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A systematic review of TMS and neurophysiological
biometrics in patients with schizophrenia
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Background: Transcranial magnetic stimulation can be combined with electromyography (TMS-EMG) and electroencephalography
(TMS-EEG) to evaluate the excitatory and inhibitory functions of the cerebral cortex in a standardized manner. It has been postulated
that schizophrenia is a disorder of functional neural connectivity underpinned by a relative imbalance of excitation and inhibition. The aim
of this review was to provide a comprehensive overview of TMS-EMG and TMS-EEG research in schizophrenia, focused on excitation or
inhibition, connectivity, motor cortical plasticity and the effect of antipsychotic medications, symptom severity and illness duration on
TMS-EMG and TMS-EEG indices. Methods: We searched PsycINFO, Embase and Medline, from database inception to April 2020, for
studies that included TMS outcomes in patients with schizophrenia. We used the following combination of search terms: transcranial
magnetic stimulation OR tms AND interneurons OR glutamic acid OR gamma aminobutyric acid OR neural inhibition OR pyramidal neur-
ons OR excita® OR inhibit* OR GABA* OR glutam* OR E-I balance OR excitation-inhibition balance AND schizoaffective disorder* OR
Schizophrenia OR schizophreni*. Results: TMS-EMG and TMS-EEG measurements revealed deficits in excitation or inhibition, func-
tional connectivity and motor cortical plasticity in patients with schizophrenia. Increased duration of the cortical silent period (a TMS-EMG
marker of y-aminobutyric acid B receptor activity) with clozapine was a relatively consistent finding. Limitations: Most of the studies
used patients with chronic schizophrenia and medicated patients, employed cross-sectional group comparisons and had small sample
sizes. Conclusion: TMS-EMG and TMS-EEG offer an opportunity to develop a novel and improved understanding of the physiologic
processes that underlie schizophrenia and to assess the therapeutic effect of antipsychotic medications. In the future, these techniques
may also help predict disease progression and further our understanding of the excitatory/inhibitory balance and its implications for

mechanisms that underlie treatment-resistant schizophrenia.

Introduction

Schizophrenia is a neuropsychiatric illness that affects nearly
1% of the population.! It is characterized by 3 main clusters
of symptoms: positive symptoms (e.g., delusions and hallu-
cinations), negative symptoms (e.g., lack of motivation, re-
duction in spontaneous speech and social withdrawal) and
cognitive dysfunction.? The pathophysiology and cause of
schizophrenia remain unclear; schizophrenia is partly con-
sidered a genetically mediated disorder in which etiologic
and pathogenic factors occur before the onset of illness, al-
tering the normal development of specific neural circuits
and conferring a degree of vulnerability.>> Abnormal dopa-
minergic signalling — involving an increase of dopamine
synthesis, release and resting-state synaptic concentrations —

has been the leading theory in the pathophysiology of
schizophrenia. All current antipsychotics act as dopamine
receptor antagonists and demonstrate their greatest efficacy
in treating positive symptoms,?® with limited (if any) benefit
for negative symptoms and cognitive deficits. Up to one-
third of patients treated with antipsychotic medication do
not respond to treatment, even with adequate dopaminergic
receptor blockade.” This has led to explorations of the role of
glutamatergic® and y-aminobutyric acid (GABA)-ergic neuro-
transmission, which can both cause an altered excitation/
inhibition (E/I) balance.**!° This assumption has been con-
firmed by postmortem studies showing a reduction in glu-
tamic acid decarboxylase 67 (GAD67), a synthetic enzyme
for GABA, in parvalbumin GABAergic interneurons. In ad-
dition, several pharmacological and animal models have
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shown that a deficit in GAD67 is associated with N-methyl-
p-aspartate (NMDA) receptor hypofunction in these neur-
ons, leading to disinhibition of pyramidal cells.!'® This E/I
balance offers a mechanism by which the different neuro-
transmitter systems can influence (dysfunctional) perceptual
and cognitive processing, leading to neural dysconnectivity
and the development of psychotic symptoms.

Transcranial magnetic stimulation combined with electro-
myography (TMS-EMG) has emerged as a noninvasive
neurophysiological tool for probing the function of inhibi-
tory and excitatory neural elements in a standard manner,
and for exploring their connectivity in different neuro-
psychiatric disorders."” Single-pulse TMS over the human
primary motor cortex induces a motor evoked potential
(MEP), which is defined as the reaction of the peripheral
muscle measured by EMG recordings. The amplitude of the
MERP reflects the activation of corticospinal neurons through
a network regulated by glutamatergic, GABAergic and
neuromodulating neurotransmitters.’®!* The minimum
amount of stimulation intensity necessary to elicit a small
MEP defines the threshold that can be measured at rest
(resting motor threshold; RMT) or during a small voluntary
contraction (active motor threshold; AMT). Because motor
thresholds are increased after the administration of voltage-
gated sodium channel blockers, they are considered to re-
flect the activity of axons and their excitatory synaptic con-
tacts with the corticospinal neurons.!*?

Inhibitory processes can be indexed by 3 paradigms: corti-
cal silent period (CSP), short-interval intracortical inhibition
(SICI) and long-interval intracortical inhibition (LICI). CSP is
a single-pulse protocol defined as the TMS-induced interrup-
tion of voluntary myographic activity. The early segment of
the CSP is related to spinal inhibition, and the later segment
is hypothesized to be of motor cortical origin and mediated
by GABA-B receptors.?*? Paired-pulse TMS protocols consist
of 2 TMS pulses: a conditioning stimulus followed by a test
stimulus. Depending on the interstimulus interval and the
intensity of the conditioning stimulus pulse, these paradigms
can activate specific intracortical inhibitory or facilitatory
mechanisms.” Pharmacological studies in healthy volunteers
show that GABA-A receptor—positive modulators increase
SICI and GABA-B receptor agonists increase LICI, indicating
a link with GABA-A and GABA-B receptor-mediated inhibi-
tion, respectively.?$%

Cortical excitability can be indexed by 2 other paired-
pulse paradigms: intracortical facilitation (ICF) and short-
interval intracortical facilitation (or I-wave). ICF is modu-
lated by NMDA receptors and GABA-A receptors;*-3
short-interval intracortical facilitation reflects glutamatergic
activity likely mediated by non-NMDA receptors. Several
studies have also found that short-interval intracortical
facilitation is controlled by cortical inhibition, because allo-
steric modulators of GABA-A receptors decrease this par-
ameter.”> TMS-EMG can be used to measure the level of
connectivity between the 2 motor cortices using a protocol
named transcallosal inhibition.3**

