, one of which is also most central. Despite these distinctions, and
in line with previous observations [15,21], taVNS-mediated alterations of vertex or edge
centralities were presented without any clear-cut spatial pattern.

3.2. Afternoon taVNS-Induced Immediate and Enduring Network Modifications on the Global and
Local Scale

As with the morning taVNS, we observed significant stimulation-related immediate
(pre 2 → stim 2) changes to all global network characteristics (average clustering coefficient,
average shortest path length, assortativity and synchronisability). Depending on the inves-
tigated network characteristic, 33% to 75% of the subjects presented significant, immediate
taVNS-induced modifications of their evolving functional brain networks (taVNS2-C: 58%
(7 subjects); taVNS2-L: 67% (8 subjects), taVNS2-A: 33% (4 subjects), taVNS2-S: 75% (9 sub-
jects)). Additionally, we observed an enduring stimulation effect (pre 2 → post 2) in a
comparable number of subjects for average shortest path length and synchronisability
(L: 50% (6 subjects), S: 67% (8 subjects)). Significant stimulation-related enduring changes
for the average clustering coefficient were observed only in two subjects, and significant
changes in assortativity were observed in another subject.

We proceeded on a single subject level (Figure 3, right) and considered responders with
positive and negative significant modifications of their global network characteristics. Six
subjects presented with an immediate increase of average clustering coefficient C (+5.0%)
and another subject with an immediate decrease (−5.5%). For two subjects, an enduring
decrease of C (−1.1%) was observed. We derived similar results for average shortest path
length L. Seven subjects presented an immediate decrease of L (−8.3%) and another subject
an immediate increase (+20.9%). Five subjects presented a similar enduring decrease of
L (−8.5%) and an enduring increase was observed in one subject (+25.7%, this subject
also presented an immediate increase of L). For assortativity A, three subjects presented
an immediate decrease of A (−68.2%) and one subject presented an immediate increase
(+3.8%). Only one subject displayed an enduring effect (+6.3%). Again, these results have
to be interpreted with care. With regard to synchronisability S, two subjects presented an
immediate increase (+6.3%) and another seven presented a decrease (−5.0%). One subject
presented a negligible enduring increase of S (+0.03%) and another seven presented an
enduring decrease (−4.8%).

On the local network scale, we observe that most central brain regions were high-
lighted, most central interactions between brain regions remained unaltered, and taVNS-
mediated alterations of vertex or edge centralities were again presented without any
clear-cut spatial pattern.

Summarizing our findings achieved so far, both the morning and the afternoon stim-
ulation led to immediate and enduring modifications of global network characteristics
in the majority of subjects (Figure 4), but they did not specifically affect local network
characteristics. These observations corroborate previous studies [15,21]. The afternoon
stimulation, however, appeared to have more homogenous effects: almost all responders
presented with a less segregated (increased average clustering coefficient C) and a more
integrated (decreased average shortest path length L) network topology (immediate stimu-
lation effect), and the latter (decreased L) even persisted into the post-stimulation phase
(enduring stimulation effect). Moreover, in almost all responders taVNS increased network
stability (decreased synchronisability S; immediate and enduring stimulation effect).

Only a subset of taVNS1 responders presented with immediate modifications of
global network characteristics induced by the afternoon stimulation (50% of taVNS1-C
responders (4 subjects), 78% of taVNS1-L responders (7 subjects), and 67% of taVNS1-S
responders (6 subjects)). Comparing the direction of immediate change between morning
and afternoon stimulation, only some subjects displayed immediate changes with the same
direction (i.e., an increase or a decrease (C: 1 of 4, L: 2 of 7, and S: 3 of 6)). These numbers
even decreased when considering enduring changes (C: 2 of 4, and S: 3 of 5). Thus, the
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hypothesized neuromodulatory effect on functional brain networks induced by short-term
stimulations performed twice a day could not be identified, at least for the time scales
considered here.

 

Δ
Δ −

Figure 4. Bubble chart of taVNS-induced immediate, enduring, prolonged, and longer-lasting relative
changes ∆ of global network characteristics of all responders (average clustering coefficient C, average
shortest path length L, assortativity A, and synchronisability S; ∆ = (Ml − Mk)/Mk, where Mk and
Ml denote placeholders for the temporal average of the respective characteristics from phase k and
phase l; cf. Figure 1). Responders are assigned to subgroups according to their direction of change
(positive/negative changes are shown in orange/blue). A disk is centred at a subgroup’s mean
relative change, and the diameter of a disk encodes the number of subjects per subgroup. Mean
relative changes from both groups are shown as green squares.
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3.3. Prolonged and Longer-Lasting taVNS-Induced Modifications on the Global and Local
Network Scale

About half of the subjects presented prolonged stimulation effects with regard to
global network characteristics (taVNS1-C: 50% (6 subjects); taVNS1-L: 58% (7 subjects),
taVNS1-S 50% (6 subjects). For roughly half of them, we observed network characteristics
increasing, and for the other half, they decreased (Figure 4), which renders an interpretation
of prolonged stimulation effects rather difficult. Breaking the data down to a single subject
level, changes in the same direction were observed in all subjects for C, in 4 of 7 for L, and
in 4 of 6 for S.

Longer-lasting stimulation effects on global network characteristics could be observed
in only a small subset of subjects. Nevertheless, four of them consistently presented an
increase of C (+6.0%). Decreased L was found in four subjects (L: −8.8%), S was decreased
in four subjects as well (S: −7.3%), and increased in one subject (+15.6%). Breaking the data
down to a single subject level, changes in the same direction were observed in all subjects
for C, in 3 of 4 for L, and in 4 of 5 for S.

As expected from the abovementioned results, prolonged and longer-lasting stimula-
tion effects on local network characteristics presented no clear-cut substructures and the
most central network constituents remained unaltered.

4. Discussion

We employed an examination schedule consisting of two short-term transcutaneous
auricular vagus nerve stimulations (one taVNS in the morning and one in the afternoon)
to investigate whether taVNS-induced modifications of global and local characteristics
of evolving human functional brain networks depend on time of day, and whether a
neuromodulatory effect (afternoon stimulation amplifies modifications induced by the
morning stimulation) can be identified. In the following, we discuss our findings obtained
from twelve subjects in the light of the available research results.

4.1. Time-of-Day-Dependence of taVNS-Mediated Network Modifications: From Global to Local

Both the morning and the afternoon stimulation led to measurable immediate and
enduring modifications of the global characteristics of the subjects’ large-scale evolving
brain networks. Modifications, however, presented a clear dependence on time of day,
despite our efforts to minimize the potential confounding influence of various ultradian
rhythms. Whereas the afternoon-stimulation-mediated, pronounced, immediate, topology-
modifying (more integrated and less segregated network), and stability-enhancing effects
seen in the majority of responders corroborate previous findings [15,21] (note that in these
studies, stimulations were also performed in the afternoon), pre-described enduring effects
presented slightly different. This might be explained by the fact that subjects were stimu-
lated twice, whereas in previous studies [15,21], subjects were taVNS-naïve. Interestingly,
morning-stimulation-mediated modifications were rather inconsistent, despite the fact that
some modifications appeared to be more strongly pronounced than the corresponding
ones following the afternoon stimulation. In general, whereas pre-described immediate,
enduring, topology-modifying, and stability-enhancing effects [15,21] could be observed
in about 50% of responders, another 50% presented opposing modifications. Although
this observation, at first glance, appears to put into perspective previous reports on taVNS-
mediated modifications of global network properties, it clearly points to non-negligible
influences of time of day and needs further investigation.

Contrasting the aforementioned findings, neither the morning nor the afternoon
stimulation appeared to impact the most central network constituents, whose role in
the larger network we rated with various opposing centrality concepts. As expected,
these concepts identified different constituents as most central. In line with previous
observations [15,21], our findings indicate short-term taVNS to be spatially unspecific
on the local scale, thus supporting the prevalent view of a global-acting mode of action
of taVNS.
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Taken together, our results indicate an important influence of time of day on taVNS-
mediated modifications of various properties of evolving functional brain networks. This
emphasizes not only the need to report the time of day of stimulation as recommended
previously [37], but also the necessity to consider diurnal variations for the interpretation
of research findings and clinical trials, as well as for the formulation of application recom-
mendations. It is, however, conceivable that there are additional confounding factors that
affect the results of taVNS stimulation, such as habituation effects.

Thus, at first glance, counter-intuitive observations of unaffected local properties but
strongly-affected global ones, which, additionally appear to be dependent on the time
of day, can be reconciled well with an extension of the previously suggested model of a
stimulation-induced stretching and compression of the functional brain network (see [21]
for a detailed description of the model). With this model, taVNS-mediated modifications of
the larger networks are characterized by taking into account the changes of the network’s
path structure (average shortest path length), its tendency to form tightly knit groups of
vertices (average clustering coefficient), and the importance of hierarchies of vertices and
edges. Here, we observed the dynamics of this model for the vast majority of responders
with the afternoon stimulation, and for about half of the responders with the morning
stimulation. Since the other half of the responders in the morning stimulation resulted in
a reversed pattern, this might point to a sensitive dependence on time of day. With the
extension of the model proposed here (Figure 5), we propose that this dependence can
be characterized by some rhythmic activities that interfere with the stimulation sequence.
These activities may predominantly represent biological rhythms with different period
lengths (ultradian and/or circadian rhythms), diurnal fluctuations of the vagal activity, as
well as superpositions thereof.

 

Figure 5. Schematic of spatial networks prior to and after taVNS stimulation in the morning (left)
and in the afternoon (right), with different rhythmic activities (longer period lengths: top, shorter
period lengths: bottom; indicated by greenish waves in the background) that interfere with the
stimulation-mediated network modification. The network is separated into different areas based on
network properties: (average clustering coefficient C and average shortest path length L): boundary
(gray outermost ring), periphery (purple and pink rings in the middle), and core (black innermost
ring/circle). The larger the radius of a ring, the higher the L and the smaller the C of vertices in this
area. The closer two rings, the more clustered the vertices are in the two areas relative to each other.
Local importance hierarchies H (assessed with different centrality concepts) of vertices and edges are
not affected by the stimulation.
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4.2. Prolonged and Longer-Lasting taVNS-Mediated Network Modifications

Our approach allowed us to assess taVNS-mediated network modifications on shorter
(immediate and enduring effects) and longer time scales (prolonged and longer-lasting effects).
For the latter, we solely observed modifications of global network properties, whereas local
ones remained largely unaltered. Prolonged effects resembled, to a large extent, the immediate
effects seen for the morning stimulation, and in general, few responders presented inconsistent
modifications of their functional brain networks. For an even smaller subset of responders, we
observed longer-lasting effects, and these subjects presented network modifications similar to
the ones observed as immediate effects following the afternoon stimulation. Nevertheless,
given that the majority of subjects did not present longer-lasting effects, potential factors
affecting short-term taVNS-mediated network modifications on longer time scales remain to
be identified. In this regard, a comparison with previous research findings is only of limited
value. Although immediate effects of short-term taVNS on brain dynamics have been reported
repeatedly in healthy and different medical conditions, so far information on potential effects
acting on time scales that range from hours to years can only be derived from clinical studies
in different diseases [12,13,38]. These studies, however, are largely based on repeated daily
stimulations over long periods of time, and there might be other potential influencing factors,
such as pharmaceutical treatment, that would need to be taken into account when interpreting
stimulation-related modifications of brain dynamics. In addition, in these studies, taVNS-
mediated effects are assessed only indirectly via the clinical outcome (e.g., seizure frequency,
headache scores, depression scores). During the time after the stimulation and over subsequent
days, knowledge about taVNS-mediated effects on the human brain is sparse. We expect,
however, that ultradian rhythms with period lengths longer than the ones considered here,
as well as circadian or even infradian rhythms, would need to be considered as potential
confounders when investigating long-lasting taVNS-mediated modifications of evolving
functional brain networks.

4.3. Can a Neuromodulatory Effect of Short-Term taVNS Be Identified?

In line with previous studies [15,21], we observed significant immediate short-term
modifications of topology- and stability-related network properties in up to three quarters of
investigated subjects. A subset of those subjects presented as responders to both stimulations,
but the percentage of responders to both stimulations was essentially the same. With our
examination schedule (one stimulation in the morning and one in the afternoon, with a
heuristically chosen gap between them) and classification of stimulation effects, we could
not identify a potential neuromodulatory effect (the second stimulation amplifies network
modifications induced by the first stimulation); however, an influence cannot be excluded
by our design, since even non-significant changes resulting from the first stimulation might
serve as amplifier for the second one. There is experimental (cf. [39]) and clinical evidence
(for example, from studies in epilepsy, cf. [13]) for vagal nerve stimulation (VNS) to have a
neuromodulatory effect that increases over time. As the vagal nerve itself has a transmitting
and not a processing function [39], amplifying effects due to repeated stimulations are assumed
to act on the molecular, neurotransmitter, and synaptic level. Though the exact mechanism of
action is not fully understood, a growing body of evidence for VNS-induced alterations of
different transmitter pathways is available, and to some extent, can be extended to taVNS [7]. It
is supposed that a certain—not yet fully determined—threshold must be exceeded to achieve
neuromodulatory effects of taVNS. Future studies would need to identify the necessary
amount, duration, and period of time of stimulations along with their temporal arrangement
that are required to surpass the hypothesized threshold.

To conclude, our findings point to an important influence of time of day on taVNS-
mediated modifications of various properties of evolving functional brain networks. Future
studies should address the influence with a double-blind approach (stimulation versus
sham stimulation) and interpersonal work-up (morning stimulation versus afternoon stim-
ulation group) to further corroborate our findings. Future studies should also investigate a
possible relationship between taVNS-induced modifications of functional brain networks
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and clinical efficacy, which is needed to translate experimental results into clinical decision
making. Importantly though, future clinical trials should take into account the potential
diurnal influence. Considering the time of day when vagal stimulating is supposed to
be most effective, and might not only increase the clinical outcome, but might also allow
the stimulation time to be reduced, which could increase adherence. Investigating taVNS-
mediated modifications of evolving human functional brain networks on longer time scales
is necessary to better understand the mechanism of action in taVNS, as well as to establish
meaningful protocols for research and treatment trials.
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Abstract: In patients with severe motor paralysis, increasing the excitability of the supplementary
motor area (SMA) in the non-injured hemisphere contributes to the recovery of lower limb motor
function. However, the contribution of transcranial direct current stimulation (tDCS) over the
SMA of the non-injured hemisphere in the recovery of lower limb motor function is unclear. This
study aimed to examine the effects of tDCS on bilateral hemispheric SMA combined with assisted
gait training. A post-stroke patient with severe motor paralysis participated in a retrospective
AB design. Assisted gait training was performed only in period A and tDCS to the SMA of the
bilateral hemisphere combined with assisted gait training (bi-tDCS) was performed in period B.
Additionally, three conditions were performed for 20 min each in the intervals between the two
periods: (1) assisted gait training only, (2) assisted gait training combined with tDCS to the SMA
of the injured hemisphere, and (3) bi-tDCS. Measurements were muscle activity and beta-band
intermuscular coherence (reflecting corticospinal tract excitability) of the vastus medialis muscle. The
bi-tDCS immediately and longitudinally increased muscle activity and intermuscular coherence. We
consider that bi-tDCS may be effective in recovering lower limb motor function in a patient with
severe motor paralysis.

Keywords: stroke; motor paralysis; supplementary motor area of the non-injured hemisphere;
corticospinal tract excitability; transcranial direct current electrical stimulation; coherence; case report

1. Introduction

Motor dysfunction of the lower limbs is recognized in many patients after a stroke.
The severity of motor paralysis in the early post-stroke period affects the recovery of motor
function in the lower limbs [1–3]. However, even in patients with severe motor paralysis,
there are some patients in whom the motor function of the lower limb on the paretic side is
more than proportional recovery [4,5]. Brain plasticity has been suggested to be related to
variations in recovery [6,7]. Recently, with the development of neurophysiological tech-
niques such as transcranial magnetic stimulation, diffusion tensor imaging, and functional
magnetic resonance imaging (MRI), studies on the excitability of the corticospinal tract
(CST) and motor-related areas in stroke patients have been conducted [6–11]. Additionally,
coherence analysis of paired surface electromyography (EMG) recordings has suggested
that common neural drive from motor-related areas to motor neurons can be quantitatively
assessed during gait [12–15]. Coherence analysis measures linear correlations between
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pairs of signals in the frequency domain [16], and the beta frequency band is strongly
associated with corticospinal drive [12–15,17].

To recover the motor function of the lower limb on the paretic side, it is important to
increase the excitability of the motor-related areas of the injured hemisphere and the CST
that output to the paretic lower limb muscles during movement of the paralyzed side [6–11].
However, there is a limited increase in the excitability of the affected hemispheric motor-
related areas and CST in patients with severe motor paralysis [6,8].

Transcranial direct current electrical stimulation (tDCS) is a means to noninvasively
excite the cerebral cortex and increase the excitability of motor-related areas and the
CST [18–21]. It has been shown that tDCS to the primary motor cortex of the injured
hemisphere increases the excitability of the CST and muscle strength of the paretic leg
in stroke patients [18,22]. However, it is unknown how tDCS, including the non-injured
hemisphere, affects the motor function of the lower limb on the paretic side. In particular,
the activation of the supplementary motor area (SMA) in the non-injured hemisphere
affects the recovery of the motor function of the lower limb on the paretic side in patients
with severe motor paralysis [6,23].

Additionally, coherence in the beta band reflecting CST excitability is greatly reduced
in post-spinal cord injury patients with severe motor paralysis, not only during voluntary
movements but also during walking [24]. Furthermore, it has been shown that muscle ac-
tivity of the lower limbs during walking decreases because of reduced CST excitability [25].
However, intervention methods to increase the excitability of the CST and muscle activity
of the lower limbs during gait in patients with severe motor paralysis are insufficient. We
hypothesize that tDCS to the injured hemisphere, as well as to the non-injured hemisphere
SMA, increases the excitability of CST and the muscle activity of the lower limbs during
gait in patients with severe motor paralysis. This study aimed to examine the immediate
and longitudinal effects of assisted gait training using a long leg orthosis (KAFO) combined
with tDCS on bilateral hemispheric SMA on the excitability of the CST and the muscle
activity of the lower limbs during gait in a stroke patient with severe motor paralysis.

2. Materials and Methods

2.1. Participant

A post-stroke patient (80-year-old woman) with infarction of the left middle cerebral
artery was admitted to the Takarazuka Rehabilitation Hospital 30 days after stroke onset.
The patient was able to perform activities of daily living independently before the disease.
The patient lived with her husband and her social role was that of a homemaker. MRI
showed a high-signal response in a wide area centered on the corona radiata and the
posterior limb of the internal capsule (Figure 1). At the time of admission, the patient had a
1/6 score on the Brunnstrom Recovery Stage of the lower extremity [26] and 0/22 score
on the Fugl-Meyer Assessment [27] lower limb synergy item (FMS) [28,29], indicating
severe motor paralysis of the right lower limb. Additionally, she scored 0/23 on the Trunk
Impairment Scale (TIS), an assessment of trunk function [30]. The Functional Indepen-
dence Measure (FIM) score for transfers was 1/7, indicating that the patient required total
assistance in daily living activities. For each assessment, lower scores indicate negative
results. Rehabilitation included physical, occupational, and speech therapies. The time
spent on rehabilitation was 1 h/day (7 times/week) for each. This study was approved
by the Ethics Committee of Takarazuka Rehabilitation Hospital (ethics review number:
20211005); written informed consent was obtained from the patient. CARE guidelines
followed to ensure transparency in the case reporting.
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Figure 1. MRI showed a high-signal response in a wide area centered on the corona radiata and
posterior leg of the internal capsule. Abbreviations: MRI, magnetic resonance imaging.

2.2. Study Design

The study was a retrospective AB design. In period A, patients received only gait
training using KAFO (Kawamura Gishi Inc., Osaka, Japan) with a therapist assisting from
the back (assisted gait training; Figure 2). In period B, tDCS over SMA of the bilateral hemi-
spheres combined with assisted walking training (bi-tDCS) was performed. Additionally,
to examine the immediate effects of bi-tDCS on the motor function of the paretic lower
limb, the patient was subjected to three conditions: (1) assisted gait training only (no-tDCS)
for 20 min, (2) tDCS on the injured hemisphere SMA combined with assisted gait training
(uni-tDCS) for 20 min, and (3) Bi-tDCS for 20 min in the intervals between periods A and
B. The three conditions were performed on separate days, and the immediate effects were
compared before and 20 min after training (Figure 3). The type of KAFO was an ankle joint
with double klenzak and an oil damper, which has the function of resistance to the ankle
plantarflexion movement by hydraulic pressure. The knee joint was a ring lock.

 

Figure 2. The therapist assists the patient in walking from the back using the KAFO. The right side
shows the paralyzed side. Abbreviations: KAFO, knee-ankle foot orthosis.
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Figure 3. Assisted gait training only (no-tDCS) was conducted in period A, and tDCS over the
SMA of the bilateral hemispheres combined with assisted walking training (bi-tDCS) in period
B were conducted for 4 weeks each. The immediate effects of the three conditions (1) to (3) on
the motor function of the paretic lower limb were measured before and 20 min after training in
the period between periods A and B (3 days). Abbreviations: tDCS, transcranial direct current
electrical stimulation.

2.3. Setting up tDCS

The stimulation electrodes and sponge pads of the tDCS (DC-Stimulator Plus, Neuro-
Conn, Ilmenau, Germany) were 5 cm × 7 cm (35 cm2), and the sponge pads were soaked
with saline solution on their surfaces. A conductive gel was applied under the electrodes
to reduce contact impedance. The anode position of the tDCS (Figure 4) was determined
based on of the International Electroencephalogram 10–20 method, with the SMA of the
injured hemisphere 3 cm anterior to the lateral side of the Cz and SMA of the bilateral
hemispheres 3 cm anterior to Cz [31]. Under all conditions, the cathode was placed in
the supraorbital region of the non-injured hemisphere, and the stimulation intensity was
2.0 mA for 20 min [18,20,22,32]. The current density was 0.057 mA/m2, which is within the
safety guidelines for tDCS [33,34]. The ramp-up and ramp-down at the beginning and end
of the stimulation were set to 10 s. After tDCS, the patient was verbally verified for adverse
events and side effects [35].

Figure 4. The red electrode in the figure indicates the anode and the blue indicates the cathode. The
anode was placed in the SMA of the injured hemisphere (3 cm anterior to the lateral side of Cz) for
the uni-tDCS condition and in the SMA of the bilateral hemispheres (3 cm anterior to Cz) for the
bi-tDCS condition based on the International Electroencephalogram 10–20 method. The cathode was
placed in the supraorbital region. Abbreviations: SMA, supplementary motor area; tDCS, transcranial
direct current electrical stimulation.
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2.4. Clinical Assessment and Measurement Items

For clinical assessment, BRS, FMS, TIS, and FIM scores for transfers at the period A end
time (period B start time) and period B end time were measured. Wireless accelerometer,
wireless surface EMG, and video data were recorded while walking. Wireless accelerom-
eters (Gait Judge System: Pacific Supply Co., Ltd., Osaka, Japan; sampling rate: 1 kHz)
were attached directly above the paretic lateral malleoli. Muscle activity in the proximal
and distal portions of the vastus medialis (VM) muscle was measured during assisted gait
training. We also assessed intermuscular coherence in the two paretic VMs as indicators
of CST excitability. Previous studies have reported that CST controls the muscles of the
thigh [8,24,36]. Additionally, the joint angles of the paretic lower limb and walking speed
during assisted gait were measured to confirm the influence of kinematic factors on the
muscle activity and intermuscular coherence of the VM.

2.5. Data Analysis

The joint angles of the paretic lower limb were determined by identifying the heel
contact time of the paralytic side in each of the five gait cycles [37] using video, and the hip
flexion angle was calculated using image analysis software (ImageJ, version 1.52a). The hip
flexion angle was defined as the angle formed by the line parallel to the trunk and the line
connecting the greater trochanter to the lateral condyle of the knee joint. The gait speed
was calculated as the speed of walking on a 10-m walking path (with a 1-m runway). For
the VM muscle activity, the early stance phase (heel contact-mid stance phase) of the paretic
side was identified from the video, and the distal values were selected. The raw EMG
signals were zero-lag 4th-order Butterworth filter and 5–450 Hz bandpass filtered, then
mean-subtracted and rectified (in %). All EMG preprocessing was performed using the
“Surface Electromyography for all EMG preprocessing was performed in accordance with
the guidelines of “Surface Electromyography for the noninvasive Assessment of Muscles”
(http://www.seniam.org accessed on 20 January 2010).

EMG–EMG coherence (intermuscular coherence) analysis was performed on two
time series signals recorded from the proximal and distal portions of the VM. Amplitude
squared coherence analysis (Welch) was performed on the tuning rate of two different time
series signals for each frequency band; in the case of EMG, the coherence value appeared
at 15–30 Hz (beta band) reflects the CST excitability [15,17]. Intermuscular coherence
analysis is performed on full-wave rectified data, and this method increases the test-to-test
reproducibility and reliability of variables derived from intramuscular coherence [17,38].
Data segments of 300 ms after heel contact on the paretic lower limb during walking
were extracted from each cycle and then connected [39]. To reduce spectral leakage, the
connected EMG signals were subjected to a Hamming window (window: 300, overlap: 150).
The coherence between the two connected EMG signals (x and y) was defined as the square
of the cross-spectrum normalized by the auto spectrum according to the following equation:

Cxy(f) =

∣

∣Pxy(f)
∣

∣

2

Pxx(f)Pyy(f)

where Cxy denotes the amplitude squared coherence for a given frequency (f). Pxx(f)
and Pyy(f) indicate the x and y power spectra, respectively, and Pxy(f) is the value of
the cross-spectrum. The coherence function is the criterion for a linear correlation in the
frequency domain and is output in the range of 0 to 1, where 1 indicates a perfect linear
correlation. The intermuscular coherence estimate is the fraction of the activity of one
surface EMG signal at a given frequency that can be predicted by the activity of the other
surface EMG signal and quantifies the strength and frequency range of common synaptic
inputs distributed across the motor neuron pool of the spinal cord. Since the coherence of
the β-band (15–30 Hz) reflects CST excitability, we calculated the mean value of the β-band
in this study [15,17].
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The amount of immediate change in lower limb motor function on the paretic side
due to differences in stimulation positions was calculated by dividing the values of the
muscle activity and intermuscular coherence of VM at 20 min post-training by the values
before training. The amount of each change in the motor function of the paretic lower
limb in periods A and B was calculated by removing the trend by calculating the slope
from the values of the muscle activity and intermuscular coherence of the VM at five time
points, including the periods A and B. The trend was removed to correct for the effects of
spontaneous recovery after stroke. MATLAB R2019b (MathWorks, Inc., Natick, MA, USA)
was used for all data analyses.

3. Results

The subject did not experience any adverse effects during or after the experiment
using tDCS.

3.1. Results of Clinical Assessments at the Period A End Time (Period B Start Time) and Period B
End Time

The BRS score was I at the period A end time and I at the period B end time. The FMS
score was 0 at the period A end time and 0 at the period B end time. The TIS score was 0 at
the period A end time and 2 at the period B end time, and the FIM score for transfer was 2
at the period A end time and 3 at the period B end time (Table 1).

Table 1. Patients’ clinical characteristics.

Period A
Start Time

Period A
End Time

Period B
Start Time

Period B
End Time

BRS (lower limb): max = 6 I I I I

FMS (lower limb): max = 22 0 0 0 0
TIS: max = 23 0 0 0 2

FIM for transfer: max = 7 1 2 2 3
Abbreviations: BRS, Brunnstrom Recovery Stage; FMS, Fugl-Meyer Assessment synergy item; TIS, Trunk Impair-
ment Scale; FIM, Functional Independence Measure.

3.2. 20-Minute Short-Term Effects of Different Stimulation Positions of tDCS on Paretic Lower
Limb Motor Function

The joint angle of the paretic lower limb (◦, listed in order of pre-training/20 min
post-training) was 26.1/26.5 for the no-tDCS condition, 28.0/26.1 for the uni-tDCS con-
dition, and 25.9/26.8 for the bi-tDCS condition. Gait speed (m/sec, listed in order of
pre-training/20 min post-training) was 0.38/0.37 for the no-tDCS condition, 0.38/0.38, for
the uni-tDCS condition, and 0.39/0.40 for the bi-tDCS condition, and there was no signifi-
cant change in both lower limb joint angle and gait speed. Figure 5 shows a typical example
of the angular velocity (A) of the anterior-posterior tilt of the paretic lower leg during gait
and the waveforms of the muscle activity of the VM in the proximal (B) and distal (C) parts
during a gait cycle and the waveform of the intermuscular coherence (D) of the VM in each
frequency band at 300 ms after heel contact. Next, the immediate changes in the muscle
activity and intermuscular coherence of the VM due to the different stimulation positions
of tDCS (the values after training divided by the values before training are described) are
shown in Figure 6. The changes in the muscle activity were 1.0 for the no-tDCS condition,
1.0 for uni-tDCS condition, and 1.2 for bi-tDCS condition, respectively. The changes in the
intermuscular coherence were 1.0 for the no-tDCS condition, 1.1 for uni-tDCS condition,
and 1.2 for the bi-tDCS condition, respectively.
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Figure 5. The angular velocity of the anteroposterior tilt of the paretic lower leg during gait is shown
in (A). The positive values in the graph indicate the anterior tilt of the lower leg, and the dashed line
indicates the time of heel-ground contact. The muscle activities of the VM in the proximal (B) and
distal (C) parts during the gait cycle are shown. The 0 percent of the gait cycle is the timing of
heel-ground contact on the paretic side. (D) shows the intermuscular coherence of the VM. The
yellow box indicates the 15–30 Hz range.

 

Figure 6. Immediate changes in the muscle activity (A) and intermuscular coherence (B) of the
VM due to the different stimulation positions of tDCS are shown. The values in the graphs are the
post-training values divided by the pre-training values. Abbreviations: tDCS, transcranial direct
current electrical stimulation.
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3.3. Effects of 4-Weeks Bi-tDCS Intervention on Paretic Lower Limb Motor Function

The joint angle of the paretic lower limb (◦, Listed in order of intervention start
time/intervention mid-time/intervention end time) was 27.6◦/27.2◦/26.5◦ in period A and
26.5◦/27.0◦/26.3◦ in period B, and gait speed (m/s) was 0.37◦/0.37◦/0.40◦ in period A and
0.40◦/0.39◦/0.43◦ in period B. The time series of the muscle activity and intermuscular
coherence of VM at the five time points of periods A and B are shown in Figure 7A,C. The
respective sums of the 4-weeks changes in the muscle activity and intermuscular coherence
of the VM in periods A and B are shown in Figure 7B,D. Positive values of this change
indicate greater improvement with training. The muscle activity of the VM was −10.94 in
period A and 9.2 in period B and increased in period B. The intermuscular coherence of VM
was −0.95 (×10−1) in period A and 0.52 (×10−1) in period B and increased in period B.

 

Figure 7. (A,C) shows the muscle activity and intermuscular coherence of the paretic VM at the five
time points of periods A and B combined. The dark green and dark red lines show the raw data,
and the light green and light red dashed lines indicate the detrended data. (B,D) shows the sum of
respective 4-weeks changes in the muscle activity and intermuscular coherence of the paretic VM in
periods A and B.

4. Discussion

In this study, we examined the effects of 20-min and 4-weeks bi-tDCS interventions
on muscle activity and CST excitability of the paretic VM in a stroke patient with severe
motor paralysis. As a result, the 20-min bi-tDCS intervention immediately improved
muscle activity and inter-muscular coherence of the paretic VM compared to no-tDCS and
uni-tDCS conditions. Furthermore, the 4-weeks bi-tDCS intervention also increased muscle
activity and inter-muscular coherence of the paretic VM during assisted walking.

