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5.1 Introduction

To understand the foundation of central nervous system diseases in humans, the
exploration of human brain physiology is of utmost importance. In the last 40 years,
numerous tools that allow the exploration of respective mechanisms in health and
disease have been developed. Two main groups of tools are neuroimaging and non-
invasive brain stimulation (NIBS) approaches. Neuroimaging allows to iden-
tify areas activated during psychological and behavioral processes, including not
only regional but also network activations, as well as process-related alterations of
transmitter and neuromodulator systems. Noninvasive brain stimulation has been
developed based on the findings that sufficiently strong electrical stimulation over
the scalp is able to activate cortical neurons [1]. Based on these initial findings,
numerous tools have been developed, which enable not only global activation of
specific target areas but also monitoring the central nervous system conduction
time, activation of cortical subsystems defined by neurotransmitters and modula-
tors, and network activation. Because of these specific functions and the high spatial
and temporal specificity of some protocols, NIBS allows revealing aspects of human
brain physiology, which we cannot obtain by functional imaging alone. Furthermore,
brain stimulation approaches are able to modulate task-related cerebral activity.
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This allows for deriving causal relations about the involvement of specific physio-
logical activity during psychological and behavioral processes, based on interven-
tion-dependent performance alterations. In addition, based on respective alterations,
therapeutic interventions have been developed, which aim to counteract pathologi-
cally altered cortical activity, neuroplasticity, and oscillatory activity. Some of these
interventions, e.g., repetitive transcranial magnetic stimulation (rTMS), have
already been approved for routine clinical treatment of psychiatric disorders, while
others may also soon reach approval. In this chapter, we provide an overview of the
main NIBS tools available at present, which are transcranial magnetic stimulation
(TMS) and transcranial electrical stimulation (tES), and discuss their application as
a research tool for understanding cognition and behavior, and their potential for
treating diseases of the brain. This includes exploration of disease-relevant patho-
logical alterations of brain physiology. Improving the knowledge in this field not
only enhances our mechanistic understanding but may also lead to the identification
of biomarkers for a specific disease, or therapeutic progress, and thereby guide indi-
vidualization of therapeutic approaches in the future. Moreover, with both TMS and
tES approaches, it is possible to generate plasticity in the human brain. As such,
these tools allow us not only to identify plasticity-related pathological alterations in
central nervous system diseases, but also to counteract pathological alterations in
respective diseases. In the last part of this chapter, we will give examples of how
these tools can be used to improve comprehension of disease-specific pathophysiol-
ogy, and based on this, to develop therapeutic approaches. Finally, we will give a
short overview of future developments in the field, which might help to further
improve the utility of NIBS.

5.2  Using NIBS to Monitor Brain Physiology

For the exploration of human brain physiology, NIBS is used to study cortical excit-
ability, cerebral connectivity, and neuroplasticity. These methods help to clarify the
physiological foundation of cognitive processes and behavior and are also relevant
to identify pathological alterations in clinical syndromes, and mechanistic effects of
interventions dedicated to reducing clinical symptoms. In the following, we refer
primarily to protocols relevant to psychological and behavioral processes. For deter-
mination of central conduction time, mapping procedures, and related protocols,
which are relevant for clinical diagnostics of neurological diseases, refer to the
respective literature [2].

5.2.1 Monitoring Cortical Excitability by NIBS

For the exploration of cerebral excitability, TMS is the main stimulation paradigm
used for application in humans. Numerous TMS protocols have been developed,
including single- and double-pulse stimulation of cerebral target regions, as well as
peripheral—central stimulus combinations, to explore the functional state of cortical,
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corticocortical, and corticospinal pathways. These protocols also allow for a more
detailed understanding of the specific functionality of pharmacologically defined
subsystems. TMS alone can probe the reactivity of the motor and visual cortex, and
when coupled with other neuroimaging techniques such as electroencephalography
(EEG), can be used to assess the response of other cortical targets as well. Respective
measures are valuable for the identification of neurophysiological and pathophysi-
ological aspects of CNS diseases, and for the exploration of disease dynamics,
including the impact of interventions. Thus, TMS-based monitoring approaches,
which we describe below, may be powerful co-adjuvants for the early diagnosis and
grading of diseases.