TMS has been combined with simultaneous electroenceph-
alography (EEG) to obtain a more detailed profile response of

the human brain to perturbations on a time scale of milli-
seconds.** TMS-EEG can measure the strength of inhibitory
and excitatory neural responses of the targeted brain area
and at distant sites by measuring connectivity patterns in
health and in several pathological conditions.* EEG re-
sponses can be interrogated in the time domain and in the
frequency domain. Time-locked responses after stimulation
of the motor cortex are called TMS-evoked EEG potentials
and are a series of positive (P) and negative (N) deflections at
approximately 25 (P25), 45 (N45), 100 (N100) and 180 (P180)
milliseconds after stimulation. Specific components of TMS-
evoked EEG potentials have been linked to cortical excitatory
and inhibitory processes by applying pharmacological inter-
ventions in healthy volunteers. For example, the N45 and
N100 amplitudes have been associated with inhibition medi-
ated by the GABA-A and GABA-B receptors, respectively.*4!
Time-frequency decomposition of the TMS-EEG signal re-
sults in TMS-induced oscillations that represent information
that is not necessarily phase-locked to the stimulus. Single-
pulse TMS over the primary motor cortex elicits a specific
pattern consisting of an early increase of 6-, o- and B-band
power, followed by a B suppression and a final B rebound.
Pharmacological studies have shown that early o synchron-
ization is increased by GABA-A-ergic drugs and decreased
by GABA-B-ergic drugs, whereas B suppression is increased
by GABA-A-ergic and GABA-B-ergic drugs.*

The pathophysiology of schizophrenia has been associated
with abnormalities in brain plasticity, which refers to the abil-
ity of the brain to adapt in response to experience.* TMS and
other noninvasive stimulation techniques are used to elicit
plastic changes in synaptic organization, interfering with the
function of specific cortical areas by inducing long-term po-
tentiation or long-term depression.**” For example, trans-
cranial direct current stimulation (tDCS) is a neuromodula-
tion technique that induces changes in cortical excitability by
applying a small current over the scalp. This technique
modulates the activity of spontaneous neurons by tonic de-
polarization (anodal tDCS) or hyperpolarization (cathodal
tDCS) of their membrane, inducing long-lasting changes in
neuronal firing rates.*! The paired associative stimulation
protocol refers to a paradigm that consists of repetitive low-
frequency median nerve stimulation combined with TMS
over the contralateral motor cortex. Paired associative stimu-
lation induces changes in the size of MEPs that depend on
the exact time interval between the afferent and the magnetic
pulse during the intervention.®

Despite growing interest in this area, the current litera-
ture lacks a systematic review summarizing how TMS com-
bined with EEG and EMG can provide a robust functional
index of E/I alteration in schizophrenia. Our purpose was
to provide such a systematic review, showing how biomet-
rics related to TMS-EMG and TMS-EEG measure specific
cortical processes of inhibition, excitation and connectivity
in schizophrenia, and describing their relationship with
clinical outcomes. We aimed to offer insight into the poten-
tial of a multimodal, noninvasive approach to brain stimu-
lation to explore the neurophysiological mechanisms in-
volved in schizophrenia.
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Methods
Search strategy

We performed a systematic literature search using Med-
line, Embase and PsycINFO. We used the following com-
bination of search terms: transcranial magnetic stimulation
OR tms AND interneurons OR glutamic acid OR gamma
aminobutyric acid OR neural inhibition OR pyramidal
neurons OR excita* OR inhibit* OR GABA* OR glutam*
OR E-I balance OR excitation-inhibition balance AND
schizoaffective disorder* OR Schizophrenia OR schizo-
phreni*. The search yielded a total of 665 results (see
Appendix 1, available at jpn.ca, for details of the search
terms for each database).

The literature search was conducted independently by 2 re-
searchers (V.S. and M.D.H.) in line with Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. The researchers screened titles and abstracts; elimi-
nated duplicates; read the full texts of the remaining papers;
selected the papers that met the inclusion criteria; and extracted
relevant data. They also manually searched the references of
the selected studies for additional articles to include. Discrepan-
cies or disagreement were resolved through discussion. A
PRISMA flow diagram is shown in Figure 1.

Selection criteria

Based on our research question, we included primary re-
search articles that met the following criteria: diagnoses of
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Figure 1: PRISMA flow diagram of included studies. PRISMA = Preferred Reporting ltems for Systematic Reviews and Meta-Analyses.
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schizophrenia or schizoaffective disorder made using stan-
dardized diagnostic criteria; participants between 18 and
65 years old; participants without a documented substance
abuse disorder; studies that included TMS outcomes.

We included only studies published in English or available
in translation. We excluded reviews, conference abstracts,
opinion papers, cases series or case reports.

Data extraction

We recorded the following variables from the full-text arti-
cles: authors, year of publication, study population, clinical
characteristics, medications, TMS protocol, task, stimulation
site and measures of cortical excitability. All outcomes-
related data were extracted independently by the 2 research-
ers (V.S.and M.D.H.).

Risk of bias assessment

We assessed risk of bias using an adapted version of the Risk
of Bias Assessment for Non-Randomized Studies (RoBANS)
tool, which evaluates the following factors: selection of par-
ticipants, confounding variables, measurement of exposure,
blinding of outcome assessments, incomplete outcome data
and selective outcome reporting.®® See Appendix 1 for the
RoBANS scale used.

Results

“Patients” refers to patients with schizophrenia or schizo-
affective disorder unless specified otherwise. Specifically,
1 study* evaluated people at ultra-high risk of developing
psychosis. According to the authors of that study, “ultra-
high risk” is defined as a period of imminent risk of devel-
oping psychosis in adolescents and young adults, and
participants met the criteria for an at-risk mental state as
defined by the Structured Interview for Prodromal Syn-
dromes (SIPS)* and a scale for prodromal syndromes.*’
Another study® used participants from a randomized con-
trolled trial on the secondary prevention of schizophre-
nia.” Participants at risk in this study fulfilled the criteria
for at least 1 of the following groups: attenuated positive
symptoms; brief limited intermittent psychotic symptoms;
predictive basic symptoms; family risk for psychosis plus
reduced functioning (see Bechdolf and colleagues®). Two
studies also tested patients with recent-onset schizophrenia.
Takahashi and colleagues® followed patients with schizo-
phrenia (DSM-IV) and a duration of illness of less than
3 years. Hasan and colleagues® compared patients with
recent-onset schizophrenia (duration of psychosis less than
2 years and a single psychotic episode that lasted for at
least 1 month) with patients who had multi-episode
schizophrenia (more than 2 psychotic episodes, at least
1 relapse and a duration of psychosis of more than
2 years).

Details of the studies that reported TMS-EMG and TMS-
EEG outcomes and patient characteristics are shown in
Appendix 1, Table S1 and Table S2.

TMS-EMG in schizophrenia

The TMS-EMG parameters assessed in the included studies
are shown in Table 1. Summaries of the protocols and specu-
lated mechanisms for each parameter were taken from the re-
view by Ziemann and colleagues.”” Table 2 provides a brief
overview of the findings for each TMS-EMG measure.

Resting motor threshold and active motor threshold

In 19 of 20 studies, all or most of the patients were medicated.
In 15 of the 19, no significant differences in RMT were reported
between patients and healthy controls.®®7% This lack of dif-
ference in RMT was observed in patients with chronic schizo-
phrenia but also extended to medication-naive or minimally
treated (< 1 month) patients with first-episode psychosis.”!