58



Brain Sci. 2022, 12, 452

The muscle activity and intermuscular coherence of the VM are affected by the paretic
lower limb joint angle and walking speed [40–42]. However, the paretic lower limb joint
angle and gait speed observed in this study did not change among the conditions [37,43].
Therefore, we consider that the influence of kinematic factors on the muscle activity and
intermuscular coherence of the VM is small. Next, in post-stroke patients who cannot
walk independently, gait training [44] and tDCS on the primary motor areas of the injured
hemisphere [18] increased motor-related area excitability and CST excitability in the injured
side. However, in this patient, the uni-tDCS condition did not immediately change the
intermuscular coherence of the VM compared to the no-tDCS condition. We consider this
difference in the results to be due to severe motor paralysis. The subject in these studies
had 30.9 ± 2.7 points for the lower limb subscale of the Fugl-Meyer-Assessment [44] and
4 points for the Brunnstrom Recovery Stage of the lower extremity [18]. However, this
patient had a major injury to the coronet and posterior limb of the internal capsule, through
which the CST passes, and had poor motor function, with 1 point for a BRS, 0 points for
an FMS and 1 point for an FIM transfer scale for the start of period A. Previous studies
reported that, in post-stroke patients with severe motor paralysis, there are limitations in
increasing the activity of motor-related areas in the injured hemisphere and CST excitability
from the injured hemisphere to the paretic lower limb muscles [6,8]. Therefore, it is likely
that the uni-tDCS condition was not sufficient to increase the intermuscular coherence of
VM, resulting in no increase in the muscle activity of the VM.

Interestingly, in this patient with severe motor paralysis, the 20-min and 4-weeks
bi-tDCS interventions increased muscle activity and intermuscular coherence in the VM. In
patients with mild CST injury and motor paralysis, the CST excitability output from motor-
related areas of the injured hemisphere to the paretic lower limb muscles during paretic
lower limb movements influence the recovery of paretic lower limb motor function [6,7,45].
However, motor-related area excitability of the non-injured hemisphere and CST excitability
from motor-related areas of the non-injured hemisphere to the paretic lower limb muscles
were increased in post-stroke patients with severe motor paralysis [6–10]. This is because,
in post-stroke patients with severe motor paralysis, motor-related areas, mainly the SMA
and premotor areas of the non-injured hemisphere [6,7], and CST from the non-injured
side to the paretic lower limb muscles [8–10] were selected as compensatory pathways.
Additionally, for post-stroke patients who have difficulty walking independently, SMA
excitability of the non-injured hemisphere increases during gait [23]. The previous study
did not measure CST excitability, which is not entirely consistent with this study. However,
these increases in excitability indicate the need to promote CST excitability output from
motor-related areas, mainly SMA of the bilateral hemispheres, not just the injured hemi-
sphere, as this is an important process for the recovery of paretic lower limb motor function
and gait ability in post-stroke patients with severe motor paralysis. Therefore, we believe
that assisted gait training combined with bi-tDCS increased the intermuscular coherence of
the VM through SMA of the non-injured hemisphere. In addition, as a result of increased
intermuscular coherence of VM, muscle activity was also increased, which is considered to
be a study strength. The results of this study indicate the effectiveness of tDCS, including
SMA of the non-injured hemisphere, in the rehabilitation strategy of post-stroke patients
with severe motor paralysis.

This study had some limitations. First, KAFO has the potential to affect the magnitude
of muscle activity in the VM because it immobilizes the knee joint in the extended position.
In this patient, it was difficult to support the knee joint without immobilizing it in the
extended position using KAFO, and this effect cannot be ruled out. However, considering
that the waveform of the muscle activity of the paretic VM was confirmed to appear even
during assisted walking with KAFO and that it was performed using the same orthosis,
it is not considered a major problem. Second, in this study, intermuscular coherence was
calculated only from the paretic VM. Therefore, the results may be different if intermuscular
coherence is measured in other muscles. However, since the VM is an essential muscle
that supports body weight, this result is beneficial for patients who lack support in their
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lower limbs, such as those with severe motor paralysis. Third, since TMS was not used in
this study, we are unable to confirm whether the electrodes of the tDCS were optimally
positioned to target the VM. We also have not been able to confirm whether uni-tDCS
stimulated only the injured hemisphere. Fourth, we measured the CST excitability by tDCS
to SMA, but did not confirm the excitability of the cortex itself. Finally, this study did not
provide a sufficient period of washout or sham stimulation. However, based on the results
in Figures 6 and 7, it is highly likely that the effect was higher during the bi-tDCS period.

5. Conclusions

TDCS to bilateral SMA combined with gait training may increase the excitability of
the CST and muscle strength of the paretic leg in a severe case of motor paralysis. It also
provides the importance of increasing the excitability of SMA in the non-injured hemisphere
in addition to the injured hemisphere.
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Abstract: High-definition transcranial direct current stimulation (HD-tDCS) has recently been pro-
posed as a tDCS approach that can be used on a specific cortical region without causing undesirable
stimulation effects. In this uncontrolled pilot study, the cortical hemodynamic changes caused by
HD-tDCS applied over the ipsilesional motor cortical area were investigated in 26 stroke patients.
HD-tDCS using one anodal and four cathodal electrodes at 1 mA was administered for 20 min to C3
or C4 in four daily sessions. Cortical activation was measured as changes in oxyhemoglobin (oxyHb)
concentration, as found using a functional near-infrared spectroscopy (fNIRS) system during the
finger tapping task (FTT) with the affected hand before and after HD-tDCS. Motor-evoked potential
and upper extremity functions were also measured before (T0) and after the intervention (T1). A
group statistical parametric mapping analysis showed that the oxyHb concentration increased during
the FTT in both the affected and unaffected hemispheres before HD-tDCS. After HD-tDCS, the oxyHb
concentration increased only in the affected hemisphere. In a time series analysis, the mean and
integral oxyHb concentration during the FTT showed a noticeable decrease in the channel closest to
the hand motor hotspot (hMHS) in the affected hemisphere after HD-tDCS compared with before
HD-tDCS, in accordance with an improvement in the function of the affected upper extremity. These
results suggest that HD-tDCS might be helpful to rebalance interhemispheric cortical activity and to
reduce the hemodynamic burden on the affected hemisphere during hand motor tasks. Noticeable
changes in the area adjacent to the affected hMHS may imply that personalized HD-tDCS electrode
placement is needed to match each patient’s individual hMHS location.

Keywords: high-definition transcranial direct stimulation; functional near-infrared spectroscopy;
stroke; upper extremity function; oxyhemoglobin concentration

1. Introduction

Upper extremity motor impairment is a common sequela after stroke [1–3]. Long-
term disability of upper extremity motor function in stroke patients causes difficulties in
activities of daily living [4,5], returning to work [6,7], social life [8], and quality of life [9,10].
After stroke, performing a task with the affected hand has been shown to increase activity
in several cortices within the ipsilesional and contralesional hemispheres to a greater extent
than in healthy subjects [11].

Modulation of neuroplasticity is a key factor in the rehabilitation of stroke patients.
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique
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that can modulate cortical excitability in various ways, depending on the polarity of the
induced electrical field (EF) [12]. Thus, it is often used in rehabilitation research to induce
neural plasticity [13–15]. Conventional tDCS is generally applied using two large (approxi-
mately 35 cm2) rubber-sponge electrodes. Anodal stimulation with tDCS (1–2 mA) can only
increase the rate of spontaneous combustion and their excitability but cannot depolarize
the membrane potential of neurons to the firing threshold by itself [16]. On the other
hand, cathodal stimulation is thought to deepen the resting membrane potential, making it
difficult for neurons to depolarize, which reduces spontaneous combustion rates and the
excitability of neurons [16]. By simultaneously applying anodal and cathodal stimulation,
while the anode induces neuronal depolarization and thus activation of neural networks
beneath the electrode, the cathode induces the opposite effects (i.e., hyperpolarization
and consequent inhibition) [17]. Therefore, an anode electrode causes an enhancement of
cortical excitability during stimulation, while the cathode electrode generates the opposite
effect, i.e., anodal-excitation and cathodal-inhibition effects (AeCi) [18]. Recent tDCS stud-
ies have adjusted the size [19], number [20], and placement [21] of electrodes to promote
the efficiency of tDCS to the target area.

High-definition transcranial direct current stimulation (HD-tDCS) has recently been
developed to increase the spatial precision of current delivery to a target area using arrays
of small electrodes [22]. HD-tDCS showed a comparable effect with conventional tDCS on
motor learning capacity in healthy children [23], executive function in healthy subjects [24],
in tinnitus patients [25], and working memory in children and adolescents with attention
deficit hyperactivity disorder [26]. In addition, a previous electroencephalogram (EEG)
study demonstrated that the HD-tDCS and anode conventional tDCS are similar in reducing
the alpha power in EEG, which induces cortical deactivation and inhibition at resting state
in healthy subjects [27]. Using a ring configuration of HD-tDCS electrodes, peak stimulation
can be concentrated in a target region [28]. Among the possible arrangements of electrodes
for HD-tDCS application, a commonly used configuration is 4 × 1 [29]. In this arrangement,
a center ring anodal or cathodal electrode overlying the target cortical regions is surrounded
by four cathodal or anodal electrodes depending on the purpose of inducing cortical activity
to the target site [30,31]. The ring helps to circumscribe the area of stimulation. A finite
element model based on high-resolution magnetic resonance imaging (MRI) predicted
that the 4 × 1 ring electrode configuration would focus stimulation compared with a
conventional tDCS setup using a rectangular pad [32]. The focality enabled by the HD-
tDCS configuration could modulate behavioral and neurophysiological parameters more
effectively than conventional tDCS. In previous studies, HD-tDCS has been shown to
enhance motor cortex excitability, have longer-lasting effects [33], and improve motor
learning capacity [34] compared with conventional tDCS. Additionally, previous HD-
tDCS studies demonstrated effects on verbal learning and working memory in healthy
subjects and [35] naming in patients with post-stroke aphasia [36], and a decrease in the
intrusiveness of tinnitus [37]. A recent EEG study suggested that conventional tDCS and
HD-tDCS had different effects in the cortical network during visuomotor processing [38].

Neuroimaging is a methodological approach that can increase understanding of neu-
ronal mechanisms [39]. Functional near-infrared spectroscopy (fNIRS) is a noninvasive
optical imaging technique that illustrates cortical activity by quantifying the concentrations
of oxyhemoglobin (oxyHb) and deoxyhemoglobin (deoxyHb) using continuous-wave light
(650–950 nm) emitted through the skull into the brain [40]. Unlike conventional functional
neuroimaging modalities, such as functional MRI (fMRI) and positron emission tomog-
raphy (PET), fNIRS has a relatively high tolerance to motion artifacts even during motor
tasks [40,41]. Furthermore, fNIRS imaging can detect continuous hemodynamic variation
in everyday life situations in a cost-effective and portable manner [42]. Therefore, the use
of fNIRS in clinical trials is expanding [43–45].

Recent fNIRS studies of HD-tDCS unveiled the hemodynamic correlate of a
4 × 1 HD-tDCS electric field on the brain and demonstrated changes in neuroplastic-
ity [46,47]. Another fNIRS study suggested that the functional connectivity of the dorsolat-
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eral prefrontal cortex increased after HD-tDCS in healthy subjects [48]. Furthermore, an
fNIRS study as well as behavioral studies on the effect of focal stimulation of HD-tDCS on
upper limb motor function in stroke patients have been proposed [49].

Therefore, we aimed to collect preliminary evidence on hemodynamic changes and
cortical activation in stroke patients by applying HD-tDCS with a 4 × 1 ring electrode
configuration to their motor areas. We used fNIRS to investigate interhemispheric cortical
excitability and changes in oxyHb concentration in chronic stroke patients during a hand
motor task before and after an HD-tDCS intervention. As a pilot investigation, we hypothe-
sized that applying 4 × 1 HD-tDCS to the motor areas of stroke patients would modulate
the interhemispheric imbalance found during a hand motor task after stroke to a more
normal interhemispheric interaction and lower the cortical activity required to perform the
hand motor task. We further hypothesized that this effect would be more pronounced in
the cortical area related to hand motor function.

2. Materials and Methods

2.1. Participants

We enrolled 30 participants in this uncontrolled pilot study, but 4 (13%) of them
withdrew their consent prior to the intervention. Thus, 26 chronic stroke patients (20 males
and 6 females, mean age 59.4 ± 12.8 years) completed this study. The inclusion criteria were
as follows: unilateral hemiparetic stroke, age between 19 and 80 years, chronic strokes for
more than 6 months, subcortical lesion stroke, and ability to move individual fingers. The
exclusion criteria were history of psychiatric disease, significant neurological disease other
than stroke, metal implants, and contraindications to tDCS application [50]. The patient
demographics are summarized in Table 1. All participants provided written informed
consent before participation. The experimental procedures were approved by the Ethics
Committee of Samsung Medical Center. This study was registered at ClinicalTrials.gov
(NCT0459753).

Table 1. Basic patient characteristics.

Characteristics Value

Age, years (mean ± SD) 59.4 ± 12.8
Sex (Male:Female) 20:6

Stroke type (Infarction:Hemorrhage) 13:13
Lesion side (Left:Right) 12:14

Duration, months (mean ± SD) 40.1 ± 29.4
Initial FMA upper extremity score (mean ± SD) 47.6 ± 10.2

SD, standard deviation; FMA, Fugl-Meyer assessment.

2.2. Study Design

Using an open-label, single-arm, uncontrolled pilot study design, all participants
completed four consecutive daily sessions of HD-tDCS at daily scheduled time. To measure
hemodynamic changes, fNIRS was conducted during the finger tapping task (FTT) before
(T0) and immediately after (T1) the HD-tDCS intervention. In addition, to examine the
corticomotor excitability, the resting motor threshold (rMT) and amplitude of the motor
evoked potential (MEP) were evaluated at T0 and TMotor function of the affected hand
was assessed at the same time points using the Fugl-Meyer assessment (FMA), box and
block test (BBT), and FTT accuracy and response time. The study design is illustrated in
Figure 1.
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Figure 1. Study design. (A) Experimental paradigm. (B) fNIRS measurement during the FTT. A
star appeared on the black screen for 600 ms, and then an empty black screen appeared for 400 ms
after the star disappeared. Each subject pushed the corresponding buttons using fingers on the
affected side. (C) Arrangement of fNIRS optodes and HD-tDCS electrodes. fNIRS, functional near-
infrared spectroscopy; FTT, finger tapping task; HD-tDCS, high-definition transcranial direct current
stimulation; Nz, nasion; Iz, inion; LPA, left pre-auricular; RPA, right pre-auricular.

2.3. High-Definition tDCS

A battery-driven Starstim 8 tDCS system (Neuroelectrics®, Barcelona, Spain) was used
to deliver constant direct current to the affected hemisphere via a 4 × 1 ring montage of
HD electrodes (surface: 3.14 cm2; current density: 0.32 mA/cm2). The anode was placed
on the scalp overlying C3 or C4 (based on the 10–20 system) to cover the ipsilesional motor
cortical area. The four cathodes surrounded the anode at a center-to-center distance of
3.5 cm. Thus, when a participant’s lesion was on the left side, the anode was placed on
C3, and the cathodes were placed on C1, C5, FC3, and CPWhen, on the other hand, a
participant’s lesion was on the right side, the anode was placed on C4, and the cathodes
were placed on C2, C6, FC4, and CPConstant current was delivered at 1 mA for 20 min,
with ramp-up and -down phases of 30 s.

2.4. Measurement of Hemodynamic Changes during the Finger Tapping Task

Hemodynamic changes during the FTT with the affected hand were measured in each
patient at T0 and TThe hemodynamic change signals were obtained as optical changes
collected by a continuous wave fNIRS measurement system (NIRScout®; NIRx Medical
Technology, Berlin, Germany), which is a multi-modal-compatible fNIRS platform. The
fNIRS system used two wavelengths, 760 nm and 850 nm, with the sampling rate set to
10.25 Hz. Using 20 sources and detectors, the fNIRS topomap consisted of 67 channels
with a distance of 3 cm between each source and detector. The fNIRS topomap covered
the frontal, parietal, temporal, and occipital cortices. During the fNIRS measurements,
all patients performed the FTT with the affected hand. The acquisition software NIRStar
15.2 (NIRx Medical Technologies, Berlin, Germany) was used to record the raw fNIRS data
and obtain signal quality indicators for the measurement channels following hardware
calibration. If the acquired signal quality was poor during calibration, the contact between
the scalp and analogous optodes was immediately adjusted until the overall signal quality
was acceptable. An FTT protocol programmed using SuperLabPro® 2.0 software (Cedrus,
Co., Phoenix, AZ, USA) was conducted for all participants (Figure 1). It consisted of
random-ordered sequences of five task and rest blocks, each lasting for 20 s.
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During the FTT with fNIRS measurement, each patient was seated 50 cm from a
computer monitor, and the affected hand performing the task was held in a supported
position. As a visual cue on the monitor, one star randomly appeared at one of five positions
arranged in a horizontal line in front of the patient. The patient was asked to press a button
corresponding to a stimulus presented on the screen with their affected fingers as quickly
and accurately as possible when a star appeared at a specific location (thumb = 1, index
finger = 2, middle finger = 3, ring finger = 4, little finger = 5). A star appeared for 600 ms,
after which a black screen appeared on the monitor for 400 ms. Random-ordered sequences
were assigned for each patient at T0 and T1.

2.5. fNIRS Data Anlysis

The cortical activation map produced during the FTT with the affected hand was
analyzed using statistical parametric mapping (SPM) analysis with the Near-Infrared
Spectroscopy-Statistical Parametric Mapping open-source software package (NIRS-SPM;
http://bisp.kaist.ac.kr/NIRS-SPM, accessed on 3 February 2021) [51] implemented in a
MATLAB® environment (MathWorks, Inc., Natick, MA, USA). A general linear model
with a canonical hemodynamic response curve was used to test for significant changes
in oxyHb concentration during task periods compared with rest periods [52]. The group-
level statistical analysis was performed based on the individual-level beta values to detect
activated channels at the group level (p < 0.05, uncorrected) [53]. Group-level cortical
activation maps were plotted onto a standard brain template with flipped channels to align
the affected hemisphere, and the regions with significant differences in oxyHb concentration
were identified.

Changes in oxyHb and deoxyHb concentrations were analyzed using nirsLAB® soft-
ware (v. 2019.04; NIRx Medical Technologies, LLC, Minneapolis, MN, USA) for a time
series analysis. Discontinuities and spike artifacts acquired from 67 channels were removed
and replaced by the nearest signals. First, the raw data were band-pass filtered from
0.01 to 0.2 Hz to remove baseline noise and to eliminate possible respiration and heart rate
signals [54]. The band-pass filter is a combination of a low-pass and high-pass filter, in
that it passes a certain band of frequencies and attenuates the frequencies located outside
the band [55]. Second, the oxyHb and deoxyHb concentrations were calculated from the
preprocessed and filtered data using the Beer–Lambert law for each of the 67 channels [56],
and the grand average of the hemodynamic response in each channel was computed. Both
the mean and integral values of oxyHb and deoxyHb concentration changes were obtained
during each 20-s task block from the channels around the tDCS stimulation for comparison
between T0 and T1.

2.6. Identification of the Hand Motor Hotspot and Motor Evoked Potential Study

To measure changes in corticospinal excitability at T1 compared with T0, single-pulse
transcranial magnetic stimulation (TMS) was performed at T0 and TWe used a TMS sys-
tem (Magstim® BiStim2; Magstim Co. Ltd., Dyfed, Wales, UK) and a 70-mm figure-eight
coil. First, electromyography (EMG) data were acquired from the contralateral first dor-
sal interosseus muscle based on a muscle belly tendon montage using a self-adhesive
surface electrode. An EMG monitoring system (Medelec Synergy®; Medelec, Oxford,
UK) was used to amplify the EMG activity, and the data were band-pass filtered from
10–2000 kHz. Second, the vertex (Cz) and ipsilesional C3 or C4 points were marked
based on the international 10–20 system. Third, the examiner oriented the handle of the
coil 45◦ posterior to the midline to ensure that the electromagnetic current was transmit-
ted perpendicular to the central sulcus. In the previous studies, C3 or C4 based on the
10–20 system is not always consistent with the TMS-induced hand motor hotspot
(hMHS) [57,58]. Therefore, we determined the location of hMHS where the optimal lo-
cation exerted the highest MEP amplitude and the shortest latency by moving 1 cm in
each direction at 5-s intervals around the ipsilesional C3 or CThen, we recorded the lo-
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cation hMHS in both hemispheres based on the distance from Cz to the x and y axes in
each participant.

After the hMHS was identified, single-pulse TMS was gradually delivered to define
the overlying rMT, defined as the lowest magnetic intensity that induced EMG activity
(MEP peak-to-peak amplitude ≥50 µV) in 5 or more of 10 consecutive trials. Following
rMT determination, the MEP amplitude was calculated as the average amplitude obtained
by 10 single hMHS stimuli 5 s apart at an intensity of 120% rMT. To assess relaxation of the
measured muscle, the examiner carefully monitored real-time EMG before stimulation [59].
During the examination, the participant sat in a comfortable recliner and held their hands
in a supine position on their lap while the measurement was performed. Participants
were asked to remain silent during the experiment to prevent speech-induced modulation
of cortical excitability. The identification of hMHS and measurements of rMT and MEP
amplitude were performed in both affected and unaffected hemispheres.

2.7. Behavioral Assessments

To assess functional changes in the affected upper extremity, the patients completed a
battery of behavioral assessments at T0 and T1, and the FTT accuracy and response time
were used to assess upper extremity function. The FMA is a comprehensive quantitative
measurement of sensorimotor impairment after stroke [60]. The FMA motor assessments
for the upper (maximum score 66 points) and lower (maximum score 34 points) extremity
are recommended as core measures to be used in every stroke recovery and rehabilitation
trial [61]. The BBT was used to assess gross manual dexterity with a wooden box divided
into two equal compartments by a partition and 150 blocks. With the box oriented length-
wise and placed at the patient’s midline, the examiner asks the patient to move as many
blocks as possible, one by one, from one compartment to the other within 60 s [62].

To measure FTT performance, each patient’s mean response time and number of
correct responses (accuracy) were calculated with SuperLabPro® software. The response
time was defined as the mean time required for the patient to press the correct key after
appearance of the stimulus on the screen. The accuracy and response time were measured
for 20 stimuli within each trial, with five trial blocks for each task.

2.8. Statistical Analysis

The data were analyzed using SPSS version 20 (SPSS, Inc., Chicago, IL, USA). To
evaluate the normality of the distribution, the data were examined using the Kolmogorov–
Smirnov test, and the mean and integral values of the oxyHb and deoxyHb concentrations
in each channel were found to have nonparametric distributions. The Wilcoxon signed-rank
test was used to confirm the statistical significance of the mean and integral values of the
oxyHb and deoxyHb concentrations in each channel at T0 and TDue to using the Wilcoxon
signed-rank test for oxyHb and deoxyHb concentrations, we calculated the effect size using
the following formula (Equation (1)) [63]:

r =
Z√
N

(1)

Z represents the z-statistics from the Wilcoxon signed-rank test, and N represents the
number of participants. All of the neurophysiologic and behavioral assessment variables
showed parametric distributions. Therefore, paired t-tests were used to compare the
neurophysiological measurements and behavioral assessments at T0 and TDue to using
paired t-tests for the neurophysiologic and behavioral assessments, we calculated the effect
sizes using the following formula (Equation (2)) [63]:

d =
meanD

SDD
(2)
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meanD represents the mean difference between T0 and T1, and SDD represents the
mean of the standard deviation between T0 and TFor all analyses, the level of significance
was set at p = 0.05.

3. Results

3.1. Cortical Hemodynamic Changes during Finger Tapping Task

Figure 2 shows the average cortical activation during the FTT with the affected hand
at T0 and T1, as shown by the NIRS-SPM analysis. During the FTT before the HD-tDCS
intervention, cortical activation increased in both affected and unaffected hemispheres,
especially around the central areas of the affected hemisphere (Figure 2, left). After the
intervention, overall cortical activation decreased, and most of the activation shifted to the
affected hemisphere (Figure 2, right).

Figure 2. Average cortical activation maps, as analyzed using the NIRS-SPM software during the FTT
with the affected hand before and after HD-tDCS intervention. The white dotted areas indicate the
MThe green dotted areas indicate the SMA. The purple dotted areas indicate the PMC. The orange
dotted areas indicate the SAt T0, the cortical oxyHb concentration increased during the FTT in both
the affected and unaffected hemispheres. At T1, the overall cortical activation was decreased and
most of the activation was shifted to the affected hemisphere. FTT, finger tapping task; T0, before the
intervention; T1, after the intervention; M1, primary motor cortex; SMA, supplementary motor area;
PMC, premotor cortex; S1, primary somatosensory cortex; oxyHb, oxyhemoglobin.

Figure 3 shows locations of the fNIRS optodes and channels and the arrangement
of the HD-tDCS electrodes (Figure 3A). The time series data for the oxyHb and deoxyHb
concentrations around the stimulation site during the FTT are presented in Figure 3B.
In channels 32, 35, 43, and 44, the oxyHb concentration decreased during the FTT at T1
compared with TThe mean and integral values of oxyHb tended to decrease after the
HD-tDCS intervention in all four of those channels, and statistically significant decreases in
the mean and integral values of the oxyHb concentration were observed at T1 compared
with T0 in channel 32 (p < 0.05; Table 2). There were no significant changes in both mean
and integral values of the deoxyHb concentration in the channels of the stimulated site
at T1 compared with T0 in all analyzed channels (Table 2). Most of the hMHSs (16 of
24 participants) were located anterior or medial to the stimulation site (C3 or C4), and the
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hMHS in nine participants was located close to channel In the other channels, the mean
and integral oxyHb values tended to decrease after the intervention compared with the
values before the intervention, but the differences were not statistically significant.

Figure 3. (A) Location of the fNIRS channels. The red rhombi represent the individual hMHS
locations. The anode electrode was placed on the ipsilesional hemisphere of each participant (C3 or
C4). When the anode was on C3, the cathodes were placed on C1, C5, FC3, and CPWhen the anode
was on C4, the cathodes were placed on C2, C6, FC4, and CPIn this figure, all patients were assumed
to have the right-sided lesions, so the location of the fNIRS channels, optodes, HD-tDCS electrodes,
and individual hMHS locations are expressed in the right hemisphere. (B) Results of time series
oxyHb concentration changes in the affected motor area in each fNIRS channel during the FTT. The
red dotted and solid lines represent the oxyHb concentration at T0 and T1, respectively. The blue
dotted and solid lines represent the deoxyHb concentration at T0 and T1, respectively. The colored
background represents the standard error. In channel 32, the oxyHb concentration was significantly
decreased at T1 compared with T0. hMHS, hand motor hotspot; oxyHb, oxyhemoglobin; deoxyHb,
deoxyhemoglobin; T0, before intervention; T1, after intervention; FTT, finger tapping task.

Table 2. Changes in mean and integral values of oxyHb and deoxyHb in the channels of motor
cortical areas in the affected hemisphere during FTT.

Mean Value
(Units: mol × 10−3)

Integral Value
(Units: mol × 10−3)

T0 T1 p-Value Effect Size T0 T1 p-Value Effect Size

oxyHb

Ch. 32 0.324
(0.134)

0.157
(0.674) 0.033 * −0.321 67.07

(63.91)
32.46

(69.37) 0.033 * −0.321

Ch. 34 0.275
(0.300)

0.265
(0.295) 0.570 −0.086 57.13

(62.12)
54.97

(61.13) 0.570 −0.086

Ch. 35 0.306
(0.367)

0.244
(0.412) 0.445 −0.115 63.45

(76.09)
50.58

(85.39) 0.445 −0.115

Ch. 39 0.183
(0.280)

0.020
(0.351) 0.733 −0.051 38.01

(58.06)
41.63

(72.84) 0.733 −0.051

Ch. 41 0.130
(0.386)

0.154
(0.476) 0.592 −0.081 27.00

(80.09)
32.05

(98.65) 0.592 −0.081

Ch. 43 0.137
(0.169)

0.027
(0.384) 0.088 −0.257 28.53

(35.02)
55.46

(79.42) 0.088 −0.257

Ch. 44 0.181
(0.195)

0.093
(0.216) 0.062 −0.281 37.52

(40.40)
19.16

(44.68) 0.062 −0.281
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Table 2. Cont.

Mean Value
(Units: mol × 10−3)

Integral Value
(Units: mol × 10−3)

T0 T1 p-Value Effect Size T0 T1 p-Value Effect Size

deoxyHb

Ch. 32 −0.429
(−0.927)

−0.509
(−1.420) 0.858 −0.027 −8.889

(−19.206)
−10.533

(−29.428) 0.858 −0.027

Ch. 34 −0.609
(−1.146)

−0.893
(−1.789) 0.115 −0.237 −12.589

(−23.740)
−18.495

(−37.060) 0.115 −0.237

Ch. 35 −0.732
(−1.306)

−0.532
(−1.244) 0.910 −0.017 −15.175

(−27.041)
−11.011

(−25.757) 0.910 −0.017

Ch. 39 −0.352
(−0.703)

−0.505
(−0.748) 0.189 −0.198 −7.289

(−14.552)
−10.450

(−15.496) 0.189 −0.198

Ch. 41 −0.292
(−1.021)

−0.226
(−0.574) 0.291 −0.159 −6.056

(−21.140)
−4.668

(−11.889) 0.291 −0.159

Ch. 43 −0.475
(−1.016)

−0.754
(−1.201) 0.465 −0.110 −9.858

(−21.050)
−15.610

(−24.840) 0.465 −0.110

Ch. 44 −0.280
(−0.797)

−0.652
(−1.074) 0.149 −0.218 −5.792

(−16.481)
−13.558

(−22.251) 0.149 −0.218

All data are expressed as median (interquartile range). oxyHb, oxyhemoglobin; deoxyHb, deoxyhemoglobin; FTT,
finger tapping task; T0, before the intervention; T1, immediately after the intervention. * Wilcoxon signed-rank
test, p < 0.05.

3.2. Changes in Behavioral Test Results and Corticospinal Excitability Measurement

The FMA upper extremity scores improved significantly after the intervention (p < 0.001).
Both the FMA upper extremity mean score and FMA total score were significantly higher
at T1 than at T0 (p < 0.001). The BBT score also increased significantly after the HD-tDCS
intervention (p = 0.001). Furthermore, FTT accuracy improved significantly, by 35.47%,
after the intervention (T1) compared with T0 (p = 0.001). The FTT response time tended to
decrease at T1 compared with T0, but that difference was not statistically significant (p >
0.05).

In the TMS-induced MEPs in the affected hemisphere, rMT decreased slightly but
without statistical significance at T1 compared with T0 (p > 0.05). The MEP amplitude
in the affected hemisphere tended to increase slightly at T1, but that difference was also
without statistical significance (p > 0.05; Table 3).

Table 3. Changes in behavioral test and neurophysiological measurement results.

T0 T1 p-Value Effect Size

FMA upper extremity (score) 47.6 (10.2) 50.6 (10.3) <0.001 * 1.308
FMA total (score) 69.3 (14.1) 73.7 (14.4) <0.001 * 1.009

BBT (ea) 30.0 (16.8) 32.6 (17.4) 0.001 * 0.648
FTT accuracy (%) 33.6 (22.3) 45.7 (27.0) 0.001 * 0.777

FTT response time (ms) 589.1 (106.4) 575.3 (101.8) 0.062 −0.117
rMT of affected hemisphere (%) 51.6 (11.6) 50.83 (9.7) 0.259 −0.231

MEP amplitude of affected hemisphere (µV) 430.1 (313.8) 434.8 (363.7) 0.665 0.088
rMT of unaffected hemisphere (%) 48.6 (9.6) 46.8 (9.3) 0.102 −0.332

MEP amplitude of unaffected hemisphere (µV) 612.9 (306.4) 734.3 (378.0) 0.120 0.316

All data are expressed as mean (standard deviation). T0, before the intervention; T1, immediately after the
intervention; FMA, Fugl-Meyer assessment; BBT, box and block test; FTT, finger tapping task; MEP, motor evoked
potential; rMT, resting motor threshold. * Paired t-test, p < 0.05.

