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W N e

Abstract: Despite the heavy burden of schizophrenia, research on biomarkers associated with its
early course is still ongoing. Single-pulse Transcranial Magnetic Stimulation coupled with electroen-
cephalography (TMS-EEG) has revealed that the main oscillatory frequency (or “natural frequency”)
is reduced in several frontal brain areas, including the premotor cortex, of chronic patients with
schizophrenia. However, no study has explored the natural frequency at the beginning of illness.
Here, we used TMS-EEG to probe the intrinsic oscillatory properties of the left premotor cortex in
early-course schizophrenia patients (<2 years from onset) and age/gender-matched healthy compari-
son subjects (HCs). State-of-the-art real-time monitoring of EEG responses to TMS and noise-masking
procedures were employed to ensure data quality. We found that the natural frequency of the premo-
tor cortex was significantly reduced in early-course schizophrenia compared to HCs. No correlation
was found between the natural frequency and age, clinical symptom severity, or dose of antipsychotic
medications at the time of TMS-EEG. This finding extends to early-course schizophrenia previous
evidence in chronic patients and supports the hypothesis of a deficit in frontal cortical synchronization
as a core mechanism underlying this disorder. Future work should further explore the putative role
of frontal natural frequencies as early pathophysiological biomarkers for schizophrenia.
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1. Introduction

Schizophrenia is a major psychiatric condition that ranks among the leading causes
of disability worldwide [1]. Illness onset typically occurs between 15 to 30 years of age
with the emergence of positive (hallucinations, delusions, disorganized thought/behavior)
and negative (anhedonia, avolition, flattened affect) symptoms that are accompanied by a
progressive decline in cognitive and social abilities. This functional decline is particularly
marked in the first years after the first psychotic break; accordingly, the early course of
schizophrenia has been regarded as an important window for intervention [2] and tertiary
prevention (the so-called “critical period” hypothesis, [3]). In this light, the search for
objective biomarkers that can be reliably detected since the earliest stages of schizophrenia
has been a major focus in psychiatric research due to their potential to inform novel
treatment strategies [4]. Early biomarkers of schizophrenia are also more likely to be directly
linked to its pathophysiology rather than to superimposed confounding factors such as
duration of psychosis, length of exposure to antipsychotic medications, neurodegenerative
processes, and comorbidities, and may thus enable a better understanding of the biological
underpinning of chronic psychoses [5].

Transcranial magnetic stimulation (TMS) has increasingly gained popularity in psy-
chiatric research and therapeutics, given its ability to precisely and non-invasively target
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cortical areas. When used repetitively, (r)TMS can effectively ameliorate conditions such as
treatment-resistant depression and compulsive behaviors [6,7].

When coupled with electroencephalography (EEG), single-pulse TMS (TMS-EEG) may
also serve as a probe to directly gauge brain function, examining the local excitability and
the oscillatory properties of the targeted cortical area [8,9]. Furthermore, experimental
paradigms coupling EEG with paired TMS pulses delivered at different intervals, such as
short and long-interval-cortical-inhibition (SICI/LICI) [10-12], or combining TMS-EEG and
peripheral somatosensory stimulation (such as short-latency afferent inhibition, SAI) [13,14],
have been employed to elucidate cortical mechanisms of inhibitory control in the healthy
brain (for a comprehensive review, see [15]).

Among others, a prominent TMS-EEG measure of local cortical excitability is the main
oscillatory frequency that can be recorded for a given cortical area, or natural frequency.
Much like the chords of a musical instrument are each tuned to a specific frequency,
different brain areas respond with different natural frequencies when stimulated with
TMS [16]. Specifically, in healthy individuals, the prefrontal natural frequency is in the
gamma frequency band, the premotor natural frequency is in the high beta/low gamma
range, the parietal natural frequency is in the beta band, and the occipital natural frequency
is in the alpha range [16,17]. These findings were recently replicated in a study investigating
TMS-EEG natural frequencies from both the right and left hemisphere [18] as well as with
concurrent EEG and intracranial stimulation and recordings [19].

Several studies have employed TMS-EEG to study brain function in schizophre-
nia. Work from our and other research groups has shown that, in chronic patients with
schizophrenia, the TMS-evoked EEG potentials (TEPs) were reduced when TMS was de-
livered to the premotor cortex [20] or the vertex (i.e., Cz electrode) [21]. TMS-EEG studies
employing the LICI paradigm have demonstrated that cortical inhibition is reduced in
the dorsolateral prefrontal cortex (DLPFC) of patients with schizophrenia [22,23], particu-
larly for activity in the gamma frequency band [24]. One recent study applying the SAI
paradigm to both the primary motor area and the DLPFC of patients with schizophrenia
found that the peripheral nerve stimulation preceding the TMS pulse elicited alterations
at different latencies of the TEP, and that these alterations were different between the two
brain areas [25]. Interestingly, only deficits in DLPFC-SAI correlated with behavior (i.e.,
deficits in executive function).

Our research group has previously shown that patients with chronic schizophrenia
exhibited a loss of the rostro-caudal gradient of natural frequencies seen in the healthy
brain [17]. Specifically, areas of the frontal lobe, including the DLPFC, motor, and premotor
cortices, showed a marked slowing in the natural frequencies of these patients. The
maximal reduction was found in the DLPFC, followed by the premotor cortex, suggesting
a progressive local disruption of synchronized neuronal firing in the frontal lobe. However,
whether altered natural frequencies in these anterior frontal areas are present in early stages
of schizophrenia remains to be determined.

While a dysfunction of the DLPFC is central to the pathophysiology of schizophre-
nia [26], the antero-lateral location of this brain area poses technical challenges to its
investigation with TMS-EEG, primarily related to the interposition of cranial muscles be-
tween the TMS coil and the cortical target [27,28]. The resulting muscle activation often
leads to large EEG artifacts superimposed to the TEP, which may require additional signal
processing [29]. In turn, this may affect the early components of the TEP, which repre-
sent an important readout of an effective cortical stimulation [30]. This possibly explains
the low amplitude of the early TEP components in some previous studies targeting the
prefrontal cortex, including some studies in schizophrenia [23,25]. These limitations may
reduce the potential for translation to the clinical setting of prefrontal TMS-EEG biomarkers
for schizophrenia. Conversely, a more centro-medial area such as the premotor cortex is
generally less affected by muscle activation and related artifacts [31,32] (see also Figure 6
in [27]).
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In this study, we used TMS-EEG to probe the intrinsic oscillatory properties, including
the natural frequency, of the left premotor cortex in N = 16 patients with early-course
schizophrenia and N = 16 age and gender-matched healthy control subjects. We hypothe-
sized that the premotor natural frequency would be reduced in the patients’ group, reflect-
ing a local deficit in synchronization that is present since the early stages of schizophrenia.