Lower RMT values (indicating increased corticospinal
excitability) were reported in only 1 study of medicated pa-
tients with schizophrenia, but also in patients with major de-
pressive disorder and manic disorder.”?In contrast, Bridgman
and colleagues® and Soubasi and colleagues® reported ele-
vated RMT values in medicated patients with chronic schizo-
phrenia relative to healthy controls, indicating decreased cor-
ticospinal excitability. Finally, a study that compared
medicated patients with recent-onset schizophrenia (i.e., with
a single psychotic episode), medicated patients with multi-
episode schizophrenia (with more than 1 relapse of the ill-
ness) and healthy controls showed high RMT values in the
pooled patient groups.®

With respect to AMT, our search found only 2 studies that
showed nonsignificant changes between patients with
chronic schizophrenia and healthy controls®#¢ or healthy sib-
lings.®¢ Both studies used mostly medicated patients.

In summary, studies of AMT are relatively rare, but several
studies explored RMT in patients with schizophrenia, and
most of the results showed no significant effect in either di-
rection. Interpretation of the few other studies that demon-
strated increased and decreased RMT may reflect disease het-
erogeneity or the persisting effects of medication.””

Amplitude of motor evoked potentials
Amplitudes of MEPs did not differ between patients with
chronic schizophrenia (medicated and unmedicated) and
healthy controls, regardless of whether the hand area of the
primary motor cortex was stimulated with a suprathreshold
intensity,” at 120% RMT?#2 or with the lowest stimulus in-
tensity required to produce maximum MEPs.** Similarly,
MEPs did not differ between patients (most of whom were
medicated) and healthy controls when the motor cortex was
stimulated with an intensity intended to elicit an average
MEP of 1 mV amplitude (SI-1mV), in either intensity”6%%7%
or amplitude.®®

Similarly, no difference in SI-1mV MEPs was found among
patients with recent-onset schizophrenia, patients with multi-
episode schizophrenia, people at ultra-high risk of psychosis
or healthy controls.® However, 1 study found that the SI-ImV
MEP was significantly smaller in medicated inpatients with
chronic schizophrenia than in healthy controls.> Furthermore,
Hasan and colleagues® found smaller SI-ImV MEPs in people

E678 J Psychiatry Neurosci 2021;46(6)



TMS-EMG and TMS-EEG in schizophrenia

at risk of developing psychosis compared to patients with
first-episode schizophrenia and healthy controls. These results
suggest that further studies are needed to investigate deficits
in cortical excitability in the early stages of psychosis.

Several studies also used the amplitude of MEPs as a TMS
biometric for assessing differences in clinical abnormalities of
motor function in psychiatric disorders. Chroni and col-
leagues” and Reid and colleagues® applied TMS before and
after a nonfatiguing exercise of the target hand muscle, and
then calculated the MEP after exercise facilitation (expressed
as a percentage of the baseline ratio) in medicated patients

with chronic schizophrenia. The results were mixed: in the
study by Chroni and colleagues,” patients showed reduced
MEPs after exercise facilitation compared to controls, sug-
gesting impaired cortical excitability, but Reid and col-
leagues® found that patients with schizophrenia had higher
pre-exercise MEPs compared to healthy controls.

Finally, 2 studies investigated the onset latency of MEPs,
and the results were inconclusive: Boroojerdi and col-
leagues® found no differences between medicated patients
with chronic schizophrenia and healthy controls when using
a stimulus intensity of 50% above the RMT, but Soubasi and

Table 1: TMS-EMG measures

Measure

Protocol

Speculated mechanism

Pharmacological evidence

References

Single-pulse TMS

Resting motor threshold
and active motor
threshold

Amplitude of motor
evoked potentials

Duration of cortical silent
period

Short-latency afferent
inhibition

Transcallosal inhibition

Paired-pulse TMS

Short-interval
intracortical inhibition

Intracortical facilitation

Long-interval intracortical
inhibition

Minimum TMS intensity to
elicit an MEP with (usually)
50 pV peak-to-peak
amplitude in the target
muscle, either at rest (RMT)
or during voluntary
contraction (AMT)

Evoked by stimulus intensity
above the motor threshold

Duration of TMS-induced
interruption in voluntary
EMG activity of the
target muscle

Conditioning afferent
electrical stimulus to the
median or ulnar nerve at the
wrist precedes TMS of the
contralateral motor cortex by
roughly 20 ms

Single TMS pulses over the
motor cortex ipsilateral to the
voluntarily contracted hand
muscle to induce a silent
period in EMG activity

Subthreshold conditioning
stimulus precedes
suprathreshold test stimulus
by 1~5 ms

Subthreshold conditioning
stimulus precedes
suprathreshold test stimulus
by 7~20 ms

Two suprathreshold
conditioning and test

stimuli separated by
50~200 ms

Voltage-gated, sodium-
channel-mediated neuronal
membrane excitability

Trans-synaptic activation of
corticospinal neurons
regulated by glutamatergic,
GABAergic and
neuromodulating
neurotransmitters

Motor cortical inhibition
mediated by activation of
GABA-A receptors (short
CSPs) or GABA-B
receptors (long CSPs)

Physiologic marker of the
integrity and excitability of
central cholinergic
pathways

Duration of the silent period
is thought to reflect the
functioning of the corpus
callosum and an inhibitory
system in the contralateral
motor cortex

Short-lasting inhibition in
regional corticospinal
neurons mediated by
GABA-A receptors
containing 0.2 or 0.3
subunits

Net excitation of an
excitatory motor cortical
network

GABA-B receptor-mediated
slow inhibitory postsynaptic
potentials

Increased by voltage-gated
sodium channel blockers (e.g.,
carbamazepine, phenytoin and
lamotrigine); decreased

by ketamine

Increased by ketamine,
noradrenaline agonists (e.g.,
methylphenidate) and 5-HT
agonists (e.g., sertraline);
decreased by positive allosteric
modulators of GABA receptors
(e.g., lorazepam)

Increased by benzodiazepines
(short CSPs) and baclofen
(specific GABA-B receptor
agonist)

Increased by
acetylcholinesterase inhibitors
and nicotine; decreased by
scopolamine (acetylcholine
antagonist) and lorazepam
(benzodiazepine)

Increased by benzodiazepines
(positive modulators at a1, 02,
a3 or 05 subunits of GABA-A
receptors); not affected by
zolpidem (specific positive
modulator of a1-GABA-A
receptor) or S44819 (selective
antagonist of 05-GABA-A
receptor)

Increased by noradrenergic
agonists; decreased by NMDA
receptor antagonists and
benzodiazepines

Increased by baclofen, tiagabine
and vigabatrin

Lang et al.?' (2013)
Menzler et al.®? (2014)
Ziemann et al.® (1996)

llic et al.®*(2003)
Gerdelat-Mas et al.®® (2005)
Paulus et al.®® (2008)
Boroojerdi et al.*° (2001)

Di Lazzaro et al.®” (2000)

Inghilleri et al.®® (1996)
Siebner et al.?® (1998)

Di Lazzaro et al.”° (2005)
Di Lazzaro et al.”' (2005)
Di Lazzaro et al.®” (2000)

Ferbert et al.>* (1992)
Meyer et al.”? (1998)

Di Lazzaro et al.”? (2007)
Di Lazzaro et al.”* (2006)

Ziemann et al.®2(1998)
Ziemann et al.’s (1996)
Boroojerdi et al.*° (2001)

Pierantozzi et al.”® (2004)
Werhahn et al.”” (1999)
McDonnell et al.?° (2006)

5-HT = serotonin; AMT = active motor threshold; CSP = cortical silence period; EMG = electromyography; GABA = y-aminobutyric acid; MEP = motor evoked potential; NMDA = N-methyl-
p-aspartate; RMT = resting motor threshold; TMS = transcranial magnetic stimulation.
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colleagues™ found a longer MEP latency in patients in re-
sponse to the lowest stimulus intensity required to produce
maximum MEPs.