Motor Threshold (MT), Motor Evoked Potential (MEP) amplitude and latency,
and the recruitment curve are the main protocols to investigate corticospinal excit-
ability by TMS. MT is a summated index of neuronal membrane excitability of
corticospinal neurons, the interneurons projecting onto these neurons along the cor-
ticospinal tract, as well as the excitability of motor neurons in the spinal cord, neu-
romuscular junctions, and muscles [3]. MT is increased by drugs that block
voltage-gated sodium channels in the motor cortex but is not altered by the block of
glutamatergic or enhancement of GABAergic activity [4]. Thus, MT reflects mainly
neuronal membrane, but not synaptic, excitability. The electromyographic ampli-
tude of MEP responses elicited by suprathreshold single-pulse TMS reflects the
excitability of motor cortex neurons, the integrity of the corticospinal tract, and
conduction along the peripheral motor pathway to the muscles. Here, the recruit-
ment curve describes the sigmoidal input—output properties of the corticospinal sys-
tem. MEPs elicited by low TMS intensities—similar to MT—reflect primarily
neuronal membrane excitability, whereas larger MEPs generated by higher TMS
intensities are also partially controlled by glutamatergic synaptic effects [5].

Additional protocols have also been developed for detecting more specific altera-
tions of cortical excitability. The Cortical Silent Period (CSP), Short-Latency
Afferent Inhibition (SAI), Short-Latency Intracortical Inhibition (SICI), Long-
Interval Intracortical Inhibition (LICI), and I-wave facilitation are neurophysiologi-
cal measures, which assess intracortical inhibitory processes. CSP refers to a
temporary suppression of ongoing electromyographic activity in an active muscle
caused by a TMS pulse. It mainly originates from inhibitory mechanisms at the
level of the motor cortex and is mediated by GABA, and GABAg receptors in low-
and high-stimulus intensities, respectively [4]. SAI is obtained by combination of a
peripheral electrical stimulus of a mixed nerve with a subsequent TMS pulse over
the motor cortex. Within specific interstimulus intervals, the peripheral nerve stimu-
lus has an inhibitory effect on the TMS-elicited MEP, which is controlled by GABA 4
receptors and central cholinergic transmission [6]. SICI reflects the inhibitory effect
of a subthreshold TMS pulse on the MEP amplitude generated by a subsequent
suprathreshold TMS pulse, which is observed at interstimulus intervals (ISIs)
between 1 and 6 ms. It is primarily controlled by GABA , receptors but also affected
by glutamatergic and dopaminergic systems [4, 7]. LICI is tested by application of
two suprathreshold TMS pulses with ISIs of 20-300 ms and controlled by GABAg
receptors [8]. Another suprathreshold/subthreshold paired-pulse TMS paradigm to



46 A.Jamil etal.

assess intracortical excitability is I-wave facilitation. I-waves or indirect waves are
repetitive discharges of corticospinal fibers elicited by a suprathreshold TMS pulse
over the motor cortex. I-wave facilitation is attributed to intracortical interactions
between circuits responsible for the production of these waves, and depends on
GABA ,-related neuronal circuits, with later [-waves being more affected by intra-
cortical inhibition than early ones [9, 10].

At the intracortical level, beyond inhibitory mechanisms, facilitation can also be
probed by combination of a subthreshold TMS conditioning pulse with a supra-
threshold test pulse. For interstimulus intervals of 7-20 ms, the conditioning pulse
enhances MEP amplitudes evoked by the test pulse (intracortical facilitation (ICF)),
which is primarily controlled by the glutamatergic system [4].