2. Materials and Methods
2.1. Participants

We recruited sixteen patients with early-course schizophrenia (ECSCZ, defined as
<2 years from a first psychotic episode, as in previous studies [33]) and sixteen healthy
control subjects (HCs). Common exclusion criteria included major medical or neurological
conditions affecting the central nervous system, intellectual disability according to DSM-5
criteria, pregnancy or postpartum, and inability to complete magnetic resonance imaging
(MRI) scans or TMS. Exclusion criteria for HCs included a history of treatment with
antipsychotic medications; personal or family history of schizophrenia-spectrum disorder
or psychosis; and current use of psychotropic medications.

Table 1 summarizes the demographics of the study populations. No significant dif-
ferences in age and gender were found between groups. Subjects were evaluated by one
expert rater, and the diagnosis of schizophrenia was confirmed with the Structured Clinical
Interview for DSM Disorders (SCID) [34]. The severity of psychotic symptoms in the
patients’ group was quantified using the Scale for the Assessment of Positive Symptoms
(SAPS) and the Scale for the Assessment of Negative Symptoms (SANS) (Table 1).

Table 1. Study population demographics. For the patients’ group, clinical rating scales and med-
ication dose (expressed in chlorpromazine equivalents, CPZ eq) are reported. HC: healthy con-
trols; ECSCZ: early-course schizophrenia patients; SAPS/SANS: Scale for the Assessment of Posi-
tive/Negative Symptoms.

HC (N =16) ECSCZ (N =16) p Val

Age 23.43 +3.88 23.87 £ 4.29 0.7657

Gender 10M; 6 F 11M;5F 0.7097
SAPS - 8.81 £ 6.99 -
SANS - 32 +11.3 -
CPZ eq - 331.16 = 178.15 -

Each participant underwent structural MRI acquisition to be used for TMS neuronavigation.

The study protocol was approved by the University of Pittsburgh Institutional Re-
view Board, and all participants provided written informed consent prior to completing
study procedures.

2.2. Procedure

Study participants sat comfortably on a reclining chair. For the assessment of each sub-
ject’s resting motor threshold (RMT), the left motor cortex was identified on T1-weighted
individual MRIs using a neuronavigation system (Localite Classic Edition, Bonn, Germany).
Following international guidelines, the RMT was determined as the lowest intensity capa-
ble of eliciting an electromyographic response of the abductor pollicis brevis muscle > 50 uV
in 5 out of 10 TMS trials. [35]. TMS was delivered in biphasic single-pulses using a TMS
stimulator (MagPro X100, MagVenture, Farum, Denmark) and a figure of 8 coil (MagVen-
ture MCE-B65). The RMT, expressed as % of Maximum Stimulator Output (%MSO), did
not significantly differ between the two groups (HC: 51.0 & 5.38; ECSCZ: 55.75 £ 10.44;
p = 0.1305 Wilcoxon rank-sum test).

Then, the neuronavigation target was moved to the left middle frontal gyrus and
adjusted to match the coordinates [x: —26; y: —4; z: 69] of the Montreal Neurological
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Institute (MNI) space [36]. This targeting spot lies in the left Brodmann Area 6 (BA6), i.e.,
the left premotor cortex. The intensity of stimulation for TMS-EEG at this target was set to
120% of the RMT, with a stimulation angle of 45 degrees relative to the midline.

We used a 64-electrode cap based on the 10-20 system (Easycap), passive ring-shaped
EEG electrodes, and a TMS-compatible amplifier (BrainAmp DC, Brain Products, Gilching,
Germany). The quality of the TMS-evoked EEG response was ensured by employing an
online, real-time graphical interface displaying the signal from averaged trials referenced
to the average of all channels [37]. Briefly, before the EEG recording was started, the TEP
resulting from 20 TMS pulses was visualized. The EEG recording was started only if (1) no
large-amplitude (>100 uV) decay or muscle-related artifacts were visualized and (2) the
first component of the average TEP had an amplitude >5 pv. Otherwise, the coil orientation
and/or the TMS target were slightly adjusted, and the real-time inspection was repeated.
A freely available brain atlas based on MNI coordinates was used to confirm that the final
targeting spot lied on BA6.

EEG data were acquired at a sampling rate of 5000 Hz. Each recorded TMS-EEG
session consisted of 150 single pulses with a jittered interstimulus interval (0.4 to 0.6 Hz),
a frequency similar to those employed by previous studies probing the premotor cor-
tex [16,38—42] and which does not induce significant neuronal plasticity in BA6 [43]. To re-
duce the amplitude of “off-target” (i.e., stereotypically induced regardless of the stimulation
site) auditory artifacts due to the TMS “click” sound and contaminating the TMS-evoked
EEG responses [44], participants wore earbuds playing a state-of-the-art, TMS-specific
noise masking track [38].

2.3. Data Analysis

Data analysis was performed with Matlab R2017a (The Mathworks, Natick, MA, USA)
employing customized algorithms based on the EEGlab toolbox [45] and the SiSyPhus
Project interface (SSP 2.8U, University of Milan, Italy), as in previous studies [46,47]. After
the removal of channels contaminated by noise (“bad” channels, HC: 4.31 &+ 3.11; ECSCZ:
6.43 & 6.34; p = 0.7332; Wilcoxon rank-sum test), EEG signals were split into trials of 1600 ms
around the TMS pulse (=800 +800 ms, time 0 corresponding to the TMS pulse). Trials
contaminated by noise, artifacts from eye movements, or muscle activity were rejected
by visual inspection, which resulted in a comparable number of remaining EEG trials
between the two groups (HC: 135.68 £ 11.53; ECSCZ: 136.68 & 14.91; p = 0.6371; Wilcoxon
rank-sum test).

Artifacts from the high-energy TMS pulse were removed from each trial by replacing
the interval around the pulse (from —2 ms to 6 ms) with the data immediately before (from
—10 ms to —2 ms). A fifth-order moving-average filter was applied between 4 and 8 ms
to reduce high-frequency edges. EEG signals were downsampled to 1000 Hz, bandpass
filtered (1-80 Hz), re-referenced to the average of all channels, and baseline corrected.

Residual artifacts from eye movements, muscle activity, cardiac, and TMS pulse
were excluded using Independent Component Analysis (ICA). Only components clearly
imputable to artifacts were removed. The spherical function of the EEGLAB toolbox [45]
was then used to interpolate bad channels. In order to quantify the TMS-evoked EEG
response in the time domain, the Mean Field Power (MFD, [48]) was calculated across all
channels (Global MFP, GMFP) as well as by averaging the voltages squared across the
channels surrounding the stimulation site (FC5, FC3, FC1, FCz, C5, C3, C1, Cz; Local
MFP, LMEP).