4. Discussion

In this uncontrolled pilot study, we investigated changes in the cortical hemodynamic
response after HD-tDCS of the ipsilesional motor cortical area in chronic stroke patients
to guide the implementation of future controlled studies. The HD-tDCS intervention
could modulate the cortical oxyHb concentration changes toward an overall decrease in
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bilateral hemispheric activation and focused activation in the affected motor cortical areas,
in accordance with improved functional performance of the affected hand. In addition, a
pronounced decrease in task-related cortical activation of the affected motor cortical area
was evident at the channel closest to the hMHS.

Before the HD-tDCS intervention, we observed overall cortical activation in both the
affected and unaffected hemispheres of stroke patients during the FTT. This abnormal
interhemispheric pattern is related to disruption of interhemispheric inhibitory balance
caused by stroke [64,65]. Conventional tDCS studies have suggested that interhemispheric
imbalance could be decreased by properly placing anode and cathode electrodes on the
affected and unaffected hemispheres, respectively [66,67]. A previous fNIRS study in
healthy subjects demonstrated increased interhemispheric connectivity after applying
HD-tDCS to the dorsolateral prefrontal cortex [48]. In addition, Cabibel et al. found that
applying HD-tDCS to upper extremity cortical hotspots can enhance cross-facilitation,
increasing the excitability of unstimulated areas [68]. After the HD-tDCS intervention in
this uncontrolled pilot study, cortical activation appeared predominantly in the affected
hemisphere, and the overall activity in the unaffected hemisphere decreased. This cortical
activation was similar to the asymmetric cortical activation seen in healthy subjects with
normal interhemispheric inhibitory balance [69]. This result might imply that HD-tDCS
can induce rebalancing of interhemispheric inhibition caused by stroke.

Our time series analysis showed that, after the HD-tDCS intervention, the oxyHb
concentration decreased in the affected motor area during the FTT compared with before
the intervention. Although the changes of deoxyHb between T0 and T1 showed a similar
tendency to the changes of oxyHb, there were no significant changes in both mean and
integral values of the deoxyHb between T0 and TThis might be reflected in that deoxyHb
showed an inferior signal-to-noise ratio (SNR) relative to oxyHb [70]. At the same time,
the hand motor function of the participants improved after the HD-tDCS intervention.
Any increase or decrease in cortical activation required for motor tasks by stroke patients
indicates changes in the neural resources required to achieve certain movements [71].
Therefore, decreased oxyHb concentration required for the FTT after HD-tDCS intervention
might be interpreted as decreased hemodynamic burden (i.e., neural resources) needed
to successfully perform the FTT. Based on previous studies, a decrease in the cortical
activation required for a task in stroke patients reflects neuroplastic changes caused by
therapeutic intervention [43,71–73]. Our result might provide evidence that HD-tDCS
can modulate such neuroplastic changes and improve neural efficiency by enabling lower
cortical activation to generate better function [74].

In our uncontrolled pilot study, the oxyHb concentration during the hand motor task
was decreased in the channels of the affected motor areas. Specifically, the task-related
hemodynamic change induced by HD-tDCS was apparent in the fNIRS channel corre-
sponding to the hMHS of most participants. The hMHS could thus be regarded as the
best location for tDCS intervention to show changes in the task-related hemodynamic
response. The hMHS is the scalp position at which TMS generates the largest MEPs in the
hand muscles [75]. According to previous EEG studies, hMHS locations were adjacent to
the EEG channel locations that well reflect hand movements [76,77]. Previous PET [78]
and fMRI [79] studies demonstrated that both the hMHS and the area of maximal cere-
bral activation were located in the anatomical hand knob. Therefore, the hMHS might
be considered one of the HD-tDCS target sites to effectively modulate cortical excitability
related to hand motor function. In the HD-tDCS using a 4 × 1 ring electrode configuration,
focality is accompanied with interindividual variability of EF [80]. Therefore, our result
that hemodynamic change induced by HD-tDCS with a 4 × 1 ring electrode configuration
prominently observed in the fNIRS channel near the hMHS of most participants might
propose a considerate placement of HD-tDCS electrodes with a 4 × 1 ring electrode config-
uration. The location of the hMHS reflects the neurophysiological features of motor cortex
excitability and can vary by individual [81–83]; personalized HD-tDCS electrode placement
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considering these features will be required in the application of HD-tDCS using a 4 × 1
ring electrode configuration.

In the behavioral results, functional performance improved significantly after HD-
tDCS on the ipsilesional C3 or CThe FMA upper extremity scores, which reflect the overall
function of the upper extremity in stroke patients, improved after the intervention, as did
the BBT scores and FTT accuracy and response time, which reflect gross hand function and
hand dexterity, respectively. Therefore, repeated HD-tDCS application could modulate
functional performance in accordance with hemodynamic changes in the relevant cortical
areas. In contrast to a previous HD-tDCS study of healthy subjects [33], we did not observe
significant differences in neurophysiological responses, represented by rMT and MEP
amplitude, even though we applied HD-tDCS with the same current intensity as used
in those healthy subjects. Corticomotor excitability in stroke patients might respond to
HD-tDCS differently than that in healthy subjects, but that possibility needs further study.

Our uncontrolled pilot study had several limitations. The main limitation was its
open-label nature, and there was no control condition using sham or conventional tDCS
to compare the effect of real HD-tDCS. Therefore, our preliminary data showing hemody-
namic changes induced by HD-tDCS in stroke patients certainly propose the necessity of
future confirmatory studies with randomized controlled trials. Second, our four HD-tDCS
treatments were not enough to verify the residual effect of HD-tDCS. Third, no changes
in cortical hemodynamic responses during HD-tDCS could be identified through fNIRS
measurements. Fourth, because the statistical power was relatively low due to our small
sample size, our results cannot be generalized to a wider stroke population. Therefore,
future research should be performed using a larger sample and more intervention ses-
sions to demonstrate the clinical efficacy of HD-tDCS after stroke. Finally, the recorded
fNIRS signals reflect both extra-brain and intra-brain changes. Several of the issues men-
tioned with fNIRS signals are limitations of our uncontrolled pilot study. The acquisition
of fNIRS signals with additional systemic physiological sensors has to be considered in
future studies.

5. Conclusions

The present uncontrolled pilot study provided some evidence that HD-tDCS interven-
tion could change task-related hemodynamic responses and could help in the rebalancing
of bilateral cortical activity in chronic stroke patients. Our results of preliminary data
showed that HD-tDCS intervention also could reduce the hand-motor-task-related hemody-
namic burden on the affected hemisphere. The hemodynamic change induced by HD-tDCS
was most apparent in the fNIRS channel corresponding to the hMHS location in most
participants. These results might imply the need to personalize HD-tDCS electrode posi-
tioning based on individual neurophysiological studies to improve the effectiveness of the
HD-tDCS intervention. An exploratory randomized controlled trial is warranted to verify
the preliminary evidence of HD-tDCS.
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Abstract: Repetitive transcranial magnetic stimulation (rTMS) is effective in the treatment of depres-
sion. However, for the subset of patients with bipolar disorder, less data is available and overall
strength of evidence is weaker than for its use in unipolar depression. A cohort of 505 patients (of
which 46 had a diagnosis of bipolar disorder) with depression who were treated with rTMS were
analyzed retrospectively with regards to their response to several weeks of treatment. Hamilton
Depression Rating Scale (HDRS) was assessed as main outcome. Unipolar and bipolar patients with
depression did not differ significantly in baseline demographic variables or severity of depression.
Both groups did not differ significantly in their response to treatment as indicated by absolute and
relative changes in the HDRS and response and remission rates. On HDRS subitem-analysis, bipolar
patients showed superior amelioration of the symptom “paranoid symptoms” in a statistically signif-
icant manner. In conclusion, depressed patients with a diagnosis of bipolar disorder benefit from
rTMS in a similar fashion as patients with unipolar depression in a naturalistic setting. rTMS might
be more effective in reducing paranoia in bipolar than in unipolar patients.

Keywords: depression; bipolar disorder; rtms; repetitive transcranial magnetic stimulation;
non-invasive brain stimulation; neurostimulation

1. Introduction

Manic-depressive illness, also known as bipolar disorder, is a multifaceted psychiatric
illness of significant prevalence, morbidity and mortality associated with markedly reduced
quality of life and functionality, suicidality and premature death and high socioeconomic
burden [1]. Bipolar depression also conveys a larger risk of psychotic symptoms than
unipolar depression [2].

The management of the disorder has traditionally included pharmacological agents as
well as psychological therapies [3,4] with psychotic symptoms usually requiring pharma-
cotherapy or electroconvulsive therapy (ECT) [2]. However, some patients do show little to
no response to such treatment options or do not comply due to side effects [4] which in
turn has led to an increased interest in alternative treatments such as neurostimulation.

ECT has been used for decades for the most severe forms of uni- and bipolar depres-
sion, however its comparatively invasive nature and proposed side effects on cognition
and memory make it an unfavorable choice for many patients. Repetitive transcranial
magnetic stimulation (rTMS) as one of the non-invasive brain stimulation (NIBS) methods
has gained increasing attraction in recent years due to its easy application without the
necessity of anesthesia and possibly less side effects on memory and without the side effects
of anesthesia when directly compared to ECT [5,6].
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rTMS as a treatment modality is noninvasive and it exerts its effects through the
induction of an electromagnetic field through a magnetic coil directed over a patient’s
scalp, where it induces an electrical current in the underlying are of the cortex yielding
neuronal depolarization [7]. rTMS has been utilized in the treatment and management of
an expanding number of psychiatric conditions given its ability to modulate the activity
of certain neural circuits in a selective topographic manner. As a treatment modality,
rTMS has been studied and applied with varying success in the treatment of a range of
neuropsychiatric diagnoses including but not limited to affective disorders, positive and
negative symptoms of schizophrenia, tinnitus or chronic pain [8,9]. Since the first US Food
and Drug Administration (FDA) approval in 2008 for the treatment of major depressive
disorder for the Neuronetics Neurostar System, various systems have been approved for
the treatment of major depressive disorder [10].

Studies that looked at the utilization of rTMS in the therapy of bipolar disorder have
mainly looked at its effects during the depression phase of the disorder, but it is worth
noting that it has also been used to treat mania [4].

However, due to the rarer nature of the condition there is a lack of data on rTMS
treatment for bipolar depression in the literature when compared with the number of
published studies on unipolar depression and superiority over sham seems less clear
than for unipolar depression, weakening the evidence base for its application in these
patients [4,11–14]. Nguyen et al. presented a meta-analysis of 14 studies concluding that
active rTMS is associated with a higher response rate than sham, however the authors
stressed low participant number (the largest studies including only 59 patients and half
of included studies including less than 10 patients) and heterogeneity of protocols as
limitations [14].

Therefore, we decided to examine the effectiveness of rTMS in the subset of patients
with bipolar depression in a large sample when directly compared to that in unipolar
depressed patients in a naturalistic setting via retrospective analysis. Our hypothesis was
that rTMS would produce beneficial effects in bipolar depression and that they would be
comparable to the outcomes seen in patients with unipolar depression.

2. Materials and Methods

A large cohort of patients with depression who were treated with rTMS at the Center
for Neuromodulation at the Department of Psychiatry and Psychotherapy of University
of Regensburg (Germany) between 2002 and 2020 were analyzed retrospectively. Patients
gave written informed consent to treatment. The retrospective analysis of clinical data
was approved by the local ethics committee of the University of Regensburg (20-2117-104).
The inclusion criteria were: naive to rTMS (only the patient’s first treatment with rTMS
was considered), diagnosis of depression according to ICD-10 of F31–F33, a completed
Hamilton depression rating scale (HDRS) at beginning and at the end of the rTMS treatment
and absence of a serious somatic illness [15]. Both in- and outpatients were included. Based
on these criteria, a sample of 505 patients could be selected for this analysis.

We have reported previously on patients of this cohort with regards to rTMS outcomes,
however with a then different and/or smaller samples and different objectives [16–20].

Of these patients, 9.1% (46 out of 505) were diagnosed with a bipolar disorder. In the
sample of the patients with unipolar depression, 29.7% (n = 150) suffered from the first
depressive episode and 61.2% (n = 309) had a recurrent depressive disorder. Both groups
with unipolar depression were summarized in one group for this analysis as the aim of
the study was the effectiveness of rTMS in bipolar depression. The descriptive sample
characteristics can be seen in Table 1. Different study protocols were used—most were
treated with high-frequency protocols over the left DLPFC (n = 454). Three patients were
stimulated on the right DLPFC, 16 on the medial prefrontal cortex and 32 were stimulated
on both the left and right DLPFC in consecutive order.

All data were analyzed using SPSS (International Business Machines Corporation,
Armonk, NY, USA; Version 24.0.0.0). The significance level was set at p < 0.05. For
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group comparisons, we used Student t-tests or chi-square-tests depending on the scales of
measurement. Response was defined as a decrease of the HDRS total score of at least 50%
from pre to post rTMS and remission as a HDRS score at end of treatment below 11 points.
As measures for effect size we used Cohen’s d for the relative and absolute change in the
HDRS total score as indicated by G*Power 3.1.9.2 [21].

Table 1. Characteristics of patients with depression.

Bipolar
(n = 46)

Unipolar
(n = 459)

Statistics for Group Contrasts

age (years) 48 ± 13 47 ± 13 T = 0.726; df = 503; p = 0.468

sex (female/male) 25/21 248/211 χ2 = 0.002; df = 1; p = 0.967

resting motor threshold 44 ± 12 43 ± 9 T = 0.922; df = 500; p = 0.357

stimulation intensity 46 ± 9 45 ± 8 T = 0.617; df = 503; p = 0.538

number of pulses per session 1935 ± 370 1876 ± 407 T = 0.938; df = 503; p = 0.349

number of sessions per
patient/treatment 19 ± 6 18 ± 6 T = 0.874; df = 503; p = 0.383

HDRS-21 baseline 22 ± 8 21 ± 7 T = 0.196; df = 503; p = 0.845

HDRS-21 absolute change (from
pre to post treatment) 7 ± 8 7 ± 8 T = 0.198; df = 503; p = 0.843; d = 0.030

HDRS-21 relative change (%;
from pre to post treatment) 28 ± 40 31 ± 36 T = 0.493; df = 503; p = 0.622; d = 0.072

response rate [yes/no] (relative
frequency of responders)

15/31
(33%)

139/320
(30%) χ2 = 0.107; df = 1; p = 0.744

remission rate (yes/no) 14/32
(30%)

167/292
(36%) χ2 = 0.643; df = 1; p = 0.422

3. Results

Groups did not differ with respect to demographic variables, depression severity or
treatment parameters (Table 1). Table 2 indicates the frequency of taken medication. In
a significant manner, bipolar patients were prescribed mood stabilizers more often and
selective serotonine-norepinephrine reuptake inhibitors (SNRIs) less often. Overall, patients
showed an amelioration of symptoms as indicated by a significant decrease of the HDRS-21
sum score (T = 20.582; df = 504; p < 0.001; d = 0.916). Both groups did not differ significantly
with respect to treatment efficacy as indicated by the absolute and relative change of the
HDRS-21 sum score. The effect sizes were negligible. In addition, response and remission
rate based on the HDRS-21 sum score were not significantly different (Figure 1). No
differences were found as to which subitems of the HDRS were altered after treatment
when comparing unipolar and bipolar patients with the exception of the item “paranoid
symptoms” (Figure 2). For this item, patients with bipolar depression showed significantly
more reduction after rTMS treatment than their unipolar counterparts (p = 0.045).
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Figure 1. Absolute HDRS-21 change (in amount) and relative HDRS-21 change, response rate and
remission rate (in percentages) for bipolar and unipolar depressed patients.
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Figure 2. Absolute change in HDRS-21 subitems for bipolar and unipolar depressed patients. Aster-
isk (*) denotes items for which p < 0.05.

Table 2. Medication intake.

Bipolar
(n = 39)

Unipolar
(n = 395)

Statistics for Group Contrasts
(df = 1)

selective serotonin reuptake
inhibitors 14 166 χ2 = 0.549; p = 0.459

serotonin-norepinephrine
reuptake inhibitors 14 208 χ2 = 3.991; p = 0.046

tricyclic antidepressants 11 115 χ2 = 0.014; p = 0.905

tetracyclic antidepressants 0 2 χ2 = 0.198; p = 0.656

monoamine oxidase inhibitors 2 11 χ2 = 0.671; p = 0.413

benzodiazepines 13 124 χ2 = 0.062; p = 0.804

z-drugs 4 43 χ2 = 0.015; p = 0.904

mood stabilizers 36 117 χ2 = 61.110; p < 0.001

antipsychotics 29 247 χ2 = 2.145; p = 0.143

other antidepressants 14 166 χ2 = 0.549; p = 0.459
The number in each cell indicates how many patients of the respective diagnostic group were taking medications
of the indicated classification. Please notice that for 71 out of 505 patients no valid medication information was
available.

4. Discussion

Our analysis, which included a large sample of 505 in- and outpatients, revealed a
marked and similar decrease in depression symptoms in both unipolar as well as bipolar
depression under rTMS as measured by the HRDS. Baseline depression score and demo-
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graphic characteristics were not significantly different, indicating adequate comparability
of the groups.

A prevalence of 9.1% bipolar patients in our large sample corresponds to the lower
prevalence of the illness when compared to unipolar patients [1], highlighting one of the
reasons why fewer studies exist in this population.

Increased use of mood stabilizers in the group with bipolar depression was anticipated
due to their common use in this patient population. Previous work has shown that intake
of these medications aswell as that of lithium is not associated with inferior treatment
outcomes in the naturalistic setting, providing evidence against the theoretical concern that
drugs with an anticonvulsive mechanism of action might hamper with rTMS effects [20].
The less widespread use of SNRIs in the group of bipolar patients might be associated with
concerns of increased risk of inducing mania.

Apart from the lower number of controlled studies in bipolar patients, recent studies
have also failed to show superiority of certain rTMS protocols over sham in this popula-
tion [13,22] while another rather large study could demonstrate superiority, but for the
rather specialized and rarely used in everyday practice protocol of deep rTMS [23]. The
meta-analysis by Nguyen et al. supports superiority over sham in the light of limitation by
low participant numbers, but makes no claim about the direct comparison between uni-
and bipolar patients [14]. With this paper, we add to the evidence that for the comparatively
novel method of rTMS, there is similar equal effectiveness in both types of depression when
compared with each other directly in a naturalistic, retrospective setting.

The findings of equal treatment outcome make sense as the symptomatology and
neurobiology of unipolar and bipolar depression share numerous similarities and may
encourage clinicians to offer rTMS treatment to their patients with bipolar depression [24].

Sub-item analysis of the HDRS in our study also revealed no significant difference
as to which depressive symptoms were altered by rTMS with the exception of paranoid
symptoms, which were alleviated more in a statistically significant manner in the patients
with bipolar depression. This finding must however be interpreted cautiously, as running
the analysis on all 21 sub-items increases the statistical chance of identifying at least on
significant outcome. On the other hand, identifying significance on this special item might
yield clues to underlying mechanisms of rTMS on the conditions in question. rTMS of the
DLPFC has been used to treat negative symptoms of schizophrenia, which show similarities
to depression [8]. However, when applied for reduction of productive psychotic symptoms,
other cortical areas are usually targeted, such as the temporoparietal cortex [8]. Therefore,
and considering equal relative intake of antipsychotics in the groups (Table 2), we suspect
the reduction of paranoid delusion in our depressed patients to be a secondary effect of
depression alleviation. The difference between the groups might indicate differences in
the underlying neurobiology of paranoia in unipolar and bipolar depression with better
responsiveness to rTMS treatment in the latter phenotype. Little data on this matter exists,
probably due to ethical and practical challenges in conducting studies on patients with
psychotic features [25] but some evidence points towards psychotic depression being
associated with abnormal functional connectivity [25] which in principal can be modulated
by rTMS [26]. However, conclusions on potential mechanisms on the matter are premature
and these findings should be replicated and then investigated further with respect to
underlying mechanisms.

A weakness of our study is its retrospective nature and lack of a prospective, controlled
matched comparison between the uni- and bipolar groups and the use of unipolar depressed
patients as a control group instead of sham treatment. However, a major strength is the
large patient number and the realistic sample of seriously ill- and outpatients at a tertiary
hospital with numerous pharmaceutical agents as co-therapy. As rTMS is currently very
rarely used as a first-line treatment [7,11] these patients represent a very realistic sample of
those who would receive rTMS as a treatment.

A limiting factor is that our results apply only to the rTMS protocols used as outlined
in the Methods section with high-frequency rTMS over the left dorsolateral prefrontal
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cortex being used, with heterogeneity of treatment protocols in the literature being one of
the reasons for the limited evidence base on treatment of bipolar depression [14].

5. Conclusions

rTMS was as efficient in the treatment of bipolar depression as in that of unipolar
depression in a large naturalistic sample with equal baseline characteristics of the two
partient groups. Further research is warranted to demonstrate superiority of rTMS over
sham in the treatment of bipolar depression and to evaluate differences in efficacy of
various rTMS treatment protocols. rTMS might be more effective in reducing paranoia in
bipolar than in unipolar patients. The latter finding remains to be replicated and if valid,
warrants further investigation.
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Abstract: Repetitive peripheral magnetic stimulation (rPMS) is a non-invasive neuromodulation
technique. Magnetic fields induced by rPMS pass through almost all materials, and it has clinical
applications for neurorehabilitation. However, the effects of rPMS through clothing and orthosis
on induced movement and corticospinal excitability remain unclear. The aim of this study was to
determine whether rPMS induces movement and enhances corticospinal excitability through hand
splint materials. rPMS was applied directly to the skin (L0) and through one (L1) or two (L2) layers
of splint material in 14 healthy participants at 25-Hz, 2-s train per 6 s for a total of 20 min. rPMS
was delivered to the forearm with the stimulus intensity set to 1.5-times the train intensity-induced
muscle contractions under the L0 condition. We recorded induced wrist movements during rPMS
and motor-evoked potentials of the extensor carpi radialis pre- and post-application. The results
showed that rPMS induced wrist movements in L0 and L1, and it facilitated corticospinal excitability
in L0 but not in L1 and L2. This suggests that rPMS can make electromagnetic induction on periphery
even when applied over clothing and orthosis and demonstrates the potential clinical applications of
this technique for neurorehabilitation.

Keywords: peripheral magnetic stimulation; hand splint; transcranial magnetic stimulation; motor
evoked potential; neuromodulation; neurorehabilitation

1. Introduction

Peripheral magnetic stimulation (PMS) is a technique that induces eddy currents,
which penetrate the peripheral nerves and muscle spindles, using a time-varying pulsed
magnetic field via a coil on the upper and lower extremities as well as the trunk. Repetitive
PMS (rPMS) is a novel neuromodulation technique that induces activation of mechanore-
ceptors of group Ia, Ib, and II nerve fibers during rhythmic contraction and relaxation,
similar to muscle vibration [1]. It also induces activation of not only the sensorimotor
cortex but also the front-parietal network, including premotor and parietal areas [1,2]. In
addition, rPMS modulates the corticospinal excitability and intracortical circuits as well
as enhances motor performance in healthy individuals [3–5]. Moreover, rPMS is a novel
neurorehabilitation method for improving sensorimotor dysfunctions in stroke [1,6–10]
and reducing lower back pain [11,12].

rPMS would have greater clinical potentials than peripheral electrical stimulation
(PES). The electrical mechanism underlying the stimulation of peripheral nerves and
muscle spindles is similar between rPMS and PES [13]. However, there is a salient difference
between them. Magnetic stimulation has a magnetic permeability property, and magnetic
fields pass through almost all materials without the discomfort of passing through the skin
or skull [14,15]. Therefore, rPMS may stimulate peripheral nerves and muscle spindles
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through not only the skin but also clothing and other materials, whereas PES requires
electrodes to be attached to the skin. As a result, rPMS is painless, non-invasive, easy
to administer, and penetrates deeper [13]. These are great advantages for the clinical
application of neurorehabilitation. While it is theoretically clear that rPMS stimulates
muscle spindles and peripheral nerves through clothing or orthosis, this has not yet been
investigated experimentally.

Hand splint materials, which are thermoplastics, are used to immobilize, protect, and
support the fingers, hands, and forearms during surgery and therapy. They are also used
to maintain a fixed functional position in neurorehabilitation [16–20]. In this study, we
investigated the effects of rPMS applied over hand splint materials on induced movement
and corticospinal excitability in healthy participants. The strength of electromagnetic field
induced by the magnetic stimulation coil is inversely proportional to the square of the
distance. Accordingly, the change in induced movement during rPMS and corticospinal
excitability after rPMS might depend on the distance from the skin to a PMS coil and not on
whether there is any hand splint material on the skin. We hypothesized that administering
rPMS through the hand splint materials might still be able to induce movements and facili-
tate corticospinal excitability gradually depending on the layers of hand splint material.

2. Materials and Methods

2.1. Participants

Fourteen healthy, right-handed adults (7 men and 7 women, mean age ± standard
deviation (±SD) = 20.9 ± 0.9 years) participated in this study conducted at the Niigata
University of Health and Welfare. The handedness of participants was assessed according
to the revised Edinburgh Handedness Inventory [21], with a positive total score reflecting
right-handedness (mean score = 92.2 ± 21.9). The participants included in the study had
no history of neurological, orthopedic, or psychiatric disease. This study was conducted
in accordance with the principles of the Declaration of Helsinki. The study was verbally
explained to all participants, and written consent was obtained. This protocol was approved
by the Ethics Committee of Niigata University of Health and Welfare (Approval Number:
18129-190117).

2.2. Measurement of Induced Movement

The wrist joint movements of each participant induced during rPMS were recorded.
Wrist movements were recorded using a home video camera (HDC-TM30, Panasonic,
Osaka, Japan) for over 20 min under all experimental conditions, including the rPMS
intervention condition. The video camera was set approximately one meter horizontally
away from the participant’s right wrist joint for recording its movement induced by rPMS.
Three patch seals (diameter: 1 cm) were attached to the right hand and forearm of each
participant before rPMS intervention. The first one was on the lateral side of the fifth
metacarpal phalangeal joint, the second one was on the ulnar side of the right wrist joint,
and the third one was on the lateral side of the middle of the right forearm (Figure 1).

2.3. Measurement of Corticospinal Excitability

The motor-evoked potentials (MEPs) were recorded pre- and post-rPMS to assess the
corticospinal excitability. Surface electromyography was recorded from the right extensor
carpi radialis (ECR) muscle using disposable Ag/AgCl electrodes (Blue Sensor P-00-S;
Ambu A/S, Copenhagen, Denmark). The MEP signals were amplified ×100 using a pre-
amplification system (A-DL-720-140; 4 Assist, Tokyo, Japan), bandpass-filtered at 5–2000 Hz,
digitized at 10 kHz using an A/D converter (PowerLab 8/30; ADInstruments, Dunedin,
New Zealand), and stored on a personal computer for offline analysis using LabChart
8.1.8 (ADInstruments). The MEPs were induced by a single-pulsed transcranial magnetic
stimulation (TMS). TMS was administered to the scalp through a Figure-eight-coil (internal
diameter of each wing: 70 mm) using Magstim 200 (Magstim Co., Whitland, UK). For
stimulation of the left primary motor cortex, the coil was placed tangentially at a 45◦ angle
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from the midline, with the handle laterally facing the participant’s skull to induce a current
from the posterolateral to the anteromedial left brain. Initially, we moved the coil over the
left M1, assessed the optimal position (i.e., hot spot) at which maximal MEPs were recorded
from ECR, and marked it with a soft-tipped pen. We recorded twelve TMS-induced MEPs
before (pre) and immediately after (post) administering the rPMS intervention. TMS was
administered at over 10-s intervals. In each experimental session, the TMS intensity was set
to induce a peak-to-peak amplitude of approximately 1 mV before rPMS intervention. The
TMS intensity was expressed as a percentage of the maximum stimulator output (%MSO).

Figure 1. Experimental setup for L1 condition. The circular coil connected with the rPMS stimulator
was placed on the dorsal side of the forearm. The stimulus coil was placed over the hand splint
material. During rPMS, wrist movements were recorded using a home video camera. Three patch
seals were attached on the lateral side of the fifth metacarpal phalangeal joint, the ulnar side of the
right wrist joint, and the lateral side of the middle of the right forearm for the analysis of the wrist
extension angle. L1, one splint-material layer; rPMS, repetitive peripheral magnetic stimulation.

2.4. rPMS

rPMS was delivered to the dorsal side of the right forearm using a Pathleader stim-
ulator (biphasic pulse (width 350 µs)) and a circular coil (outer diameter, 70 mm) (IFG
Co., Sendai, Japan). Participants sat in a comfortable chair, held their arm in the prone
position on a table, and randomly underwent three different types of rPMS interventions on
different days (at least 24 h apart). The intervention conditions were as follows: rPMS using
the coil attached directly to the skin, i.e., zero layer of splint material (L0); the coil attached
to one layer of splint material (L1); and the coil attached to two layers of splint material
(L2). The L0 condition was considered a conventional clinical setting of rPMS, in which
the coil was placed on the skin, while the L1 and L2 conditions were considered novel
settings of rPMS through hand splint materials. The thermoplastic hand splint material
(Rolyan Polyform PAT-A29201, Performance Health Supply Inc., Nottingham, UK; sheet
thickness: 3.2 mm; sheet type: plane (no holes in the sheet)) was placed on the bottom
surface of the rPMS coil, not on the forearm and hand of the participant (Figure 1); therefore,
the right wrist of the participant was not fixed. rPMS was performed at a frequency of
25 Hz, with a stimulus duration of 2 s per train. The stimulus intensity was set at 150%
of the minimum intensity that induced visible tetanic muscle contractions of the forearm
extensor muscles by an rPMS train with the parameters described above. The rPMS train
was delivered every 6 s leading up to a total of 200 trains, lasting 20 min, and 10,000 PMS
pulses per experimental condition. The coil was set on the skin of the dorsal side of the right
forearm above the ECR muscle using a super clamp, a magic arm, and a stand (Manfrotto,
Cassola, Italy) at a position suitable for inducing an extension movement of the wrist in
each participant. The location of the coil and the stimulus intensity were assessed during
each experiment before the rPMS intervention without using splint materials under all
conditions. This meant that the rPMS settings for L1 and L2 were based on the L0 condition.
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2.5. Data and Statistical Analysis

For the induced movement, two extension angles (degree) were measured using the
movement analysis software Kinovea (www.kinovea.org; accessed on 1 January 2022) after
all interventions. The first was the minimum angle before an rPMS train, with the rPMS in
the OFF state, which was defined as the Baseline. The other was the maximum angle during
an rPMS train, with the rPMS in the ON state, which was defined as During. For each
participant, the mean of the Baseline and During angles was calculated for each experimental
intervention. For the corticospinal excitability, the peak-to-peak amplitude (mV) of each
MEP was analyzed offline. For each participant, the mean of 10 MEP amplitudes was calcu-
lated Pre- and Post-intervention, after excluding the maximum and minimum amplitudes
of each measurement [22–24]. The mean stimulus intensities (%MSO) of TMS and rPMS
for each experimental condition were calculated. Before performing the statistical analysis,
we checked the normality of the distribution of each dataset using the Shapiro–Wilk test.
The distribution of the induced movement data was found to not be normal, and thus, we
performed a Friedman’s test and calculated Kendall’s W for the effect size. Subsequently, if
a significant effect was found, the Wilcoxson signed-rank test was used as the post hoc test,
and the r-value was calculated as the effect size. On the other hand, the MEP amplitude
data distribution was found to be normal, and thus, we performed two-way (LAYER: L0,
L1, L2 × TIME: Pre, Post) repeated-measures ANOVA and calculated the partial η2 (ηp2)
as effect size. Subsequently, if a significant main effect or interaction was found, a paired
t-test was used for the post hoc test and Cohen’s d was calculated as the effect size. We
used one-way (LAYER: L0, L1, and L2) repeated-measures ANOVA to analyze the rPMS
intensities. Statistical significance was set at a p-value < 0.05. For all post hoc analyses, we
used Bonferroni correction. All statistical analyses were performed using R (version 3.4.1;
R Foundation for Statistical Computing, Vienna, Austria).