Overall, MEPs did not differ significantly in patients with
chronic schizophrenia, but it is possible that people in at-risk
prodromal states may show lower MEPs, suggestive of im-
paired cortical excitability.

Duration of cortical silent period

Compared to healthy controls, medicated patients with
chronic schizophrenia demonstrated no significant differences
in CSP duration (an index of spinal inhibition and the relative
level of GABA-B receptor-mediated inhibition) at a stimulus
intensity of 140% RMT or SI-ImV in 3 of the 10 studies we as-

Table 2: Overview of results from TMS-EMG studies*

sessed.®%% An additional study that investigated differences
in CSP duration in medicated patients with chronic schizo-
phrenia, healthy siblings of patients and healthy controls did
not show any difference among the groups using stimulus
intensities of 120% and 140% AMT.%

However, CSP duration was significantly shorter in medi-
cated and unmedicated patients with chronic schizophrenia
at 120% AMT.* A similar finding was observed in medicated
patients with chronic schizophrenia at 110%, 130% and 140%
RMT, but not at 120% RMT.# According to the authors of the
latter study,* these findings suggest a deficit in cortical inhib-
ition in patients with schizophrenia that is not medication-
related, because changes in CSP were not related to drug
dose or treatment duration.

Measure

Main findings

Hypothesis

Resting motor threshold

Active motor threshold

Amplitude of motor
evoked potentials

Duration of cortical
silent period

Short-latency
afferent inhibition

Transcallosal inhibition

Short-interval
intracortical inhibition

Intracortical facilitation

Long-interval
intracortical inhibition

Fifteen studies reported no significant differences between medicated patients with chronic
schizophrenia and healthy controls;5+078-%° 1 study®' reported no significant difference
between medication-naive or minimally treated (< 1 month) patients with first-episode
psychosis and healthy controls; 1 study reported lower RMT in medicated patients;®?

2 studies reported higher RMT in medicated patients with chronic schizophrenia;®*

1 study showed higher RMT in medicated patients*

Two studies reported no significant differences between patients with chronic schizophrenia
(mostly medicated) and healthy controls®% or healthy siblings®

Four studies found no significant differences between medicated and unmedicated patients
with chronic schizophrenia and healthy controls;®'287.94 2 studies reported unaltered MEP
sizes in medicated patients with first-episode schizophrenia®® and medicated patients;®

1 study found smaller MEP sizes in medicated chronic patients;* 1 study found increased
MEP sizes in medicated patients with chronic schizophrenia;® 1 study found no significant
differences between patients with recent-onset and multi-episode schizophrenia, people at
risk and healthy controls; 1 study found smaller MEP sizes in people at risk compared to
patients with first-episode schizophrenia and healthy controls*

Four studies found no significant differences between medicated patients with chronic
schizophrenia and healthy controls;*86939 2 studies reported significantly shorter CSP
duration in medicated and unmedicated patients with chronic schizophrenia;® % 1 study
found longer CSP duration in medicated patients with chronic schizophrenia and people at
risk, and no significant difference between the 2 groups;** 1 study reported longer CSP
duration in patients with first-episode schizophrenia compared to people at risk and healthy
controls, and no difference between the latter 2 groups;® 1 study reported longer CSP
duration in patients for the 130% of the RMT but not for 90% maximum stimulator output®

One study reported normal short-latency afferent inhibition in patients compared to
healthy controls®”

Two studies reported increased duration of transcallosal inhibition in patients who used the
single-pulse paradigm.”8°

Eight studies reported reduced SICI in medicated patients with chronic
schizophrenia,#5:5460.81.8289.93 patients with recent-onset schizophrenia® and medicated
patients with first-episode schizophrenia;> 1 study reported unchanged SICI in patients with
chronic schizophrenia and medication resistance;* 1 study reported unchanged SICl in
medicated patients with chronic schizophrenia at interstimulus intervals of 1, 2, 3 and 4 ms
but when data for the 4 interstimulus intervals were pooled, patients showed reduced SICI;%
1 study reported reduced SICI in people at risk;>® 1 study found unchanged SICI in people
at risk.5

Seven studies reported no significant differences between medicated patients with
chronic schizophrenia and healthy controls;+55460.828493.9 { study found no significant
difference between people at risk, medicated patients with chronic schizophrenia and
healthy controls;** 1 study reported mixed results: reduced intracortical facilitation in
medicated patients with chronic schizophrenia compared to healthy controls in

1 experimental session, but no difference between the groups in another session that was
4~8 days apart®

One study found no differences between medicated patients and healthy controls®®

Patients would show deficits in
GABA-mediated cortical inhibition
as measured by CSP and paired-
pulse inhibition paradigms (e.qg.,
SICI and LICI). Intracortical
facilitation may not be significantly
different between patients and
healthy controls

CSP = cortical silent period; EMG = electromyography; GABA = y-aminobutyric acid; LICI = long-interval intracortical inhibition; MEP = motor evoked potential; RMT = resting motor
threshold; SICI = short=interval intracortical inhibition; TMS = transcranial magnetic stimulation.
*Unless otherwise specified, comparisons were made between patient groups or people at risk of psychosis and healthy controls.
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In contrast, Tang and colleagues* found longer CSP dura-
tions in medicated inpatients with chronic schizophrenia at
120% RMT. Longer CSP duration was also found in patients
with first-episode schizophrenia compared to healthy controls
and people at risk of psychosis using 120% RMT.*® These CSP
results suggest that alteration in GABA-B receptor-mediated
cortical inhibition could occur during disease progression.

Tang and colleagues™ found prolonged CSP duration in
people at ultra-high risk of psychosis compared to healthy
controls, but no significant difference between medicated pa-
tients with chronic schizophrenia and people at ultra-high
risk of psychosis. In addition, Soubasi and colleagues®* meas-
ured CSP using 2 stimulation intensities: 130% of RMT and
90% of the maximal stimulator output. They found longer
CSP durations in patients than in healthy controls in both
hemispheres for 130% RMT, but not for 90% of maximal
stimulator output. However, they found no group differ-
ences when the CSP was expressed as a ratio over the cor-
responding stimulus intensity (i.e., CSP divided by 130%
RMT) in each participant.