A Morlet time-frequency decomposition (3.5 cycles) was employed to analyze TMS-
evoked oscillatory activity. Event-related spectral perturbation (ERSP) matrices between 8
and 45 Hz were computed as the ratio of the spectral power (1V?) of individual EEG trials
and their respective mean baseline spectra. These parameters (wavelet cycles, frequency
interval) were chosen to maximize the comparability of findings with previous studies
investigating the natural frequency of the premotor cortex [16,17,42].
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After computing the average across trials, time-frequency matrices of significant ERSP
values were extracted. This was achieved by using a two-tailed bootstrap significance
probability level with respect to the baseline, which was constructed from 500 permutations
and applied to the full-epoch window (o < 0.05 after False Discovery Rate correction for
multiple comparisons). The ERSP was then averaged over frequency in alpha (8-12 Hz),
beta (13-30 Hz), and gamma (3045 Hz) bands and then compared between groups across
all channels and in the cluster of channels surrounding the stimulation site. Finally, we
extracted the EEG frequency with the highest cumulate power calculated at the electrode
closest to the stimulation site, i.e., the natural frequency, as in previous work [17].

2.4. Statistical Analysis

A two-tailed t-test was used to compare age between groups; x-squared tests were used
to assess differences between groups for dichotomous variables (i.e., gender). Wilcoxon-
rank sum tests were used to establish statistical differences in TMS-EEG measures between
early-course schizophrenia patients and HC participants. In patients, Spearman’s correla-
tion coefficients were calculated between TMS-EEG measures and SAPS/SANS scores and
dose of antipsychotic medications, quantified as chlorpromazine equivalents (see Table 1).
The level of significance was set at 0.05 for all tests.

3. Results

In both groups, single-pulse TMS determined several early (<100 ms) voltage deflec-
tions >5 pv (Figure 1), which is consistent with effective cortical stimulation [30,49]. In
addition, the relatively low amplitude of late (>100 ms) TEP components suggested an
effective suppression of “off-target” auditory artifacts [38,44].

Healthy ECSCZ

TMS TMS
; .
i I ms
g 40, g
S -8
30
NE.=24Hz
20| F=20Hz
R e 10p_, e
-100 0 100 200 300 o4 1000 100 200 300 > dB
Time (ms) Time (ms)

Figure 1. Single-pulse TMS of the left premotor cortex elicited EEG responses with similar time-
courses, but slower natural frequencies in patients with early-course schizophrenia (ECSCZ) com-
pared to HCs. Figure shows: (A) the position of the TMS coil (green) relative to the brain (gray) and
the 64 EEG electrodes (blue dots). The red dot indicates the EEG electrode closer to the stimulation
site, where the natural frequency was calculated. ((B), top) Butterfly plots of the TMS-evoked po-
tential (TEP) averaged across trials in a representative HC subject. The red trace indicates the EEG
electrode closest to the stimulation site. ((B), bottom) Event-Related Spectral Perturbation (ERSP) in
the red electrode alongside the cumulate spectral power profile in the same electrode (solid black
curves) and its peak frequency (or natural frequency, horizontal dotted lines). (C) depicts the same
as in (B) in a representative ECSCZ patient. Vertical dotted lines under the arrows marked the time
point when single-pulse TMS occurred (T0).
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No significant differences were found when comparing the time course of the EEG re-
sponses to TMS, as quantified by GMFP and LMFP, across groups (GMFP, HC 0.77 £ 0.69 uV;
ECSCZ: 0.61 &+ 0.43 uV; p = 0.6375. LMFP, HC: 0.92 & 0.91 uV; ECSCZ: 0.56 £ 0.42 puV;
p = 0.2662. Wilcoxon rank-sum tests). Supplementary Figures S1 and S2 show grand
averages of GMFP and LMFP and time-bin-by-time-bin group comparisons (no significant
differences after Wilcoxon rank-sum tests).

In the time-frequency domain, no differences in ERSP were found between groups in
any frequency band, both in a region of interest (ROI) overlying the left premotor cortex
and across all EEG channels (see Supplementary Materials, Table S1). However, the natural
frequency evoked by the stimulation of the left premotor cortex was significantly reduced
in ECSCZ patients (HC: 29.15 £ 6.59 Hz; ECSCZ: 23.27 &+ 4.27 Hz; p = 0.0186; Wilcoxon
rank-sum test), corresponding to a large effect size (Cohen’s d = 1.06). Individual values
and boxplots with median, quartiles, and extreme values for both groups are shown in
Figure 2.

N
()

(O8]
S

\®]
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HC ECSCZ

Figure 2. The natural frequency of the premotor area was significantly reduced in early-course
schizophrenia compared to healthy control subjects. Figure shows boxplots with median, quartiles,
and single-subject values for both groups, together with the p-value after Wilcoxon’s rank sum test.

No correlation was found in either group between the natural frequency and age. In
ECSCZ patients, no significant correlations were found between the natural frequency and
the patients’ positive or negative symptoms quantified by SAPS (p = —0.06; p = 0.8245)
and SANS (p = —0.28; p = 0.2882) scores, respectively, nor with the dose of antipsychotic
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medications that the patients were taking at the time of the TMS-EEG recordings (p = —0.27;
p =0.3679).

4. Discussion

In this study, we performed single-pulse TMS-EEG of the left premotor cortex in pa-
tients with early-course schizophrenia and in HC subjects (Figure 1). Our main finding was
a significant reduction in the natural frequency of patients with schizophrenia compared
to HCs (Figure 2), corroborating the hypothesis that a slowing of the natural oscillatory
frequency of the premotor cortex is present not only in chronic schizophrenia, as previously
reported by our group [17], but it is also a feature associated with the disorder since its
earliest stages.

This finding is consistent with recent TMS-EEG evidence in first-episode psychosis,
where the TMS-evoked EEG activity in the beta range was found to be reduced in another
frontal area, the motor cortex [50]. Altogether, these results suggest that an impairment of
the intrinsic oscillatory properties of frontal cortical circuits is likely a neurophysiological
characteristic associated with the pathophysiology of schizophrenia rather than a superim-
posed alteration due to neurodegenerative processes, duration of illness, and/or length of
exposure to antipsychotic medications.

Deficits in fast frontal neural oscillations in patients with schizophrenia, including ac-
tivity in the beta and gamma frequency bands, have been consistently replicated across dif-
ferent neurophysiological paradigms [51,52]. In generating these fast oscillations, an essen-
tial role is played by the inhibitory control exerted by parvalbumin+ gamma-aminobutyric
acid (GABAergic) interneurons [53,54], a population of cells notably affected in schizophre-
nia [55,56]. In addition, GABAergic transmission is critically implicated in EEG responses
to TMS [57]. Our findings are, therefore, consistent with a deficit in GABAergic control
which is present since the early phases of the disorder. This expands previous findings
from TMS studies using paired pulses in the motor cortex that demonstrated that deficits in
inhibitory control are present in early-course schizophrenia [58,59], further supporting the
hypothesis of an imbalance between cortical excitation and inhibition as a core mechanism
underlying this disorder.