3. Results

All participants underwent rPMS under all interventional conditions. No participant
reported any adverse effects during or after this study. The mean ± SD of TMS intensities
(%MSO) were 63.5 ± 9.4 in L0, 66.1 ± 9.7 in L1, and 61.3 ± 8.2 in L2. The mean ± SD of
rPMS intensities (%MSO) were 64.7 ± 8.5 in L0, 62.7 ± 7.0 in L1, and 64.5 ± 12.0 in L2.
ANOVA showed no significant effect of rPMS intensity (p > 0.05).

3.1. Induced Wrist Movements

Figure 2 shows the extension angles (degree) at Baseline and During each rPMS in-
tervention. The median (range: min–max) values (degree) were as follows: Baseline in
L0 = 2.5 (0.0–17.0), During in L0 = 37.1 (15.8–49.2), Baseline in L1 = 5.3 (−1.0–13.0), During
in L1 = 10.5 (1.1–33.4), Baseline in L2 = 6.4 (0.0–16.0), and During in L2 = 6.8 (0.0–16.5).
Friedman’s test revealed a significant effect (χ2 (5) = 42.19, p < 0.001, W = 0.44), and post
hoc analyses revealed significant differences between Baseline and During in L0 (Z = 3.30,
p = 0.02, r = 0.89) and in L1 (Z = 3.30, p = 0.02, r = 0.89) but not in L2 (p > 0.05).

3.2. MEPs

Figure 3 shows the MEP amplitudes (mV) Pre- and Post-intervention under each rPMS
condition. The mean ± SD values were as follows: Pre = 1.07 ± 0.08 and Post = 1.33 ± 0.25
in L0, Pre = 1.04 ± 0.07 and Post = 1.38 ± 0.37 in L1, and Pre = 1.05 ± 0.08 and Post = 0.93 ± 0.21
in L2. A two-way repeated-measures ANOVA revealed a significant main effect of LAYER (F
(2, 26) = 8.36, p = 0.001, ηp2 = 0.39) and an interaction (F (2, 26) = 9.24, p = 0.001, ηp2 = 0.42).
There was no significant main effect of TIME (F (1, 13) = 3.62, p = 0.08, ηp2 = 0.22). In
pairwise comparisons, there was a significant difference between Pre- and Post-intervention
only in L0 (t = 4.70, p = 0.006, d = 1.46) but not in the L1 and L2 conditions (p > 0.05).
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Figure 2. Extension angles under different conditions. The y-axis indicates the wrist extension angle
(degree), and the x-axis shows different experimental conditions. Baseline, rPMS OFF; During, rPMS
ON; L0, no splint material layer; L1, one splint-material layer; L2 two splint-material layers. The
box plot graphs represent the range from third to first quartile, and the horizontal line in the box
represents the median. Each dot represents individual mean value. * indicates a significant difference
by pairwise comparison using Wilcoxson signed-rank test adjusted Bonferroni correction. * p < 0.05,
** p < 0.01. rPMS, repetitive peripheral magnetic stimulation.

Figure 3. MEPs under different experimental conditions. The y-axis indicates the amplitude of
MEPs (mV), and the x-axis shows different experimental conditions. Pre, pre-intervention; Post,
post-intervention; L0, no splint material layer; L1, one splint-material layer; L2 two splint-material
layers. The bar graphs and error bars represent mean and standard deviation. Each dot represents
individual mean value. * indicates a significant difference by pairwise comparison using paired t-test
adjusted Bonferroni correction. ** p < 0.01. MEP, motor-evoked potential; rPMS, repetitive peripheral
magnetic stimulation.

4. Discussion

To the best of our knowledge, this is the first study to investigate the effect of rPMS
through hand splint materials on induced movement and corticospinal excitability in
healthy participants. Our results show that rPMS induced wrist movement not only when
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the stimulus coil was placed on the skin but also when applied over one layer of hand
splint material. On the other hand, rPMS-induced corticospinal excitability was enhanced
only when the stimulus coil was placed on the skin but not when the stimulus coil was
placed over hand splint materials.

The kinematic result of this study suggests that rPMS could induce wrist movement
through hand splint materials. The wrist movements during rPMS might be dependent on
the distance from the stimulus coil to participants’ forearm. The strength of electromagnetic
field induced by the magnetic stimulation coil is inversely proportional to the square of the
distance (derived from Coulomb’s low, E = kQ/d2). Therefore, the induced movement re-
sult indicates that the wrist extensor muscles might be recruited under this electromagnetic
property even when there are hand splint materials on the skin. Abe et al. [25] reported that
the relation between wrist movements and stimulus intensity during rPMS delivered to the
forearm can be fitted with sigmoid curves. Similar to their results, we also found that wrist
extension movements induced by rPMS decreased. In the present setting, rPMS was not
enough to induce the movement through two layers of hand splint materials. Importantly,
these results suggest that rPMS would be able to stimulate muscle valleys and peripheral
nerves through not only hand splint materials but also clothing and/or orthosis, while
PES cannot.

In the present study, corticospinal excitability did not change after rPMS over hand
splint materials. On the other hand, the MEP amplitudes were enhanced after rPMS over
the skin, as seen in the L0 condition in this study. Previous studies have shown that rPMS
activates the cerebral cortex (using recorded somatosensory evoked potentials) [26–28];
the front-parietal cerebral network (using positron emission tomography) [1]; and the
sensorimotor cortex (using functional magnetic resonance imaging) [2]. In addition, other
previous studies have shown that applying rPMS at 25 Hz with intensity above the motor
threshold for 20 min facilitated corticospinal excitability of forearm muscles [2,4]. The
rPMS settings used in our study were similar to those in the previous studies [2,4], and we
showed that rPMS facilitated corticospinal excitability in L0. A previous systematic review
of PES indicated that the stimulus intensity, especially when it is above the motor threshold,
is an important modulator of corticospinal excitability [29]. There might be a common
mechanism underlying the induction of cortical plasticity between PMS and PES. Both PMS
and PES induce the electrical activation of peripheral nerves and/or muscle spindles, and
these afferent inputs might enhance sensorimotor cortex activity [13]. In the present study,
while rPMS in L0 induced salient movements and enhanced MEPs, rPMS in L1 induced
small movements but did not enhance MEPs. While this contradicts the findings from
PES studies, it is clear that the proprioceptive input induced by rPMS over two layers of
hand splint materials is insufficient to facilitate corticospinal excitability. However, rPMS
can penetrate almost all materials, and thus, if the intensity is set above the threshold for
inducing salient movements, it might induce corticospinal excitability when applied over
hand splint materials. In this setting, there might be confounding factors on MEPs, such as
the type of stimulator and coil, the distance between stimulus coil and periphery, and the
participant’s attention influenced by cutaneous sensation and click sounds due to rPMS. In
the future, we need to investigate the effects of rPMS through hand splint materials when
the intensity is set above the motor threshold over the hand splint materials experimentally.

The present study demonstrates the potential clinical applications of delivering rPMS
through clothing, hand splints, and other orthoses for neurorehabilitation. As a therapeutic
intervention, proprioceptive stimulation by rPMS through splint and/or orthosis might
support recovery of not only motor functions but also body representation, including body
schema and image, in patients with severe sensorimotor dysfunction [30]. Furthermore,
it can also be used as an assessment by delivering single-pulsed TMS immediately after
rPMS above motor threshold. Whether the MEP would be facilitated or not might act as an
indicator that the proprioceptive information by rPMS was incorporated into their body
representation [31].

92



Brain Sci. 2022, 12, 280

This study has several limitations. First, the number of single-pulsed TMS assessments
of corticospinal excitability was smaller than that suggested by previous studies [32,33].
Therefore, we cannot exclude the possibility that the results may be influenced by variability
in the MEPs. Second, we investigated the effect of rPMS through hand splint material
using only one stimulus parameter setting: frequency, 25 Hz; stimulus train duration, 2 s;
intervention time, 20 min; and intensity, 1.5 times of the train intensity-induced muscle
contractions under the L0 condition using the present stimulator and coil. It has been
reported that the threshold of time-varying biphasic stimuli for neural excitation depends
on the pulse duration and the time delay for current reversal [34], which are dependent
on coil types, coil direction, and position on inducing peripheral nerve excitability [35,36].
Third, in the present study, the wrist of participants was not fixed. Therefore, the effects of
rPMS delivered through clinical hand splint and orthosis that are applied for immobilization
remain unclear. Finally, while this sample size was enough for the total number of nine
calculated by post hoc power analysis using G*Power software [37], the study cohort was
small and consisted only of healthy volunteers. Therefore, investigating patients with
sensorimotor dysfunction following stroke, in an experimental setting resembling that of
neurorehabilitation facilities, would be clinically more relevant.

5. Conclusions

This study demonstrated the effects of rPMS delivered through hand splint materials
on induced movement and corticospinal excitability in healthy participants. rPMS through
hand splint materials induced wrist movements, and the induced movements decreased
with layers of hand splint material. rPMS through hand splint materials did not facilitate
corticospinal excitability, while rPMS directly over the skin enhanced MEPs. The present
results suggest that rPMS can make electromagnetic induction on periphery even when
applied over clothing and orthosis and demonstrate the potential clinical applications of
this technique for neurorehabilitation.
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Abstract: The effects of transcranial alternating current stimulation (tACS) frequency on brain
oscillations and cortical excitability are still controversial. Therefore, this study investigated how
different tACS frequencies differentially modulate cortical oscillation and inhibition. To do so, we first
determined the optimal positioning of tACS electrodes through an electric field simulation constructed
from magnetic resonance images. Seven electrode configurations were tested on the electric field of
the precentral gyrus (hand motor area). We determined that the Cz-CP1 configuration was optimal,
as it resulted in higher electric field values and minimized the intra-individual differences in the
electric field. Therefore, tACS was delivered to the hand motor area through this arrangement at
a fixed frequency of 10 Hz (alpha-tACS) or 20 Hz (beta-tACS) with a peak-to-peak amplitude of
0.6 mA for 20 min. We found that alpha- and beta-tACS resulted in larger alpha and beta oscillations,
respectively, compared with the oscillations observed after sham-tACS. In addition, alpha- and
beta-tACS decreased the amplitudes of conditioned motor evoked potentials and increased alpha
and beta activity, respectively. Correspondingly, alpha- and beta-tACSs enhanced cortical inhibition.
These results show that tACS frequency differentially affects motor cortex oscillation and inhibition.

Keywords: electric field simulation; oscillation; primary motor cortex; spike-timing-dependent
plasticity; transcranial alternating current stimulation

1. Introduction

Primary motor cortex (M1) excitability is affected by the dynamic oscillations of the
cerebello-thalamo-cortical network. In general, cortical excitability (CE) has been correlated
with dynamic network interactions that are reflected by alpha- and beta-band oscilla-
tions [1–3], which have been associated with inhibitory γ-aminobutyric acid (GABAergic)
interneurons in several cortical regions, including M1 [4–6]. Therefore, the oscillatory
activity in both alpha- and beta-bands in inhibitory GABAergic interneurons modulates
M1 excitability [7,8].

Recently, transcranial alternating current stimulation (tACS), which involves the non-
invasive delivery of a weak alternating current to the scalp, has been used to modulate
cortical oscillatory activity and excitability in a frequency-specific manner [9–13]. Such mod-
ulatory effects have been reported to occur not only during but also after stimulation [9–11].
A possible mechanism underlying tACS-induced after-effects is spike-timing-dependent
plasticity (STDP) [14]. In STDP, the pre- and post-synaptic potentials resulting from the

97



Brain Sci. 2022, 12, 195

rhythm of electrical stimulation-derived neuronal excitation, together with the intrinsic
oscillatory patterns of the potentials themselves, affect the magnitude and direction of
synaptic strength, leading to synaptic long-term potentiation (LTP) or long-term depres-
sion (LTD) [10,14,15]. Previous studies have not only shown that alpha-tACS increased the
alpha-band power of brain oscillations but also have shown that this effect outlasted the end
of stimulation by ≥30 min [10–12] and that the strength of the entrained oscillatory power
was positively correlated with the strength of the after-effects [16,17]. These results imply
that the effects of tACS on brain oscillation and excitability may last beyond stimulation.

Several studies have suggested that alpha and beta oscillations are negatively corre-
lated with CE [18,19], and others have reported decreased corticospinal excitability after
15 Hz and 20 Hz tACS [19,20]. However, some studies have reported no such changes
in excitability after 10 Hz and 20 Hz tACS [19,21,22], while one study reported increased
corticospinal excitability after 20 Hz tACS [23]. Therefore, the after-effects of tACS remain
controversial. One of the reasons for these inconsistencies is the inter-individual variability
in electric fields, which is attributable to the different brain anatomy of each individual [24].
Electric fields are unevenly distributed on the cortex, and little is known about the optimal
electrode sites and configurations for successful tACS. Accordingly, although it is known
that the timing between electrical stimulation and intrinsic neuronal oscillation affects
synaptic strength, the effects of frequency on cortical excitability during and after tACS are
not fully understood.

To elucidate this topic, computational modeling of the head of each participant can
be used to guide the optimal placement of electrodes [25–27], which could also aid in
predicting the effects of stimulation [28]. Regardless, this method has limited application in
the clinical setting in that it requires imaging data for each participant with neurological
and mental disorders such as Alzheimer’s disease and Parkinson’s disease [29–33]. One
promising approach to solve this is to determine the optimal electrode location for a group
of participants based on the montage arrangement that delivers the highest intensity
with the lowest individual variability [34,35]. The detection of optimal electrode location
with highest intensity and lowest variability could be useful for clinical application by
mitigating the need for individual imaging data. Therefore, the present study aimed to
explore whether optimal tACS electrode montage arrangement could be obtained from
individualized head models analyzed at the group level and to examine the effects of
alpha- and beta-tACS delivered through such arrangement on cortical excitability. We
hypothesized that, if tACS results in a frequency-specific, STDP-mediated strengthening or
weakening of neuronal circuits [14,17], then alpha- and beta-band oscillations would change
according to tACS frequency. In particular, 10 Hz oscillations (i.e., alpha-band) would be
synchronized with the peak phase of 10 Hz and 20 Hz tACSs (Figure 1A). Similarly, 20 Hz
oscillations (i.e., beta-band) would be synchronized with the peak phase of 20 Hz tACS,
as well as both the peak and trough phases of 10 Hz tACS (Figure 1B). Correspondingly,
the magnitude of cortical inhibition would change with the increasing power of cortical
oscillation resulting from different tACS frequencies. Exploring how cortical oscillations
and inhibition change after alpha- and beta-tACS may contribute to our understanding of
tACS-induced organizational processes.

dition, all experiments were performed following the “Guidelines for TMS/tES clinical 
19 pandemic” 

sided α

–

Figure 1. The hypothesized relationship between tACS frequency and neuronal activity. Gray lines
denote 10 Hz (top trace) and 20 Hz (bottom trace) tACS, and red lines denote up and down states of
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neural firing. We hypothesized that (A) 10 Hz oscillations would be synchronized with the peak
phase of 10 Hz and 20 Hz tACS, and (B) 20 Hz oscillations would be synchronized with both the peak
and trough phases of 10 Hz tACS, as well as the peak phase of 20 Hz tACS.

2. Materials and Methods

2.1. Participants

Our experimental procedures were approved by the Research Ethics Committee of
the Tokyo Kasei University (SKE2018-6) and followed the principles of the Declaration of
Helsinki. All participants provided written informed consent prior to participation. In
addition, all experiments were performed following the “Guidelines for TMS/tES clinical
services and research through the COVID-19 pandemic” [36].

This was a single-center, single-blinded, within-participant study. The selection of
the sample size was based on a desired statistical power of 80% for the detection of
changes in power spectra and motor evoked potential (MEP) amplitudes, with an effect
size of 0.30 and a two-sided α-level of 0.05. According to these parameters, G*Power
3.0 [37] yielded a sample size of 16. Therefore, we recruited 16 healthy volunteers without
neurological or psychiatric diseases who were not at risk of adverse events from transcranial
magnetic stimulation (TMS) [38] and were not taking any medication. Right-handedness
was confirmed with the Edinburgh Handedness Inventory [39].

2.2. Electric Field Simulation

A volume conductor model of the anatomical human head model was constructed
using magnetic resonance imaging (MRI) images from a database of eighteen participants
(all healthy males). The generated tACS electric field was conducted for the following
scenarios. We considered seven tACS montages based on the International 10–20 system
and anatomical structure (Figure 2A). tACS was applied with an intensity of 0.3 mA
throughout the rubber sheets (1.8 × 1.8 cm2) corresponding to a stimulation phase. We
compared the normal component of the electric field values averaged over the precentral
knob in the precentral area (Figure 2B) in the standard brain space among all electrode
configurations for group-level analysis. Additionally, relative standard deviation (RSD) was
used to quantify how much variability of the electric field was present between participants.
Supplementary data presents the detailed computational model implementation.

 

–

–

fitting cap over the participant’s head, we drew intersecting na-
–

–

– –

°

the right FDI muscle (“hotspot”) and marked the location with a soft

cm) attached to the participants’ scalp. Using a conductive and adhesive paste (Ten20 

–

Figure 2. Electric field simulation. Seven tACS electrode configurations based on the International
10–20 system (C1-Pz, FC1-Pz, FC3-Pz, C3-Pz, Cz-CP1, C1-CPz, and C3-CPz) and anatomical structure
from MRI image (A). The electric fields induced by each of the seven tACS montages were averaged
on the precentral knob in the precentral area (B).

2.3. Hotspot Detection

Each participant was comfortably seated with their right hand resting on the test-
ing equipment. The skin overlying the right first dorsal interosseous (FDI) muscle was
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cleaned with alcohol to reduce its electrical resistance, and recording and reference double
differential surface electrodes (FAD-DEMG1, 4Assist, Tokyo, Japan) were placed over the
muscle. MEPs from the FDI muscle were recorded, amplified by 100, bandpass-filtered
at 10–2000 Hz, digitized at 10 kHz with a PowerLab system (ADInstruments, Dunedin,
New Zealand), and stored in a solid-state drive.

After placing a tight-fitting cap over the participant’s head, we drew intersecting
nasion–inion and interaural lines on the cap with a marker pencil to localize the vertex (Cz)
in accordance with the 10–20 International System. Magstim 2002 (Magstim, Whitland, UK)
stimulators were employed to deliver TMS as a monophasic current waveform via a cable
to the scalp surface through a figure-of-eight coil (internal diameter of each wing: 70 mm).
To induce current flow in the left brain along the posterior–lateral to anterior–medial
direction, we placed the coil tangentially to the scalp and held the handle so that it would
point backwards and sideways, at approximately 45◦ from the midline. As previously
described [40,41], we visually detected the optimal coil position to elicit maximum MEPs
in the right FDI muscle (“hotspot”) and marked the location with a soft-tipped pen.

2.4. tACS

To determine the after-effects of tACS frequency on brain oscillations and cortical
excitability, each participant was tested with two active (alpha- and beta-tACS) and one
sham condition (Figure 3A) on three different days.

arated by ≥1 day. Participants were blinded to the con

Hz to 200 Hz. Electrode impedance was maintained at ≤10 kΩ. EEG signals were refer-

. The hotspot’s resting motor threshold (RMT) was defined as the minimum 
stimulus intensity required to elicit an MEP ≥50 μV in the r

Figure 3. (A) The experimental design for testing the effects of the alpha- (10 Hz), beta- (20 Hz), and
sham-tACS conditions on brain oscillations and cortical inhibition. Testing was performed on three
different days. (B) Five EEG electrodes were placed at the FDI muscle hotspot (HS), and 2.5 cm lateral
anterior (LA), medial anterior (MA), lateral posterior (LP), and medial posterior (MP) to the hotspot.

For all procedures, the participants were seated in a comfortable chair with their
eyes open in a quiet room. tACS was delivered by a battery-driven current stimulator
(DC Stimulator-Plus; NeuroConn, Ilmenau, Germany) through two rubber electrodes
(1.8 × 1.8 cm) attached to the participants’ scalp. Using a conductive and adhesive paste
(Ten20 Conductive Paste; Weaver and Company, Aurora, CO, USA) and a support ban-
dage, the electrodes were placed above Cz and CP1, respectively, in accordance with the
10–20 International System. The Cz-CP1 montage was selected because, in our simulation,
this configuration produced high current densities with low variability in the hand motor
area (see Section 3). For active stimulation, tACS was delivered at a fixed frequency of
10 Hz (alpha-tACS) or 20 Hz (beta-tACS) with a peak-to-peak amplitude of 0.6 mA (current
density: 0.093 mA/cm2) through a current stimulator for 20 min [22,42]. Sham stimulation
was performed at a fixed frequency of 15 Hz with the same intensity for 30 s to cause skin
sensations such as tingling [43]; no current was delivered for the remaining 19 min and
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30 s. The order of conditions was randomized across participants, and all sessions were
separated by ≥1 day. Participants were blinded to the condition.

2.5. Electroencephalography

Electroencephalographic (EEG) data were obtained before and after tACS. The skin
was prepared with alcohol, and five gold-coated active EEG electrodes were placed at the
FDI muscle hotspot (HS), and 2.5 cm lateral anterior (LA), medial anterior (MA), lateral
posterior (LP), and medial posterior (MP) to the hotspot, respectively (Figure 3B). Electrodes
were mounted in an elastic cap by a holder and covered by support bandages. Electrodes
were also placed above the right eye and below the left eye to record activities related to
eye movements and blinking.

Participants were instructed to keep their eyes open and fixate on a 0.5 cm blue dot on
a screen located about 100 cm in front of them. EEG was performed using the Polymate V
(Miyuki Giken, Tokyo, Japan), and data were sampled at 1000 Hz and filtered from 0.15 Hz
to 200 Hz. Electrode impedance was maintained at ≤10 kΩ. EEG signals were referenced
to the averaged recordings of the right and left earlobes.

2.6. Cortical Inhibition Recordings

To measure cortical inhibition and evaluate GABAA-mediated inhibitory effects,
MEPs and short-interval intra-cortical inhibition (SICI) were measured before and af-
ter tACS [44,45]. The hotspot’s resting motor threshold (RMT) was defined as the minimum
stimulus intensity required to elicit an MEP ≥50 µV in the relaxed FDI muscle in 5 out of
10 consecutive trials. Unconditioned MEPs for the FDI muscle were evoked at the hotspot
at 120% of the RMT value. The stimulus intensity for the first conditioning pulse was
set at 80% of the RMT value, and the second test pulse was administered suprathresh-
old at an intensity of 120% that of the RMT. A 2.5 ms interstimulus interval was used to
test SICI [44,45]. Twenty trials of both unconditioned MEP and SICI measurements at a
frequency of 0.2 Hz were recorded in random order.

2.7. Data Analysis

2.7.1. EEG Data Processing

The six EEG datasets (i.e., data collected before and after alpha-, beta-, and sham-tACS)
were each split into 180 non-overlapping 1 s epochs. All epochs were visually inspected,
and those containing eye blinks or muscle movement artifacts were excluded. After artifact
rejection, the fast Fourier transform was applied for frequencies between 0 and 40 Hz
(1 Hz resolution) for individual epochs using a Hanning window. After logarithmically
transforming and averaging the power values of the five electrodes, frequency bands of
interest were selected in the alpha (10 ± 1 Hz) and beta (20 ± 1 Hz) ranges, taking into
account the tACS frequencies.

In order to conduct a proper comparison for differences in power spectra between
tACS frequency conditions, normality testing using the Kolmogorov–Smirnov test was
used. Based on the result of the Kolmogorov–Smirnov testing, either parametric two-way
repeated measures analysis of variance (ANOVA) or nonparametric Friedman’s test was
used. Additionally, for nonparametric testing, the logarithmically transformed power
spectrum without normality distribution was normalized to baseline (i.e., before tACS)
according to the following equation:

NP( f , t) =
A( f , t)− R( f )

R( f )
, (1)

where NP denotes the normalized power spectrum, A represents the EEG power spectrum
at time t and frequency f (i.e., the power spectrum of 10 and 20 Hz after tACS), and R
denotes the mean power spectrum of the baseline period, defined as the 3 min interval
before tACS. A large positive value indicates a large increase in the EEG power spectrum
from the baseline period [46]. Furthermore, post hoc analysis with parametric Bonferroni
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correction or the nonparametric Steel–Dwass test was performed to compare differences in
power spectra between tACS frequency conditions.

2.7.2. MEP Data Processing

A previous study [47] noted that MEP amplitudes randomly fluctuate between stim-
uli. Therefore, peak-to-peak MEP amplitudes were evaluated for the existence of outliers
through Tukey’s fences, with values more than 1.5 times that of the interquartile range
excluded from the datasets [48]. To increase the precision of level and slope estimations of
cortical inhibition, the blank cells produced by removing the outliers were then linearly in-
terpolated. Next, time-series analyses were conducted using the Bayesian method. The local
linear trend model (LLT) assumes that both the level (Equation (3)) and slope (Equation (4))
of the trend from observational values (Equation (2)) follow Gaussian random walks. LLTs
were constructed for the MEP amplitudes as follows:

yt = µt + εt , (2)

µt+1 = µt + νt + ξt , (3)

νt+1 = νt + ζt , (4)

where yt is the observational value; εt indicates random variables; µ1, represents the initial
level; ν1 is the initial slope; and ξt and ζt indicate disturbances in the level and slope,
respectively [49].

After state value estimation, normality testing using Kolmogorov–Smirnov test was
used. Based on the result of the Kolmogorov–Smirnov testing, either parametric two-way
repeated measures ANOVA or nonparametric Friedman’s test was used. For nonparametric
testing, conditioned and unconditioned MEP amplitudes were normalized to the baseline
data (Equation (1)). In Equation (1), NP denotes normalized MEPs, A denotes MEPs at time
t, and R denotes the mean MEP of the baseline period before tACS. A great positive value
indicates a large increase in MEPs compared with that in the baseline period [46]. Post hoc
analysis with parametric Bonferroni correction or the nonparametric Steel–Dwass test was
performed to compare differences in MEP amplitudes among the three tACS conditions.

Data analysis was conducted with EMSE (Miyuki Giken, Tokyo, Japan), the SciPy
package in the Python environment (Python Software Foundation, Wilmington, DE, USA),
and the R 3.4.0 software (The R Foundation, Vienna, Austria). Data are expressed as means
± standard errors of the mean (SEM). Statistical significance was set at p < 0.05.

3. Results

3.1. Electric Felds of Cortical tACS

Figure 4 shows the group-level electric field distribution (normal component) on
standard cortical brain space for different montages. The electric field was induced in the
precentral gyrus for tACS with a 3.24 cm2 rubber sheet and an intensity of 0.3 mA on each
phase. However, the field focality was not identical between the montages. In addition,
we compared the averaged electric field values in the hand knob among the montages
(Table 1 and Figure 4). The higher averaged values corresponded to Cz-CP1 as 0.12 V/m
(min = 0.04 V/m, max = 0.22 V/m). Additionally, we found less variability in the induced
electric field among participants for the Cz-CP1 (±standard deviation (SD) = 0.05 V/m,
relative SD = 38%) and FC1-Pz (±SD = 0.04 V/m, relative SD = 40%), as shown in Table 1
and Figure 4. In summary, the mean of the normal component averaged over the hand
knob was higher and more stable by selecting the Cz-CP1 montage at group-level analysis,
and at the same time the Cz-CP1 montage of tACS not interfering with the EEG recording
for the M1 region.
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𝑡 𝑅
–

CP1 as 0.12 V/m 
(min = 0.04 V/m, max = 0.22 V/m). 

= 0.05 V/m, 
Pz (± SD = 0.04 V/m, relative SD = 40%), as shown in Table 1 

field’s normal component is towards the precentral wall.

Figure 4. Normal component of the electric field (group-level analysis, n = 18) during tACS in seven
montages. For practical comparison, the tACS phase depicted here was chosen so that the electric
field’s normal component is towards the precentral wall.

Table 1. Normal component of electric field (group-level) averaged over the precentral knob.

tACS Montage Group-Level (mV/m) RSD (%)

C1-Pz 79 141
FC1-Pz 107 40
FC3-Pz 74 77
C3-Pz 58 56

Cz-CP1 120 38
C1-CPz 65 168
C3-CPz 59 58

RSD, relative standard deviation; tACS, transcranial alternating current stimulation.

3.2. Changes in Brain Oscillation and Excitation

A total of 4 men and 12 women aged 20–40 years (25.1 ± 7.5 years) were enrolled, and
the mean laterality quotient score was 0.9 (SD = 0.1). Figure 5 shows the power spectrum
grand-averaged across all participants. As shown in Figure 5, the power spectrum of alpha-
band oscillations was increased after alpha-tACS, whereas that of beta-band oscillations
was increased after beta-tACS. However, sham-tACS did not result in any changes in either
power spectrum.

The Kolmogorov–Smirnov test showed that the power spectra lacked normality (alpha
oscillation before and after alpha-tACS, beta-tACS, and sham-tACS: both p < 0.0001).
Therefore, nonparametric testing and Equation (1) was used for comparison of the power
spectra of alpha and beta oscillations after alpha-, beta-, and sham-tACS treatments. The
normalized power changes (i.e., the event-related synchronization (ERS) and event-related
desynchronization (ERD)) in alpha-band oscillatory neural activities after alpha-, beta-, and
sham-tACSs are shown in Figure 6A. The Friedman test showed a significant difference
in power changes in alpha-band oscillations among alpha-, beta-, and sham-tACSs (chi-
squared = 16.75, degree of freedom = 2, p = 0.0002). Additionally, post hoc tests showed that
alpha power oscillation was greater after alpha-tACS than after sham-tACS (alpha-tACS
vs. beta-tACS: t = 1.37, p = 0.358; alpha-tACS vs. sham-tACS: t = 3.51, p = 0.001; beta-tACS
vs. sham-tACS: t = 2.29, p = 0.057). Alpha power oscillation was greater after beta-tACS
than after sham-tACS, but significance was not reached.
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Figure 5. Grand-averaged power spectra before and after (A) alpha-, (B) beta-, and (C) sham-tACSs.
Dashed and solid lines denote the power spectra before and after tACS, respectively. Shaded areas
indicate the standard error of the mean. The power spectrum of alpha-band oscillation was increased
after alpha-tACS, whereas beta-band oscillation was increased after beta-tACS. However, the power
spectra of alpha- and beta-band oscillations were not changed by sham-tACS.

 

–

Figure 6. Normalized power changes in (A) alpha and (B) beta-oscillatory neural activity after alpha-,
beta-, and sham- tACSs. Dots and error bars denote the mean and standard error of the mean,
respectively. Alpha-tACS resulted in an increase in alpha power oscillations and decreased beta
power oscillations, whereas beta-tACS increased beta power oscillations. *: p < 0.05.

The ERS/ERD of beta-oscillatory neural activities after alpha-, beta-, and sham-tACSs
are shown in Figure 6B. The Friedman test showed a significant difference in the ERS/ERD
of beta oscillations among the alpha-, beta-, and sham-tACSs (chi-squared = 11.53, degree
of freedom = 2, p = 0.003). Additionally, post hoc tests showed that beta power oscillation
was greater after beta-tACS than after sham-tACS (alpha-tACS vs. beta-tACS: t = 1.65,
p = 0.358; alpha-tACS vs. sham-tACS: t = 3.45, p < 0.0001; beta-tACS vs. sham-tACS:
t = 4.34, p = 0.016). Moreover, beta power oscillation was lower after alpha-tACS than after
sham-tACS.