One study applied biphasic TMS pulses over both motor
cortices with an intensity of 60% to 80% of maximal stimula-
tor output (above the RMT).!™ The responses were recorded
from the abductor digiti minimi muscles in the upper extrem-
ities and tibialis anterior muscles in the lower extremities,
using needle electrodes inserted into the muscles. The auth-
ors observed multiple CSPs in single trials, predominantly in
patients with chronic schizophrenia who had been hospital-
ized and on long-term antipsychotic treatment (averages of
22.5 and 11 years for those on conventional and atypical anti-
psychotics, respectively). During dominant hemisphere
stimulation, the authors found no difference between pa-
tients and healthy controls in the latency or duration of the
first CSP or in total CSP duration (durations of the first and
later CSPs added together for respective stimulation sites);
however, patients had a higher number of CSPs in the abduc-
tor digiti minimi muscle. Responses from the nondominant
hemisphere were similar, except that patients had a longer
total CSP duration than healthy controls in the abductor
digiti minimi muscle but not a higher number of CSPs. The
authors found no significant side-to-side difference in patients
or controls for any of the outcome measures. They wrote that
multiple CSPs in the upper extremities and in the dominant
body side in medicated patients with chronic schizophrenia
may suggest impaired regulation of excitatory or inhibitory
neurotransmitter systems in the central motor pathway.

The data appear to be highly heterogeneous with respect to
the duration of CSP: similar numbers of studies reported in-
creased CSPs, decreased CSPs and no significant change rela-
tive to healthy controls. It is possible that disease progression
or duration may affect CSP duration.

Short-latency afferent inhibition

TMS over the primary motor cortex can be paired with
stimulation of the peripheral muscle by applying a condi-
tioning afferent stimulus to the medial or ulnar nerve. This
protocol, called short-latency afferent inhibition (SAI), elicits
MEP inhibition and reflects sensory and motor components.

Pharmacological studies have indicated that SAI may reflect
the activity of cholinergic neurotransmission and non-02/3
GABA-A receptors.!*!"!

Differences in SAI between patients and healthy controls
were investigated by Noda and colleagues.” They showed that
SAI significantly attenuated the size of the MEP evoked by sin-
gle test pulses in both patients and healthy controls, but they
found no difference in the degree of inhibition between groups.

Short-interval intracortical inhibition

Because SICI reflects the activity of intracortical inhibitory
circuits,'®1% SICI measurements provide an index for the
GABA-A receptor-mediated inhibition of the motor cortex.

In most of the studies we assessed, SICI was significantly
reduced in medicated patients compared to healthy con-
trols. 5540081828995 Also compared to healthy controls, SICI was
unchanged in patients with chronic schizophrenia and docu-
mented medication resistance® and in medicated patients
with chronic schizophrenia at interstimulus intervals of 1, 2, 3
and 4 ms.®* However, when data for the 4 interstimulus inter-
vals were pooled, the authors observed a significant reduc-
tion in the degree of SICI in the patient group. Further, Du
and colleagues® showed that smoking status did not affect
SICI in patients or controls.

Taken together, these findings of a reduction in SICI sug-
gest a specific deficit in GABA-A receptor-mediated inhibi-
tion pathway in this clinical population. Reduced SICI has
also been found in patients with recent-onset schizophrenia
whose duration of illness was less than 3 years (most were
medicated)® and in participants at risk (antipsychotic-naive)
and medicated patients with first-episode psychosis and no
more than 6 weeks of continuous treatment,” showing that
alteration in GABA-A receptor-mediated inhibition may ap-
pear early in the disease course. However, 1 study showed
unchanged SICI between people at ultra-high risk of psycho-
sis and healthy controls, suggesting that further studies are
needed to clarify the timing of any differences in GABA-A
receptor-mediated inhibition during the prodromal stage.>

Intracortical facilitation

Most studies reported no significant difference in ICF (in-
dexing the degree of excitation) between medicated patients
with schizophrenia and healthy controls.5*884+%9 Consis-
tently, 2 other studies reported no differences in ICF be-
tween patients (most medicated) and healthy controls.** As
well, Tang and colleagues™ measured ICF and found no sig-
nificant differences among medicated patients with chronic
schizophrenia, drug-naive participants at ultra-high risk of
psychosis and healthy controls.

However, Strube and colleagues® investigated ICF before
and after the delivery of plasticity-inducing paradigms
(paired associative stimulation and anodal tDCS) in separate
sessions of approximately 4 to 8 days apart. Compared to
healthy controls, patients with chronic schizophrenia (1 un-
medicated, 19 medicated) showed reduced 9 ms ICF and
mean 9 to 12 ms ICF values before the delivery of the paired
associative stimulation protocol, but no differences between
groups before tDCS.
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Long-interval intracortical inhibition

Only 1 study investigated differences in LICI between medi-
cated patients and healthy controls; results showed no differ-
ences in LICI for interstimulus intervals of 100, 150 or
200 ms.”

Connectivity measured with TMS-EMG

TMS-EMG can also be used to investigate connectivity between
the 2 motor cortices using a twin-coil paired-pulse paradigm
(i.e., transcallosal inhibition), which involves the application of
a conditioning stimulus over the motor region, followed by a
test stimulus in the homologous contralateral area.

Bajbouj and colleagues”™ and Boroojerdi and colleagues®
used a single-pulse transcallosal inhibition (also called ipsi-
lateral silent period) paradigm, which involves applying
single-pulse stimuli over the motor cortex ipsilateral to the
contracted hand muscle, to study the connection between
the motor cortices of the 2 hemispheres. Both studies re-
ported prolonged duration (measured in milliseconds) of
transcallosal inhibition in patients relative to healthy con-
trols. Moreover, Boroojerdi and colleagues® reported in-
creased transcallosal conduction time in medicated patients
with chronic schizophrenia, whereas Bajbouj and col-
leagues” found no difference in the onset latency of trans-
callosal inhibition between patients with chronic schizo-
phrenia (most of whom were medicated) and healthy
controls. In both studies, data recorded from the muscles of
both hands were pooled because no side-to-side differences
in outcome measures were detected.””®® According to the
authors, these findings suggest an abnormal activation of
interhemispheric connections between the motor cortices,
which may indicate impaired functioning of the corpus cal-
losum in these patients.

Koch and colleagues'™ also investigated whether schizo-
phrenia affected parietomotor connectivity in the right hemi-
sphere in age-matched patients and healthy controls. In the
healthy controls, conditioning stimuli applied over the right
posterior parietal cortex with an intensity of 90% RMT in-
creased the MEP amplitudes elicited by test stimuli applied

Table 3: TMS-EEG outcome measures

over the right motor cortex. In comparison, the medicated
and unmedicated patient groups showed significantly
weaker MEP facilitation when the conditioning stimulus pre-
ceded the test stimulus by 2, 4 and 15 ms, suggesting that pa-
tients with schizophrenia may have reduced right parietomo-
tor facilitatory connection.

TMS-EEG in schizophrenia

The outcome measures for the TMS-EEG protocols are de-
scribed in Table 3. For an overview of results from the TMS-
EEG studies, see Table 4.

TMS-elicited EEG oscillations in schizophrenia

TMS-EEG over the primary motor cortex

Three studies investigated the effect of the paired-pulse para-
digm LICI on TMS oscillations over the left primary motor
cortex. Farzan and colleagues'® compared the TMS-evoked
oscillations measured from the C3 electrode between healthy
controls and patients with schizophrenia (most of whom
were medicated) or bipolar disorder. The authors found no
difference in degree of inhibition in the area under the curve
for the 9, 6, 0, B or y frequency bands of the TMS-evoked
oscillations after LICI and test stimulus alone. They also
found no difference in the evoked oscillations in response to
test stimulus alone across the groups.