Beyond monitoring motor cortex excitability through TMS, specific protocols
have also been developed for probing excitability of other brain areas. Visual cortex
excitability can be probed by the TMS threshold for the generation of phosphenes,
which are light flashes perceived, in this case, by application of TMS over the
respective target area. Furthermore, integration of TMS with neuroimaging tech-
niques such as EEG extends TMS excitability measures to additional cortical
regions. Single- and paired-pulse TMS protocols have been integrated into TMS-
EEG paradigms to study excitation/inhibition mechanisms at the cortical level in
both motor and nonmotor areas. The combination of TMS with EEG has identified
novel and useful measures of evoked activity that index inhibitory (e.g., GABAergic)
and excitatory neurotransmission (see [11] for a review). LICI-related inhibition of
cortical evoked activity, for instance, has been identified for DLPFC and parietal
TMS-EEG protocols and is associated with GABA-B receptor activity in these
areas [12, 13]. In contrast, the amplitudes of the P30 and P60 components of TEPs
were reduced by SICI and increased by ICF protocols in both M1 and DLPFC
stimulation, which suggests a dependency of these TEP components from
GABAergic and glutamatergic synaptic mechanisms [14]. Considering the ability
of paired-pulse TMS-EEG protocols to obtain neurophysiological readouts for non-
motor regions, they might also be suited to characterize healthy versus pathological
brain states of these regions and introduce novel electrophysiological diagnostic
and prognostic markers in clinical populations.

One relevant limitation of the abovementioned TMS-derived measures is the
appreciable level of the observed variability of most of them, which is caused by
various biological and methodological factors. This variability compromises the
reliability of TMS-derived neurophysiological markers, especially at the level of the
individual, which, in addition to difficulties in defining normative values, challenges
their use as standard diagnostic protocols. Further studies are required to enhance
the sensitivity and specificity of these metrics to translate them into clinical
applications.

5.2.2 Monitoring Network Connectivity by NIBS

Beyond alterations of cortical activity and excitability of regional areas, the patho-
physiology underlying psychiatric and neurological disorders is increasingly
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attributed to dysfunctional networks, involving abnormal interactions between mul-
tiple brain regions. NIBS techniques alone, and in combination with neuroimaging
methods, promote our understanding of the network activity underlying both healthy
human brain functions as well as connectivity changes associated with dysfunc-
tional states.

Two TMS pulses applied to different regions of the brain can be used to probe
both intra- and interhemispheric corticocortical interactions. Double-pulse tech-
niques have been especially explored for motor control and movement disorders.
One example is the exploration of transcallosal inhibition, where a conditioning
TMS stimulus is applied over one motor cortex, and the inhibitory effect is explored
on the contralateral homolog [15]. Similarly, a conditioning TMS stimulus over the
cerebellum inhibits subsequent motor cortex excitability through cerebellar-cortical
pathways [16].

Application of NIBS over a specific region affects not only neural activity of the
respective target area but also the evoked activity that propagates to anatomically
and functionally interconnected regions. Integration of brain stimulation and neuro-
imaging tools enables evaluation of these dynamic network interactions. Depending
on the neuroimaging modality, different aspects of NIBS-induced changes in brain
activity can be captured. EEG is suited to monitor TMS/tES-evoked/altered cortical
activity not just at the stimulation site, but also across remote, but interconnected
areas. Tracing the spatiotemporal propagation pattern of NIBS evoked potentials
with EEG allows determining corticocortical excitability and functional connectiv-
ity. The high temporal resolution of the EEG enables tracking of the temporal
sequence of communication between regions and, combined with NIBS, can iden-
tify effective (causal) connectivity patterns in the brain. Moreover, NIBS techniques
can trigger oscillatory rhythms or perturb/enhance ongoing oscillations. NIBS-EEG
approaches thus make it possible to study the functional/causal specificity of brain
rhythms for distinct cognitive and motor functions/malfunctions. Altered ampli-
tudes, synchronization, and propagation of TMS-induced natural frequencies in dif-
ferent cortical areas have the potential to act as diagnostic and prognostic
electrophysiological markers—for a review, see [17].

Besides EEG, use of fMRI in combination with NIBS may also deliver relevant
additional information about brain connectivity. Although its temporal resolution is
inferior in comparison with EEG measures, important advantages include its supe-
rior spatial resolution as well as the opportunity to monitor activity alterations
across larger and deeper brain areas, including subcortical regions [18].