The grand-averaged actual and estimated peak-to-peak MEP amplitudes according to
the LLT are shown in Figure 7. The actual MEP amplitudes fluctuated randomly before
and after alpha-, beta-, and sham-tACS, whereas the fluctuation in the estimated MEP
amplitudes was reduced by the LLT.
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– –Figure 7. Grand-averaged time-series of the (A–C) conditioned and (D–F) unconditioned MEP
amplitudes by the LLT model. Dashed and solid lines indicate actual and estimated MEP amplitudes,
respectively. Shaded areas indicate the standard error of the mean. The actual MEP amplitudes
fluctuated randomly, whereas the fluctuation of estimated MEP amplitudes was reduced by the
LLT model.

The Kolmogorov–Smirnov test showed that the MEP amplitudes lacked normality
(conditioned and unconditioned MEP before and after alpha-tACS, beta-tACS, and sham-
tACS: both p < 0.0001). Therefore, nonparametric testing and Equation (1) was used for
comparison of the conditioned and unconditioned MEP amplitudes after alpha-, beta-,
and sham-tACS treatments. The changes in the normalized conditioned MEP amplitudes
after tACS are shown in Figure 8A. The Friedman test showed a significant difference
in normalized condition MEP amplitudes among alpha-, beta-, and sham-tACSs (chi-
squared = 42.28, degree of freedom = 2, p < 0.0001). Further, post hoc tests showed
that the conditioned MEP amplitudes were smaller after alpha- and beta-tACS than af-
ter sham-tACS. Specifically, MEP amplitudes after alpha-tACS were smaller than those
after beta-tACS (alpha-tACS vs. beta-tACS: t = 2.56, p = 0.029; alpha-tACS vs. sham-
tACS: t = 4.93, p < 0.0001; beta-tACS vs. sham-tACS: t = 2.38, p = 0.045).

The normalized unconditioned MEP amplitudes changes after tACS are shown in
Figure 8B. The Friedman test showed a significant difference among the alpha-, beta-,
and sham-tACSs (chi-squared = 11.93, degree of freedom = 2, p = 0.002). Further, post
hoc tests showed that the unconditioned MEP amplitude was smaller after alpha- and
beta-tACS than after sham-tACS (alpha-tACS vs. beta-tACS: t = 1.41, p = 0.338; alpha-tACS
vs. sham-tACS: t = 3.80, p = 0.0004; beta-tACS vs. sham-tACS: t = 2.57, p = 0.028).
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Figure 8. The normalized (A) conditioned and (B) unconditioned MEP amplitude among alpha-, beta-
, and sham-tACS. Dots and error bars denote the mean and standard error of the mean, respectively.
Alpha- and beta-tACSs decreased both conditioned and unconditioned MEP amplitudes. *: p < 0.05.

4. Discussion

Previous studies did not conduct a group-level evaluation of the optimal sites and
montage configurations for tACS electrodes [7,13,19–23,42]. Therefore, we investigated
this through a computational simulation, which showed that the tACS Cz-CP1 montage
arrangement diminishes the inter-individual variability in the electric field. The electric
field range for this arrangement (0.1 V/m–0.2 V/m) indicated a modulatory effect [50].
Therefore, we utilized the Cz-CP1 montage configuration to deliver tACS. We opted for a
group-level electric field analysis to maximize the electric field on the target while mini-
mizing individual variability to determine the optimal montage applied to all participants
(one-for-all) based on the International 10–20 system positioning. This is advantageous
with respect to the individual-level electric field analysis, as it does not require imaging of
each individual or electrode localization based on a navigation system that is not always
available in clinical settings, and it did not increase the participants’ time in the experiment,
which was limited during the COVID-19 pandemic [36]. Therefore, our simulation based
on group-level electric field analysis is advantageous for adaptation to various clinical
settings, obviating the need for imaging data in the individual-level electric field analysis.

Our experimental results show that alpha- and beta-tACS result in larger alpha and
beta oscillations, respectively, and they differently influence cortical inhibition. In addition,
alpha-, beta-, and sham-tACS result in a stepwise decrease in conditioned MEP amplitudes.
These observations show that alpha- and beta-tACS differently modulate alpha- and beta-
band oscillations, which, in turn, differently influence cortical inhibition. This implies
that cortical oscillation and inhibition are not equally affected by alpha- and beta-tACSs.
Previous studies have noted that tACS has online and offline modulatory effects during
and after stimulation [9–11]. Especially, the offline effects after tACS underline its potential
as a therapeutic tool because of its lasting effect beyond stimulation period.

Two possible mechanisms of tACS modulatory effect have been suggested. First, tACS
directly entrains intrinsic brain oscillations [51–54]. Second, tACS leads to synaptic changes
via STDP mechanisms [10,14,15,17]. In entrainment of brain oscillation, intrinsic brain
oscillation in accordance with the external stimulation frequency will be entrained but
intrinsic brain oscillation outside the stimulation frequency will not be affected [11,55].
Therefore, intrinsic alpha and beta oscillation in M1 [56,57] are externally tuned by tACS,
according to the resonance-like hypothesis [23]. Adding to the entrainment mechanism,
STDP could possibly explain tACS-induced after-effects [14]. Synapses are either strength-
ened or weakened depending on the timing of their input and output activity [10,14,15,17],
which might be related to the after-effects of tACS [58]. According to the STDP model,
facilitatory effects on neural oscillations are expected with the synchronization between
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the peak phase of tACS and the up state of neural firing, whereas depressive effects are
expected with the asynchronization between the two events (i.e., the trough phase of tACS
synchronizing the up state of neural firing) [10,14,15,17,55,58]. In agreement with these
predictions, we observed that alpha- and beta-tACS increased alpha and beta oscillatory
activity, respectively, while alpha-tACS decreased beta oscillatory activity. One possible
explanation for this decrement could be that both the peak and trough phases of alpha-tACS
may synchronize the up state of neural firing. Previous studies have already showed an
enhanced oscillatory activity after tACS [10,14,15,17,58], but we found that tACS frequency
influences brain oscillatory activity in a frequency-dependent manner.

Kiers et al. [47] noted that MEP amplitudes randomly fluctuated during the recording
period, and Ogata et al. [18] suggested that, during the resting state, the relationship
between amplitude fluctuations and cortical oscillations and inhibition is not conclusive.
To solve these issues, we used the LLT model based on Bayesian estimations to examine the
effects of alpha- and beta-tACS on the level and slope of cortical inhibition, thus eliminating
the confounding factor of amplitude fluctuations during the resting state.

Alpha- and beta-band oscillations have been associated with the inhibitory GABAergic
interneurons within M1 [4–6,59]. Accordingly, enhanced GABAergic interneuron activity
plays an essential role in the modulation of M1 excitability induced by alpha- and beta-
tACS [60]. However, a previous study found no effect of beta-tACS in SICI after TMS-
induced GABAA inhibition [7,45]. Our findings on the alpha- and beta-tACSs effects on
SICI suggest that the cortex is inhibited after stimulation. One possible explanation for
this discrepancy could be that changes in the M1 post-synaptic potentials that correspond
to alpha- and beta-oscillations can be altered by alpha- and beta-tACS, assuming that
tACS enhances the synaptic strength of GABAergic neurons, as described by the STDP
model [10,14,15,17,58]. Therefore, cortical inhibition might be affected by the enhancement
of cortical oscillations associated with tACS frequency.

Previous work has shown that beta oscillations correlate with CE levels [61–63] and
that alpha and beta oscillations inhibited MEP amplitudes [18,64–66], although a statistically
significant relationship has not always been observed [67,68]. In addition, several studies
noted that 20 Hz tACS increased corticospinal excitability [13,23]. However, Cappon
et al. [69] and Zaghi et al. [20] observed reduced MEP amplitudes after 15 and 20 Hz tACS
of M1, and Wach et al. [21] and Schutter and Hortensius [19] did not find any effect of 10
and 20 Hz tACS. However, in our study, unconditioned MEP amplitudes decreased after
alpha- and beta-tACSs. Sanger et al. [70] suggested that MEP amplitude was affected not
only by GABAA receptors, thus suggesting SICI, but also by excitatory glutamatergic and
inhibitory GABAB receptors. However, the precise mechanism of tACS-related changes in
unconditioned MEP amplitude is still unclear. Future studies should investigate changes in
CE and inhibition related to GABAA, GABAB, and glutamatergic receptors at various tACS
frequencies.

Previous studies indicate that neurological and mental diseases induce changes in
brain oscillations [29–33,71,72]. In Parkinson’s disease, abnormal beta activity could be
related to bradykinesia [73]. Additionally, in Alzheimer’s disease, abnormal alpha activity
could be related to memory dysfunction [74]. The frequency-specific tACS modulatory
effects for brain oscillation and inhibition could have potentially useful clinical applications.
Further studies are needed to assess the tACS modulatory effect on brain oscillatory and
inhibitory disorders in neurological and mental disorders such as Parkinson’s disease and
Alzheimer’s disease.

Our study has two main limitations. First, because it was necessary to monitor tACS
waves for safe and precise stimulation, we could not utilize a double-blinded design.
Therefore, double-blinded studies should be conducted in the future. Second, the sample
size and composition, which was estimated using G*Power 3.0 [24], were limited as we did
not consider factors such as differences in age, sex, baseline MEP sizes, or MEP’s latency.
In fact, concerning these two latter factors, Wiethoff et al. [75] noted that baseline MEP
sizes and latency differences in MEP (anteroposterior stimulation minus latero-medial
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stimulation) result in changes in corticospinal excitability. Thus, future studies need to
include a larger sample size to analyze the effects of such parameters on cortical excitability.

5. Conclusions

In conclusion, we found that changes in tACS frequency result in corresponding
changes in alpha- and beta-band oscillations and cortical inhibition. These results imply
that cortical oscillations can be differentially altered by tACS and that cortical inhibition
may change according to the tACS frequency-modulated balance between alpha and beta
oscillations.
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Abstract: Background: Personalization of repetitive transcranial magnetic stimulation (rTMS) for
tinnitus might be capable to overcome the heterogeneity of treatment responses. The assessment
of loudness changes after short rTMS protocols in test sessions has been proposed as a strategy to
identify the best protocol for the daily treatment application. However, the therapeutic advantages
of this approach are currently not clear. The present study was designed to further investigate the
feasibility and clinical efficacy of personalized rTMS as compared to a standardized rTMS protocol
used for tinnitus. Methods: RTMS personalization was conducted via test sessions and reliable,
sham-superior responses respectively short-term reductions in tinnitus loudness following active
rTMS protocols (1, 10, 20 Hz, each 200 pulses) applied over the left and right temporal cortex. Twenty
pulses at a frequency of 0.1 Hz served as a control condition (sham). In case of a response, patients
were randomly allocated to ten treatment sessions of either personalized rTMS (2000 pulses with
the site and frequency producing the most pronounced loudness reduction during test sessions)
or standard rTMS (1 Hz, 2000 pulses left temporal cortex). Those participants who did not show
a response during the test sessions received the standard protocol as well. Results: The study
was terminated prematurely after 22 patients (instead of 50 planned) as the number of test session
responders was much lower than expected (27% instead of 50%). Statistical evaluation of changes
in metric tinnitus variables and treatment responses indicated only numerical, but not statistical
superiority for personalized rTMS compared to standard treatment. Conclusions: The current stage of
investigation does not allow for a clear conclusion about the therapeutic advantages of personalized
rTMS for tinnitus based on test session responses. The feasibility of this approach is primarily limited
by the low test session response rate.

Keywords: repetitive transcranial magnetic stimulation; tinnitus; neuronavigation; rTMS personalization;
neuromodulation

1. Introduction

Since the early 2000s, repetitive transcranial magnetic stimulation (rTMS) has been
investigated as a potential treatment option for tinnitus. These approaches were based on
the concept of reducing pathological hyperactivity of the left auditory cortex via inhibitory
low-frequency rTMS [1,2]. The common treatment approach in tinnitus is to stimulate the
left or contra-lateral temporal or temporo-parietal cortex with up to 2000 pulses applied at
1 Hz for one or two weeks, which corresponds to ten treatment days by applying once-daily
rTMS doses [3–5]. By the use of single sessions respectively a one-time rTMS administration
with a limited number of pulses (50–200), immediate and short-term tinnitus loudness
reductions can be observed [6–9]. Recent meta-analyses demonstrated an efficacy of rTMS

113



Brain Sci. 2022, 12, 203

as a treatment for chronic tinnitus [10–12], though results of placebo-controlled randomized
clinical trials have been heterogeneous (e.g., [3,4]). While the available evidence explicitly
indicates the potential of this therapeutic approach, its clinical application is hampered by
heterogeneity in treatment responses [5,13] and only moderate effect sizes. Accordingly,
the recommendations for rTMS as a tinnitus treatment vary across guidelines [14,15].
Consequently, several attempts have been undertaken in order to enhance the efficacy of
rTMS for tinnitus, e.g., high-frequency stimulation protocols [16,17], continuous theta-burst
stimulation [18] as well as prefrontal [19] or multi-site stimulation protocols [20–22] to name
a few. Despite this large body of divergent investigations, a recent meta-analysis reported
magnetic stimulations applied over the temporal cortex are still the most effective [11].

Currently, it is not clear which rTMS protocols are most appropriate for an application
in tinnitus [5]. TMS effects, in general, are governed by a multitude of subject-related and
rTMS-related factors as already outlined by De Ridder et al. [23]. Beyond that, tinnitus
and its multifaceted manifestations with various phenotypes and etiologies potentially
adds another layer of complexity to these already given interdependency of physiological
and technical parameters in basic TMS investigations of the healthy brain [24,25]. These
considerations fit well to findings of high inter-individual variability in rTMS treatment
responses [5,13].

Considering that due to this heterogeneity in tinnitus manifestations and treatment
responses for all treatment approaches—not only rTMS—there is up until now no common
valid treatment for every single patient or a cure for tinnitus available [26,27]. A potential
way to minimize the variability in treatment responses might be the personalization of
interventions [23,28,29]. A tailored approach that is capable of adjusting intervention
parameters to the necessity of the individual subject seems to constitute a promising
approach to enhance the effectiveness of rTMS administration in tinnitus. Personalization
of rTMS in tinnitus is possible by assessing the individual immediate responses to various
stimulation protocols within so-called test sessions. The most efficient protocol can then be
applied in the context of a daily treatment.

In two pilot studies, we scrutinized the validity and feasibility of rTMS test sessions in
more detail. By means of several frequencies applied over different targets of the superior
temporal gyrus, it was feasible to personalize rTMS via reliable sham-superior decreases
of tinnitus loudness in five out of five tinnitus patients [9]. Likewise, it was possible to
identify an individual rTMS protocol using the same approach via an exclusive stimulation
of the temporo-parietal junction in 12 out of 22 tinnitus patients [30].

In sum, the reported findings emphasize the feasibility (reliable and sham-controlled)
of rTMS test sessions demonstrating short-term tinnitus loudness reductions. However, the
clinical effects of personalized rTMS in tinnitus, which means the transfer of test session
results into the daily treatment scheme, have not been adequately investigated.

Only one study, namely Kreuzer et al. [31], pursued this strategy of rTMS personal-
ization by evaluating short-term tinnitus loudness suppression following the application
of short different rTMS protocols varying frequency (1 Hz, 5 Hz, 10 Hz, 20 Hz, and con-
tinuous theta-burst stimulation) and stimulation position (left and right temporo-parietal
and prefrontal). In 50% of the tinnitus patients, a sham-superior response to one of the
applied protocols was present throughout the test sessions. Those patients subsequently re-
ceived their personalized rTMS protocol over the course of ten treatment sessions, whereas
non-responders were treated with a standard protocol. Although no significant statistical
differences between the personalized and the standard treatment were available, descrip-
tive superiority as well as a higher number of treatment responders emphasize the concept
of rTMS personalization as a promising way to decrease rTMS treatment variability in
tinnitus [31]. Up to now, the trial described above represents the only study in this regard.

Therefore, the present investigation seeks to contribute to the branch of rTMS per-
sonalization in tinnitus with more methodological rigor in order to further evaluate the
feasibility and therapeutic efficacy of rTMS personalization. Limitations of the study by
Kreuzer et al. [31] were short tinnitus suppression rating periods after single sessions, no
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test for reproducibility of suppression effects, lack of patient randomization with brief
tinnitus reduction during test sessions as well as non-navigated TMS coil placement. RTMS
personalization of the present study was conducted via detailed evaluations of short-term
tinnitus loudness changes over three minutes, day-to-day reliability, strict sham-superior
responses to one of the verum protocols (≥10% average decrease in loudness over three
minutes), and exclusive stimulations of the temporal cortex using an e-field guided neu-
ronavigation system enabling a concise and reliable TMS coil positioning. Furthermore,
the group of patients with tinnitus loudness reductions throughout test sessions was fur-
ther split up by a random allocation of those into a standard and personalized treatment
group. This randomization of test session responders (personalized vs. standard rTMS
treatment) enables to differentiate whether the specific rTMS protocol is relevant for poten-
tial treatment effects or a positive response during the test sessions just reflects a general
susceptibility to rTMS, independently from the used protocol.

Thus, the main objective of the present study was to investigate the feasibility and
clinical effectiveness of personalized rTMS in contrast to the clinically most commonly
used stimulation protocol as a control condition—low-frequency rTMS over the left tempo-
ral cortex.

2. Materials and Methods

The study at hand reports the clinical rTMS assessment of the tinnitus patient sample
already described in Schoisswohl et al. [30], by means of a more stringent threshold for
test session response, respectively, rTMS personalization. The trial has been registered at
ClinicalTrials.gov (accessed on 10 January 2022) (NCT03957122).

2.1. Subjects

In order to be eligible for participation in the present study, tinnitus patients had to be
between 18 and 75 years old, exhibit a tinnitus duration of more than 6 months (chronic
tinnitus), and needed to be fluent in German. Further prerequisites were no presence of any
serious somatic, neurological, or psychiatric condition (e.g., major depression, substance
abuse, or encephalitis) as well as, if applicable, a stable medication with psychoactive
drugs. Additional inclusion criteria were no present contraindications regarding TMS (e.g.,
known epilepsy or past epileptic seizures) and magnetic resonance imaging (MRI) (e.g.,
claustrophobia or metallic/electrical body implants). Parallel participation in any other
tinnitus-related study or treatment was defined as an exclusion criterion.

Participants were fully informed about the objective, proceedings, and methods as
well as the potential side effects of study participation and gave written informed consent
prior to study onset. An applicable sample of 22 tinnitus patients (5 female) was recruited at
the Interdisciplinary Tinnitus Centre Regensburg, Germany, from which N = 20 (5 female)
fully participated in the present treatment study. Causes for the two dropouts during the
treatment phase were tinnitus loudness increase and non-appearance at the stipulated
study appointments. For analyses of test-session responses, these two treatment dropouts
were not excluded.

2.2. Study Procedure

The present study was approved by the ethics committee of the University of Regens-
burg, Germany (ethical approval number: 17-820-101) and was registered at ClinicalTri-
als.gov (NCT03957122). The actual study start was preceded by a screening visit (week 1)
consisting of eligibility determination plus informed consent, standard clinical audiometry
(125 Hz–8 kHz; Madsen, Midimate, 622D, GN Otometrics, Taustrus, Denmark) as well as
T1 anatomical MRI scans (MAGNETOM 1.5 Tesla, Siemens, Munich, Germany) for the
purpose of neuronavigated TMS. Furthermore, several tinnitus- and health-related ques-
tionnaires had to be completed in their German versions (compare section Questionnaires
and outcome measures).
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Over the following two study visits (week 2), short rTMS test sessions were conducted
in the attempt to identify an individual rTMS protocol per patient capable of temporarily
evoking a reduction in tinnitus loudness (cf. Schoisswohl et al. [30]). The two test ses-
sions were conducted within an interval of two days and at the same time of day (±1 h).
Throughout each session, four different magnetic stimulation protocols were applied in a
randomized order over the temporo-parietal junction (TPJ) on both hemispheres (compare
section Repetitive transcranial magnetic stimulation). Before and after each stimulation,
patients were obliged to verbally evaluate the current loudness of their tinnitus sensation at
seven points in time every 30 s (three minutes) on a visual analog scale with a range from
0% (no tinnitus sensation) up to 110% (an increase in tinnitus loudness by 10%). A rating of
100% signifies no change and refers to the usual perceived level of tinnitus loudness.

Personalization of rTMS was executed by means of test session responders, defined as
subjects exhibiting a mean tinnitus loudness suppression (x post − x pre) of at least 10%
in the same type of verum protocol (frequency, hemisphere) on both test session days,
superior to sham stimulation (suppression verum > suppression sham). In the event of
multiple stimulation responses, the protocol with the strongest mean tinnitus suppression
was specified as patients’ personalized rTMS protocol. If rTMS personalization was feasible,
test session responders were randomly allocated to two treatment groups—personalized
daily treatment (identified rTMS protocol via test session response) or standard daily
treatment (1 Hz over the left TPJ) with a 50:50 chance. In case of a test session non-response,
patients were automatically allocated to the standard daily treatment group. This resulted in
three treatment arms: (1) test session responders with personalized daily treatment; (2) test
session responders with standard daily treatment; (3) test session non-responders with
standard daily treatment. We aimed for at least 12 patients in each treatment arm. By an
expected number of about 50% test session responders (see Kreuzer et al. [31]) and a random
allocation within the test session responders to personalized and standard treatment groups,
we strove for the inclusion of 50 patients (50% test session responders = 25; 50% allocation
rate to personalized or standard treatment within the test session responder group ≈ 12).

In the following two weeks (week 3 and 4), patients received ten sessions of rTMS
treatment (2 × 5 working days; same daytime) accompanied by baseline and end of
treatment measurements consisting of miscellaneous questionnaires (compare section
Questionnaires and outcome measures). After a period of 10 weeks, a follow-up visit took
place (week 14) which included the same questionnaires as during baseline and end of
treatment visits.

Due to the limited number of test session responders (see results section), the study
was terminated prematurely after the inclusion of 22 patients.

2.3. Repetitive Transcranial Magnetic Stimulation (rTMS)

RTMS sessions were executed with an e-field guided TMS machine (NBT System 2;
Nexstim Plc. Helsinki, Finland) in combination with co-registered anatomical T1 brain
scans allowing for visualization of strength (V/m) and direction of the induced e-field
on individual 3D head models. Any stimulation was conducted with the induced e-field
oriented perpendicular to the sulcus of the target brain area/gyrus of interest. Moreover,
a system-integrated aiming tool allowed for a repetition of the stimulation/coil position
for each applied pulse in terms of centering, rotation, and tilting. To avoid hearing dam-
age caused by the loud TMS click noise, each patient was wearing in-ear plugs. Test
sessions as well as resting motor threshold (RMT) determination followed the exact same
methodological procedure as already outlined in Schoisswohl et al. [30].

Before the start of the first test session, patients’ RMT was determined for the purpose
of stimulation intensity specification of test sessions and treatment sessions. Single pulses
were administered at different locations over the left primary motor cortex up to the
visibility of several motor evoked potentials (MEP) with a peak-to-peak amplitude of
>50 µV recorded from three muscles of the right hand (musculus abductor pollicis brevis,
musculus of the first dorsal interosseus, musculus abductor digiti minimi). The stimulation
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position which elicited the highest MEP amplitude was repeated via the system-integrated
aiming tool. Next, patients’ RMT was defined by the maximum likelihood threshold
hunting algorithm [32] implemented in the used TMS system.

Throughout the test sessions, 200 pulses of 1 Hz, 10 Hz, and 20 Hz rTMS served
as verum magnetic stimulations, whereas 20 pulses at 0.1 Hz were deployed as a sham
stimulation since this type of protocol is supposed to not provoke neuroplasticity [33,34].
All magnetic stimulation protocols were applied in a randomized order at 110% RMT over
the left and right TPJ using an uncooled figure-of-eight coil (no cooling noise). In total,
eight different rTMS protocols were applied per test session. Electrode positions CP5 and
CP6 (10–20 system) served as a point of reference for TPJ stimulation and were marked on
the structural scans via a digitization pen. Additionally, a single pulse at 10% RMT was
given in order to ensure an exact replication of the coil position via the aiming tool whilst
each test or treatment session.

Over the course of the subsequent treatment period, patients received 10 rTMS sessions
á 2000 pulses, either with their personalized protocol or the most common clinically
used rTMS protocol for tinnitus—namely left hemispheric 1 Hz (standard treatment). All
treatment stimulations were conducted with an air-cooled coil at 110% RMT.

2.4. Questionnaires and Outcome Measures

Demographic and clinical characteristics were assessed via the European School
of Interdisciplinary Tinnitus Research Screening Questionnaire (ESIT-SQ, [35]) and the
Tinnitus Sample Case History Questionnaire (TSCHQ, [36]) during screening visits.

The Tinnitus Functional Index (TFI, [37]) was defined as the primary outcome for
the trial (see also ClinicalTrials.gov; NCT03957122) and had to be filled out at screen-
ing, baseline, treatment end, and follow-up visits together with the following further
questionnaires: the Tinnitus Handicap Inventory (THI, [38,39]), the Mini Tinnitus Ques-
tionnaire (Mini-TQ, [40]), the Major Depression Inventory (MDI, [41]), the World Health
Organization—Quality of Life instrument (WHOQOL-BREF) covering the four domains
physical health, psychological, social relationships, and environment [42]. Beyond that, par-
ticipants had to rate the loudness of their tinnitus (0—not at all loud; 10—extremely loud),
the tinnitus-induced discomfort (0—no discomfort; 10—severe discomfort), annoyance
(0—not at all annoying; 10—extremely annoying), unpleasantness (0—not at all unpleasant;
10—extremely unpleasant) as well as the possibility to ignore their tinnitus (0—very easy
to ignore; 10—impossible to ignore) on Visual Analog Scales (VAS). At the end of the
treatment and follow-up phase, patients had to evaluate their tinnitus complaints via the
Clinical Global Impression Scale for Improvement (CGI-I, [43]) compared to before treat-
ment on a 7-point Likert Scale (1 = very much better; 2 = much better; 3 = minimally better;
4 = no change; 5 = minimally worse; 6 = much worse, and 7 = very much worse).

2.5. Statistical Analysis

Statistical analyses were performed with the statistic software R (R version 4.0.3;
R Foundation for Statistical Computing, Vienna, Austria) using the packages “lme4”,
“lmerTest”, “psych”, “sjstats”, “emmeans” and “ggplot2”. Data were analyzed by means
of linear mixed-effect models separated for each assessment inventory (e.g., TFI). The
following fixed effects as well as reasonable interactions were tested in each model fitting
proceeding: time (screening, baseline, treatment end, follow-up), test session responder
(yes/no) as well as treatment protocol (standard, personalized). Patient (id) was treated
as a random effect in each model fitting proceeding. Models with the best fit for the data
were derived according to Harrison et al. [44] and comparisons with likelihood ratio tests.
The quantity of explained variance by the respective models was calculated by means of
marginal (predictors only) and conditional (predictors and random effect) R2 [45]. Fixed
effects were analyzed using the expected mean square approach for each identified model.
Post hoc Tukey tests were utilized to reveal possible differences within fixed effects. Effect
sizes of post hoc contrasts were evaluated with Cohen’s d.
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Based on the a priori defined aim of the study, potential associations of treatment
group ((1) test session responder—personalized rTMS; (2) test session responder—standard
rTMS; (3) test session non-responder—standard rTMS) with CGI-I ratings (condensed to the
categories better, no change, worse) were analyzed using χ2 tests or Fisher’s exact tests in
the event of cell frequencies lower than 5 separately for treatment end and follow-up visits.

Beyond that, the quantity of treatment responders (cave: not test session responders)
was identified by means of two distinct approaches for the three treatment groups. First,
by a 7-point decrease from baseline to treatment end in our primary outcome measure the
TFI pursuant to Folmer et al. [4]; second, via a score reduction of 7 points likewise from
baseline to end of treatment in the THI according to Zeman et al. [46]. Potential associations
of treatment group (personalized rTMS/standard rTMS/test session responder—standard
rTMS) with treatment response (yes/no) were likewise analyzed via χ2 tests or Fisher’s
exact tests separately for the TFI and THI. The threshold for statistical significance was set
at the 5% level for all analyses.

Additionally, descriptive statistics for pre- to post-treatment TFI and THI score changes
(post-pre) were calculated and presented for the standard and personalized treatment
groups as well as test sessions responders receiving daily standard treatment.

The average score changes in the TFI for the personalized and standard rTMS treatment
groups were used for an effect size calculation (Cohen´s d) in order to deduce the needed
sample size for this contrast with G*Power [47] and a significance level of 5% and a
statistical power of 80% (two-tailed).

3. Results

3.1. Sample Characteristics and rTMS Side Effects

The investigated tinnitus patient sample exhibited an average age of 57.05 years
(SD = 6.77), a mean tinnitus duration of 126.00 months (SD = 105.83), and the majority
reported perceiving tinnitus bilateral (n = 13). At screening, the mean TFI and THI scores
were 48.08 (SD = 17.91) and 46.80 (SD = 16.43), respectively (moderate tinnitus severity),
whereas the mean Mini-TQ was 12.94 (SD = 4.28) (border between moderate and severe).
No clinically relevant depression was observed in any of the tinnitus patients using the
MDI (M = 14.82, SD = 9.93). Mean RMT for the treatments was 34.10% (SD = 4.70). Detailed
descriptive statistics of the tinnitus sample at hand are presented in Table 1.

In addition to expected TMS-related side effects such as discomfort while stimulation
or short-term increases in tinnitus loudness following stimulation, no side effects were
observed over the course of test sessions. One patient canceled the rTMS treatment due
to an increase in tinnitus loudness during treatment. Another patient reported a slight
headache during the treatment phase. No further side effects were reported.

3.2. rTMS Personalization

The identification of a personalized rTMS protocol for short-term tinnitus suppression
via test session response was feasible in n = 6 patients (27.27%). Two patients responded
to 20 Hz over the left TPJ, two to 20 Hz over the right TPJ, one to 10 Hz over the left TPJ,
and one to 1 Hz over the left TPJ. Based on pilot studies, we expected to have a test session
responder rate of 50%. The much lower as anticipated test session responder rate led to a
premature study termination as we would have to include almost twice as many patients
as had been planned to randomize 25 test session responders (92 instead of 50 patients;
25/6 × 22 = 92).

On account of few test session responders, consequential study termination as well
as our initial plan to randomize the group of test session responders to personalized and
standard treatment groups, only n = 4 test session responders were subsequently treated
with their personalized rTMS protocols. The other two test session responders (1 Hz right
TPJ, 20 Hz left TPJ) received the standard protocol of left hemispheric 1 Hz rTMS. Both
dropouts were test session non-responders and received the standard protocol for treatment.
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Table 1. Sample characteristics.

N (female) 20 (5)
Handedness (left/right/both) (3 missings) 0/13/4
Tinnitus laterality (left/right/both/inside head)
(3 missing) 1/1/13/2

M ± SD Md Min Max

Age (years) 57.05 ± 6.77 57.50 43.00 69.00
Tinnitus duration (months) (2 missing) 126.00 ± 105.83 102.00 14.00 420.00
Hearing loss left (dB) (7 missing) 23.60 ± 10.10 22.22 7.22 41.67
Hearing loss right (dB) (7 missing) 28.39 ± 14.74 23.89 7.78 61.86
RMT (%) 34.10 ± 4.70 33.50 27.00 44.00
TFI score (0–100) (2 missing) 48.08 ± 17.91 48.55 23.20 78.80
THI score (0–100) 46.80 ± 16.43 42.00 24.00 84.00
Mini-TQ score (0–24) (3 missing) 12.94 ± 4.28 13.00 7.00 20.00
MDI score (0–50) (3 missing) 14.82 ± 9.93 14.00 1.00 40.00
VAS tinnitus loudness (0–10) 7.15 ± 1.69 7.50 3.00 10.00
VAS tinnitus discomfort (0–10) 7.50 ± 1.61 8.00 4.00 10.00
VAS tinnitus annoyance (0–10) 6.60 ± 2.30 7.00 2.00 10.00
VAS tinnitus ignorability (0–10) 7.60 ± 2.14 8.00 3.00 10.00
VAS tinnitus unpleasantness 0–10) 7.45 ± 1.88 8.00 3.00 10.00
WHOQOL-BREF domain 1 (Physical health) (4–20) 12.35 ± 2.01 13.00 8.00 15.00
WHOQOL-BREF domain 2 (Psychological health) (4–20) 13.80 ± 2.19 14.00 10.00 18.00
WHOQOL-BREF domain 3 (Social relationships) (4–20) 14.55 ± 2.80 15.50 9.00 20.00
WHOQOL-BREF domain 4 (Environment) (4–20) 16.45 ± 1.99 16.50 13.00 19.00

M = mean; SD = standard deviation; Md = Median; Min = minimum; Max = maximum; RMT = resting motor
threshold; TFI = Tinnitus Functional Index; THI = Tinnitus Handicap Inventory; Mini-TQ = Mini Tinnitus
Questionnaire; MDI = Major Depression Inventory; VAS = Visual Analog Scale; WHOQOL-BREF = World Health
Organization Quality of Life—abbreviated.

