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Transcranial magnetic stimulation (TMS) is an innovative and non-invasive
technique used in the diagnosis and treatment of psychiatric and
neurological disorders. Repetitive TMS (rTMS) can modulate neuronal
activity, neuroplasticity and arousal of the waking and sleeping brain, and,
more generally, overall mental health. Numerous studies have examined the
predictors of the efficacy of rTMS on clinical outcome variables in various
psychiatric disorders. These predictors often encompass the stimulated brain
region’s location, electroencephalogram (EEG) activity patterns, potential
morphological and neurophysiological anomalies, and individual patient’s
response to treatment. Most commonly, rTMS is used in awake patients
with depression, catatonia, and tinnitus. Interestingly, rTMS has also shown
promise in inducing slow-wave oscillations in insomnia patients, opening
avenues for future research into the potential beneficial effects of these
oscillations on reports of non-restorative sleep. Furthermore,
neurophysiological measures emerge as potential, disease-specific
biomarkers, aiding in predicting treatment response and monitoring post-
treatment changes. The study posits the convergence of neurophysiological
biomarkers and individually tailored rTMS treatments as a gateway to a new era
in psychiatric care. The potential of rTMS to induce slow-wave activity also
surfaces as a significant contribution to personalized treatment approaches.
Further investigations are called for to validate the imaging and
electrophysiological biomarkers associated with rTMS. In conclusion, the
potential for rTMS to significantly redefine treatment strategies through
personalized approaches could enhance the outcomes in neuropsychiatric
disorders.
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive method that modulates
neural processing in the brain by stimulating a magnetic coil that generates a magnetic
field which then induces depolarizing neuronal cell membrane potentials in the
cortical tissue beneath the coil and influences the associated activity of neural
loops. The context-dependent overall number of pulses, the location of the coil in
relation to the brain, the frequency and intensity of the magnetic stimulation, the time
duration between each string, and the target regions on the cortex are linked to the
effects of TMS (Pashut et al., 2011; Reithler et al., 2011; Peng et al., 2018). The
mechanism of repetitive TMS (rTMS) is based on increasing neuronal activity,
enhancing synaptic connectivity of neurons, strengthening local blood circulation,
increasing oxygen consumption, and probably triggering neuroplasticity in the
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stimulated area (Pashut et al., 2011). Research over the last
century using rTMS resulted in scientific studies indicating the
effectiveness of rTMS for many psychiatric and neurological
conditions, subsequently leading to the evidence-based studies
that resulted in rTMS being included in the guidelines as an
effective treatment for depression (Wassermann, 1998; George
et al., 1999; Lefaucheur et al., 2014).

Moreover, there are a growing number of studies supporting
the efficacy of rTMS for other conditions such as insomnia,
catatonia, post-traumatic stress disorder, anxiety, Parkinson’s
disease, tinnitus, MCI, and other diagnoses (Ladenbauer et al.,
2017; Richter et al., 2017; Licht et al., 2021; Li et al., 2022; Li et al.,
2022; Kan et al., 2023). Nevertheless, rTMS outcomes have also
been reported as heterogeneous with studies suggesting
subpopulations of fast and slow responders as well as non-
responders (O’Reardon et al., 2007; Reithler et al., 2011; Yip
et al., 2017; Lefaucheur et al., 2020).

Most of the studies were conducted during the waking state. At
the same time, positive effects on the consolidation of neuronal
activity were found in the polysomnographic recordings, suggesting
a positive influence on sleep quality.

Despite the proven effects of rTMS at the neuronal level and
having a positive impact on clinical outcome variables, the
question about the cause of non-response in some patients
remains unanswered. An answer can be sought in the analysis
of the following conditions: 1) the stimulation protocols vary
between research groups, 2) the frequency used has a different
effect on different individuals, 3) the timing of the rTMS could
show a different effect depending on day or night when the
stimulation was applied, 4) the electroencephalogram (EEG)
activity of the stimulated areas shows chronobiological
oscillations that could play a role in potentiating or inhibiting
the EEG activity of the stimulated brain region, 5) the pathology
of the disease could be located elsewhere than in the stimulated
region, and 6) the neuronal connectivity of the stimulated region
could be primed by the previous treatment that suppresses the
reactivity of the neurons underlying the coil, such as
polypharmacotherapy, and for other unknown reasons.

Traditional TMS studies report on the impact of TMS on neural
activity in specific brain regions and its impact on underlying
connectivity and its alterations. Therefore, it is important to
perform targeted measurements of functional connectivity and/or
neural network and investigate how connectivity and network
changes occur (Arns et al., 2012).