5.3  Using NIBS to Modulate Neurophysiological Processes

In addition to the value provided as a monitoring technique, NIBS is increasingly
being used in diverse research and clinical settings as a means to directly modulate
neural processes. Researchers wishing to study the causal nature of cognitive func-
tions or neurological disorders may consider NIBS to complement traditional neu-
rophysiological techniques such as electrophysiological recordings in animals,
which are often invasive, or functional neuroimaging techniques such as fMRI, or
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EEG/MEG, which are typically limited in disentangling associative/epiphenomenal
observations of neural activity from direct causal relations. NIBS as a neuromodula-
tory technique is not limited to causing acute or short-lasting effects but may also be
used to induce aftereffects that extend beyond the duration of application for up to
several minutes or hours. These effects share features that are consistent with syn-
aptic plasticity mechanisms, such as long-term depression/potentiation (LTD/LTP).
Respective protocols can thus be used to explore the relevance of plasticity for psy-
chological processes, including the involvement of pathological plasticity in psychi-
atric and neurological diseases, or to counteract respective pathological plasticity
for therapeutic reasons.

5.3.1 Transcranial Magnetic Stimulation (TMS)

Direct-effects: Single stimuli or short bursts of TMS can be used to induce a “vir-
tual brain lesion” whereby local neural activity is disrupted within a specific brain
region during a task, allowing inference on the functional role of a particular region,
and also when it may become involved during a task (chronometry studies) [19].
Extending the duration of the disruption can be achieved by repeating pulses of
TMS (r'TMS) at 5-10 Hz, lasting for a few seconds [20]. Short-lasting rTMS proto-
cols have also been shown to transiently induce and synchronize neural firing, lead-
ing to changes in neuronal oscillations [21]. As practical examples of these
approaches, Amassian et al. [22] demonstrated the dependence of timing TMS to
successful vs. unsuccessful processing of visual stimuli relative to delivery intervals.

After-effects: Short- and long-term aftereffects of TMS have been observed with
longer duration repetitive TMS protocols (more than 50 pulses), which induce
changes in cortical excitability beyond the stimulation period [23]. Understanding
the mechanistic and physiological bases for these effects remains a topic of ongoing
research; however, synaptic plasticity is assumed to be the likely model, since (1) the
direction of plasticity (LTP or LTD) appears to be dependent on the induction proto-
col, (2) the effects appear related to the activity of gene-encoded proteins that are
active during early stages of synaptic plasticity [24, 25], and (3) among other molec-
ular activity, aftereffects are dependent on neurotransmitter release and NMDA
receptor-dependent activity [26, 27]. Specifically, low-frequency stimulation such as
r'TMS in the range between 0.9 and 1 Hz leads to a reduction in cortical excitability,
while higher frequency rTMS above 5 Hz increases cortical excitability [28].
Patterned rTMS, such as continuous or intermittent theta-burst stimulation (c/iTBS),
whereby 3 pulses are delivered at 50 Hz and repeated at 5 Hz [29], or quadripulse
stimulation, which delivers 4 pulses repeated at a rate of 0.2 Hz [30], also induce
lasting effects on cortical excitability. Finally, paired associative stimulation (PAS),
which combines stimulation of a mixed peripheral nerve with motor cortex TMS,
induces—dependent on the interval between respective stimuli—LTP—or LTD-like
plasticity, which is similar to spike-timing-dependent plasticity developed in animal
models [31]. However, the strength and duration of these effects are not, in all cases,
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homogeneous. They depend on the physiological state of the brain prior to and dur-
ing the stimulation [32], as well as on stimulation parameters such as intensity, num-
ber of pulses, and repetition of stimulation [33, 34]. In healthy adults, rTMS, TBS,
and QPS have been used to induce functional alterations offline, such as in working
memory, motor reaction time, visual attention, and tactile discrimination, among
other cognitive paradigms (see review by [35]).