3.3. Treatment Results

Linear mixed-effect model fitting identified the model response ~ time + test session
responder + treatment protocol + test session responder × treatment protocol + (1|patient id) for
the TFI, THI, WHOQOL-BREF domain 1 (physical health), and WHOQOL-BREF domain
3 (social relationships). Fixed-effect testing through the expected mean square approach
revealed a significant effect of time for all fitted models. For the WHOQOL-BREF domain 2
(psychological) and VAS tinnitus unpleasantness, the following model with the best fit for
the data could be identified: response ~ time + test session responder + treatment protocol + time
× treatment protocol + test session responder × treatment protocol + (1|patient id). Subsequent
fixed-effect testing demonstrated a significant effect of time for VAS tinnitus unpleasantness
as well as significant interaction of time × treatment protocol for both the WHOQOL-BREF
domain 2 and VAS tinnitus unpleasantness. Detailed results of the model fitting and the
fixed effect testing can be seen from Tables A1 and A2 in the Appendix A. For all other
outcome measures, no model superior to the intercept-only model could be detected.

Ensuing post hoc contrasts revealed significant differences amongst study visits
for the TFI, THI, WHOQOL-BREF domain 3 (social relationships), and VAS tinnitus
unpleasantness as described in the following. Significant differences between treatment
end and follow-up together with significant differences between follow-up and screening
have been observed for the TFI and the THI; whereby the follow-up measurements
appeared to exhibit higher scores for both questionnaires (cf. Figure 1A,B). Moreover,
significant differences among baseline versus treatment end as well as treatment end
versus screening were present for the WHOQOL-BREF domain 3 (social relationships)
and the VAS for tinnitus unpleasantness. Tinnitus unpleasantness as well as social
relationships numerically decreased from screening, respectively, baseline to treatment
end (cf. Figure 1C,D). A decrease in WHOQOL-BREF means a decrease in quality
of life. Further, post hoc contrasts were able to detect significant differences for the
VAS tinnitus unpleasantness between baseline and end of treatment exclusively for
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the personalized rTMS treatment group (cf. Figure 2A). Neither statistical differences
at study visits, between standard and personalized treatment groups in general nor
between the treatment groups at any study visit, were observed by post hoc analyses for
the WHOQOL-BREF domain 1 (physical health) and domain 2 (psychological). Findings
from post hoc contrasts plus relevant descriptive statistics and effect sizes are outlined
in Table 2 as well as illustrated in Figures 1 and 2A.
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Figure 1. Results of post hoc analysis. Averaged total score changes over the course of all study
visits (screening, baseline, treatment end, follow-up) are presented by means of bold lines for the
(A) Tinnitus Functional Index, (B) Tinnitus Handicap Inventory, (C) Visual Analog Scale for tinnitus
unpleasantness and (D) the social relationship domain (domain 3) of the abbreviated version of
the World Health Organization Quality of Life questionnaire. Error bars indicate standard errors.
Significant differences between study visits are highlighted with bars and the respective p-values.
Greyish lines represent the total scores on a single patient level.

A Fisher’s exact test revealed a statistical trend for an association of treatment group
with patients’ CGI-I ratings (better, no change, worse) exclusively at treatment end (p = 0.065).
In the personalized treatment group, 2 out of 4 patients (50%) reported an improvement
(1 patient—no change; 1 patient—missing), while in the standard treatment group only 2
out of 14 patients (14.29%) demonstrated an amelioration (10 patients—no change). None
of the 2 test session responders, who received the standard daily treatment, indicated an
improvement in the CGI-I (1 patient—worsening; 1 patient—no change).
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Table 2. Post hoc Tukey contrasts.

Contrast M ± SD Estimate T (df, se) p d

TFI
Treatment end—follow-up 49.69 ± 16.80—56.68 ± 17.62 −7.65 −3.05 (57.40, 2.51) 0.018 0.406
Follow-up—screening 56.69 ± 17.62—48.08 ± 17.91 9.14 3.50 (57.70, 2.61) 0.005 0.484

THI
Treatment end—follow-up 46.10 ± 16.31—53.76 ± 18.68 −7.69 −3.04 (60.40, 2.53) 0.018 0.437
Follow-up—screening 53.76 ± 18.68—46.80 ± 16.43 6.99 2.76 (60.40, 2.53) 0.037 0.396

WHOQOL-BREF domain 3
Baseline—treatment end 14.40 ± 2.82—12.85 ± 1.79 1.55 3.14 (60.20, 0.49) 0.014 0.656
Treatment end—screening 12.85 ± 1.79—14.55 ± 2.80 −1.70 −3.45 (60.20, 0.49) 0.005 0.702

VAS—Tinnitus unpleasantness
Baseline—treatment end 7.70 ± 1.66—6.85 ± 1.76 1.47 3.50 (63.70, 0.42) 0.004 0.497
Treatment end—screening 6.85 ± 1.76—7.45 ± 1.88 −1.22 −2.91 (63.70, 0.42) 0.025 0.329
Personalized rTMS
Baseline—treatment end 8.00 ± 2.71—5.50 ± 1.73 2.50 3.33 (63.70, 0.75) 0.003 1.100

TFI = Tinnitus Functional Index; THI = Tinnitus Handicap Inventory; WHOQOL-BREF domain 3 = World
Health Organization Quality of Life—abbreviated—domain 3 (social relationships); VAS = Visual Analog Scale;
df = degrees of freedom; se = standard error; d = Cohen’s d.

According to our predefined treatment responder criteria, we observed a total number
of n = 5 TFI treatment responders (25%) irrespective of the treatment group. Within the
group which received their identified personalized rTMS protocol, 1 out of 4 patients (25%)
was determined as a TFI treatment responder. In the standard group, 3 out of 14 patients
(21.43%; 1 missing) responded to treatment with 1 Hz over the left TPJ. For the 2 test session
responders who received the standard rTMS treatment, 1 patient (50%) was identified as a
treatment responder using the TFI.

Responder identification via the THI revealed an identical pattern of n = 5 treatment
responders (25%) irrespective of treatment group. One out of four (25%) patients in the
personalized treatment group and 4 out of 14 (28.57%) patients in the standard treatment
group were identified as treatment responders via a 7-point reduction in the THI. No
treatment responders could be identified for the 2 test session responders receiving the
standard treatment. Two patients were identified as responders in both approaches (test
session non-response—standard treatment/test session response—personalized treatment).
No statistically significant association of treatment group with treatment response was
observed neither using the TFI nor the THI.

Descriptive differences between the three treatment groups revealed small but higher
average score decreases from baseline to treatment end for the personalized treatment group
in the TFI (personalized rTMS: M = 3.50, SD = 4.02); test session responder—standard
rTMS: M = 1.99, SD = 7.18; standard rTMS: M = 0.05, SD = 6.67) as well as the THI
(personalized rTMS: M = 3.50, SD = 4.43); test session responder—standard rTMS: M = 3.00,
SD = 1.41; standard rTMS: M = 2.57, SD = 9.16). The standard rTMS treatment group
showed the slightest changes, notably in the TFI no average score changes were observed.
Descriptive score changes (post-pre) per treatment group for the TFI and THI are delineated
in Figure 2B,C.

By means of average score alleviations in the TFI for the personalized and standard
rTMS treatment group showing an effect size of d = 0.551, the necessary sample size to
adequately contrast these two groups would be N = 106.
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Figure 2. Personalized versus standard rTMS treatment. (A) Mean changes in the Visual Analog
Scale for tinnitus unpleasantness are outlined for the treatment groups of standard and personalized
rTMS for all study visits (screening, baseline, treatment end, follow-up). A significant alleviation
from baseline to treatment end for the personalized rTMS treatment group is highlighted with bars
and the respective p-value. Descriptive differences between the personalized and standard rTMS
treatment group as well as test session responder receiving standard rTMS treatment are illustrated
via mean score changes from baseline to end of treatment for the (B) Tinnitus Functional Index and
(C) the Tinnitus Handicap Inventory. Error bars indicate standard errors. Greyish points represent
mean score changes on a single patient level (TFI: 1 missing). The grey dashed line represents the
cut-off for treatment response (7-point reduction).

4. Discussion

The main aim of the current experiment was to demonstrate in a second study that
personalized rTMS treatment is feasible and effective in tinnitus. Our initial plan was
to overcome the limitations identified by Kreuzer et al. [31] and randomly allocate the
group of test session responders into two arms for the subsequent treatment phase—daily
personalized or standard rTMS treatment. This should have enabled us to not only control
for unspecific rTMS effects but also make more valid statements about potential advantages
of personalized rTMS in contrast to left temporal 1 Hz rTMS.

The preliminary study of Kreuzer and colleagues [31] showed that about half of the
patients had specific single session responses and that these test session responders showed
numerically superior treatment effects in the Tinnitus Questionnaire (TQ, [48]; p < 0.1; large
effect size).

In contrast to our previous analysis (55%, [30]) as well as Kreuzer et al. (48%, [31]), the
present quantity of test session responders appeared to be much lower (27%), which ended
up with termination of the study ahead of schedule as we would have had to include almost
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twice as many patients planned (92 instead of 50), in order to appropriately allocate 25
test session responders to the two treatment groups (test session responder—personalized
rTMS; test session responder—standard rTMS).

In this study, possible reasons for the given disparity in test session responses might be
related to the more rigorous methodological approach. We strove for a detailed evaluation
of tinnitus loudness changes (several rating points before and after short rTMS protocols)
plus reliable and sham-superior responses. Moreover, we exclusively targeted the TPJ.
In favor of increasing the methodological approach of rTMS personalization by more
robust test session responses, we decided to use a more stringent cut-off for test session
responses, respectively, rTMS personalization (≥10% average tinnitus loudness decrease).
Retrospectively, this criterion might have been chosen too strictly and might be the primary
reason for the low number of test session responders in the present analysis.

Despite study termination, we decided to analyze treatment data, since they have
relevance for research approaches committed to the personalization of rTMS.

Only 4 out of 6 patients of the test session responder group were treated with their
personalized rTMS protocol resulting in 16 patients treated with the standard protocol
(2 of which were from the test session responder group). We did not observe any statistical
superiority of personalized rTMS whether in our primary outcome measure (TFI) nor in any
other secondary outcome measurement. Interestingly, we observed a decrease in tinnitus
unpleasantness (VAS) from baseline to treatment end solely for the treatment group which
received their personalized rTMS protocol (cf. Figure 2A). Moreover, an improvement in
the CGI-I tended to be associated with the personalized rTMS treatment. A descriptive
comparison of the three treatment groups indicated a small but superior tinnitus distress
alleviation from pre to post treatment for patients who received their personalized rTMS
protocol (cf. Figure 2A,B). Even if these results are in line with Kreuzer et al. [31], they
should not be overinterpreted as they come from only a few patients and are only found in
some (secondary) outcome measurements.

In addition, we used the data from the present study for sample size estimation. For
the contrast personalized vs. standard rTMS treatment, a sample size of N = 106 would
be needed, which is more than twice as much as our aspired investigation of 50 tinnitus
patients. As only 6 out of 22 investigated patients demonstrated a response in the test
session, one would have needed a sample of several hundred patients for a sufficiently
powered study.

According to our predefined treatment responder criteria, 25% of patients responded
to a daily treatment with their personalized rTMS protocol using the TFI and THI. While
in the group of test session non-responders treated with the standard rTMS protocol, 21%
(TFI) respectively 29% (THI) were identified as treatment responders. One of the two test
session responders who received standard rTMS treatment was identified as a treatment
responder. These findings are in contrast to the results of Kreuzer et al. [31], who not only
reported a higher overall treatment responder rate using a sample of almost the same
size but also a higher number of treatment responders in the group of personalized (58%)
in contrast to a standard treatment group (42%) by means of a 5-point reduction in the
Tinnitus Questionnaire [48].

Possible reasons for disparities in treatment responses between Kreuzer et al. [31] and
the present study might be differences in the applied treatment (dual-site vs. single-site
rTMS) and in the used outcome variables (TQ and tinnitus loudness vs. several others).
Unlike the study at hand, Kreuzer et al. [31] applied a multisite stimulation protocol
with 20 Hz over the left dorsolateral prefrontal cortex followed by 1 Hz over the left
temporal cortex, respectively, both temporal cortices as a standard rTMS protocol. Since
tinnitus-related activity changes were also reported for frontal regions of the cortex [49–52]
and trials were able to report positive effects of prefrontal rTMS [19,53], the inclusion of
prefrontal stimulation targets might reduce inter-subject variability in rTMS responses
resulting in a higher number of test sessions and treatment responders. Likewise, it has
been shown that rTMS applied over multiple regions appears to be superior to a single-site
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stimulation [21,54–56]. However, there is also research suggesting that magnetic stimulation
of the temporal cortex seems to be the most efficacious rTMS protocol [11], leaving open
the question regarding the superiority of multi-site rTMS.

In the current experiment, we used a 7-point reduction in the TFI [4] as treatment
responder criterion. Besides the appropriateness of the TFI for research purposes [57],
a global score reduction of 22.4 points [58] respectively 13 points [37] is suggested as
a minimal clinically important difference. Adhering to these thresholds, none of our
investigated tinnitus patients would be designated as a treatment responder, indicating
rather small clinical responses in the current sample, which further hampers the clinical
applicability.

Combining the insights gained from both studies on rTMS personalization in tinnitus
so far, personalization of study protocols based on the effect of test sessions is only feasible
in a rather small subgroup of tinnitus patients. Descriptive results suggest a potential
superiority of personalized protocols, but the effect size seems to be too small to reach
clinical relevance. Despite the lack of a clear statement at the current stage of investigation,
it should not be concluded from the present data, that personalization of rTMS protocols
does not make any sense. Test session protocols as well as outcome parameters might
have been chosen suboptimal in the present study. It remains to be tested, whether other
protocols involving priming, multi-site, or theta-burst stimulation might be more appro-
priate and whether neurophysiological readout parameters (e.g., EEG) represent more
suitable response criteria. Challenges for the future are a careful selection of stimulation
parameters for test sessions in light of practicability or time-intensiveness as with, e.g.,
different stimulation positions, stimulation intensities, and putative protocols numerous
test session options are possible.

In terms of general rTMS efficacy, we merely observed a descriptive decrease in tinnitus
distress from pre to post treatment in the TFI and THI (Figure 1A,B). No clinically relevant
effect, more specifically no significant amelioration of tinnitus distress in contrast to before
rTMS treatment, could be demonstrated. These findings further question the usefulness of
neuronavigated 1 Hz rTMS treatment applied over the left TPJ, as this protocol was applied
as standard treatment in the current study.

Expectations of patients might have been higher in the present study than in former
investigations of our work group as we explicitly aimed for reductions in tinnitus loudness.
In previous studies, patients were rather informed about the general benefits of rTMS. Being
a participant experiencing only minor to no loudness changes during the test sessions,
consequently receiving the standard protocol for the treatment phase, might have resulted
in disappointment and thus might have induced nocebo-like effects.

In the absence of any significant improvement in clinical measures of tinnitus sever-
ity, we observed a significant reduction in tinnitus unpleasantness after ten sessions of
rTMS in contrast to screening and baseline assessments (Figure 1C). A similar pattern
was observed in a study using ten sessions of transcranial random noise stimulation.
Even though tinnitus distress increased, tinnitus-related unpleasantness decreased com-
pared to treatment starting on a descriptive level [59]. However, other rTMS studies
report significant effects on tinnitus distress along with no effects on tinnitus-related
unpleasantness [18,55,60]. Considering that together with the absence of an effect in
any other outcome measure, this finding should only be interpreted with caution. Inter-
estingly, we also observed a reduction in social relationships from the initial screening
visit to treatment end as well as during the treatment phase (Figure 1D). Since patients
might focus more on their tinnitus percept than usual, already starting from the first
assessment onwards, a more intense occupation could lead to more social isolation in
some tinnitus patients. Missing social support might further result in higher distress in
some individuals and potentially influence TFI and THI scores.

In our preceding analysis, we opted for an identification of rTMS test session respon-
ders based on reliable and sham-superior increases in the alpha respectively decreases in
the gamma frequency band [30] based on prevalent neurophysiological models in tinni-
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tus [61,62]. Future studies should strive for a sophisticated analysis of EEG activity changes
before and after rTMS treatments to identify potential electrophysiological biomarkers
which could then be targeted during test sessions. According to a recent study, response to
a rather short rTMS treatment is linked to a power reduction in the gamma frequency band
as well as enhanced coherence in the beta frequency range [63].

Due to the small sample size, we refrained from the inclusion of other demographic
variables in our model-fitting approach as well as comparisons of demographic differences
between treatment groups. Besides laterality of hearing loss [64], no predictor for rTMS
treatment response is currently available [65].

In view of the present findings and insights, future studies with lower test session
response thresholds for rTMS treatment personalization, additional stimulation positions
next to temporal targets, electrophysiological investigations before and after treatment
as well as larger sample sizes allowing for the proper distribution of treatment groups
are highly needed at this stage of research concerning rTMS personalization in the field
of tinnitus.

5. Conclusions

In the present study, we wanted to investigate the effectiveness of personalized rTMS
in contrast to the most frequently used rTMS protocol—1 Hz over the left TPJ. By virtue
of a low number of test session responders and the accompanying unbalanced treatment
groups, the study was prematurely terminated. The present findings indicate that only a
rather small subgroup of all patients demonstrated a response during the test sessions and
that in these patients the personalized protocol seems to be at best marginally superior
to standard daily treatment. Considering current investigations, no conclusive statement
about the therapeutic advantages of personalized rTMS for tinnitus can be deduced at this
early stage of the investigation.
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Appendix A

Table A1. Model fitting.

Model
R2

(Marginal)
R2

(Conditional)
df AIC BIC logLIK LRT p

TFI
Intercept only: response ~1 + (1|id) 0 0.78 579.83 586.74 −286.91
Fitted model: response ~ time + test
session responder + treatment protocol
+ test session responder × treatment
protocol + (1|id)

0.13 0.82 5 574.42 592.85 −279.21 15.41 0.009

THI
Intercept only: response ~1 + (1|id) 0 0.79 600.27 607.30 −297.13
Fitted model: response ~ time + test
session responder + treatment protocol
+ test session responder × treatment
protocol + (1|id)

0.14 0.82 5 597.08 615.83 −290.54 13.19 0.022

WHOQOL-BREF domain 1
Intercept only: response ~ 1 + (1|id) 0 0.87 240.88 247.92 −117.44
Fitted model: response ~ time + test
session responder + treatment protocol
+ test session responder × treatment
protocol + (1|id)

0.14 0.88 5 240.26 259.01 112.13 10.62 0.059

WHOQOL-BREF domain 2
Intercept only: response ~1 + (1|id) 0 0.83 265.71 272.74 −129.85
Fitted model: response ~ time + test
session responder + treatment protocol
+ time × treatment protocol + test
session responder × treatment protocol
+ (1|id)

0.10 0.86 8 265.86 291.64 −121.93 15.86 0.045

WHOQOL-BREF domain 3
Intercept only: response ~1 + (1|id) 0 0.57 5 342.61 349.64 −168.30
Fitted model: response ~ time + test
session responder + treatment protocol
+ test session responder × treatment
protocol + (1|id)

0.20 0.65 334.56 353.31 −159.28 18.05 0.003

VAS tinnitus unpleasantness
Intercept only: response ~1 + (1|id) 0 0.58 281.04 288.07 −137.52
Fitted model: response ~ time + test
session responder + treatment protocol
+ time × treatment protocol + test
session responder × treatment protocol
+ (1|id)

0.08 0.67 8 282.08 307.86 −130.04 14.96 0.059

TFI = Tinnitus Functional Index; THI = Tinnitus Handicap Inventory; WHOQOL-BREF domain 1 = World Health
Organization Quality of Life—abbreviated—physical health; WHOQOL-BREF domain 2 = World Health Organi-
zation Quality of Life—abbreviated—psychological; WHOQOL-BREF domain 3 = World Health Organization
Quality of Life—abbreviated—social relationships; VAS = Visual Analog Scale; df = degrees of freedom; AIC =
Akaike Information Criterion; BIC = Bayesian Information Criterion; logLik = log-likelihood; LRT = Likelihood
Ratio Test.
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Table A2. Fixed effect testing.

numDF denDF F p

TFI
Time 3 54.31 5.01 0.004
THI
Time 3 57.01 3.85 0.014
WHOQOL-BREF domain 1
Time 3 57.11 2.78 0.049
WHOQOL-BREF domain 2
Time × treatment protocol 3 57.05 3.89 0.013
WHOQOL-BREF domain 3
Time 3 57.35 5.20 0.003
VAS tinnitus unpleasantness
Time 3 57.01 5.29 0.003
Time × treatment protocol 3 57.01 3.00 0.038

TFI = Tinnitus Functional Index; THI = Tinnitus Handicap Inventory; WHOQOL-BREF domain 1 = World Health
Organization Quality of Life—abbreviated—physical health; WHOQOL-BREF domain 2 = World Health Organi-
zation Quality of Life—abbreviated—psychological; WHOQOL-BREF domain 3 = World Health Organization
Quality of Life—abbreviated—social relationships; VAS = Visual Analog Scale; numDF = degrees of freedom
numerator; denDF = degrees of freedom denominator.
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Abstract: The search for a biological marker predicting the future failure or success of electrocon-
vulsive therapy (ECT) remains highly challenging for patients with treatment-resistant depression.
Evidence suggests that Brain-Derived Neurotrophic Factor (BDNF), a protein known to be involved in
brain plasticity mechanisms, can play a key role in both the clinical efficacy of ECT and the pathophys-
iology of depressive disorders. We hypothesized that mature BDNF (mBDNF), an isoform of BDNF
involved in the neural plasticity and survival of neural networks, might be a good candidate for
predicting the efficacy of ECT. Total BDNF (tBDNF) and mBDNF levels were measured in 23 patients
with severe treatment-resistant depression before (baseline) they received a course of ECT. More
precisely, tBDNF and mBDNF measured before ECT were compared between patients who achieved
the criteria of remission after the ECT course (remitters, n = 7) and those who did not (non-remitters,
n = 16). We found that at baseline, future remitters displayed significantly higher mBDNF levels than
future non-remitters (p = 0.04). No differences were observed regarding tBDNF levels at baseline. The
multiple logistic regression model controlled for age and sex revealed that having a higher baseline
mBDNF level was significantly associated with future remission after ECT sessions (odd ratio = 1.38;
95% confidence interval = 1.07–2.02, p = 0.04). Despite the limitations of the study, current findings
provide additional elements regarding the major role of BDNF and especially the mBDNF isoform in
the clinical response to ECT in major depression.

Keywords: depression; BDNF; mature BDNF; ECT

1. Introduction

Depressive disorders are common and costly mental disorders affecting 4.4% of the
world’s population according to “Depression and Other Common Mental Disorders: Global
Health Estimates”, released by the World Health Organization (WHO, 2017) [1]. Depression
is associated with severe and persistent symptoms leading to important social impairment
and increased mortality. In the case of severe and/or treatment-resistant symptoms, patients
can benefit from electroconvulsive therapy (ECT). In such cases, ECT shows great clinical
efficacy with a remission rate of approximately 50% in patients with unipolar depressive
disorder [2]. After ECT, the persistence of residual symptoms predicts a poorer long-term
outcome [3]. Overall, patients who remain in a depressive episode have a poorer prognosis
for their medical condition and an increased use of health services [4]. In this context,
a predictive clinical or biological marker of ECT outcome would be an opportunity to
improve patient care and reduce the cost of depressive disorders for the community [5].
However, the search for a biological marker predicting the future failure or success of ECT
remains highly challenging [6,7].
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One may hypothesize that better knowledge of the biological profile of patients who
will respond may help to determine predictive markers of response. However, although
the clinical efficacy of ECT is widely accepted and documented, the mechanisms by which
ECT leads to a reduction in depressive symptoms remain unclear. Evidence suggests
that Brain-Derived Neurotrophic Factor (BDNF), a protein known to be involved in brain
plasticity mechanisms and neural survival, can play a key role in the clinical efficacy of ECT.
Preclinical studies in rodents suggested that electro-convulsive shocks (ECS) may lead to
an increase in Brain-Derived Neurotrophic Factor (BDNF) levels and BDNF mRNA in the
brain (e.g., [8]). In addition, behavioral changes induced by ECS were positively correlated
with BDNF increases [9]. In humans, the effects of ECT on BDNF levels are controversial.
Although numerous studies have shown that ECT may increase BDNF levels in patients
with treatment-resistant depression (TRD) [10], other studies have found no effect of ECT
on BDNF levels [9]. Moreover, several studies have reported that patients who were
remitters after receiving ECT had higher baseline levels of BDNF than non-remitters [11],
suggesting that baseline BDNF levels may be more important in predicting remission than
the ECT-induced modulation of BDNF [12]. However, the baseline differences between
future remitters and non-remitters have not been observed in other studies [13,14], leaving
much room for further investigation.

One of the potential confounding factors that could partly explain the controversial
results reported in the literature is that previous studies only reported peripheral total
BDNF levels. Indeed, the classical peripheral measure of BDNF, whether in plasma or
serum, includes a combination of the three isoforms of BDNF: the BDNF precursor protein
(proBDNF) and the results of its proteolytic cleavage, the mature BDNF (mBDNF) and the
BDNF prodomain (truncated). Although coexisting in varying proportions, proBDNF and
mBDNF elicit opposing effects on neurons. Through a high affinity with the neurotrophin
receptor p75 (p75NTR), the proBDNF favours long-term depression (LTD) and apoptosis.
Conversely, the mBDNF, through its high affinity with the tropomyosin-related kinase
B (TrkB) receptors, favours plasticity and long-term potentiation (LTP) mechanisms [15].
These mechanisms play important roles in several physiological functions of neurons, which
might be related to the pathology of mood disorders [16]. Although there is a constitutive
basal secretion, the BDNF release (for review see [17]) and the respective proportion of
each BDNF isoform are favoured by neuronal activation. For instance, the low-frequency
stimulation of cultured hippocampal neurons preferentially induces proBDNF secretion
leading to LTD, whereas high-frequency stimulation increases extracellular mBDNF leading
to LTP [18]. In line with results obtained in animal models [8], it was also recently observed
that the clinical effect of noninvasive brain stimulation techniques such as transcranial
direct current stimulation [19] was accompanied by a modulation of mBDNF levels. Hence,
thanks to its pro-plastic effects on the brain, one may hypothesize that mBDNF would be
more involved than other isoforms in the beneficial long-term ECT-induced clinical effects.

The current study aimed to identify a potential predictive biomarker for the clinical
efficacy of ECT treatment in patients with TRD. We hypothesized that mBDNF, given its
beneficial role on neural plasticity, might be a good candidate for predicting the efficacy
of ECT. We therefore investigated whether serum mBDNF levels measured at baseline
could predict remission in patients with TRD receiving ECT. The baseline total BDNF
level (tBDNF) corresponding to the combination of all three BDNF isoforms levels was
also investigated.

2. Materials and Methods

2.1. Participants

Patients (n = 23) were men and women, aged from 33 years to 85 years, diagnosed
with unipolar depressive disorder by the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV-TR), and currently experiencing a major depressive episode resistant to treatment
(TRD). Patients were required to have previously failed at least two adequate antidepressant
trials for at least 6 weeks at therapeutic dosage and to be committed to a therapeutic
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procedure by electroconvulsive therapy (ECT). Patients were referred to our psychiatric
unit for the treatment of patients with TRD, Le Vinatier psychiatric hospital, Bron, France
between 2016 and 2019. Patients had to have been free from previous treatment with
noninvasive brain stimulation, including ECT and repetitive transcranial magnetic (rTMS)
or electrical (tDCS) stimulation for the current episode.

The severity of symptoms was assessed using the 10-item Montgomery–Åsberg De-
pression Rating scale (MADRS10) during psychiatric interview. Patients included met the
following criteria: being older than 18 and an MADRS10 score > 22 at inclusion. Exclu-
sion criteria included neurological disease, treatment with benzodiazepine, pregnancy, the
presence of bipolar disorder type I or II and other comorbid Axis I diagnoses based on DSM-
IV-TR criteria. All subjects provided written informed consent. This study was approved by
the local ethics committee (CPP Sud EST 6, France #AU872; ANSM #2010-A01249-30). The
study was preregistered in a public database on 12 January 2016 (https://clinicaltrials.gov/
(accessed on 6 December 2021) number registration: NCT02652832).

2.2. ECT Treatment

ECT was administered two times a week. General anaesthesia was induced with intra-
venous injection of either propofol (dose range = 1–1.5 mg/kg) or etomidate (0.15–0.3 mg/kg).
Succinylcholine chloride (0.3–0.8 mg/kg) was used in order to prevent musculoskeletal
injuries that could occur following the seizure. Bitemporal or right unilateral ECT was
delivered using brief pulse stimulation (1 ms) or ultra-brief pulse stimulation (0.3 ms), respec-
tively, using a Mecta Spectrum 5000Q (Mecta Corporation, Lake Oswego, OR, USA). ECT
followed the seizure threshold titration method. ECT sessions were delivered at 6 × seizure
threshold for right unilateral and 2 × seizure threshold for bitemporal placement. The length
of seizure, measured by electroencephalogram, was kept over 20 s. Five patients received
right unilateral ECT and 16 patients received bitemporal ECT. For 2 patients, the electrode
placement was not reported in the medical record. The number of ECT sessions was deter-
mined individually on the basis of clinical observations: ECT sessions were performed until
the psychiatrist considered the therapeutic response or remission was obtained or until no
therapeutic benefit was observed (until a maximum of 20 sessions). During ECT course, the
patients kept their pharmacological treatment unchanged and no changes in medication
(dose and molecule) were allowed throughout the study period.

2.3. Clinical Assessments

The severity of symptoms was assessed at two time points, once before (baseline) and
once after the end of ECT sessions (post-ECT) with the MADRS10. Remission was defined
as a MADRS10 score < 10 [20]. The sample was divided into two groups according to their
remission status after the end of the ECT course: a group of patients who achieved criteria
for remission (remitters) and a group of non-remitters (MADRS10 > 10).

2.4. Biological Analyses

A 5 mL blood sample was collected from fasting patients before their first ECT session
(baseline) using a serum separator tube (Vacutainer SSTTM II Advance tube). After 20 min
of clotting time, the blood sample was centrifuged at 3500× g for 20 min to isolate the serum.
The serum was then collected, aliquoted and stored at <−24 ◦C until assay. Participants
were asked to avoid physical exercise, tobacco and alcohol consumption during the 24 h
prior to the experiment in order to decrease the influence of these external factors on BDNF
levels. Total BDNF and mBDNF levels were quantified by Enzyme-Linked Immunosorbent
Assay (ELISA) according to the manufacturer’s instructions (BDNF Emax® ImmunoAssay
System, Promega Corporation, Madison, USA and mature BDNF Immunoassay, Aviscera
Bioscience, Santa-Clara, USA, respectively). Briefly, serum samples were applied on pre-
coated 96-well plates and allowed to incubate for two hours at room temperature. The
reaction was stopped by stop solutions provided by the manufacturer. Plates were suc-
cessively incubated with anti-human BDNF antibodies, streptavidin-HRP conjugate and
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substrate. The amounts of tBDNF and mBDNF were determined by measuring absorbance
and calculated by comparing results with tBDNF and mBDNF curves. The absorbance
was read at 450 nm with a micro-plate reader (Perkin Elmer Wallac 1420 Victor2, Win-
pact Scientific Inc., Saratoga, CA, USA). Intertrial reproducibility was controlled with an
external standard.