In a later study, Radhu and colleagues® assessed a group
of medicated patients with chronic schizophrenia, patients
with obsessive-compulsive disorder and healthy controls,
analyzing the degree of inhibition across all EEG channels
and in the primary motor cortex region of interest by com-
paring event-related spectral perturbation (ERSP) for the test
stimulus alone and for the paired-pulse conditions. The re-
sults showed that all groups had significant within-group in-
hibition after paired-pulses, but no difference in the degree
of LICI for any of the frequency bands (§, 6, a, B or ). The
same authors then used the same method'® to analyze the
degree of LICI in a region of interest composed of 9 frontal,

Measure Description

Global mean field power
all electrodes

Event-related spectral
perturbation

Reflects global brain activation, calculated as the root mean-squared value of the signal across

The modulation of amplitude elicited by a specific event (e.g., TMS pulse) relative to a baseline
(e.g., pre-stimulus). The power spectra values of the EEG recorded after TMS are computed for

each trial. Single-trial values are then averaged across all trials and the average baseline power
is subtracted from the whole trial. These are conducted for the relevant EEG channels in the
frequency bands of interest. Event-related spectral perturbation values are independent of the
phase of the evoked or induced activity

Intertrial coherence

A measure of phase-locking of the TMS-evoked oscillations across trials; it is independent of

signal amplitude. This measure reflects the degree to which a stimulus induces phase
synchrony (or resetting) of ongoing oscillations at specific frequencies. Intertrial coherence
values range from 0 (no intertrial coherence) to 1 (perfect phase alignment across trials)

Natural frequency

Refers to the intrinsically generated dominant frequency that different brain regions oscillate at

when perturbed. Can be calculated as the frequency bin with the largest cumulated event-
related spectral perturbation over time (e.g., 20~300 ms post-stimulus).

Relative spectral power

The power spectra expressed as the percent of power in a given frequency

EEG = electroencephalography; TMS = transcranial magnetic stimulation.
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frontocentral and central EEG electrodes in medicated pa-
tients with chronic schizophrenia, unaffected first-degree
relatives of patients and healthy controls, and they found no
significant difference in the overall (2-50 Hz) power spec-
trum or the y (30-50 Hz) frequency band among the groups
(the data included 6 patients and 6 healthy controls from
their earlier study®).

Ferrarelli and colleagues” stimulated the left primary mo-
tor cortex of patients with first-episode psychosis using
suprathreshold single-pulse stimuli. Outcome measures in-
cluded global mean field power, ERSP and intertrial coher-
ence (ITC). Outcomes were calculated across all electrodes
and did not differ between patients and healthy controls.
However, patients showed significantly decreased relative
spectral power in the 27-33 Hz range in a cluster of fronto-
central electrodes that overlay the primary motor cortex.
Moreover, the authors reported no difference in any of the
main TMS-evoked parameters (global mean field power,
ERSP or ITC) between patients with first-episode psychosis
who were diagnosed with schizophrenia at 6-month follow-
up and those who were not diagnosed with schizophrenia at
follow-up. These findings, showing B or low y reduction in
first-episode psychosis, indicated that a deficit in TMS-EEG

Table 4: Overview of results from TMS-EEG studies

responses may be present at the onset of the illness and was
unlikely to be affected by medications, because the patients
were either antipsychotic-naive or had limited antipsychotic
exposure (< 1 month).

TMS-EEG over the premotor cortex

The combination of TMS-EEG with neuronavigation allows
researchers to investigate nonmotor brain regions in schizo-
phrenia, such as the premotor cortex and the dorsolateral
prefrontal cortex (dIPFC).® Two studies investigated TMS-
induced oscillations by applying single-pulse TMS over the
premotor cortex. In both studies, all or most of the patients
were medicated; no information was provided about overall
symptom severity.

Ferrarelli and colleagues® found y-band abnormalities in
patients relative to healthy controls between 12 and 100 ms af-
ter TMS. They also examined the ERSP and ITC to better un-
derstand whether the vy deficit was related to a reduction in
amplitude or in a synchronization of the TMS response across
trials. They found that both ERSP vy values (measuring y am-
plitude after TMS regardless of the phase) and ITC y values
(measuring vy synchronization regardless of signal amplitude)
were significantly reduced in patients within the first 100 ms.

Main findings

Stimulation site Frequency domain

Time domain

Hypothesis

Left primary
motor cortex

Three studies demonstrated no significant difference
in the degree of LICI-induced inhibition of oscillatory
activity in the primary motor cortex®1% or frontal
region'® between medicated (or medicated chronic)
patients and healthy controls. As well, medicated
patients'® and patients with a first episode of
psychosis®! did not show a significant difference from
healthy controls after single-pulse stimulation of the
left primary motor cortex

One study showed significantly decreased ERSP and
intertrial coherence values in the y range in
medicated patients within the first 100 ms post-TMS
in a frontocentral region that included premotor and
sensorimotor areas.® Another study showed reduced
ERSP in the B/y range and slowed natural frequency
at the stimulation site in medicated patients with
chronic schizophrenia, patients with bipolar disorder
and patients with major depressive disorder
compared to healthy controls'®”

Relative to healthy controls, chronic (or medicated
chronic) patients with schizophrenia exhibited
reduced LICI of y oscillations in 2 studies'®% and of
oscillations in all frequency bands in 1 study,®®
measured by area under the curve'® or ERSP® in
the dIPFC or by ERSP in a frontal region.'® Two of
these studies also showed reduced LICI of y
oscillations in the dIPFC compared to patients with
bipolar disorder,'® and of 6, o and  oscillations
compared to patients with obsessive—compulsive
disorder.®® One study demonstrated less SICI-
induced inhibition of evoked & power, and less SICI-
induced inhibition and ICF-induced facilitation of
ERSP in the dIPFC of medicated patients with
chronic schizophrenia relative to healthy controls'%®

Premotor cortex

Left dIPFC

Median nerve stimulation (i.e., short-
latency afferent inhibition) induced a larger
increase of the P180 amplitude in
medicated patients relative to healthy
controls in the left primary motor cortex®”

No studies

SICI and ICF induced significantly greater
changes in the amplitude of TMS-evoked
EEG potentials in the left dIPFC in healthy
controls compared to medicated patients
with chronic schizophrenia.'®® SAI
increased the N100 amplitude in healthy
controls but not in medicated patients in
the dIPFC.%” Because modulation of N100
amplitude is a robust primary marker for
SAl, the authors suggested that SAl is
reduced in the dIPFC in patients with
schizophrenia®”

Impaired cortical inhibition and
excitation (mediated by e.g.,
GABAergic and glutamatergic
neurotransmission, respectively) in
the frontal lobes of patients would
lead to impairment in the
generation and modulation of TMS-
EEG activity in both the frequency
and time domains. As well,
dysregulation of the central
cholinergic system in patients with
schizophrenia would affect the
modulation of the N100 component
by the SAI paradigm, a marker of
cholinergic activity®”

dIPFC = dorsolateral prefrontal cortex; EEG = electroencephalography; ERSP = event-related spectral perturbation; GABA = y-aminobutyric acid; ICF = intracortical facilitation; LICI =
long-interval intracortical inhibition; N100 = negative deflection at around 100 ms; P180 = positive deflection at around 180 ms; SAl = short-latency afferent inhibition; SICI = short-interval

intracortical inhibition; TMS = transcranial magnetic stimulation.
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The authors concluded that patients with schizophrenia had
an impairment in both the amplitude and phase locking of
TMS-induced 7y responses.