5.3.2 Transcranial Direct Current Stimulation (tDCS)

Direct-effects: tDCS does not induce firing of action potentials but results in
polarity-dependent shifts in the resting membrane potential of neurons. Similarly to
TMS, the characterization of the specific cell compartments polarized by tDCS
critically depends on the neuronal morphology relative to the induced electric field,
as well as stimulation intensity and duration [36]. The polarity of the stimulation
(anodal or cathodal) is conventionally termed by the respective type of electrode
(surface positive or surface negative) placed over the target cortical area on the
scalp. Current flows from the anode to the cathode and must flow into and out of the
cell in order to exert effects [37]. Animal studies demonstrated that application of
weak DC fields delivered epidurally induced polarity-dependent changes in excit-
ability and spontaneous activity during and after the course of stimulation [38]. In
animal and human studies, anodal tDCS applied over the motor cortex results in
simultaneous enhancement of motor cortical excitability while cathodal tDCS
diminishes it [39]. The neuronal effects depend on membrane polarization changes
since pharmacological blockage of voltage-dependent sodium and calcium ion
channels abolished the respective effects [40].

After-effects: Neuroplastic aftereffects of tDCS are also mediated by changes in
synaptic efficacy, and thereby share properties of LTP/LTD. In the seminal animal
study by Bindman et al. [38], anodal stimulation led to enhanced cortical activity
and excitability lasting for hours while cathodal stimulation led to reduced activity.
In humans, respective identically directed polarity-dependent effects were also
observed [39, 41]. These effects depend on NMDA receptor activity, which involves
regulation of neuronal calcium [40, 42, 43]. Similarly to TMS mechanisms of syn-
aptic plasticity, aftereffects induced by tDCS are not linear and depend on intrinsic
cortical activity [44, 45], as well as stimulation parameters, such as current inten-
sity, stimulation duration, and repetition [46—48]. Moreover, physiological effects
of tDCS are not limited to the cortical region directly stimulated by the electrode
montage, but may also extend to regional and remote loci, either due to the diffuse
spatial focality of the induced electric field (depending on the montage—[49]) or by
functional connectivity-driven changes [50-52]. Similarly to rTMS effects, tDCS
induces long-lasting functional changes in target regions and networks, such as in
motor learning (see review by [53]), as well as in neuropsychological processes
such as emotion, attention, and working memory [54].
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5.3.3 Transcranial Alternating Current Stimulation (tACS)

Direct-effects: tACS is a variant of tDCS, which differs mainly in that tACS is
applied with an alternating waveform at a specific frequency (or multiple superim-
posed frequencies). Therefore, the main rationale of applying tACS is to rhythmi-
cally alter cortical activity, which is accomplished by frequency-pulsed subthreshold
changes in membrane polarization leading to entrainment of intrinsic oscillatory
activity with the applied waveform. In classic montages consisting of two elec-
trodes, oscillatory synchronization between the two sites will become anti-phasic
since the electric field should alternate unidirectionally. However, by including
more than two electrodes with multichannel stimulators, researchers can synchro-
nize oscillatory activity between two or more regions in-phase by specifying the
precise phase of the oscillatory cycle individually for each electrode, while ensuring
that the net electric field is conserved [55]. The online physiological effects of tACS
on neuronal oscillations have been demonstrated by animal studies [56], as well as
human studies using EEG, where alpha frequency stimulation increased the power
of the respective frequency band [57]. Stimulation at a specific frequency may also
entrain harmonic multiples of that frequency or interact with other frequencies due
to cross-frequency coupling. Recent studies supporting the functional relevance of
these effects have demonstrated that working memory processes can be facilitated
with either theta [58] or theta-gamma coupled tACS [59]. Therefore, tACS provides
a customizable approach to investigate the causal dependence of oscillatory activity
with cognitive functions.