2.5. Statistical Analyses

Comparisons between remitters and non-remitters were conducted using Fisher exact
tests for categorical variables and Wilcoxon rank sum exact tests for continuous variables.
Remission was a binary variable defined by an MADRS10 score of less than 10 after ECT
sessions. Results of these comparisons were used to build the multiple logistic regression
model: an alpha of 0.05 was selected as the threshold for inclusion of the variables in the re-
gression analysis. Age and sex were added to the model as control variables. As exploratory
analyses, spearman correlations were calculated to investigate the relationship between
baseline BDNF levels and changes in MADRS scores. Comparisons between responders
and non-responders were also undertaken. All statistical analyses were performed with R
(Version 4.02).

3. Results

3.1. Sample and Clinical Effects of ECT

Demographic and clinical characteristics are summarized in Table 1.

Table 1. Demographic and clinical characteristics of the sample of patients with severe treatment-
resistant major depressive disorder who received ECT.

Demographic and Clinical Characteristics

n 23
Age (years) 58.0 ± 14.6
Sex (male/female) 11/12
Education (years) 12.7 ± 4.6
MADRS10 score at baseline 37.6 ± 5.8
Illness duration (months) 212.7 ± 197.8
Current episode duration (months) 16.9 ± 12.5
Number of previous hospitalizations 2.3 ± 1.5

Results are given as mean ± standard deviation.

Patients received a mean of 14.7 ± standard deviation of 4.2 ECT sessions (range 4–20).
A significant therapeutic effect of the ECT course was observed in the whole sample, with
a mean MADRS10 score reduction of 60.2% ± 20.9 (range −25.6%/100%; p < 0.0001). The
remission rate was 30.4% (7/23 patients) and the response rate, defined as an at least 50%
decrease in MADRS score from baseline, was 60.9% (14/23 patients).

3.2. Comparison of Remitters and Non-Remitters

As previously described, the sample was divided into two subgroups according to the
remission status (MADRS10 < 10) after the ECT course. There was no significant difference
between the two subgroups with regard to sociodemographic and clinical characteristics at
baseline (see Table 2).
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Table 2. Characteristics of remitters and non-remitters before they received ECT.

Non-Remitters Remitters p Value

n 16 7
Female 9 (56.2%) 3 (42.9%) 0.7
Age 57.6 (16.7) 59.1 (9.4) 0.9
Education 13.5 (12.0, 16.5) 11.0 (9.0, 13.0) 0.2
Length of chronic depression (months) 114.0 (17.5, 330.0) 180.0 (144.0, 420.0) 0.2
Length of the actual episode (months) 12.0 (6.0, 18.5) 24.0 (7.5, 30.0) 0.4
Number of past hospitalizations 2.0 (1.0, 3.0) 2.0 (1.5, 3.0) >0.9
MADRS10 (baseline) 39.0 (35.8, 42.2) 34.0 (31.5, 37.5) 0.13
Number of ECT 15.5 (14.0, 19.2) 12.0 (11.5, 14.5) 0.08
Delta MADRS10 post ECT/baseline −19.0 (−22.2, −13.8) −29.0 (−35.5, −23.0) 0.005
Baseline total BDNF (ng/mL) 22.78 (18.62, 31.73) 31.04 (25.94, 34.62) 0.2
Baseline mature BDNF (ng/mL) 11.45 (8.28, 14.26) 14.41 (13.28, 18.41) 0.047
Associated medication

First generation antipsychotic 26% 21.70% ns
atypical antipsychotic 26% 0% ns
Other antipsychotic 8.70% 8.70% ns
SNRI 17.40% 13% ns
SSRI 17.40% 0% ns
Hydroxyzine 13% 8.70% ns
Tricyclics 17.40% 0% ns

Results are given as median (IQR); mean (SD); n (%); p-value: Wilcoxon rank sum exact test; Wilcoxon rank sum
test; Fisher’s exact test; SNRI: norepinephrine reuptake inhibitor; SSRI: selective serotonin reuptake inhibitor.

The two subgroups significantly differed in their mBDNF levels (p = 0.047), but not
in their total BDNF levels (p = 0.2), with remitters showing significantly higher baseline
mBDNF levels than non-remitters (Figure 1). We therefore conducted an exploratory
multiple logistic regression model analysis of association between future remission and
baseline mBDNF levels (see Section 3.3).
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Figure 1. Comparison of mBDNF and tBDNF levels between patients who met the criteria for
remission (remitters) or not (non-remitters) following a course of ECT. Centre lines show the medians;
box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend
1.5 times the interquartile range from the 25th to 75th percentiles, outliers are represented by dots;
crosses represent sample means; data points are plotted as open circles. n = 16, 7, 16, 7 sample points.
ns: non-significant, *: p < 0.05.
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There was no correlation between changes in MADRS10 scores and mature BDNF
(rho = 0.035, p (2-tailed) = 0.874) or total BDNF (rho = 0.016, p (2-tailed) = 0.943).

No differences were observed between responders and non-responders regarding total
and mature BDNF levels (with response defined as an at least 50% reduction in MADRS10
scores from baseline).

3.3. Association between Baseline mBDNF Levels and Future Remission

The exploratory multiple logistic regression model with age and sex (see Table 3)
revealed that having a higher baseline mBDNF level was significantly associated with
future remission after ECT sessions in patients with TRD (odds ratio (OR) = 1.38; 95%
confidence interval (CI) = 1.07–2.02, p = 0.040).

Table 3. Results of the multiple logistic regression model investigating the relationship between
mBDNF at baseline and remission after ECT. 1 OR = odds ratio, CI = confidence interval.

Characteristic OR1 95% CI 1 p-Value

mBDNF baseline 1.38 1.07–2.02 0.04
Age 1.01 0.92–1.11 0.8
Sex Female — —

Male 6.29 0.51–162 0.2

The multivariate analysis without sex as a covariate indicated a trend toward a signifi-
cant association between mBDNF and remission (OR 1.26 (95% CI 1.03–1.69; p = 0.053)),
with no significant effect of age (OR 1.03 (95% CI 0.96 −1.12; p = 0.4)).

4. Discussion

The aim of the current study was to investigate whether baseline BDNF levels were
associated with ECT outcomes in patients with unipolar TRD, and to look for an early
biomarker of responses in this population. We reported that remission of depression
after ECT treatment is significantly associated with a higher level of mBDNF at baseline,
with no influence of both age and sex. No significant associations with tBDNF levels and
remission were observed. These results suggest that high levels of mBDNF are required at
baseline to obtain a clinical effect of ECT, highlighting the pivotal role of mBDNF in ECT
biological mechanisms.

The current results are in line with studies reporting that BDNF is involved in the
response to antidepressant treatment, and especially to antidepressant drugs [21–25]. As
observed in the current study with mBDNF, higher levels of tBDNF pre-treatment were
observed in future responders to SSRI as compared with non-responders [21]. It has also
been reported that antidepressant treatments can increase BDNF levels and that BDNF
level variation was correlated with clinical improvement [22]. Interestingly, retrospective
studies showed that, after 2 weeks of treatment, the early non-improvement of depressive
symptoms was a specific marker of final treatment failure [23] and that early changes
in BDNF levels may predict the pharmacological treatment outcome [24,25]. Here, only
baseline BDNF measures were investigated, and further studies are needed to investigate
whether BDNF isoform proportions are modified throughout the ECT course and how
early changes in BDNF isoform proportion might predict ECT clinical efficacy.

The current results are also in line with the neurotrophic hypothesis of depressive
disorders postulating that depressive symptoms are associated with reduced brain plas-
ticity [26] and that mBDNF is especially involved as compared with other isoforms [27].
BDNF is a member of the neurotrophin family of growth factors produced by neurons es-
sential for neurogenesis during development by promoting the survival and differentiation
of neurons [28], especially through its mature isoform through TrkB receptor signalling
pathways. mBDNF is essential for effective synaptic plasticity in adulthood: it participates
in adult neurogenesis regulation mechanisms, LTP mechanisms and promotes axonal and
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dendritic arborization growth (for review see [29]). These mechanisms allow for neu-
ronal connection modulation within existing networks and facilitate the transmission of
information. The present results highlighting the role of mBDNF in the response to ECT in-
directly corroborate the major role of TrkB receptors in both depression and antidepressant
therapies in patients with difficult-to-treat depression. Indeed, in animal models, it has
been reported that the mBDNF/TrkB signalling pathway is activated following repeated
sessions of ECS, while pro BDNF is not altered [30]. Moreover, TrkB-dependent neuronal
differentiation has been reported to play a key role in the long-term antidepressant effects
of novel antidepressant therapy such as ketamine [31]. The complex interaction between
ECT and ketamine (e.g., [32]) needs further investigation to decipher the role of BDNF
signalling pathways in antidepressant therapies and their combination for patients with
difficult-to-treat depression. Moreover, BDNF modulates the activity of various neuro-
transmitters involved in the pathophysiology of depressive disorders such as glutamate,
GABA, serotonin and dopamine. Current results highlight that BDNF, and particularly its
mature form, is essential to allow the ECT biological effect on brain plasticity leading to
clinical outcome. However, the relationship between the biological effects of ECT on neural
activation [18] and BDNF isoform secretion needs further investigations.

Strikingly, the remission rate observed in the current study (n = 7, 30%) was below
the expected values reported in the literature (e.g., between approximately 50% [2] and
more than 80%, [33] depending on studies). However, it is consistent with remission rates
observed in populations of patients with more severe depression, as it is in our sample [34].
Some other limitations should be acknowledged. First, we have no measurement of
peripheral proBDNF levels; only total BDNF and mature BDNF were analysed in the
current study, whereas it has been reported that proBDNF levels may have an influence,
for instance, on the clinical effect of SSRI [35]. We also have not investigated the influence
of BDNF-Val66Met-polymorphism status of participants on the current results. However,
several studies have reported that BDNF-Val66Met polymorphism did not influence the
clinical effects of ECT [14,36]. At a statistical level, the size of the sample and the small
number of remitters after the ECT course made the estimate of the standard deviations
of the coefficient associated with sex unstable in the logistic regression model. Therefore,
the current results should be taken as exploratory and require a larger cohort reducing the
sampling fluctuations impacting the model to be confirmed, especially because significance
was not reached when sex was not entered as a covariate in the regression model. Moreover,
in the current study, we measured peripheral BDNF that may not directly reflect fluctuations
of BDNF in the brain. However, BDNF crosses the blood brain barrier and peripheral levels
are correlated with the central rate [37]. In addition, peripheral BDNF levels correlated
with depression severity: the lower the BDNF level, the greater the severity [38]. Peripheral
BDNF levels are decreased in patients with depression compared with non-depressed
participants as well as BDNF mRNA levels in distinct cortical areas [39–41].

The impacts of concurrent medication during the ECT course and illness duration
are of major importance. Despite that no differences were observed in the current study
between remitters and non-remitters when medication was expressed in the percent of
patients taking some medication class or not, one can wonder whether medication load
in terms of dose, molecule and duration may impact both ECT clinical effects and BDNF
levels. Although the size of the sample and the pilot nature of the current study did
not allow us to investigate these points, we encourage further research to address these
questions and establish a more accurate prediction of response to ECT based on BDNF
levels, medication load (in terms of class of molecule (e.g., [42]), dose and duration) and
individual characteristics (such as anatomical features e.g., [43]). In the current study, five
patients received right unilateral ECT (that has been associated with fewer cognitive side
effects but lower clinical effect, e.g., [44]) and 16 received bitemporal stimulation. The
effect of the electrodes’ placement was not investigated in the current study but requires
further investigation. However, a meta-analysis reported a significant association between
electrode placement and ECT-induced BDNF changes [10].
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5. Conclusions

Despite the limitations of the study in terms of sample size and lack of pro BDNF level
investigation, the current findings provide additional elements regarding the major role of
mBDNF in the clinical response to ECT in patients with TRD. One may hypothesize that
higher mBDNF levels are required for patients to achieve remission. Activities that allow
BDNF levels in the brain to increase before entering an ECT course should be encouraged.
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Abstract: Theta-burst stimulation (TBS) is a form of repetitive transcranial magnetic stimulation
(rTMS) developed to induce neuroplasticity. TBS usually consists of 50 Hz bursts at 5 Hz intervals. It
can facilitate motor evoked potentials (MEPs) when applied intermittently, although this effect can
vary between individuals. Here, we sought to determine whether a modified version of intermittent
TBS (iTBS) consisting of 30 Hz bursts repeated at 6 Hz intervals would lead to lasting MEP facilitation.
We also investigated whether recruitment of early and late indirect waves (I-waves) would predict
individual responses to 30 Hz iTBS. Participants (n = 19) underwent single-pulse TMS to assess MEP
amplitude at baseline and variations in MEP latency in response to anterior-posterior, posterior-
anterior, and latero-medial stimulation. Then, 30 Hz iTBS was administered, and MEP amplitude
was reassessed at 5-, 20- and 45-min. Post iTBS, most participants (13/19) exhibited MEP facilitation,
with significant effects detected at 20- and 45-min. Contrary to previous evidence, recruitment of
early I-waves predicted facilitation to 30 Hz iTBS. These observations suggest that 30 Hz/6 Hz iTBS
is effective in inducing lasting facilitation in corticospinal excitability and may offer an alternative to
the standard 50 Hz/5 Hz protocol.

Keywords: transcranial magnetic stimulation; motor evoked potentials; theta-burst stimulation;
neuroplasticity

1. Introduction

Theta Burst Stimulation (TBS) is a form of repetitive transcranial magnetic stimulation
(rTMS) introduced in the mid-2000s by Huang et al. [1]. The original TBS protocol was
based on animal studies showing that application of burst at a high rate (50–100 Hz) re-
peated at a low rate in the theta rhythm (4–7 Hz) induced long-term potentiation in the
rodent’s motor cortex or hippocampus [2]. In their study, Huang et al. [1] demonstrated
that a combination of 20 cycles of 50 Hz bursts repeated every 200 ms (i.e., 5 Hz) was
effective in inducing lasting modulation in corticospinal excitability, as reflected in the am-
plitude of motor evoked potentials (MEPs). TBS tends to produce MEP suppression when
delivered continuously for 40 s (600 pulses), whereas facilitation is observed when TBS is
delivered intermittently (2 s ON, 8 s OFF) for 192 s. Following the original publication of
Huang et al. [1], most subsequent TMS studies used the same combination of burst fre-
quency (50 Hz) and inter-burst interval (5 Hz) to investigate TBS effects, this combination
becoming some sort of ‘standard’ in the field [3,4].

While TBS protocols show promise as a therapeutic tool in neurological and psychiatric
disorders [5], notably for symptomatic relief of major depression [6,7], their use in clinical
settings remains limited by the considerable variability of responses both within and
between individuals [8,9]. Among the many factors contributing to this variability, the use
of non-optimal stimulation parameters (e.g., intensity, bursts, and inter-bursts frequency)
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has been pointed out as a contributing factor [3]. As stressed earlier, most investigators
have relied on the 50 Hz/5 Hz standard to investigate TBS effects without considering
whether such a pattern might be optimal. Only a minority of investigators have considered
modifications to the ‘standard’ to determine whether altering TBS parameters could lead to
more robust aftereffects. In this respect, Goldsworthy et al. [10], based on observations by
Nyffeler et al. [11] regarding the effects of 30 Hz TBS on the oculomotor system, propose
a modification to the original TBS protocol described by Huang et al. [1]. In their report,
Goldsworthy et al. [10] showed that TBS delivered using a combination of 30 Hz bursts
repeated at 6 Hz in the continuous mode evoked longer-lasting MEP suppression than
50 Hz/5 Hz protocol. Subsequent studies have provided further evidence regarding the
effectiveness of the 30 Hz bursts in modulating corticospinal excitability [12–14]. However,
much of this evidence has come from studies using the continuous mode, leaving the
question of whether similar effects could be obtained with the intermittent mode. To our
knowledge, only two studies reported on the effect of 30 Hz iTBS. Wu et al. [14] showed
that 600 pulses of iTBS consisting of 30 Hz bursts repeated at 5 Hz intervals were effective
in inducing MEP facilitation up to 10 min in healthy adults, while Pedapati et al. [15]
made similar observations in children using the same iTBS parameters but for 300 pulses.
Thus, while there is still limited data regarding the effects of 30 Hz bursts, the modified
iTBS seems to be effective as the standard in modulating corticospinal excitability. In a
recent systematic review of TBS effects, Chung et al. [3] concluded that, although there was
evidence to suggest that 30 Hz TBS might produce more persistent and larger effects than
50 Hz TBS, more studies were required to validate its reliability.

In the present study, our goal was to seek further evidence for the effectiveness of
30 Hz TBS in inducing lasting modulation in corticospinal excitability. More specifically,
we sought to determine whether the modified 30 Hz/6 Hz TBS protocol proposed by
Goldsworthy et al. [10] would lead to lasting MEP facilitation when used in the intermittent
mode. Our investigation also sought to determine whether individual differences in the
recruitment of cortical interneurons in response to TMS would predict responses to 30 Hz
iTBS, as reported by Hamada et al. [16]. To this end, we collected MEPs in response to
anterior-posterior (AP), posterior-anterior (PA), and latero-medial (LM) stimulation to
assess differences in MEP latency as an index of individual susceptibility to recruit early or
late indirect waves (I-waves) in response to TMS.

2. Methods

2.1. Participants

Our initial recruitment targeted 30 participants based on a power analysis using the
standardized mean difference of 0.71 for iTBS aftereffects reported by Chung et al. [3].
However, due to the COVID-19 pandemic restrictions, we could reach only 70% of our target.
Thus, our sample consisted of 21 healthy adults (15 females; mean age, 25.3 ± 4.8 years; range,
19–40 years). All participants but three were right-handed, as determined with the Edinburg
Hand Inventory. Before testing, participants were screened with a questionnaire to ensure
they had no prior or current health conditions (e.g., multiple sclerosis, history of recent hand
trauma or nerve injuries) that could interfere with our measures and for contraindications
to TMS. The study procedures were approved by the institutional research ethics boards
(Bruyère Protocol # M16-20-009; Ottawa Office of Research Ethics and Integrity, protocol#
H-10-20-6523) and all participants provided written informed consent before participation.
Because of the COVID-19 pandemic, participants were required to wear procedural masks
during testing sessions to comply with mandatory safety procedures, while investigators
were required to wear masks and visual shields.

2.2. Experimental Protocol

Figure 1 shows a schematic of the experimental protocol. Participants first underwent
single-pulse TMS with the coil in the standard orientation (PA) to determine MEP ampli-
tude at Time 0 (Baseline). Then, MEPs were elicited with the coil placed in the different
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orientations (i.e., AP, LM, PA) to assess differences in latency. Afterward, the 30 Hz iTBS
protocol was administered. Within 5 min after iTBS, participants provided reports regard-
ing tolerability and rated pain associated with the stimulation protocol with the visual
analog scale (VAS). Then, MEPs were elicited at three specific time points post-iTBS (i.e., 5-,
20- and 45-min) to assess changes in corticospinal excitability:

Figure 1. Schematic representation of the experimental protocol. Participants first underwent monophasic single-pulse
TMS to assess corticospinal excitability at baseline. Then, single-pulse TMS was applied to assess latency differences
for MEPS elicited with the coil placed in different orientations: Anterior-Posterior (AP), Posterior-Anterior (PA), and
Latero-Medial (LM). Afterward, participants received the modified 30 Hz/6 Hz intermittent theta-burst protocol (iTBS,
600 pulses, intensity 80% of the active motor threshold (aMT). Changes in corticospinal excitability after iTBS were measured
at specific post-intervention times: 5-, 20- and 45-min. The intensity used to test corticospinal excitability at baseline and
post-iTBS was set at 130% of the resting motor threshold (rMT).

2.3. Baseline Assessment of Corticospinal Excitability

Corticomotor excitability was assessed with participants seated in a recording chair
with armrests. The right hand rested flat on a small wooden plate with two protruding
rods to delimit the index and thumb finger position. Single-pulse TMS was delivered
to the left hemisphere using a focal coil connected to a Magstim® BiStim2 stimulator
(Magstim Co., Whitland, UK). To assist in coil positioning, participants were fitted with a
Waveguard™ TMS compatible cap (ANT North America Inc., Philadelphia, PA, USA) and
wore a U-shaped neck cushion to minimize head movements. The stimulation targeted
the representation of the right first dorsal interosseus (FDI) muscle. The FDI hot spot
was located by stimulating the approximate area on the left hemisphere at a relatively
high intensity (e.g., 50% stimulator output) until MEPs could be evoked. The intensity
was then decreased, and the area was further explored in 1-cm steps (anterior-posterior,
mediolaterally) while stimulating to pinpoint the location. This site was then marked with
a round 1-cm sticker to ensure consistent coil positioning. MEPs were recorded using
Delsys surface sensors (DE-2.1, Boston, MA, USA). Amplification (gain = 1000) and filtering
(bandwidth, 6–450 Hz) were performed via a Bagnoli™ 4 System (Delsys Inc., Boston, MA,
USA). Electromyographic signals were digitized at a rate of 2 kHz via custom software on
a PC equipped with an acquisition card (PCI-63203; National Instrument Corp., Austin,
TX, USA). Each trial consisted of a 300 ms duration acquisition window with TMS pulses
delivered at 150 ms. Resting and active motor thresholds (rMT, aMT) were determined
using the Motor Threshold Assessment Tool software (MTAT 2.0; Clinical Researcher,
Knoxville, TN, USA), which allows fast and reliable thresholds estimations with a minimal
number of stimuli [17]. The MTAT software relies on the maximum likelihood strategy to
estimate motor thresholds and involves a pre-set stimulation pattern with the assumption
of response failure (MEP absent) for a subthreshold intensity and a success (MEP present)
for a supra-threshold intensity. In this study, MEPs > 50 µV were used to determine
response success for the rMT, whereas MEPs > 200 µV were used to determine response
success for the aMT. At Time 0, baseline corticospinal excitability was assessed by applying
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single pulses with the BiStim2 at an intensity equivalent to 130% rMT with 5–10 s intervals
between pulses.

2.4. Assessment of MEP Latency with Different Coil Orientations

Following the baseline assessment, single-pulse TMS was performed with the coil
placed in three orientations to estimate the recruitment of direct and indirect waves (D-
wave and I-waves) [16]. Before testing, the aMT was determined with the MTAT software
while participants exerted a light static contraction (about 10% of their maximal) of the
right FDI by pushing against the protruding rod with the index finger. The stimulator
intensity was set at 110% aMT for MEPs elicited with the coil positioned in the standard
PA orientation (i.e., the handle pointing 45◦ backward). For the AP orientation (handle
pointing 45◦ forward) and LM orientations (handle pointing downward), the stimulation
intensity was increased to 140% aMT to ensure recruitment of D-wave (LM stimulation)
and late I-waves (AP stimulation). For AP and PA stimulations, 15 MEPs were recorded,
whereas ten were recorded for LM stimulation. These numbers were deemed sufficient to
provide a reliable estimate of the onset latency of MEPs [18]. The order of testing with the
different coil orientations was counterbalanced across participants.

2.5. Modified 30 Hz/6 Hz iTBS Protocol

For iTBS, participants were moved to another chair to allow for the rTMS application.
The 30 Hz iTBS was delivered using a Magstim®Rapid2 stimulator (Magstim Co., Whitland,
UK) connected to a focal high-efficiency coil (D702, Magstim Co.). Before application, the
aMT was reassessed to account for the differences between stimulators and coils (i.e.,
BiStim2 monophasic pulses versus Rapid2 biphasic pulses). Once the aMT was determined,
the stimulator intensity was set at 80% aMT in line with safety recommendations for TBS
applications targeting the motor cortex [19]. The iTBS was delivered over the hand motor
area and consisted of 10 trains of 30 Hz 3-pulse bursts applied at 6 Hz interval and repeated
every 10 s (1.7 ON, 8.3 s OFF) for a total of 20 cycles (600 pulses over 192 s).

2.6. Post-iTBS Changes in Corticospinal Excitability, Safety and Tolerability

Following the iTBS protocol, participants were quickly returned to the recording chair
for single-pulse TMS. During the time between the end of the iTBS session and the first post-
iTBS time point, participants completed an rTMS adverse events questionnaire to assess
safety and tolerability. Participants were asked to rate on a scale of 0 to 5 (none, minimal,
mild, moderate, marked, severe) if they experienced any of the following symptoms
after the intervention: headache, scalp pain, arm/hand pain, other pain, other sensations
(e.g., tingling, burning), weakness, loss of dexterity, vision/hearing changes, ear ringing,
nausea/vomiting, rash/skin changes, or others. The pain and discomfort associated with
iTBS were also rated using the visual analog scale (VAS). At 5-, 20- and 45-min post iTBS,
MEPs (n = 15) were elicited (130% rMT) to assess changes in corticospinal excitability.

2.7. Analysis of MEP Data

Analysis of MEP characteristics in terms of amplitude and latency was performed
offline by the same investigator (KH) using custom software. MEPs were analyzed by
first superimposing MEP traces recorded at each time point and testing condition. Then,
mean peak-to-peak amplitude (mV) and latency (ms) were determined by visual inspection.
Individual means for latency and amplitude were then reported in the database for further
analysis. As mentioned earlier, individual susceptibility to recruit early and late I-waves in
response to single-pulse TMS was assessed by computing the latency differences between
MEPs recorded with AP stimulation and those recorded with LM or PA stimulation [16].
The latency difference was determined by subtracting the mean AP latency from the LM
latency (i.e., AP-LM, but see below).
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2.8. Analysis of Responses to iTBS

In line with previous studies [9,20], MEP amplitude was normalized to identify
individuals who responded to the modified 30 Hz protocol. Specifically, responders and
non-responders were operationally defined using a cut-off of ±10% from MEPs recorded at
baseline (Time 0). MEP amplitude in mV recorded at each time point post-iTBS (i.e., Time
1, 2, and 3) was averaged to get a grand average. Then, MEP ratios were computed by
expressing the grand average in percent relative to baseline (i.e., MEPgrand avg/MEPbaseline)
x 100). Using the 10% cut-off, individuals showing facilitation (i.e., MEP ratio > 110%) were
considered responders, while those showing either suppression (i.e., MEP ratio < 90%) or
no modulation (i.e., 90% < MEP < 110%) were classified as non-responders.

2.9. Statistical Analysis

D’Agostino-Pearson’s test revealed that amplitude data at specific intervals post-
iTBS were not normally distributed (Time 2, Time 3). As suggested by Nielsen [21],
amplitude data were log-transformed to normalize the distributions. MEP log-amplitude
data were then entered into a one-way repeated measure analysis of variance (ANOVA)
with Time (0,1,2,3) as the repeated factor. Dunnett’s post-test was used for post hoc
comparisons. The influence of biological sex was not considered in this analysis, for
our sample of participants consisted mainly of females (13/19). Also, there is evidence
that sex differences have little influence on neuromodulation induced by non-invasive
brain stimulation protocols [22]. Latency data were normally distributed and did not
need transformation. A one-way repeated measures ANOVA was performed on latency
data to compare differences at the different coil orientations (AP, PA, and LM) using
Tukey’s post-test for post hoc comparisons. Finally, a linear regression analysis was
performed to determine whether latency differences predicted MEP modulation following
iTBS. The level of significance was set at 0.05 for all tests. For ANOVA results, besides F and
p-values, we also report partial eta squared (η2) as an index of the size of the intervention
effect. All statistical tests and graphs were produced using GraphPad Prism version 9.0 for
Windows™ (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Baseline Measures of Excitability and Latency Differences

Of 21 participants, 19 (13 females) completed the protocol without issues. Two female
participants had to be excluded after experiencing minor adverse reactions (i.e., lightheaded,
nauseous) to single-pulse TMS. At baseline, the average rMT was 44.1 ± 8.8%, and the mean
MEP amplitude was 1.1 ± 0.8 mV. The average aMT, as determined with the BiStim2

stimulator, was 33.0 ± 5.7%. Figure 2a shows the distribution of latency values measured
with the different coil orientations. As expected, participants exhibited shorter MEP
latencies in response to LM stimulation when compared to either PA or AP stimulation
(respective mean, 19.8, 20.8, 23.0 ms). The ANOVA confirmed that latencies differed
significantly at the different coil orientations (F2,36= 22.3, p < 0.001, η2 = 0.55). Post-
hoc comparisons indicated that latencies measured with LM and PA stimulation were
significantly shorter than those measured with AP stimulation (Tukey’s post-test, p < 0.001).
However, there was no difference between LM and PA stimulation (p = 0.19) (Figure 2a).
The latter finding reflected the fact that some participants (n = 4) exhibited a shorter latency
with PA than with LM stimulation. In those cases, the PA latency was used to compute the
differences. The frequency distribution of latency differences (i.e., AP-LM/PA) computed
across all participants is shown in Figure 2b. As evident in the figure, participants exhibited
a relatively wide range of latency differences (1–7.5 ms) with a median difference at 3.5 ms.
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Figure 2. (a) Distribution of MEP latencies observed at the different coil orientations. Note that latencies measured using
the AP orientation were significantly longer than those measured with either the LM or PA orientation (*** p < 0.001,
**** p < 0.0001). (b) Violin plot illustrating the frequency distribution of latency differences (AP-LM\PA) computed in all
participants (b). The dashed line in the plot corresponds to the median (3.5 ms), while the upper and lower dotted lines
correspond to the quartile.

3.2. Tolerability and MEP Modulation in Response to iTBS

Only mild adverse events were reported in association with the iTBS protocol. About
three-quarters of the participants (14/19) experienced mild side-effects (ratings 1–3/5),
mainly during the application in the form of scalp sensitivity (7/19), headache (6/19), and
tingling or burning sensations (7/19). Most participants reported little to no pain (mean
VAS score, 1.1 ± 1.5 cm), although one participant did report significant pain (VAS score,
6 cm). This elevated VAS score was likely related to the intensity used for iTBS in this
participant who exhibited an unusually high aMT (67%).

Regarding MEP modulation, the distribution of individual MEP log-amplitude mea-
sured at each time point before and after iTBS is shown in Figure 3. It can be seen that
MEPs tended to be enhanced post-iTBS with greater enhancement at 20 and 45 min. The
ANOVA confirmed that Time (F3,54 = 4.3, p = 0.009, η2 = 0.19) had a significant effect on
MEP amplitude with post-hoc comparisons pointing to significant differences from baseline
(Time 0) at 20- and 45-min post (Dunnett’s post-test, p = 0.01 and p = 0.007, respectively).
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𝜂

Figure 3. Distribution of individual MEP log-amplitude measured across the different time points
relative to iTBS application. MEP-log amplitude measured at 20- and 45-min post-iTBS were signifi-
cantly different (** p < 0.01) from those measured at baseline (i.e., Time 0).

3.3. Variability of Individual Responses

Although many participants exhibited the expected MEP facilitation post-iTBS, some
variability was observed. This variability can be appreciated by inspecting Figure 4a, where
individual changes in normalized MEP amplitude relative to baseline are shown across
the different time points post iTBS. Of 19 participants, 68% (n = 13) were classified as
responders (range, 112–388%), while the remaining 32% (n = 6) were classified as non-
responders showing either suppression (n = 3, range, 65–73%) or no modulation (n = 3,
range, 96–104%). Typical examples of MEP modulation in responders and non-responders
following iTBS are shown in Figure 4b.