While several studies employing TMS-EEG in schizophrenia have successfully tar-
geted the DLPFC [17,22-25], the technical challenges associated with investigating this
cortical area (largely related to the interposition of lateral cranial muscles between the coil
and the brain surface) may limit the potential for translation of the identified biomark-
ers [15,27-29,31,60]. This is particularly the case in the absence of a real-time TMS-EEG mon-
itoring interface, which can be used to minimize muscle activation caused by TMS [27,30,37].
On the other hand, given the more centro-medial projection on the scalp of the premotor
cortex, TMS-EEG recordings targeting this area are less affected by artifacts caused by mus-
cle activation [31,32]. Here, we showed that the natural frequency of the premotor cortex is
significantly reduced in early-course schizophrenia patients compared to HC subjects, with
a large effect size (Cohen’s d = 1.06). However, it has to be noted that a certain overlap exists
between the two distributions (Figure 2), which may limit the validity of this biomarker.
Conversely, previous TMS-EEG studies targeting the DLPFC [17,25] have yielded to larger
separation between chronic schizophrenia patients and HCs (up to complete non-overlap
between groups [17]). Furthermore, the clinical significance of these DLPFC TMS-EEG
biomarkers is supported by correlations with behavioral variables [17,25], which were
not found in this study. Future research in early schizophrenia should investigate the
natural frequency and other TMS-EEG measures at prefrontal sites and assess its clinical
correlates. However, additional work should also elucidate the relationship between pre-
frontal and premotor TMS-EEG responses at the beginning of schizophrenia, aiming at the
development of biomarkers for this disorder that are both accurate and feasible.

Future work is needed to address the limitations of the present study. First, we tested
a relatively small cohort of patients. As increasing evidence has highlighted the large
biological heterogeneity underlying the clinical phenotype of schizophrenia [61,62], our



Brain Sci. 2023, 13, 534

8of 12

findings will need to be confirmed by future studies recruiting larger groups of patients.
Second, we did not examine patients with other psychiatric conditions, including sub-
jects with mood disorders. Importantly, one previous study has shown that the natural
frequency of the premotor cortex is not only reduced in chronic schizophrenia but also
during a depressive episode in subjects diagnosed with either major depressive disorder
or bipolar disorder [42]. This suggests a shared deficit in cortical synchronization in the
premotor cortex across these conditions, which warrants caution in the interpretation of
our findings. More studies are therefore needed to elucidate whether an early deficit of
premotor corticothalamic circuits is specific to schizophrenia or rather represents a window
into cortical synchronization abnormalities that are shared between schizophrenia and
mood disorders [63]. Third, our investigation was limited to the left hemisphere. Inter-
estingly, one recent study in healthy subjects did not find significant differences in the
natural frequencies between homologous areas of the left and right hemispheres, including
between the left and right premotor cortices [18]. However, given the broad literature on
altered lateralization of brain functions in schizophrenia [64-66], future studies should
explore the symmetry of EEG responses to TMS in this disorder while investigating poten-
tial (lateralized) functional correlates (e.g., language, handedness). Finally, in the present
study, we did not find any correlation between premotor TMS-EEG measures, including
the natural frequency, and clinical symptoms. While this may suggest the absence of a
relationship between a reduced intrinsic oscillatory activity of the premotor cortex and the
clinical phenotype of schizophrenia (positive symptoms, negative symptoms), it is also
possible that we were not powered enough to establish such relationships. Alternatively,
the reduced intrinsic oscillatory activity in the premotor cortex may be related to behavioral
alterations that were not investigated in our study, such as cognitive impairment or mirror
neuron dysfunction. Thus, future studies administering cognitive tasks in larger groups of
schizophrenia patients are needed to answer these questions.

5. Conclusions

The natural frequency of the premotor cortex is reduced since the early stages of
schizophrenia, with a large effect size. As the interest for clinical applications of TMS-EEG
arises, the premotor natural frequency may represent a feasible and inexpensive early
pathophysiological biomarker for schizophrenia. However, more research is needed to
elucidate its specificity, clinical significance, and relationship to the course of illness. As
TMS is gaining momentum in psychiatric research and treatment, future studies should
explore a role for TMS-EEG measures, including the natural frequency, in informing
the diagnosis, prognosis, and personalization of treatment in schizophrenia and other
psychiatric conditions [67,68].
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/ /www.mdpi.com/article/10.3390/brainsci13040534 /s1, Table S1: Summary of TMS-EEG measures;
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comparison.

Author Contributions: Conceptualization, FL.D., A.G.C. and EF; Methodology, EL.D., A.G.C. and
FE,; Software, A.G.C.; Formal Analysis, EL.D., AM., A.D.L. and A.G.C,; Investigation, EL.D., K.S.,
S.AJ., AD.L. and EF.; Writing—Original Draft Preparation, EL.D., K.S. and S.J; Writing—Review
& Editing, all authors; Visualization, FL.D., A.M. and A.G.C.; Supervision, A.G.C. and EF,; Project
Administration, S.A.J.; Funding Acquisition, FF. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by The Pittsburgh Foundation, the United States Emmerling
Rising Star Award in Psychiatric Research (reference No. FPG00031), and the National Institute of
Mental Health (NIMH), R21MH119543 and RO1MH125816, United States. A.G.C. was supported by
the Sao Paulo Research Foundation (FAPESP), Brazil, grant #2016/08263-9.


https://www.mdpi.com/article/10.3390/brainsci13040534/s1
https://www.mdpi.com/article/10.3390/brainsci13040534/s1

Brain Sci. 2023, 13, 534 9o0f12

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the University of Pittsburgh Institutional Review Board
(protocol code STUDY18120018, approved on 3/27/2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Kevin Eklund, Debra Montrose, Elizabeth
Radomsky, Alicia Thomas, and others at Western Psychiatric Institute and Clinic for the recruitment
and assessment of participants. We also thank Rachel Kaskie, Gonzalo Quifiones, and Yingyi Zhang
for their assistance in conducting TMS studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

Charlson, FJ.; Ferrari, A.J].; Santomauro, D.F,; Diminic, S.; Stockings, E.; Scott, ].G.; McGrath, J.J.; Whiteford, H.A. Global
Epidemiology and Burden of Schizophrenia: Findings From the Global Burden of Disease Study 2016. Schizophr. Bull 2018, 44,
1195-1203. [CrossRef] [PubMed]

Norman, RM.G.; Manchanda, R.; Malla, A K.; Windell, D.; Harricharan, R.; Northcott, S. Symptom and Functional Outcomes for
a 5 Year Early Intervention Program for Psychoses. Schizophr. Res. 2011, 129, 111-115. [CrossRef] [PubMed]

Jauhar, S.; Johnstone, M.; McKenna, PJ. Schizophrenia. Lancet 2022, 399, 473-486. [CrossRef] [PubMed]

McGorry, P.; Keshavan, M.; Goldstone, S.; Amminger, P.; Allott, K.; Berk, M.; Lavoie, S.; Pantelis, C.; Yung, A.; Wood, S.; et al.
Biomarkers and Clinical Staging in Psychiatry. World Psychiatry 2014, 13, 211-223. [CrossRef] [PubMed]