After-effects: Beyond the direct effects of oscillatory entrainment, a few studies
have also reported neuroplastic aftereffects in cortical excitability [60-62]. Available
evidence suggests that the induction of plasticity might partially depend on the stim-
ulation parameters (e.g., frequency and intensity/amplitude), since high- but not
low-intensity tACS induced aftereffects up to 60 minutes after stimulation [61, 62],
and since tACS was more effective when applied at the beta frequency, which is the
predominant frequency band in the resting motor cortex [63]. In the same way,
aftereffects in occipital alpha have been observed when tACS was applied within
the alpha range [57, 64]. Since a direct association between excitability alterations
and oscillatory changes was not observed, whether the observed aftereffects in
oscillatory rhythms reflect LTP/LTD-like plasticity mechanisms, such as spike-
timing-dependent plasticity (STDP), remains unclear [62, 65, 66].

To summarize, NIBS offers various means to directly modulate and induce after-
effects in neurophysiological processes, such as cortical excitability, neuronal oscil-
lations, and hemodynamic activity, among others. However, these effects are not
linearly related to stimulation parameters, may be heterogeneous between individu-
als due to anatomical or physiological profiles, and may be nontrivially affected by
cognitive state, due to metaplastic or homeostatic regulatory mechanisms. The goal
of ongoing research and development of NIBS is to understand how these factors
interact with each other, in order to develop better-suited stimulation protocols that
deliver state-of-the-art efficacy in research and clinical settings.



5 NIBS as a Research Tool in Clinical and Translational Neuroscience 51

5.4  Translation of NIBS Techniques from Basic
to Clinical Applications

NIBS may also be applied in clinical settings to treat psychiatric and neurological
diseases. In one perspective, they may be used to explore the pathophysiology of
these diseases, which include the development of diagnostic measures and relevant
biomarkers to track the efficacy of therapeutic interventions, as well as evaluation
of therapeutic effects, and their foundations. In a second approach, NIBS protocols
may be applied for therapeutic purposes in order to counteract pathological altera-
tions in brain physiology. They may also serve as adjuvants to support therapeutic
activities in other domains, e.g., re-learning or rehabilitative approaches, which
profit from enhanced plasticity. In the following, we will give examples of how
respective NIBS tools can be employed for these purposes.

5.4.1 Application of NIBS for Identification
of Disease-Related Pathophysiology

NIBS techniques have contributed relevantly in enhancing our understanding of the
pathophysiology of neurological and psychiatric diseases. In numerous psychiatric
diseases, pathological alterations of cortical excitability have been identified. For
example, decreased GABAergic inhibition, as obtained by SICI, has been shown for
major depression (MDD), schizophrenia (SCZ), and obsessive-compulsive disorder
(OCD). Additionally, enhanced intracortical facilitation has been shown in OCD by
ICF protocols (for a review, see [67]). These results suggest an imbalance of corre-
sponding neurotransmitters in the respective diseases, mainly of the glutamatergic
and GABAergic systems. Moreover, these findings show that respective alterations
differ between disease entities. In Alzheimer’s disease (AD), reduced SAI has been
shown in patients at the initial stage of disease, which is expected according to the
cholinergic hypothesis of AD, and makes this parameter a potential adjunctive tool
for early diagnosis of the disease. This deficit was abolished by cholinergic medica-
tion, which further suggests such an approach being promising to explore mecha-
nisms of action of respective pharmacological treatment approaches [6].

Beyond the evaluation of regional excitability alterations in psychiatric diseases,
network connectivity analysis based on TMS-EEG has emerged recently as a new
option to explore respective pathophysiological alterations in psychiatric and neuro-
logical diseases. Here, abnormal functional and effective connectivity have been
shown to be relevant in disease populations, e.g., patients with SCZ having reduced
amplitude and synchrony of frontal and prefrontal gamma oscillations, which was
associated with disrupted effective connectivity, as assessed by TMS-EEG [68].
Another important physiological measure of disease-related pathological altera-
tions is neuroplasticity, which has been extensively studied in neuropsychiatric dis-
orders. PAS-generated LTP-like plasticity is impaired in Parkinson’s disease in the
off state but restored by dopaminergic treatment, which underscores the relevance
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of dopamine for plasticity, and might help to explain the cognitive deficits in these
patients [69]. For SCZ, a decrease in LTP-like plasticity was demonstrated via tDCS
[70], possibly due to pathological alterations of dopaminergic and glutamatergic
activity [71]. In accordance with the importance of plasticity for cognitive func-
tions, the respective plasticity reduction is correlated with cognitive decline in these
patients [72], supporting the concept of employing alterations in NIBS-induced
plasticity as a biomarker of disease or symptom manifestation [70].