Changes in the amplitude of motor evoked potentials (MEPs)
elicited by transcranial magnetic stimulation are a suitable model to
study the neurophysiology of rTMS and its effects on the brain,
i.e., different ways in which rTMS stimulation protocols can be used
therapeutically. The interindividual variability of the mean MEP
response to rTMS has been investigated in many studies, leading to
questions about the utility of this model. rTMS is able to modulate
individual moment-to-moment variability in neuronal activity, and
this may have implications for the therapeutic application of rTMS
(Goldsworthy et al., 2021).

The aim of this review is to use a non-standardized approach to
measuring rTMS-induced neuroplasticity, including stimulation in
the evening and the effects of rTMS on the sleep–wake rhythm of
treated subjects.

Methods

A literature search was conducted in March 2022 using the
scientific databases PubMed and Google Scholar, covering
publications from January 2003 to March 2022. Studies were
identified by combinations of the following keywords in the title
or abstract: rTMS, neuroplasticity, individual differences, variability,
clinical predictors, sleep–wake rhythm, sleep, and EEG.

The literature review was limited to published research articles
written in English. In addition, to be included in this review, the
identified articles had to be original studies or reviews on the effects
of rTMS on various disorders and on possible clinical predictors or
correlates of treatment outcomes when using rTMS. First, studies
whose titles clearly indicated that they were unrelated to the topic
were excluded. The abstracts of the remaining studies were then
analyzed for relevance to the topic, which led to a second wave of
exclusions. After exclusion at the title and abstract level, the
remaining articles were thoroughly analyzed in full text, as well
as their reference list screened, to identify relevant publications that
were not covered by the search strategy. Ultimately, 17 studies that
met the previously defined inclusion criteria were included in the
literature review.

Results

rTMS in depression

For the treatment of depressive disorders, the left or right
dorsolateral prefrontal cortex (DLPFC) is often the focus of
repeated stimulation employed daily for 3–6 weeks by a strong,
time-varying magnetic field (pulse duration 100–400 μs and
intensity 1.5–2.5 Tesla) (Wassermann, 1998). This approach,
based on imaging studies, emerged as a novel antidepressant
treatment, with multiple studies corroborating the acute
antidepressant effects of high-frequency (10–20 Hz) rTMS of the
left DLPFC. Among these studies, two large multicenter trials
demonstrated that a monotherapy high-frequency rTMS of the
left DLPFC has antidepressant effects in patients unresponsive to
at least one pharmacological therapy. Additionally, these trials
indicated an acute antidepressant effect of rTMS relative to
placebo following attempts at pharmacological therapy
(O’Reardon et al., 2007; George et al., 2010).

As stated in a recent study by Han and colleagues (2003), despite
FDA approval of DLPFC-targeted rTMS for depression treatment
15 years ago, the precise mechanisms underlying its antidepressant
effects remain elusive. To tackle this issue, the research team
analyzed TMS-electroencephalogram (EEG) data from 64 healthy
control (HC) subjects and 53 patients with major depressive
disorder (MDD) pre- and post-rTMS treatment. The findings
revealed that, prior to the treatment, patients with MDD
exhibited lower activity in the DLPFC, hippocampus (HPC), and
orbitofrontal cortex (OFC), as well as reduced DLPFC–OFC
connectivity compared to HCs, as measured by the TMS-evoked
potential (TEP) amplitude ratio of P60/N100, and local mean field
amplitude area under the curve. Remarkably, post-active rTMS
treatment, MDD patients showed significant increases in activity
within the DLPFC, HPC, and OFC at the sensor level. Particularly,
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the enhancement in HPC activity through delta changes was closely
associated with the alleviation of depressive outcome variables. The
findings highlight the important role of the
orbitofrontal–hippocampal pathway in the reduction of
depressive symptoms following rTMS treatment, suggesting
additional potential targets for brain stimulation in depression
(Han et al., 2023).

Another large multicenter, placebo-controlled study also
showed that deep TMS, a modified coil form with lower focality
and thus higher penetration depth, as monotherapy was attempted
in patients with 1–2 unsuccessful pharmacological treatments whose
antidepressant effects were compared to placebo stimulation
(Levkovitz et al., 2015). Interestingly, these effects were more
pronounced in patients with lower (1–2 treatment attempts) and
more serious (3–4 treatment attempts) treatment resistance and
were stable over 12 weeks of maintenance therapy. The
antidepressant efficacy of rTMS is also supported by several
meta-analyses (Berlim et al., 2014) and evidence-based guidelines
(Lefaucheur et al., 2014), in which 26 positive and 14 negative
studies were identified, which show antidepressant efficacy at a high
level of evidence.