Donati, FL.; D’Agostino, A.; Ferrarelli, F. Neurocognitive and Neurophysiological Endophenotypes in Schizophrenia: An
Overview. Biomark. Neuropsychiatry 2020, 3, 100017. [CrossRef]

Rosson, S.; de Filippis, R.; Croatto, G.; Collantoni, E.; Pallottino, S.; Guinart, D.; Brunoni, A.R.; Dell'Osso, B.; Pigato, G.; Hyde, J.;
et al. Brain Stimulation and Other Biological Non-Pharmacological Interventions in Mental Disorders: An Umbrella Review.
Neurosci. Biobehav. Rev. 2022, 139, 104743. [CrossRef] [PubMed]

Price, R.B.; Gillan, C.M.; Hanlon, C.; Ferrarelli, F.; Kim, T.; Karim, H.T.; Renard, M.; Kaskie, R.; Degutis, M.; Wears, A.; et al.
Effect of Experimental Manipulation of the Orbitofrontal Cortex on Short-Term Markers of Compulsive Behavior: A Theta Burst
Stimulation Study. Am. |. Psychiatry 2021, 178, 459-468. [CrossRef]

Casali, A.G.; Casarotto, S.; Rosanova, M.; Mariotti, M.; Massimini, M. General Indices to Characterize the Electrical Response of
the Cerebral Cortex to TMS. Neurolmage 2010, 49, 1459-1468. [CrossRef]

Rosanova, M.; Casarotto, S.; Pigorini, A.; Canali, P; Casali, A.G.; Massimini, M. Combining Transcranial Magnetic Stimulation
with Electroencephalography to Study Human Cortical Excitability and Effective Connectivity. In Neuronal Network Analysis:
Concepts and Experimental Approaches; Fellin, T., Halassa, M., Eds.; Neuromethods; Humana Press: Totowa, NJ, USA, 2012;
pp. 435-457. ISBN 978-1-61779-633-3.

Ferreri, F.; Pasqualetti, P.; Mdéttd, S.; Ponzo, D.; Ferrarelli, F.; Tononi, G.; Mervaala, E.; Miniussi, C.; Rossini, PM. Human Brain
Connectivity during Single and Paired Pulse Transcranial Magnetic Stimulation. Neurolmage 2011, 54, 90-102. [CrossRef]
Daskalakis, Z.].; Farzan, F; Barr, M.S.; Maller, ].].; Chen, R.; Fitzgerald, P.B. Long-Interval Cortical Inhibition from the Dorsolateral
Prefrontal Cortex: A TMS-EEG Study. Neuropsychopharmacol 2008, 33, 2860-2869. [CrossRef]

Farzan, F; Barr, M.S.; Wong, W.; Chen, R.; Fitzgerald, P.B.; Daskalakis, Z.]. Suppression of y-Oscillations in the Dorsolateral
Prefrontal Cortex Following Long Interval Cortical Inhibition: A TMS-EEG Study. Neuropsychopharmacol 2009, 34, 1543-1551.
[CrossRef] [PubMed]

Ferreri, F.; Ponzo, D.; Hukkanen, T.; Mervaala, E.; Kénonen, M.; Pasqualetti, P.; Vecchio, F.; Rossini, PM.; Mdittd, S. Human
Brain Cortical Correlates of Short-Latency Afferent Inhibition: A Combined EEG-TMS Study. J. Neurophysiol. 2012, 108, 314-323.
[CrossRef] [PubMed]

Noda, Y.; Cash, R.EH.; Zomorrodi, R.; Dominguez, L.G.; Farzan, F.; Rajji, T.K.; Barr, M.S.; Chen, R.; Daskalakis, Z.J.; Blumberger,
D.M. A Combined TMS-EEG Study of Short-Latency Afferent Inhibition in the Motor and Dorsolateral Prefrontal Cortex. J.
Neurophysiol. 2016, 116, 938-948. [CrossRef]

Tremblay, S.; Rogasch, N.C.; Premoli, I.; Blumberger, D.M.; Casarotto, S.; Chen, R.; Di Lazzaro, V.; Farzan, F.; Ferrarelli, F,;
Fitzgerald, P.B.; et al. Clinical Utility and Prospective of TMS-EEG. Clin. Neurophysiol 2019, 130, 802-844. [CrossRef]

Rosanova, M.; Casali, A.; Bellina, V.; Resta, F.; Mariotti, M.; Massimini, M. Natural Frequencies of Human Corticothalamic
Circuits. J. Neurosci. 2009, 29, 7679-7685. [CrossRef] [PubMed]

Ferrarelli, F.; Sarasso, S.; Guller, Y.; Riedner, B.A.; Peterson, M.].; Bellesi, M.; Massimini, M.; Postle, B.R.; Tononi, G. Reduced
Natural Oscillatory Frequency of Frontal Thalamocortical Circuits in Schizophrenia. Arch. Gen. Psychiatry 2012, 69, 766-774.
[CrossRef] [PubMed]


http://doi.org/10.1093/schbul/sby058
http://www.ncbi.nlm.nih.gov/pubmed/29762765
http://doi.org/10.1016/j.schres.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21549566
http://doi.org/10.1016/S0140-6736(21)01730-X
http://www.ncbi.nlm.nih.gov/pubmed/35093231
http://doi.org/10.1002/wps.20144
http://www.ncbi.nlm.nih.gov/pubmed/25273285
http://doi.org/10.1016/j.bionps.2020.100017
http://doi.org/10.1016/j.neubiorev.2022.104743
http://www.ncbi.nlm.nih.gov/pubmed/35714757
http://doi.org/10.1176/appi.ajp.2020.20060821
http://doi.org/10.1016/j.neuroimage.2009.09.026
http://doi.org/10.1016/j.neuroimage.2010.07.056
http://doi.org/10.1038/npp.2008.22
http://doi.org/10.1038/npp.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19037204
http://doi.org/10.1152/jn.00796.2011
http://www.ncbi.nlm.nih.gov/pubmed/22457460
http://doi.org/10.1152/jn.00260.2016
http://doi.org/10.1016/j.clinph.2019.01.001
http://doi.org/10.1523/JNEUROSCI.0445-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19535579
http://doi.org/10.1001/archgenpsychiatry.2012.147
http://www.ncbi.nlm.nih.gov/pubmed/22474071

Brain Sci. 2023, 13, 534 10 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

D’Ambrosio, S.; Jiménez-Jiménez, D.; Silvennoinen, K.; Zagaglia, S.; Perulli, M.; Poole, J.; Comolatti, R.; Fecchio, M.; Sisodiya,
S.M.; Balestrini, S. Physiological Symmetry of Transcranial Magnetic Stimulation-Evoked EEG Spectral Features. Hum. Brain
Mapp. 2022, 43, 5465-5477. [CrossRef]