These exemplary studies show that NIBS is not only an important tool to explore
different aspects of disease-related pathophysiological alterations in the human
brain but also potentially relevant to enhance diagnostic efficiency or predict clini-
cal prognosis, e.g., of pharmacological treatment responses. So far, only TMS mea-
sures, including central motor conduction time and the triple stimulation technique,
have been clinically adopted for the diagnosis of diseases of the motor system. In
principle, the abovementioned protocols might also be valuable for these purposes,
including monitoring of not only regional excitability, but also plasticity and con-
nectivity. One current drawback of these techniques, which limits their use at indi-
vidual level, is the relatively large intra- and interindividual variability. However,
new paradigms are under development, which might help to overcome these
limitations.

5.4.2 Application of NIBS as Therapeutic Intervention

Given their capability to induce neuroplasticity, and taking into account pathologi-
cal alterations of plasticity, and cortical excitability in psychiatric diseases, as well
as the importance of neuroplasticity for psychotherapeutic and rehabilitative treat-
ments, NIBS techniques have been implemented in numerous treatment studies. As
one of the first clinically approved NIBS interventions, rTMS was shown to be
efficient for the treatment of MDD. Based on findings of pathological hypo-
activation of the left and a relative hyper-activation of the right dorsolateral prefron-
tal cortex in depression, and a systemic reduction of LTP, which goes along with
cognitive deficits, excitability-enhancing left prefrontal or excitability-reducing
right prefrontal rTMS and tDCS have successfully demonstrated to reduce symp-
toms (see [73] for an overview). This application can be taken as a paradigmatic
example for the therapeutic application of NIBS, which has since then extended to
a larger disease spectrum with similar underlying concepts. In stroke rehabilitation,
upregulation of the lesioned area and downregulation of the nonlesioned contralat-
eral homolog have been proposed as an important therapeutic aim to rebalance the
motor system, thereby improving functions. Similarly, tDCS has been shown to
improve poststroke recovery through this concept [74]. In addition, NIBS based on
similar principles has been applied in numerous neuropsychiatric disorders such as
neuropathic pain and SCZ (for an overview, see [75, 76]).

Beyond the sole application of NIBS as a therapeutic option, its combination
with conventional treatment has also been probed. The conceptual background is to
enhance plasticity and/or functions via synergistic effects of dual interventions. For
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instance, tDCS has been adopted as an adjunctive therapeutic option for stroke reha-
bilitation or MDD, as it allows combination with simultaneous occupational/physi-
cal therapy or psychotherapy, respectively, and thereby further facilitates the
recovery process [77, 78]. Likewise, conventional pharmaceutical treatment, with
NIBS as an add-on treatment, has revealed synergistic effects. It has been demon-
strated that co-application of a serotonergic antidepressant with bilateral prefrontal
tDCS significantly improved depression symptoms as compared to treatment with
medication or stimulation alone [73].

Apart from the pathological plasticity, neuropsychiatric symptoms can also be
associated with abnormal oscillatory activities of specific brain areas. Here tACS
is a potentially valuable approach. tACS was shown to suppress Parkinsonian
tremor via phase cancellation when an antagonizing stimulation phase was applied
over the motor cortex [79]. A similar principle might be considered for other clini-
cal symptoms. For example, consciousness states are associated with specific
brain oscillations of prefrontal areas. Gamma oscillations are specifically relevant
for the so-called secondary consciousness states, which allow the separation of
inner and outer reality, including, but probably not restricted to, the perceived
sense of reality during dreams. Here, enhancing gamma activity not only improved
secondary consciousness during dreams [80] but also improved symptoms in a
pilot study in OCD. In this condition, symptoms are at least partially caused by an
unsurmountable drive to perform activities, which are known to be intellectu-
ally senseless by the patients, but cannot be completely suppressed, which may be
partially due to a missing cognitive dissociation to respective impulses [81].
However, apart from these approaches, therapeutic tACS studies remain scarce at
present.