Furthermore, the interplay between rTMS and antidepressant
medication has been the subject of multiple studies, with a focus on
understanding their combined efficacy in treating MDD. Rumi et al.
(2005) and Fitzgerald et al. (2009) found that rTMS could function
as a standalone treatment and enhance the effects of antidepressants.
These findings were further substantiated in a meta-analysis by
Gaynes et al. (2014), revealing increased remission rates when rTMS
was combined with antidepressants.

Building on these studies, Wilke and colleagues (2022)
conducted a retrospective analysis of patients with non-
psychotic MDD undergoing rTMS treatment while on
medication. The study focused on those using psychostimulants
such as lisdexamfetamine/dextroamphetamine, methylphenidate/
dexmethylphenidate, and modafinil/armodafinil. The findings
indicated that patients taking psychostimulants experienced a
significantly greater clinical improvement than those not on
these medications during their rTMS treatment. The
psychostimulant group showed significant enhancements in
sleep and mood/cognition domains. Interestingly, smaller doses
of lisdexamfetamine/dextroamphetamine correlated with better
rTMS outcomes. Despite promising results, the authors
cautioned that the study’s small sample size, limited data on
psychostimulant use duration, and the lack of causal evidence
necessitate further trials for solidifying the safety and efficacy of
combining psychostimulants with rTMS (Wilke et al., 2022).

These studies underscore the promising potential of rTMS in
both standalone and combined treatments for depression and the
need for further research to fully understand the complexities and
optimal applications of this therapy.

rTMS in catatonia

In recent years, rTMS has received increasing attention as a
therapeutic tool in treating psychiatric disorders and is even
discussed as a treatment alternative to electroconvulsive therapy
(Arns et al., 2012; Olbrich et al., 2015). Till date, the successful use of

rTMS for catatonia was reported in nine cases (Chung et al., 2018).
Most reports showed an impressive effect. In this context, the
practical evidence for the use of rTMS in the treatment of
catatonia is particularly noteworthy, especially in consideration of
the assumed mechanism in catatonia. Recent reviews highlight the
hyperactivity of premotor areas as an important pathophysiological
feature of catatonia (Leuchter et al., 2013), essential in addressing
motor system pathology in schizophrenia.

Although disturbances in neural maturation during the onset of
schizophrenia suggest the presence of hypokinetic motor
irregularities and potential malfunctions within the cerebral
motor network associated with catatonia, a more comprehensive
understanding is needed. Additional discussions have posited a
decreased activity in the DLPFC and other areas of the brain.
Nevertheless, contemporary consensus seems to gravitate toward
hyperactivity within the pre-supplementary motor area (pre-SMA)
and the supplementary motor area (SMA) as the principal causative
factors underlying catatonia (Ding et al., 2014; Leuchter et al., 2015;
Sadaghiani and Kleinschmidt, 2016). Moreover, interventions that
inhibit the SMA have demonstrated efficacy in ameliorating
psychomotor retardation in patients afflicted with severe mental
illness (Sadaghiani and Kleinschmidt, 2016).

Presently, the empirical support for utilizing rTMS as a
therapeutic intervention for catatonia remains somewhat
restricted to a series of case studies. Even though the pre-
ponderance of these studies consists of relatively few cases, there
is an emerging body of evidence suggesting that rTMS could be
particularly potent in cases of refractory schizophrenic catatonia.

To further consolidate these preliminary findings, there is an
imperative need to conduct more extensive research. Future
inquiries should focus on specific combinations of rTMS with
pharmacotherapy or psychotherapy. Furthermore, understanding
the neurobiological predictors of response, differential indications,
and maintenance treatment could be invaluable in advancing this
treatment modality, ultimately enhancing patient care and clinical
outcomes.

rTMS and sleep modulation

Although rTMS has been initially developed as a therapeutic tool
for neurological and psychiatric disorders, it is now gaining
progressive momentum in the area of sleep research (Hallett,
2007; Saebipour et al., 2015). Sleep, as vital physiological process,
is intricately connected to cognitive function and overall health
(Walker, 2009).

Gorgoni et al. (2016) investigated the effects of rTMS on sleep in
healthy subjects. They found that a single session of slow (1 Hz)
rTMS over the DLPFC before sleep increased the amount of slow-
wave sleep (SWS) and the slow-wave activity (SWA) during
subsequent sleep, especially in the first sleep cycle. They also
observed that rTMS caused changes in the functional
connectivity between several brain regions during sleep (Gorgoni
et al., 2016).