Parmigiani, S.; Mikulan, E.; Russo, S.; Sarasso, S.; Zauli, EM.; Rubino, A.; Cattani, A.; Fecchio, M.; Giampiccolo, D.; Lanzone,
J.; et al. Simultaneous Stereo-EEG and High-Density Scalp EEG Recordings to Study the Effects of Intracerebral Stimulation
Parameters. Brain Stimul. 2022, 15, 664—675. [CrossRef]

Ferrarelli, F.; Massimini, M.; Peterson, M.].; Riedner, B.A.; Lazar, M.; Murphy, M.].; Huber, R.; Rosanova, M.; Alexander, A.L.;
Kalin, N.; et al. Reduced Evoked Gamma Oscillations in the Frontal Cortex in Schizophrenia Patients: A TMS/EEG Study. Am. J.
Psychiatry 2008, 165, 996-1005. [CrossRef]

Levit-Binnun, N.; Litvak, V,; Pratt, H.; Moses, E.; Zaroor, M.; Peled, A. Differences in TMS-Evoked Responses between Schizophre-
nia Patients and Healthy Controls Can Be Observed without a Dedicated EEG System. Clin. Neurophysiol 2010, 121, 332-339.
[CrossRef]

Radhu, N.; Garcia Dominguez, L.; Farzan, F,; Richter, M.A.; Semeralul, M.O.; Chen, R.; Fitzgerald, P.B.; Daskalakis, Z.]. Evidence
for Inhibitory Deficits in the Prefrontal Cortex in Schizophrenia. Brain 2015, 138, 483-497. [CrossRef] [PubMed]

Radhu, N.; Dominguez, L.G.; Greenwood, T.A.; Farzan, F; Semeralul, M.O.; Richter, M.A.; Kennedy, J.L.; Blumberger, D.M.; Chen,
R.; Fitzgerald, P.B.; et al. Investigating Cortical Inhibition in First-Degree Relatives and Probands in Schizophrenia. Scientific
Reports 2017, 7, 43629. [CrossRef] [PubMed]

Farzan, F; Barr, M.S.; Levinson, A.].; Chen, R.; Wong, W.; Fitzgerald, P.B.; Daskalakis, Z.]. Evidence for Gamma Inhibition Deficits
in the Dorsolateral Prefrontal Cortex of Patients with Schizophrenia. Brain 2010, 133, 1505-1514. [CrossRef] [PubMed]

Noda, Y,; Barr, M.S.; Zomorrodi, R.; Cash, R EH.; Rajji, TK.; Farzan, E; Chen, R.; George, T.P.; Daskalakis, Z.J.; Blumberger, D.M.
Reduced Short-Latency Afferent Inhibition in Prefrontal but Not Motor Cortex and Its Association With Executive Function in
Schizophrenia: A Combined TMS-EEG Study. Schizophr. Bull. 2018, 44, 193-202. [CrossRef] [PubMed]

Smucny, J.; Dienel, S.J.; Lewis, D.A.; Carter, C.S. Mechanisms Underlying Dorsolateral Prefrontal Cortex Contributions to
Cognitive Dysfunction in Schizophrenia. Neuropsychopharmacol. 2022, 47, 292-308. [CrossRef]

Hernandez-Pavon, J.C.; Veniero, D.; Bergmann, T.O.; Belardinelli, P.; Bortoletto, M.; Casarotto, S.; Casula, E.P,; Farzan, E; Fecchio,
M.; Julkunen, P; et al. TMS Combined with EEG: Recommendations and Open Issues for Data Collection and Analysis. Brain
Stimul. 2023, 16, 567-593. [CrossRef]

Korhonen, R.J.; Hernandez-Pavon, ].C.; Metsomaa, J.; Maki, H.; Ilmoniemi, R.J.; Sarvas, ]. Removal of Large Muscle Artifacts from
Transcranial Magnetic Stimulation-Evoked EEG by Independent Component Analysis. Med. Biol. Eng. Comput. 2011, 49, 397-407.
[CrossRef]

Rogasch, N.C.; Biabani, M.; Mutanen, T.P. Designing and Comparing Cleaning Pipelines for TMS-EEG Data: A Theoretical
Overview and Practical Example. J. Neurosci. Methods 2022, 371, 109494. [CrossRef]

Belardinelli, P.; Biabani, M.; Blumberger, D.M.; Bortoletto, M.; Casarotto, S.; David, O.; Desideri, D.; Etkin, A.; Ferrarelli,
F.; Fitzgerald, P.B.; et al. Reproducibility in TMS-EEG Studies: A Call for Data Sharing, Standard Procedures and Effective
Experimental Control. Brain Stimul. 2019, 12, 787-790. [CrossRef]

Mutanen, T.; Miki, H.; Ilmoniemi, R.J. The Effect of Stimulus Parameters on TMS-EEG Muscle Artifacts. Brain Stimul. 2013, 6,
371-376. [CrossRef]

Rogasch, N.C.; Thomson, R.H.; Daskalakis, Z.].; Fitzgerald, P.B. Short-Latency Artifacts Associated with Concurrent TMS-EEG.
Brain Stimul. 2013, 6, 868-876. [CrossRef]

Newton, R.; Rouleau, A.; Nylander, A.-G.; Loze, J.-Y.; Resemann, H.K,; Steeves, S.; Crespo-Facorro, B. Diverse Definitions of the
Early Course of Schizophrenia—A Targeted Literature Review. Npj Schizophr. 2018, 4, 1-10. [CrossRef]

Kiibler, U. Structured Clinical Interview for DSM-1V (SCID). In Encyclopedia of Behavioral Medicine; Gellman, M.D., Turner, J.R.,
Eds.; Springer: New York, NY, YSA, 2013; pp. 1919-1920. ISBN 978-1-4419-1005-9.

Rossi, S.; Antal, A.; Bestmann, S.; Bikson, M.; Brewer, C.; Brockméller, J.; Carpenter, L.L.; Cincotta, M.; Chen, R.; Daskalakis, ].D.;
et al. Safety and Recommendations for TMS Use in Healthy Subjects and Patient Populations, with Updates on Training, Ethical
and Regulatory Issues: Expert Guidelines. Clin. Neurophysiol. 2021, 132, 269-306. [CrossRef] [PubMed]

Lacadie, C.M.; Fulbright, R.K.; Constable, R.T.; Papademetris, X. More Accurate Talairach Coordinates for Neurolmaging Using
Nonlinear Registration. Neuroimage 2008, 42, 717-725. [CrossRef] [PubMed]

Casarotto, S.; Fecchio, M.; Rosanova, M.; Varone, G.; D’Ambrosio, S.; Sarasso, S.; Pigorini, A.; Russo, S.; Comanducci, A.;
Ilmoniemi, R.J.; et al. The Rt-TEP Tool: Real-Time Visualization of TMS-Evoked Potentials to Maximize Cortical Activation and
Minimize Artifacts. J. Neurosci. Methods 2022, 370, 109486. [CrossRef] [PubMed]