In general, the therapeutic application of neuromodulatory NIBS techniques
shows potential as a clinical intervention, and implementation of some protocols
into routine therapy is already showing promising efficacy. Nevertheless, beyond
numerous pilot studies in various diseases, there is still a long way to go for many
applications to be transferred to routine clinical treatment, due to a relative lack of
systematic studies to identify optimal protocols. Moreover, pivotal studies are still
required in many fields, and interindividual differences in efficacy require a nuanced
approach in study designs and analyses, which has largely not been tackled system-
atically so far.

5.5 Conclusions

Noninvasive brain stimulation relevantly enriches the arsenal of methods available
to explore the physiological foundation of neurological and psychiatric diseases,
including not only pathological alterations but also dynamic changes relevant for
treatment effects. Moreover, specific variants of these methods are suited to induce
or modulate prolonged alterations of respective physiological processes, which
have therapeutic potential. This especially includes NIBS-generated plasticity and
alterations of oscillatory brain activity.
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For exploration of physiological processes, it is evident that NIBS helps in
obtaining a more enriched understanding of the physiological bases of respective
diseases at the group level, and thereby insightful knowledge about the general
pathophysiology of respective syndromes, as well as physiological alterations
which are associated with therapeutic success (although the latter has been explored
less extensively). These kinds of studies, especially when combined with imaging
methods, might help to develop innovative physiology-based therapeutic regimens
and also to evaluate the potential of new treatment options based on their physiolog-
ical effects. However, a relatively scarce amount of protocols has been used so far
as diagnostic procedure for individual patients. Exceptions are central conductance
measures, measures of MEP amplitudes under specific conditions (i.e., the triple
stimulation technique), and mapping procedures. One reason for this shortcoming is
the relevant trial-to-trial variability of TMS-evoked outcome measures. While it
might be possible to reduce certain methodologically caused foundations of this
variability by sophisticated stimulation protocols, e.g., neuronavigation or robot-
assisted procedures, some aspects of this variability are intrinsic, i.e., the partially
asynchronous activation of target neurons, and differences in conduction velocity
between respective neurons. Thus, usage of respective tools to extract biomarkers at
the individual level, and/or tools for personalized medicine, might be somewhat
limited with presently available procedures.

For therapeutic applications, plasticity-inducing and plasticity-modulating tools
are available at present. These include mainly rTMS and tDCS, but new techniques
are emerging, including oscillatory electrical stimulation (tACS, tRNS), stimulation
with static magnets, or ultrasound stimulation. These tools have been investigated as
viable treatment options for numerous psychiatric and neurological diseases, and
conclusive evidence for therapeutic effects in a couple of syndromes is available,
such as for rTMS in major depression, which has FDA approval. However, here
also, systematic studies are required at the group level to identify protocols with
optimized efficacy, as well as protocols that allow a sophisticated and individual-
ized adaptation. Achieving these objectives is not trivial because the effects of these
techniques are neuromodulatory, and therefore nonlinear, and state-dependent.
Newly developing approaches might combine specific intervention concepts, e.g.,
by combinations of stimulation with pharmacotherapy, and psychotherapy, to
achieve more targeted effects of therapeutic plasticity alterations.

A common limitation of both diagnostic and therapeutic approaches is the
restriction of the direct effects of respective interventions to only superficial cortical
targets. This might be partially overcome by network stimulation approaches; how-
ever, some emerging techniques offer the promise to also allow subcortical stimula-
tion selectively, which would open completely new avenues for NIBS. These include
techniques such as ultrasound stimulation and more specialized forms of oscillatory
electric brain stimulation protocols.

Taken together, NIBS has been developed into a valuable tool for exploring the
physiological underpinning of brain diseases, monitoring therapeutic effects, and
also as an interventional method for modulating neurophysiological activity. The
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combination of NIBS with other approaches and the development of these tools
might help to further enhance the utility of respective techniques.
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