Saebipour et al. (2015) demonstrated that rTMS could be used to
improve sleep quality. They used 20 Hz rTMS over the DLPFC in
healthy subjects and observed improved sleep quality and increased
total sleep time (Saebipour et al., 2015).
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Centorino et al. (2020) examined the interplay between rTMS
treatment, sleep, and neural plasticity. The results suggest that high
sleep quality facilitates plasticity and learning, subsequently
improving the effectiveness of rTMS. However, the influence of
high-frequency and low-frequency rTMS on sleep remains
inconclusive. They further highlighted that certain sleep
characteristics, such as total sleep time and sleep continuity, are
potentially important, yet no sufficient determinants for the
homeostatic plasticity were induced by SWS (Centorino et al., 2020).

Ultimately, research on the impact of rTMS on sleep,
particularly in healthy individuals, is still in its early stages.
Determining the optimal rTMS parameters, understanding
individual differences in response, and elucidating the underlying
neural mechanisms remain the ongoing areas of investigation with
potential implications for populations with disordered sleep.

rTMS in insomnia and MCI

The physiology of the sleep–wake cycle is characterized by cyclic
oscillations of EEG activity, which are divided into non-rapid eye
movement (NREM) and rapid eye movement (REM) sleep stages.
Starting in the 1970s, numerous research studies began investigating
the relationship between the K-complex and the delta waves of
NREM sleep and the relationship between the K-complex and sleep
cyclicity as a complex multifunctional phenomenon of the sleeping
brain involved in information processing (Halász, 2005).

Building on this understanding of NREM sleep and the intricate
dynamics of brain activity it involves, more recent research has
focused on the role of slow cortical oscillations (SO; 0.5–1 Hz) and
thalamocortical spindle activity (12–15 Hz) during NREM
sleep. This coupling is considered crucial for memory formation.
Indeed, various neuromodulation techniques using slow oscillatory
transcranial stimulation have been demonstrated to enhance
functional cross-frequency coupling between memory-relevant
brain oscillations. Notably, they have been shown to improve
visual memory consolidation in patients with mild cognitive
impairment (MCI), a precursor to Alzheimer’s disease
(Ladenbauer et al., 2017). This beneficial impact on the cognitive
function suggests the far-reaching potential of these techniques in
neurophysiological modulation.

In a separate but related development, techniques such as
transcranial magnetic, electrical, and auditory stimulation are
being applied in the treatment of sleep disorders. These methods
have demonstrated utility in modulating arousal and sleep patterns,
particularly in patients suffering from insomnia and hypersomnia,
with implications for the broader improvement of mental health.

Individuals suffering from insomnia typically exhibit persistent
hyperarousal over a 24-h cycle, as well as a decrease in SWS and an
increase in power of fast frequencies (within the EEG β-range)
during NREM sleep (Spiegelhalder et al., 2012). Remarkably, even
during the deepest sleep stages, sensory and sensorimotor regions
appear to maintain a relative level of activity in insomnia patients
compared to controls and the remainder of the sleeping brain
(Brody et al., 1999). It has been reported that the utilization of
non-invasive brain stimulation (NIBS) techniques for
neuromodulation in insomnia patients can enhance slow
oscillations (Geiser et al., 2020). Future investigations are

warranted to evaluate the clinical implications of these slow
oscillations, which may hold promise for ameliorating complaints
of non-restorative sleep. The hyperarousal model of primary
insomnia posits that impaired attenuation of arousal during sleep
may be the root of experiencing non-restful sleep. Examination of
EEG spectral power values for standard frequency bands during
sleep in 25 patients with primary insomnia and 29 controls with
reported good sleep showed that patients with primary insomnia
had significantly increased spectral power values in the EEG beta
and sigma frequency bands during phase 2 of NREM sleep. This
result suggests that EEG beta activity is a marker of cortical arousal,
and EEG sleep spindle activity (sigma) is an index of sleep-related
protective mechanisms (Spiegelhalder et al., 2012). These findings
underscore the role of arousal dysregulation in sleep disturbances.

A recent pilot study by Holbert et al. (2023) on 20 primary
insomnia patients utilizing bifrontal low-frequency (LF) TMS
demonstrated significant improvements in subjective sleep
outcome scores and symptom severity. However, no sham
control data were recorded (Holbert et al., 2023). These findings
are in line with a recent review in the context of the potential of
rTMS in the treatment of sleep disorders provided by Oroz and
colleagues (2021). While subjective sleep improvement is commonly
reported across various studies post-rTMS, objective improvements
remain inconsistent. Notably, they reported that only few studies
were sham-controlled, a factor to be considered for potential placebo
effects. However, among these, the placebo effect of rTMS varied
significantly (Oroz et al., 2021).