Canali and colleagues'” measured ERSP and natural fre-
quency in medicated patients with chronic schizophrenia, bi-
polar disorder, major depressive disorder and healthy con-
trols over the EEG channel closest to the stimulation site.
TMS significantly increased responses on the —yband (range
21~50 Hz) in healthy controls at 20~300 ms after stimulus,
whereas the induced or evoked power was significantly
lower in patients with bipolar disorder, major depressive dis-
order or schizophrenia (range 11~27 Hz). These results were
in agreement with those of Ferrarelli and colleagues,® who
observed reduced ERSP in the y band. Furthermore, frontal
natural frequency was significantly slowed in the patient
groups compared to healthy controls but did not differ
among the patient groups themselves.”” According to the au-
thors, impaired frontal natural frequency suggests a common
neurobiological mechanism in the pathophysiology of bipo-
lar disorder, major depressive disorder and schizophrenia,
which likely involves dysfunction of GABAergic circuits.!”

These findings showed disrupted y oscillatory activity in pa-
tients with schizophrenia and were in line with evidence re-
porting deficits in ¥ modulation in this population during the
administration of cognitive tasks'” and perceptive stimuli."%!!!

TMS-EEG over the dorsolateral prefrontal cortex

Three studies applied the LICI paradigm over the left dIPFC
and found significantly impaired inhibition in patients with
schizophrenia: LICI applied over the dIPFC resulted in sup-
pression of the mean cortical evoked activity and also cor-
related with LICI in the motor cortex.!?

Farzan and colleagues!'® investigated the effect of GABA-B
receptor-mediated inhibition on oscillations by applying LICI
over the dIPFC. They aimed to explore whether patients with
chronic schizophrenia (2 unmedicated, 12 medicated) would
show a specific deficit in the ability to inhibit y oscillations
compared to healthy controls and patients with bipolar disor-
der. The authors reported that patients with schizophrenia
had a significantly lower degree of LICI (i.e., lower inhibition)
in the yband compared to patients with bipolar disorder and
healthy controls when EEG activity was measured from the
anterior frontal electrode (AF3). They found no differences in
other frequency bands.

Radhu and colleagues'® found similar results when they
investigated LICI in patients, unaffected first-degree rela-
tives and healthy controls. They analyzed data for a region
of interest composed of 9 frontal, frontocentral and central
electrodes and compared the ERSP between paired-pulse
and single-pulse conditions. Healthy controls showed
greater LICI-induced inhibition of y (30-50 Hz) power com-
pared to patients, but there was no difference between
healthy controls and unaffected first-degree relatives, or be-
tween unaffected first-degree relatives and patients. Fur-
thermore, healthy controls and unaffected first-degree rela-
tives showed greater overall LICI-induced inhibition
(2-50 Hz) compared to patients. Radhu and colleagues®
also examined frontal GABA-mediated cortical inhibition in

patients with chronic schizophrenia, patients with obsessive—
compulsive disorder and healthy controls, testing the hy-
pothesis that frontal inhibition would be reduced in patients
with chronic schizophrenia, but not in patients with obsessive—
compulsive disorder. They found that when LICI was meas-
ured in a dIPFC region of interest using ERSP as the out-
come, it was larger in healthy controls than in patients with
schizophrenia for all frequency bands, and larger in patients
with obsessive—compulsive disorder than in patients with
schizophrenia for the 6, o. and B bands. They found no sig-
nificant difference between healthy controls and patients
with obsessive—compulsive disorder, and they suggested
that these findings provided evidence that the LICI deficit
in the dIPFC may be specific to schizophrenia and have po-
tential diagnostic value.

Only 1 study examined whether SICI and ICF of the left
dIPFC differentially modulated response to single pulses in
medicated patients with chronic schizophrenia and healthy
controls.'® Analyses showed that SICI induced less inhibitory
modulation (i.e., the ratio of conditioned over unconditioned
evoked power was greater) in the dIPFC of patients on the
& band, but with ICF there was no difference between groups
in modulation of any frequency band. The time-frequency
representations (i.e., ERSPs) of conditioned minus uncondi-
tioned power also showed more inhibition and facilitation in
healthy controls during SICI and ICF, respectively, suggesting
that they had more robust inhibitory and excitatory responses
than patients with schizophrenia.

TMS-evoked EEG potentials

We found only 2 studies that investigated TMS-evoked EEG
potentials by applying TMS over the left dIPFC and the pri-
mary motor cortex. Noda and colleagues'® examined how
SICI and ICF of the left dIPFC modulated responses to a sin-
gle test stimulus in medicated patients with chronic schizo-
phrenia and healthy controls. They found that the decrease in
P60 amplitude by SICI was significantly smaller in patients
than in healthy controls. In contrast, ICF significantly in-
creased the amplitude of P60 and decreased the amplitude of
N100 (i.e., made N100 more positive) in healthy controls but
induced no amplitude changes in patients. The topography
of amplitude modulation showed that in healthy controls
SICI reduced excitation over the left frontal area on P60, but
ICF increased excitation on P60 and reduced inhibition on
N100 in the left frontal area; these topographical changes
were not evident in patients with schizophrenia.

Noda and colleagues” also compared the modulation of
TMS-evoked EEG potentials by median nerve stimulation
(i.e., SAI) in medicated patients and healthy controls, apply-
ing TMS to the left primary motor cortex and the dIPFC. Re-
sults showed a significant difference in modulation of N100
in the dIPFC: SAI attenuated the amplitude of N100 in the
dIPFC in patients compared to healthy controls. Patients also
showed greater modulation of P180 amplitude for SAI in the
primary motor cortex. The authors concluded that, although
the underlying mechanism for P180 is not yet fully under-
stood, the data indicated altered SAI in schizophrenia, which
may reflect altered central cholinergic tone.
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Signal propagation in schizophrenia
A few studies stimulated the cerebral cortex with TMS and
used concurrent EEG to record the spread of neural activity
across the brain in the sensor or source space. Ferrarelli and
colleagues'” stimulated the right premotor cortex of a group
of patients with chronic schizophrenia (most of whom were
medicated) and healthy controls. They performed source
localization analysis for the peaks of global mean field power
and showed that within the first 100 ms after TMS, the centre
of neural activity in healthy controls shifted from the pre-
motor cortex to the right sensorimotor areas and then to the
left premotor and sensorimotor areas. In patients, cortical ac-
tivation was more localized, shifting between the premotor
and motor areas along the midline in both hemispheres.
Frantseva and colleagues® stimulated the left primary mo-
tor cortex with a suprathreshold stimulus intensity in medi-
cated patients with chronic schizophrenia and healthy con-
trols. The patient group showed a higher average global
voltage than healthy controls, at around 200 ms and between
400 ms and 750 ms after stimulus, but there was no group
difference between 75 ms and 150 ms (EEG data analysis
started from 75 ms after stimulus). The voltage distribution
topography map suggested that patients experienced more
prolonged and widespread activation in response to TMS,
hence the higher average global voltage during those time
intervals. In the frequency domain, patients showed signifi-
cantly increased power between 400 ms and 800 ms in the
d band in the left frontal and temporoparietal leads and bilat-
eral occipital and parietal electrodes, and in the f—y band in
the left central and parietal and right frontal, temporal and
central channels.