Russo, S.; Sarasso, S.; Puglisi, G.E.; Dal Palu, D.; Pigorini, A.; Casarotto, S.; D’Ambrosio, S.; Astolfi, A.; Massimini, M.; Rosanova,
M.; et al. TAAC—TMS Adaptable Auditory Control: A Universal Tool to Mask TMS Clicks. J. Neurosci. Methods 2022, 370, 109491.
[CrossRef]

Casarotto, S.; Mdattd, S.; Herukka, S.-K.; Pigorini, A.; Napolitani, M.; Gosseries, O.; Niskanen, E.; Kénonen, M.; Mervaala, E.;
Rosanova, M.; et al. Transcranial Magnetic Stimulation-Evoked EEG/Cortical Potentials in Physiological and Pathological Aging.
Neuroreport 2011, 22, 592-597. [CrossRef]


http://doi.org/10.1002/hbm.26022
http://doi.org/10.1016/j.brs.2022.04.007
http://doi.org/10.1176/appi.ajp.2008.07111733
http://doi.org/10.1016/j.clinph.2009.10.035
http://doi.org/10.1093/brain/awu360
http://www.ncbi.nlm.nih.gov/pubmed/25524710
http://doi.org/10.1038/srep43629
http://www.ncbi.nlm.nih.gov/pubmed/28240740
http://doi.org/10.1093/brain/awq046
http://www.ncbi.nlm.nih.gov/pubmed/20350936
http://doi.org/10.1093/schbul/sbx041
http://www.ncbi.nlm.nih.gov/pubmed/28379529
http://doi.org/10.1038/s41386-021-01089-0
http://doi.org/10.1016/j.brs.2023.02.009
http://doi.org/10.1007/s11517-011-0748-9
http://doi.org/10.1016/j.jneumeth.2022.109494
http://doi.org/10.1016/j.brs.2019.01.010
http://doi.org/10.1016/j.brs.2012.07.005
http://doi.org/10.1016/j.brs.2013.04.004
http://doi.org/10.1038/s41537-018-0063-7
http://doi.org/10.1016/j.clinph.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33243615
http://doi.org/10.1016/j.neuroimage.2008.04.240
http://www.ncbi.nlm.nih.gov/pubmed/18572418
http://doi.org/10.1016/j.jneumeth.2022.109486
http://www.ncbi.nlm.nih.gov/pubmed/35074394
http://doi.org/10.1016/j.jneumeth.2022.109491
http://doi.org/10.1097/WNR.0b013e328349433a

Brain Sci. 2023, 13, 534 11 0f12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Rosanova, M.; Fecchio, M.; Casarotto, S.; Sarasso, S.; Casali, A.G.; Pigorini, A.; Comanducci, A.; Seregni, F.; Devalle, G.; Citerio,
G.; et al. Sleep-like Cortical OFF-Periods Disrupt Causality and Complexity in the Brain of Unresponsive Wakefulness Syndrome
Patients. Nat. Commun. 2018, 9, 4427. [CrossRef]

Gosseries, O.; Fecchio, M.; Wolff, A.; Sanz, L.R.D.; Sombrun, C.; Vanhaudenhuyse, A.; Laureys, S. Behavioural and Brain
Responses in Cognitive Trance: A TMS-EEG Case Study. Clin. Neurophysiol. 2020, 131, 586-588. [CrossRef]

Canali, P; Sarasso, S.; Rosanova, M.; Casarotto, S.; Sferrazza-Papa, G.; Gosseries, O.; Fecchio, M.; Massimini, M.; Mariotti, M.;
Cavallaro, R.; et al. Shared Reduction of Oscillatory Natural Frequencies in Bipolar Disorder, Major Depressive Disorder and
Schizophrenia. J. Affect Disord. 2015, 184, 111-115. [CrossRef]

Casarotto, S.; Romero Lauro, L.J.; Bellina, V.; Casali, A.G.; Rosanova, M.; Pigorini, A.; Defendi, S.; Mariotti, M.; Massimini, M.
EEG Responses to TMS Are Sensitive to Changes in the Perturbation Parameters and Repeatable over Time. PLoS ONE 2010, 5,
€10281. [CrossRef] [PubMed]

Rocchi, L.; Di Santo, A.; Brown, K.; Ibéfiez, J.; Casula, E.; Rawji, V.; Di Lazzaro, V.; Koch, G.; Rothwell, J. Disentangling EEG
Responses to TMS Due to Cortical and Peripheral Activations. Brain Stimul. 2021, 14, 4-18. [CrossRef] [PubMed]

Delorme, A.; Makeig, S. EEGLAB: An Open Source Toolbox for Analysis of Single-Trial EEG Dynamics Including Independent
Component Analysis. J. Neurosci. Methods 2004, 134, 9-21. [CrossRef]

Lee, M.; Baird, B.; Gosseries, O.; Nieminen, ].O.; Boly, M.; Postle, B.R.; Tononi, G.; Lee, S.-W. Connectivity Differences between
Consciousness and Unconsciousness in Non-Rapid Eye Movement Sleep: A TMS-EEG Study. Sci Rep 2019, 9, 5175. [CrossRef]
Farnes, N.; Juel, B.E.; Nilsen, A.S.; Romundstad, L.G.; Storm, J.F. Increased Signal Diversity /Complexity of Spontaneous EEG, but
Not Evoked EEG Responses, in Ketamine-Induced Psychedelic State in Humans. PLoS ONE 2020, 15, e0242056. [CrossRef]
Lehmann, D.; Skrandies, W. Reference-Free Identification of Components of Checkerboard-Evoked Multichannel Potential Fields.
Electroencephalogr. Clin. Neurophysiol. 1980, 48, 609—-621. [CrossRef]

Parmigiani, S.; Ross, ].M.; Cline, C.; Minasi, C.; Gogulski, J.; Keller, C.J. Reliability and Validity of TMS-EEG Biomarkers. Biol.
Psychiatry Cogn. Neurosci. Neuroimaging 2022. [CrossRef]

Donati, FEL.; Kaskie, R.; Reis, C.C.; D’Agostino, A.; Casali, A.G.; Ferrarelli, F. Reduced TMS-Evoked Fast Oscillations in the Motor
Cortex Predict the Severity of Positive Symptoms in First-Episode Psychosis. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021,
111, 110387. [CrossRef] [PubMed]

Uhlhaas, PJ.; Singer, W. Abnormal Neural Oscillations and Synchrony in Schizophrenia. Nat. Rev. Neurosci. 2010, 11, 100-113.
[CrossRef]

Uhlhaas, PJ.; Singer, W. Oscillations and Neuronal Dynamics in Schizophrenia: The Search for Basic Symptoms and Translational
Opportunities. Biol. Psychiatry 2015, 77, 1001-1009. [CrossRef]

Sohal, V.S.; Zhang, F,; Yizhar, O.; Deisseroth, K. Parvalbumin Neurons and Gamma Rhythms Enhance Cortical Circuit Performance.
Nature 2009, 459, 698-702. [CrossRef] [PubMed]