Extrapolating from these findings, it becomes evident that the
capacity to modulate sleep dynamics could have profound
implications in psychiatric research and clinical practice. As our
understanding of the complexities of sleep and its impact on
cognitive and behavioral processes deepens, the prospective
therapeutic benefits of sleep modulation across various mental
disorders increasingly stand out as a pivotal area of research
exploration.

Discussion

In the treatment of depression, partial and non-responses to
rTMS are common, creating an ongoing quest to understand why
responses to this neuromodulation treatment differ among patients
(Li et al., 2022). This challenge has inspired an extensive exploration
of brain imaging data, with neuroimaging and neurophysiological
measures suggested as promising biomarker candidates (Brakemeier
et al., 2007; Arns et al., 2010).

In this regard, various studies have identified potential predictors of
antidepressant response in structural alterations of both gray and white
matter, particularly the reduced gray matter volumes in the insula,
anterior cingulate, and the HPC (Li et al., 2022). Interestingly, the
anterior cingulate cortex has been implicated in the treatment response
of diverse conditions including major depression, obsessive-compulsive
disorder, generalized anxiety, and post-traumatic stress disorders
(Lisanby et al., 2008; Bares et al., 2009; Garnaat et al., 2019). This
suggests a generalized role for this area in predicting treatment response
across conditions.

In addition, a recent cross-diagnostic meta-analysis conducted
by Kan et al. (2023) demonstrated the efficacy of rTMS targeted at
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the left DLPFC in treating a wide range of neuropsychiatric
symptoms. However, beyond the anterior cingulate cortex, less is
known about the role of other brain regions in treatment response.
For instance, studies have hinted that pretreatment hypometabolism
and altered functional connectivity within certain regions, such as
the OFC, may correlate with the antidepressant response of rTMS
(Herwig et al., 2007; Sienaert et al., 2014).

In addition to the growing body of research that highlights the role
of specific brain regions and their structural alterations in predicting the
treatment response, there is also emerging evidence on the potential of
neurophysiological measures serving as biomarkers. For instance,
Canali et al. (2017) have illuminated this possibility in the context of
bipolar disorder (BD). Through a combination of TMS and EEG, they
discovered a consistent reduction in natural frequencies in BD patients.
Importantly, this reduction was present regardless of treatment
response or the clinical status of patients, suggesting that these
neurophysiological measures could offer a stable, disease-specific
biomarker.

As we pivot toward a more personalized approach in
psychiatric treatment, these findings gain significance. The
burgeoning field of personalized medicine in psychiatry
necessitates the identification of robust biomarkers that can
reflect the function of the central nervous system at the
neuronal activity level (Olbrich et al., 2015). These biomarkers
would be instrumental in predicting the response to specific
treatments and monitoring changes post-treatment.

In this context, rTMS stands out due to its proven efficacy and its
potential for individualized treatment approaches. Research has
demonstrated the predictability of treatment response to rTMS
based on brain activity patterns and the association of post-
treatment changes in these patterns with the overall treatment
response, particularly in depression (Hansbauer et al., 2020). This
suggests that rTMS could be tailored to individual patient needs,
thereby catering to various psychiatric conditions including MDD,
catatonia, and insomnia (Garnaat et al., 2019). Therefore, the
convergence of neurophysiological biomarkers and personalized
treatment approaches such as rTMS could pave the way for a
new era in psychiatric care. Future research aims to identify
patient-specific factors to guide rTMS treatment decisions.
Potential biomarkers to be evaluated range from morphological
and neurophysiological brain abnormalities to genetic factors and
biomarkers derived from neuroimaging and EEG. The validation of
imaging and electrophysiological biomarkers associated with rTMS

is crucial, as is the prospective evaluation of clinical predictors and
personalized patient response to rTMS.

The use of rTMS to trigger slow waves in humans holds promise for
personalized treatment approaches. The elicitation of slow waves via
TMS, dependent on the dosage and administration site, can significantly
increase SWA across the scalp, possibly inducing a shift to a deep sleep
stage (Massimini et al., 2007). This finding paves the way for larger
studies investigating the effect of rTMS on deep sleep induction, a state
critical to mental and physical health (Richter et al., 2017).

In summary, the application of rTMS to mental health disorders
provides exciting opportunities for personalized treatment
approaches, particularly through the identification and use of
neurophysiological and neuroimaging biomarkers. As we
continue to understand the role of brain activity in
neuropsychiatric disorders, rTMS stands as a potential game-
changer, enabling clinicians to tailor treatment strategies for
individual patients and ultimately enhance treatment outcomes.
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