3.4. Latency Differences as Predictors of Responses to iTBS

Figure 5a shows the relationship between individual latency differences and corre-
sponding normalized MEP amplitude in response to iTBS. This relationship was inverse,
with large latency differences associated with no modulation or depression, while small
ones were associated with facilitation. The linear regression analysis revealed that latency
differences were significant predictors of responses to iTBS, accounting for 24% of the
variance in MEP amplitude (r2 = 0.24, p = 0.03). To further examine the inverse nature
of the association, participants were regrouped based on the median latency difference
into an ‘early I-waves’ (n = 11, Difference < 3.5 ms) and a ‘late I-waves’ (n = 8, Difference
> 3.5 ms) group [23,24]. As shown in Figure 4b, the early I-waves group tended to show
larger MEP facilitation on average when compared to the late I-waves group. However,
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the difference was not significant when compared with the Mann-Whitney test (U = 32,
p = 0.31), given the variability and the small number of observations in each group.

Figure 4. (a) Individual changes in MEP amplitude, when normalized relative to baseline, across the
different time points post-iTBS. (b) Examples of MEP modulation recorded in response to 30 Hz iTBS.
Facilitation (MEP > 110%) was observed in most (13/19) participants, while a minority exhibited
either suppression (MEP < 90%, n = 3) or no modulation (90 < MEP < 110, n = 3).

Figure 5. (a) Relationship between latency differences measured in participants and corresponding normalized MEP
amplitude in response to iTBS. (b) Comparison of MEP amplitude modulation post-iTBS in participants exhibiting ‘Early’
(n = 9) versus ‘Late’ I-waves recruitment. The two groups were split based on the median latency difference (i.e., Early
group, differences < 3.5 ms; Late group, differences > 3.5 ms).

4. Discussion

In the present study, we sought further evidence regarding the effectiveness of a
modified 30 Hz/6 Hz TBS protocol in the intermittent mode to induce lasting modulation
facilitation of MEPs. Our results showed that the modified iTBS protocol effectively facili-
tated MEPs for up to 45 min post-stimulation. Further to this, our analysis of responders
showed that these effects were relatively consistent, with more than two-thirds of the par-
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ticipants exhibiting the MEP facilitation. Our regression analysis also revealed that small
latency differences were associated with facilitation, a finding contrasting with previous
reports. In the following discussion, we will address the significance of these findings for
the applications of iTBS protocols in experimental and clinical settings.

4.1. Corticospinal Excitability and Latency Differences at Baseline

At baseline, our group of participants exhibited the expected variations in rMT and
MEP amplitude for adults in their age range (19–40 years). More specifically, both the
average rMT (mean, 43%) and MEP amplitude (mean, 1.1 mV) were in line with previous
reports on the reliability of measures of corticomotor excitability [18,23]. The range of la-
tencies measured in our participants in response to stimulation at different coil orientations
was comparable to that reported in previous studies [25,26]. The observation that some
participants (4/19) exhibited a shorter latency with PA stimulation than with LM stimula-
tion may have reflected individual differences at the anatomical or physiological level in
the ability of TMS pulses to recruit D-wave or I1 wave [27]. At any rate, the observed range
of latency differences (1–7.5 ms) corresponded with that reported by Hamada et al. [16].

4.2. Tolerability, MEP Modulation and Variability of Responses to 30 Hz iTBS

Regarding tolerability, the 30 Hz iTBS protocol was well tolerated by our group of
participants, and, more importantly, no serious adverse events were reported. While two
participants had to be excluded, these exclusions were related to vaso-vagal reactions after
experiencing single pulse stimulation, which is uncommon but can happen in susceptible
individuals [28]. We surmised that these reactions were partly attributable to the pandemic
context and that participants had to wear masks during testing. Concerning the iTBS
protocol, while many participants (74%) reported adverse events, these were generally
mild and consisted of the expected side effects of rTMS applications (i.e., headache, scalp
pain, and craniofacial discomfort). The overall level of pain perceived in association with
the iTBS session was lower (mean, 1-cm) than that reported by Malm et al. [29] following
50 Hz/Hz iTBS in a group of clinically depressed patients (median VAS of 4 cm). However,
in this study, iTBS targeted the prefrontal cortex for a total of 2400 pulses and at 90% rMT,
which may have accounted for the higher pain ratings. In the present study, only one
participant did report a high level of pain. As mentioned, this report was linked to high
intensity of stimulation during iTBS, confirming that intensity is the main factor driving
pain and discomfort during rTMS interventions.

Our analysis following the modified iTBS protocol showed that MEPs were facilitated
for up to 45 min post-stimulation. The observation that significant facilitation was detected
at 20 and 45-min post-iTBS and not at 5 min is consistent with a recent meta-analysis by
Chung et al. [3]. In analyzing the results of 87 iTBS studies, these authors concluded that
iTBS facilitatory effects on MEPs were more significant at mid-time points (20–30 min) than
early time-points (<5 min) post-intervention. However, these authors also noticed that iTBS
effects were more variable at later time points (i.e., >30 min post), which contrasts with the
strong facilitation we detected at 45 min. On the other hand, another recent quantitative
review by Wischnewski and Schutter [30] concluded that iTBS increases excitability for up
to 60 min, consistent with our current observation. Regarding the magnitude of facilitation,
on average, MEPs were enhanced by about 40% over baseline (mean 143%), an increase
larger than that reported by Wischnewski and Schutter [30] in their quantitative review
of iTBS effects. This observation reinforces our contention that the 30 Hz protocol elicited
strong MEP facilitation. In agreement with this, Pedapati et al. [15] reported similar large
effects (up to a 1.5-fold increase in MEP size) in children and adolescents in response to
300 pulses 30 Hz iTBS. Thus, in line with other recent reports on 30 Hz iTBS, our modified
iTBS protocol seemed highly effective in eliciting lasting MEP facilitation with an overall
increase in corticospinal excitability above the level reported in previous studies using the
50 Hz standard protocol.
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Regarding variability, much like other iTBS reports, not every participant exhibited
the expected facilitation following 30 Hz iTBS. As stated earlier, inter-individual variability
has been a lingering issue in TBS studies for more than a decade now, with a growing
number of studies reporting no change in cortical excitability or an “opposite” effect to
what is expected [31]. To our knowledge, only one recent study has observed a similar rate
of facilitatory responses (i.e., 68%; Guerra et al. [32] following standard iTBS. Most studies
using the standard 50 Hz iTBS protocol have reported much lower response rates, including
McCalley et al. [33], who recently reported only 33% of responders. It may be argued that
high inter-individual response variability will persist regardless of the TBS protocol used in
terms of bursting frequency and inter-burst intervals. For instance, protocols used to induce
LTP and LTD in animal models are far more precise than rTMS protocols in the human
scalp, which are more diffuse, leading to activation of large cortical networks comprised of
a greater variety of cell types. Likewise, in vitro experiments on slices suggested a blurred
line between LTP and LTD, as both responses can be induced using identical stimuli on
different parts of the neuron or under different experimental conditions [34–37]. Thus, the
variability of response to TBS and other rTMS protocols may reflect the natural properties
of cortical networks and underlying physiological mechanisms [38–41]. A detailed under-
standing of these sources of variably could provide a basis for altered response to TBS in
several neurological disorders. It will aid in designing more optimal interventions tailored
to the individual.

4.3. Predictors of Responses to iTBS from Latency Differences

The present study found an inverse relationship between iTBS aftereffects in MEP
modulation and latency differences. Participants with small latency differences tended
to show MEP facilitation, while those with large differences tended to show suppression
or no modulation. Such a relationship contrasts with the positive association reported
by Hamada et al. [16], who found that the larger the latency difference and the greater
likelihood of recruiting late I-waves, the greater the MEP facilitation in response to iTBS.
Before interpreting this apparent contradiction, it is essential to emphasize that not all TBS
studies have found the positive relationship reported by Hamada et al. [16]. For instance,
Hinder et al. [9] found no association between large latency differences (i.e., >4 ms) and
MEP facilitation following 50 Hz iTBS. In fact, in their report, 75% of the participants
exhibiting MEP facilitation following iTBS exhibited small AP-LM latency differences
(<4 ms), which is somewhat in line with the present observation linking MEP facilitation
with small latency differences. More recently, Rocchi et al. [42], in exploring predictors
of responses to cTBS, found no correlations between AP-LM latency difference and cTBS
aftereffects. Thus, not all studies agree with the notion that preferential recruitment of
late I-waves, as reflected in large AP-LM differences, are predictive of positive responses
to iTBS. The inverse relationship we found between AP-LM/PA latency differences and
MEP modulation suggests that preferential recruitment of early I-waves was likely an
important factor in mediating the aftereffects of 30 Hz iTBS. Although speculative, it is
conceivable that for the 30 Hz/6 Hz protocol, the recruitment and modulation of early
I-waves might be more critical than for 50 Hz/5 Hz iTBS. In this respect, it is worth noting
that the superiority of the 30 Hz over the 50 Hz TBS protocol was initially described for
cTBS. Indeed, Goldsworthy et al. [10] showed that the 30 Hz cTBS protocol induced more
significant and longer-lasting depression in MEPs. Given that the inhibitory effects of
cTBS are thought to involve a reduction in the excitability of circuits generating early
I-wave [43], it is tempting to suggest that 30 Hz/6 Hz combination might be more efficient
in modulating early I-waves. Recruitment of early I-waves has also been implicated in
other facilitation-inducing TMS paradigms. For instance, Di Lazzaro et al. [44] showed
that modulation of I1 wave was critical in determining the magnitude of short-interval
intracortical facilitation (SIFC), a form of facilitation observed when two TMS pulses at or
above the threshold are delivered at interstimulus intervals of 1.5, 3 and 4.5 ms. Moreover,
a recent study by Higashihara et al. [26] found that individuals exhibiting small AP-LM
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latency differences (<4 ms) also exhibited significantly higher SICF when compared to
participants with large latency differences (>4 ms). These findings confirm that facilitatory
effects are more likely to be expressed in individuals in whom recruitment of early I-waves
is easily achieved via TMS. Interestingly, in the report of Hamada et al. [16], individuals
who exhibited opposite responses to cTBS (i.e., MEP facilitation instead of depression) were
also those that showed small AP-LM latency differences.

While recruitment of I-waves and individual susceptibility to TMS appears to be
a significant factor in predicting TBS aftereffects, other factors might also be important.
In fact, in our group of participants, differences in latency explained about 25% of the
variance in MEP amplitude modulation, leaving a substantial proportion unexplained.
Pharmacological studies suggest that the LTP-like aftereffects of iTBS [45] are linked with
NMDA receptor-dependent glutamatergic transmission. One theory is that differences
between individuals in baseline levels of glutamate and GABA, hence the balance between
cortical excitation and inhibition, may contribute to varying responsiveness [46,47]. On
this basis, the same NIBS paradigm, whether it be iTBS or other forms of rTMS, may
result in variable responses, such that some individuals reach optimal levels of excitation
while others show little to no effect. In addition, it has been suggested that the variable
responses to TBS could be partly due to genetic factors [48]. Specifically, brain-derived
neurotrophic factor (BDNF) polymorphism has been associated with measures of cortical
plasticity [48–54], including both experience-driven and human cortical plasticity induced
by iTBS [48,55]. Finally, other factors related to age differences, baseline excitability, and
time of day have been identified as potential factors to predict TBS effects [8].

4.4. Study Limitations

This study presents certain limitations. Firstly, while our sample size was acceptable,
a larger sample size would have been preferable, given the reported high variability of indi-
vidual responses to TBS [8]. However, because of the COVID-restrictions, there were many
barriers to recruiting research participants. Along the same line, the fact that our sample
consisted mainly of female participants might have influenced our results since there is
evidence that responses to rTMS interventions can vary across the menstrual cycle [22].
Our study protocol did not account for this possible confound for monitoring the menstrual
cycle would have required hormonal testing, which was not easily available at the time
of testing. Such monitoring is certainly a factor to consider for future studies. Second,
our study protocol did not include a direct comparison with 50 Hz iTBS precluding any
conclusion regarding the superiority of 30 Hz iTBS. While we acknowledge this limitation,
one must consider again that this study was performed in the context of the worldwide
pandemic, with restrictions on laboratory access and the amount of time research par-
ticipants and experimenters were allowed to stay on-site. Also, there is already a large
body of data regarding the effects of the standard 50 Hz TBS protocols on corticospinal
excitability (see Chung et al. [3], for a review). The lack of a sham condition could be seen
as another major limitation. However, our goal was not to test overall efficacy but rather to
investigate the effectiveness of the modified 30 Hz/6 Hz iTBS protocol in inducing lasting
MEP facilitation. Nevertheless, adding a sham condition could provide critical information
regarding the influence of expectations and anticipation on individual responses to the
modified iTBS protocol [33].

4.5. Conclusions

In conclusion, the present study investigated the effects of a modified 30 Hz iTBS
protocol on corticospinal excitability. Our results showed that corticospinal excitability
was increased for up to 45 min post-iTBS. Furthermore, these effects appeared less variable
than those reported for the standard 50 Hz protocol, with more than two-thirds of the
participants showing the expected MEP facilitation. Also, our regression analysis of latency
differences as predictors of iTBS effects pointed to a different mode of action for the
modified TBS protocol with modulation of circuits generating early, as opposed to late
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I-waves, as a preferential mechanism leading to MEP facilitation. Altogether, these results
suggest that the modified 30 Hz/6 Hz iTBS might be a sound alternative to the standard
protocol to induce lasting corticospinal facilitation. This finding may have implications for
the applications of TBS interventions in clinical populations.
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Abstract: Introduction: Depression is the most common morbidity during pregnancy. Available
first-line therapy options are limited and depressive disorders in pregnant women are often untreated,
leading to negative effects on maternal and fetal health. Objectives: The aim of this open-label pilot
study is to extend evidence on the use of transcranial direct current stimulation (tDCS) as a treatment
of antenatal depression and to point out options for the use of tDCS in this population. Methods:
Six drug-free female patients with major depressive disorder during pregnancy (later than 10th
gestational week) were included in this pilot study. Patients were treated with twice-daily tDCS
(2 mA, 30 min, anode: F3, cathode: F4) over ten days during inpatient stay (Phase 1) and with
once-daily tDCS over 10 days during an optional outpatient stay (Phase 2). Clinical (HAMD-21,
BDI) and neuropsychological ratings (Trail Making Test A/B) were performed at baseline, after two
and four weeks as well as an obstetric examination. Results: Six right-handed females (23–43 years,
12–33. gestational week) completed Phase 1; four patients additionally joined in Phase 2. tDCS
was well tolerated and no adverse effects occurred. Clinical ratings showed an improvement of
mean baseline HAMD-21 from 22.50 ± 7.56 to 13.67 ± 3.93 after week 2, and to 8.75 ± 4.99 after
week 4. The mean baseline BDI was 26.00 ± 13.90 and declined to 11.17 ± 5.46 after week 2, and to
9.25 ± 3.30 after week 4. Conclusions: Statistically significant changes in HAMD-21 and BDI were
observed after Phase 1. One patient achieved remission in terms of HAMD in Phase 1. Although this
small-scale study lacks sham control, it shows clinical improvement and absence of adverse events in
this critical population.

Keywords: depressive disorder; pregnancy; non-invasive brain stimulation

1. Introduction

Up to 10% of pregnant women suffer from depression. This means that depressive
disorders are the most common morbidity during pregnancy. Untreated depression in
pregnant women is associated with prenatal and postnatal complications for the child,
e.g., small for gestational age (SGA), premature delivery, low Apgar scores, higher risk
of mental and developmental disorders in childhood [1,2]. There is a strong link to the
development of depression for the mother during the postpartum period [3,4]. This could
negatively affect mother-child-interaction [5]. Finally, during maternal depression, changes
in hormonal and neurotransmitter homeostasis negatively influence the hypothalamus-
pituitary-adrenal (HPA) axis in the fetus and set the prerequisites for chronic stress and
dysfunctional coping with negative stimuli in later years of life. This leads to hyperacti-
vation of autonomous nervous system functions, reflected by biomarkers such as blood
tension, heart rate, and EEG pattern, which can be modulated by relaxation techniques,
e.g., relaxing music [6]. Thus, appropriate treatment of maternal depression is necessary to
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prevent sustained proneness for chronic stress in the child. However, the two standard lines
of treatment for depression during pregnancy—psychotherapy and psychopharmacologic
treatment [7,8]—are not free from risk either. Psychotherapy as monotherapy for severe
depressive episodes is insufficient as it may take up to several weeks or months until
the onset of effects, which leads to a prolonged state of untreated depression [8]. At the
same time, antidepressant medication as an established first-line treatment of major de-
pression (Selective Serotonin Reuptake Inhibitors most frequently applied) is effective, but
is related to the cause of teratogenic effects on the fetus and adverse effects on pregnancy
and birth [9–12]. Consequently, pregnant women often deny pharmacologic treatment.
Taken together, untreated depression as well as the limitations of first-line treatments for
depressive disorders during pregnancy may set risks for both mother and child.

Non-invasive brain stimulation (NIBS) techniques like transcranial direct current
stimulation (tDCS) have proven to be a suitable therapy option for depressive disorders
with a favorable safety profile in non-pregnant patients [13]. tDCS uses weak electrical
current to modulate neuronal activity in areas which are supposed to be dysfunctional,
i.e., decreased neuroplasticity and altered neurocircuitry activity in the left and right
dorsolateral prefrontal cortex (DLPFC) [14–16]. Therefore, anodal stimulation of the left
and cathodal stimulation of the right DLPFC have turned out to be the target areas for
tDCS in depressive disorders.

A fundamental advantage of tDCS is the limitation of the current impact on the
patient’s, i.e., maternal, brain without systemic influences and the documented absence
of serious adverse effects in thousands of tDCS applications [17]. Mild and transient side
effects like headache or pruritus are well accepted by patients [18].

According to available data tDCS is considered as a safe, feasible, cost-effective, and
portable treatment method in depressed patients [17–19] and could potentially become the
ideal treatment option of depression during pregnancy once there is a sufficient level of
evidence, as shown by only one case report [20] and a first pilot randomized controlled trial
(RCT) [21] which showed promising results. This enforces the need of further evidence on
tDCS for depression during pregnancy to incorporate tDCS in the treatment guidelines.

However, literature on the application of tDCS for depressive disorders during preg-
nancy is sparse up to now, as indicated by a systematic review [22].

2. Materials and Methods

2.1. Study Design

The aim of this open-label pilot study, registered with the German Clinical Trials
Register (DRKS00008537), was to gather pilot data on tolerability and efficacy of tDCS to
treat major depression in pregnant women. Sham control was omitted for ethical reasons
in this particularly vulnerable population and the local ethics committee approved the
study protocol. The study design was adopted from an earlier study, which combined
antidepressant treatment with an intensified stimulation protocol and a two-stepped
inpatient/outpatient setting [23].

This study also consisted of a combined inpatient/outpatient treatment: In the first
part (Phase 1, inpatient), patients received tDCS twice a day, i.e., 20 stimulations within two
weeks accompanied by standard psychotherapy group sessions twice a week for 90 min
each. Phase 1 was followed by an optional second part (Phase 2, outpatient) of two weeks
with a single stimulation per day, i.e., 10 stimulations in total during Phase 2. In total, when
undergoing both phases, 30 stimulations were applied within four weeks.

2.2. Inclusion and Exclusion Criteria

Patients were recruited between 2015 and 2019 at the Outpatient Departments of Psy-
chiatry and Gynecology/Obstetrics of the Hospital of the University of Munich. Pregnant
women presenting with clinical symptoms of depression were screened for eligibility and
offered participation in the study if they refused first-line pharmacological or psychothera-
peutic intervention.
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Inclusion criteria: females with a pregnancy of at least 10 weeks’ gestational age;
patients between 18 and 45 years old; diagnosis of major depressive disorder, moderate or
severe, without psychotic features, as defined in the Diagnostic and Statistical Manual of
Mental Disorders (DSM-V) and International Classification of Diseases (ICD-10) criteria.

Exclusion criteria: (1) alcohol or substance use disorder at trial enrolment; (2) acute sui-
cidality; (3) major and unstable medical or neurologic disease; (4) history of traumatic-brain
injury or seizure; (4) indication of possible structural abnormalities of brain ganglia or brain
stem; and (5) electrical implants in the cranium or neck, except cardiac pacemakers. We also
excluded women with (6) a current fetal anomaly or diagnosed obstetrical complication.

Six females were included after giving written and oral informed consent. All patients
declined antidepressant intake prior to enrolment.

2.3. tDCS

Constant direct current was applied with a CE-certified Eldith-DC-stimulator (Neuro-
CareGroup, Munich, Germany): the anode was placed over the left DLPFC (F3, according
to the international 10–20 EEG system); the cathode was located over the right DLPFC (F4).
Saline-soaked sponge electrodes (7 × 5 = 35 cm2) were fixed with rubber bands to the head.
Current strength was set to 2 mA and the duration of each stimulation was 30 min plus
15 s fade-in/fade-out.

2.4. Rating Instruments

At baseline, the Hamilton Depression Rating Scale-21 (HAMD) as primary outcome
and Beck Depression Inventory (BDI) as secondary outcome were evaluated.

Furthermore, Edinburgh Handedness Inventory (EHT), cognitive improvement (Trail
Making Test parts A and B, TMT-A/B), general symptom assessment (WHO Quality of
Life Bref, WHOQOL), and Clinical Global Impression (CGI) were assessed. The primary
endpoint was the number of participants achieving response (≥50% reduction in HAMD)
and remission (≥7 in HAMD) at the end of Phase 1 and 2.

Side effects were measured by the Comfort Rating Questionnaire (CRQ) [24]. This
self-rating questionnaire assesses side effects (pain, tingling, burning, fatigue, nervousness,
disturbed concentration, disturbed visual perception, headache) during and immediately
after stimulation (sum scores) and general discomfort on a 10-point Likert scale ranging
from “not at all” to “extremely.” Furthermore, the occurrence of light flashes (phosphenes)
and sleep disturbances after stimulation was scanned in a dichotomous question.

Clinical ratings were repeated at the end of Phase 1 and Phase 2. Final ratings of
Phase 1 corresponded to baseline ratings of Phase 2. A follow-up as part of the regular
prenatal care checkups was performed up to the time of birth.

2.5. Statistics

For statistical calculation, analysis of variance (ANOVA) was performed with R (R
Project for Statistical Computing). Data of patients who started treatment and completed the
phases 1 (and 2) including completed questionnaires were used for calculations. Baseline
demographic and clinical characteristics were described as mean and standard deviation.

A repeated measures analysis of variance was carried out separately for each rating
instrument (HAMD, BDI, CGI, TMT-A/B, and WHOQOL). Missing data were not imputed.
Clinical data means were compared using a two-tailed paired t-test for dependent samples.
The significance level was set at 0.05.

3. Results

3.1. Clinical and Demographic Characteristics

All six patients completed Phase 1 of the study; four patients completed Phase 2.
One patient had to quit the study in Phase 2 after day 18 with 25 stimulations in total
due to elevated liver enzymes and fetal intrauterine growth restriction. As further follow-
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up, a healthy baby (Apgar-score 8/10/10) was delivered without complications after
38 + 5 weeks spontaneously.

Another patient reported sufficient improvement after Phase 1 and renounced Phase 2.
All patients were diagnosed with a (recurrent) depressive disorder. Three showed an

episodic course of disease, and three had a continuous form of depression. The number
of depressive episodes varied between the first episode (2 patients) and the third episode
(2 patients).

An overview of demographic and clinical characteristics is given in Table 1:

Table 1. Demographic and clinical characteristics.

Phase 1 (n = 6) Phase 2 (n =4)

Female patients 6 4
Tobacco use 1 0

Handedness (R/L) 6/0 4/0
Years of education (y) 12.8 ± 3.3 13.8 ± 3.4

Mean age (y) 32.5 ± 6.8 30.0 ± 5.6
Age range (y) 23–43 23–35

Age of onset (y) 26.3 ± 4.7 26.0 ± 6.1
Mean gestational week at enrolment 22.8 ± 7.9 18.3 ± 4.3

Range of gestational week at enrolment 12–33 14–21
Course of depression (episodic/continuous) 3/3 2/2

Mean duration of illness (y) 6.2 ± 6.1 4.1 ± 4.8
Number of episodes 2.0 ± 1.0 2.0 ± 1.2

Duration of episodes (months)/range 7.5 ± 10.5/1–26 9.12 ± 11.4/3–26
Total mean duration of hospitalization (months) 1.8 ± 1.9 1.1 ± 1.4

Current mean duration of hospitalization (months) 0.9 ± 2.0 1.1 ± 1.4

3.2. Primary and Secondary Outcome Measures

In Phase 1, significant time effects for all clinical outcomes and a reduction of post-
treatment scores in HAMD by 39.26% (mean scores before treatment: 22.5 ± 7.56; after
Phase 1: 13.67 ± 3.93, p = 0.01, paired t-test, 2-tailed) were found (Figure 1A). Two patients
(33.33%) achieved response in HAMD rating; none of the patients could achieve remission.
Significant time effects were observed for BDI with a reduction by 57.05% (mean scores
before treatment: 26.00 ± 13.90; after Phase 1: 11.17 ± 5.46, p = 0.04) (Figure 1B). For BDI,
two patients (33.33%) achieved response criteria and one (16.67%) achieved remission. CGI
improved by 28.57%. WHOQOL dimensions showed no significant time effects, except for
the domain “Psychological health” (p = 0.04). TMT-A/B results did not change.

In Phase 2, no statistically significant changes could be observed. In terms of HAMD
and BDI, one patient achieved remission in each questionnaire, and none achieved response
within Phase 2.

Overall, patients undergoing Phases 1 and 2 showed two responses and one remission
in terms of HAMD, and one response and one remission in terms of BDI. No significant
reductions in HAMD and BDI sum score were noticed. Neuropsychological ratings on the
base of TMT-A showed significant time effects (mean scores before treatment: 25.79 ± 4.91;
after Phase 2 19.33 ± 3.20, p = 0.02). TMT-B showed no significant reduction (p = 0.14).
WHOQOL showed a significant improvement of the domain “Psychological health”, and
CGI indicates a statistically significant change.

Statistical results are summarized in Table 2.
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Figure 1. HAMD (A) and BDI (B) changes.
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3.3. Side Effects and Adverse Events

Over the whole observation period during more than 160 tDCS sessions, only harm-
less side effects like mild headache during and right after the stimulations, phosphenes,
insomnia, and itching sensation beneath the electrodes occurred. The mean CRQ sum score
was 19.8 and 14.6 for item 1 and 2, respectively. The mean score of question 3 concerning
“general discomfort” of tDCS was 1.5. Two patients indicated sleep disturbances, also men-
tioning that these probably have to be classified as somatic symptoms of the pregnancy, as
they already suffered from sleep problems before enrolment. Three participants perceived
phosphenes. Severe adverse effects were not observed, neither in the patients nor in the
fetus. Irregularities of fetal and maternal health were not detected during prenatal and
neonatal periods in regularly performed check-ups in accordance with the obstetricians,
including fetal heart rate measurement. One patient had to quit the study for gestational
reasons not related to the stimulation (see Section 3.1).

3.4. Follow-Up

Although there was no structured follow-up assessment, we can report the psychiatric
outcomes of two patients presented in the further course.

One patient was assessed during a regular outpatient visit after completion of both
phases of the study. The final HAMD rating after Phase 2 was 13 and decreased to 8
points within two months. This finding is consistent with existing data about a persistent
antidepressant effect of tDCS beyond the acute phase of treatment [25,26].

Another patient, receiving tDCS treatment in this study during her first pregnancy, was
treated with transcranial alternating current stimulation (tACS) for recurrent depression in
her second pregnancy three years later. In this first case report using tACS [27], the patient
had reached remission in the 3-month follow-up (HAMD: 3, BDI: 7).

4. Discussion

In this open-label study, we aimed at evaluating the tolerability and efficacy of tran-
scranial tDCS in pregnant women suffering from major depressive disorder. The results
showed a significant improvement of HAMD and BDI in six patients undergoing Phase
1 and tDCS was well tolerated without any serious adverse effects. Large effects of im-
provement were seen in Phase 1 with 20 stimulations in two weeks. HAMD decreased
by 39% and BDI by 57% during this first part of the study whereas in the second part, no
statistically relevant changes were detected. Interestingly, self-rating by BDI revealed larger
improvements than the objective rating by HAMD. This may be explained by the relief of a
high personal burden in this patient group and the expectancies raised when receiving a
novel intervention. This is also reflected by an improvement of the domain “Psychological
Health” of the WHOQOL questionnaire. However, there was no improvement of cognitive
functions in the TMT-A/B, pointing out that improvement of mood and cognition after
tDCS treatment do not follow a common dosage/effect linearity [28].

In line with the first randomized sham controlled clinical trial published in 2019 [23],
our results support the potential benefit of tDCS in the treatment of depression during
pregnancy. In the trial by Vigod et al., a direct current of 2 mA was applied to the DLPFC
during 15 tDCS sessions. Patients received anodal stimulation over the left DLPFC (F3) and
cathodal stimulation over the right DLPFC (F4, according to the 10–20 international system
for EEG placement) for 30 min per workday during 3 weeks, i.e., fifteen stimulations in
total. Placement of electrodes, current strength, and duration of session are corresponding
in both studies. However, the study designs differed. We used a stepped model of twice-
daily stimulation during Phase 1 followed by an optional second part (Phase 2) of a single
stimulation per day. When completing both phases, participants received 30 sessions
in total within 4 weeks. To our knowledge, this is the first study to apply this elevated
total charge in pregnant women; albeit repeated twice daily, tDCS was proven to be safe
in patients with depression [29]. This intensified treatment regimen with higher total
charge applied in a shorter period is in line with the empirical development of tDCS in
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the last decade, increasing current strength from 1 to 2 mA and prolonging duration from
20 to 30 min per session [30], as there seems to be a dosage-dependent effect on clinical
improvement [31].

Our results showed significant HAMD and BDI changes after Phase 1 with 20 tDCS
sessions within 2 weeks. Contrarily, Vigod et al. [21] could not observe a statistically
significant difference on the antidepressant effect of tDCS using the Montgomery Asberg
Depression Rating Scale (MADRS) as the main maternal clinical outcome immediately
post-treatment, but significant changes were indicated at the secondary endpoint 4 weeks
postpartum. This finding could be due to the open label design in our study, but also
due to a higher total charge within the first two weeks [23]. In the Vigod trial, no serious
pregnancy or birth complications have been observed in more than 120 tDCS sessions
while women treated with tDCS were “satisfied or extremely satisfied with treatment”.
These findings concerning the safety profile and tolerability are in line with our results.
This kind of satisfaction may be explained by giving care to patients who have constant
difficulties in finding adequate treatment for their complaints [32]. Lack of time due to
household, children, and work could be another issue in this population [32]. Therefore,
self-administered tDCS at home could be helpful to ease access to treatment [33].

Limitations

Our study has several limitations. First, there is the small sample size. During
recruiting, it turned out to be difficult to find and convince patients to participate. On the
one hand, depressed pregnant women frequently do not actively search for help as they
probably cannot reflect symptoms of depression or cannot confess the disorder in view of
the public expectancy of a lucky pregnancy [34]; on the other hand, there might have been
reservations against the technique.

Second, the open label design and the lack of sham control hampers quality of the
gathered data. It is likely that unspecific effects of care giving, the procedure of tDCS
application, the inpatient setting, and the social inclusion by group psychotherapy could
have driven the results, at least partially.

Third, there is an insufficient follow-up concerning the maternal and child’s health af-
ter birth, and there is no follow-up concerning post-partum depression and
mother-child-attachment.

5. Conclusions

In summary, the aim of this open-label pilot study was to investigate the efficacy
and safety of tDCS as treatment for depression during pregnancy. Here, we applied an
intensified treatment regimen with elevated total charge and could show that treatment
was safe and led to clinical improvements. Our data is in line with the findings of the
first randomized clinical trial and emphasizes the potential of this intervention. tDCS
could develop as the first line treatment in antenatal depression due to its easy use, lack of
side effects, and its potential for home treatment. Hence, there is need for further clinical
trials to collect solid and sound data, as evidence still is very sparse, and study designs
are heterogeneous.
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