Spencer, K. The Functional Consequences of Cortical Circuit Abnormalities on Gamma Oscillations in Schizophrenia: Insights
from Computational Modeling. Front. Hum. Neurosci. 2009, 3, 33. [CrossRef] [PubMed]

Gonzalez-Burgos, G.; Cho, R.Y.; Lewis, D.A. Alterations in Cortical Network Oscillations and Parvalbumin Neurons in Schizophre-
nia. Biol. Psychiatry 2015, 77, 1031-1040. [CrossRef]

Kaar, S.J.; Angelescu, I.; Marques, T.R.; Howes, O.D. Pre-Frontal Parvalbumin Interneurons in Schizophrenia: A Meta-Analysis of
Post-Mortem Studies. J. Neural. Transm 2019, 126, 1637-1651. [CrossRef] [PubMed]

Premoli, I.; Bergmann, T.O.; Fecchio, M.; Rosanova, M.; Biondi, A.; Belardinelli, P; Ziemann, U. The Impact of GABAergic Drugs
on TMS-Induced Brain Oscillations in Human Motor Cortex. Neurolmage 2017, 163, 1-12. [CrossRef]

Wobrock, T.; Schneider, M.; Kadovic, D.; Schneider-Axmann, T.; Ecker, UK.H.; Retz, W.; Rosler, M.; Falkai, P. Reduced Cortical
Inhibition in First-Episode Schizophrenia. Schizophr. Res. 2008, 105, 252-261. [CrossRef] [PubMed]

Hasan, A.; Nitsche, M.A_; Rein, B.; Schneider-Axmann, T.; Guse, B.; Gruber, O.; Falkai, P.; Wobrock, T. Dysfunctional Long-Term
Potentiation-like Plasticity in Schizophrenia Revealed by Transcranial Direct Current Stimulation. Behav. Brain Res. 2011, 224,
15-22. [CrossRef]

Julkunen, P.; Kimiskidis, V.K.; Belardinelli, P. Bridging the Gap: TMS-EEG from Lab to Clinic. J. Neurosci. Methods 2022, 369,
109482. [CrossRef]

Alnees, D.; Kaufmann, T.; van der Meer, D.; Cérdova-Palomera, A.; Rokicki, J.; Moberget, T.; Bettella, F.; Agartz, I.; Barch, D.M.;
Bertolino, A.; et al. Brain Heterogeneity in Schizophrenia and Its Association With Polygenic Risk. JAMA Psychiatry 2019, 76,
739-748. [CrossRef]

Chand, G.B.; Dwyer, D.B.; Erus, G.; Sotiras, A.; Varol, E.; Srinivasan, D.; Doshi, J.; Pomponio, R.; Pigoni, A.; Dazzan, P; et al. Two
Distinct Neuroanatomical Subtypes of Schizophrenia Revealed Using Machine Learning. Brain 2020, 143, 1027-1038. [CrossRef]
Canali, P; Casarotto, S.; Rosanova, M.; Sferrazza-Papa, G.; Casali, A.G.; Gosseries, O.; Massimini, M.; Smeraldi, E.; Colombo,
C.; Benedetti, F. Abnormal Brain Oscillations Persist after Recovery from Bipolar Depression. Eur. Psychiatry 2017, 41, 10-15.
[CrossRef] [PubMed]

Ravichandran, C.; Shinn, A.K; Ong'ur, D.; Perlis, R.H.; Cohen, B. Frequency of Non-Right-Handedness in Bipolar Disorder and
Schizophrenia. Psychiatry Res. 2017, 253, 267-269. [CrossRef] [PubMed]

van Veelen, N.M.J.; Vink, M.; Ramsey, N.F,; Sommer, L.E.C.; van Buuren, M.; Hoogendam, J.M.; Kahn, R.S. Reduced Language
Lateralization in First-Episode Medication-Naive Schizophrenia. Schizophr. Res. 2011, 127, 195-201. [CrossRef] [PubMed]


http://doi.org/10.1038/s41467-018-06871-1
http://doi.org/10.1016/j.clinph.2019.11.011
http://doi.org/10.1016/j.jad.2015.05.043
http://doi.org/10.1371/journal.pone.0010281
http://www.ncbi.nlm.nih.gov/pubmed/20421968
http://doi.org/10.1016/j.brs.2020.10.011
http://www.ncbi.nlm.nih.gov/pubmed/33127580
http://doi.org/10.1016/j.jneumeth.2003.10.009
http://doi.org/10.1038/s41598-019-41274-2
http://doi.org/10.1371/journal.pone.0242056
http://doi.org/10.1016/0013-4694(80)90419-8
http://doi.org/10.1016/j.bpsc.2022.12.005
http://doi.org/10.1016/j.pnpbp.2021.110387
http://www.ncbi.nlm.nih.gov/pubmed/34129889
http://doi.org/10.1038/nrn2774
http://doi.org/10.1016/j.biopsych.2014.11.019
http://doi.org/10.1038/nature07991
http://www.ncbi.nlm.nih.gov/pubmed/19396159
http://doi.org/10.3389/neuro.09.033.2009
http://www.ncbi.nlm.nih.gov/pubmed/19876408
http://doi.org/10.1016/j.biopsych.2015.03.010
http://doi.org/10.1007/s00702-019-02080-2
http://www.ncbi.nlm.nih.gov/pubmed/31529297
http://doi.org/10.1016/j.neuroimage.2017.09.023
http://doi.org/10.1016/j.schres.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18625547
http://doi.org/10.1016/j.bbr.2011.05.017
http://doi.org/10.1016/j.jneumeth.2022.109482
http://doi.org/10.1001/jamapsychiatry.2019.0257
http://doi.org/10.1093/brain/awaa025
http://doi.org/10.1016/j.eurpsy.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/28049075
http://doi.org/10.1016/j.psychres.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28411573
http://doi.org/10.1016/j.schres.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21237617

Brain Sci. 2023, 13, 534 12 0of 12

66. Sheng,].; Zhu, Y;; Lu, Z.; Liu, N.; Huang, N.; Zhang, Z.; Tan, L.; Li, C.; Yu, X. Altered Volume and Lateralization of Language-
Related Regions in First-Episode Schizophrenia. Schizophr. Res. 2013, 148, 168-174. [CrossRef]

67. Ferrarelli, E; Phillips, M.L. Examining and Modulating Neural Circuits in Psychiatric Disorders With Transcranial Magnetic
Stimulation and Electroencephalography: Present Practices and Future Developments. AJP 2021, 178, 400-413. [CrossRef]

68. Gogulski, J.; Ross, ].M.; Talbot, A.; Cline, C.C.; Donati, EL.; Munot, S.; Kim, N.; Gibbs, C.; Bastin, N.; Yang, J.; et al. Personalized
RTMS for Depression: A Review. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2022. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.schres.2013.05.021
http://doi.org/10.1176/appi.ajp.2020.20071050
http://doi.org/10.1016/j.bpsc.2022.10.006

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	Data Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