Plasticity in schizophrenia

Dysfunctional brain plasticity is a key feature in the patho-
physiology of schizophrenia (Haracz"*). The application of a
small (~1 mA) current across the scalp with tDCS can induce
plasticity for up to 1 hour after stimulation.'™ Typically,
anodal tDCS is a facilitatory protocol that increases cortical
excitability, whereas cathodal tDCS provokes a suppression.
An alternative approach to exploring plasticity is to apply a
paired associative stimulation, which induces focal and
synapse-specific plasticity at the target neurons, unlike tDCS,
which exerts a nonfocal effect.#052115-118

Strube and colleagues® used paired associative stimulation
and anodal tDCS to explore differential plasticity response
patterns in patients with schizophrenia (19 medicated, 1 un-
medicated) and healthy controls. The aim of this study was
to investigate whether schizophrenia has a selective impact
on focal (induced by paired associative stimulation) versus
nonfocal (induced by tDCS) long-term potentiation in the
motor cortex. They found that anodal tDCS significantly in-
creased the MEP size in both patients and healthy controls,
indicating the successful induction of nonfocal long-term
potentiation-like plasticity. In contrast, paired associative
stimulation significantly increased the MEP size in healthy
controls only, underlining the impairment of focal long-term
potentiation-like plasticity in patients with schizophrenia.

SICI and ICF were also measured in this study, before and
15 minutes after the plasticity paradigms, and results showed
that anodal tDCS significantly reduced SICI in patients (inter-
stimulus interval 3 ms) and increased ICF for interstimulus
intervals of 7, 9 and 12 ms, but induced no changes in healthy
controls. In contrast, paired associative stimulation signifi-
cantly increased ICF for interstimulus intervals of 7 and
12 ms in healthy controls, but led to no change in patients.”

Hasan and colleagues® also investigated nonfocal long-
term potentiation-like plasticity in patients with schizophre-
nia, paying special attention to the duration and severity of
psychosis in recent-onset (single-episode) schizophrenia ver-
sus multi-episode schizophrenia. Specifically, they applied
anodal tDCS to explore whether patients with schizophrenia
would show altered long-term potentiation-like plasticity
compared to healthy participants and how these alterations
would be related to the course of disease. They also applied
different TMS protocols (SICI, ICF, CSP) to determine the
physiologic basis of plasticity alterations. Their data showed
that anodal tDCS significantly increased the MEP amplitude
in both patient groups and healthy controls. However, pa-
tients with multi-episode (but not recent-onset) schizophre-
nia showed less MEP facilitation compared to controls. Fur-
thermore, anodal tDCS enhanced SICI (i.e., induced more
inhibition) in the recent-onset group only and changed the
CSP duration in all 3 groups, although the direction of
change was not specified. The authors reported no difference
for ICF. Because of a significant difference in age between
controls and patients with multi-episode schizophrenia, they
conducted a subanalysis in which the 2 groups were matched
for age, sex, handedness and smoking status (1 = 10 in each
group) and found greater MEP facilitation in healthy controls
compared to patients with multi-episode schizophrenia after
anodal tDCS; no other parameters differed among groups.
According to the authors, these results indicated that long-
term potentiation-like plasticity is related to disease course,
and deficits may be because of disturbances in NMDA,
GABA and dopamine receptors.*

Fitzgerald and colleagues™ also found reduced plasticity re-
sponses in patients with schizophrenia in a study investigating
the cortical response to a 15 minute train of 1 Hz repetitive
TMS (rTMS) on measures of cortical excitability (RMT, AMT
and MEP) and inhibition (CSP). Results showed that rTMS sig-
nificantly increased RMT and AMT in healthy controls but not
in medicated or unmedicated patients with schizophrenia. As
well, the stimulation protocol induced an increase in MEP am-
plitude in both patients and healthy controls, but it reduced
the CSP duration in healthy controls only. The medicated and
unmedicated patient groups did not differ in their response to
rTMS based on any measure. Moreover, when data for both
patients and controls were pooled, the authors found that a
longer CSP duration at baseline was associated with stronger
changes in RMT after rTMS.* These results support the hy-
pothesis that deficits in cortical inhibition in patients with
schizophrenia may drive reduced brain response to rTMS.

Neural plasticity can be evaluated using a paradigm called
use-dependent plasticity, which involves several steps.* First,
the spontaneous direction of TMS-induced thumb movements
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is observed; second, patients are trained to move their thumbs
in the opposite direction for 30 minutes; finally, after training,
the TMS-induced thumb movements are measured again. The
authors measured motor plasticity, evaluating the direction
and acceleration of thumb movements. Medicated (n = 14) and
unmedicated (1 = 6) patients showed an equal deficit in orient-
ing post-training thumb movements in the direction of training
compared to healthy controls. The authors found no significant
difference in TMS-induced amplitude of thumb movements be-
fore or after training across groups, suggesting that the excit-
ability of the motor cortex did not differ. However, the failure
of post-training movements to orient in the direction of training
suggests that neurophysiological mechanisms involved in such
reorientation are disrupted in schizophrenia. Since both
NMDA and GABA receptor-mediated neurotransmission have
been shown to have important effects on such use-dependent
plasticity,* the observed neural plasticity deficit in schizophre-
nia may be related to these neurotransmitters.

Effects of medication

Antipsychotic medications are the main treatment for psychosis
symptoms in several psychotic disorders, including schizo-
phrenia, schizoaffective disorder, delusional disorder and bipo-
lar affective disorder. Treatment may include antipsychotic
medication as monotherapy or with adjunct antidepressants,
mood stabilizers or benzodiazepines."® All available antipsy-
chotic medications act by reducing dopamine-dependent post-
synaptic activity, reflecting the central role of the dopamine
neurotransmitter system in the pathophysiology of psychosis
symptoms.'*® However, up to a third of patients treated with
antipsychotics fail to show a positive response, suggesting that
other mechanisms are at play. Certainly, antipsychotic medica-
tions differentially affect the GABAergic and glutamatergic sys-
tems in the cortex, suggesting that their effects are not limited to
their action on dopamine receptor systems. Olanzapine has
been shown to determine downregulation of the GABA-A re-
ceptor in rats, but haloperidol and chlorpromazine do not pro-
duce the same effects.!” Further, olanzapine, risperidone and
other antipsychotics appear to have different effects on bio-
behavioural changes induced by phencyclidine, suggesting that
these medications may exert a different action on NMDA recep-
tors.!?1 Finally, clozapine, which has been shown to be the
only effective antipsychotic for treatment-resistant patients,
modulates glutamatergic activity that has been correlated with
the degree of symptomatic change,'™ further supporting the idea
of other mechanisms underlying its therapeutic effects."*1%-12

It is possible that a more general systems-level explanation
may lie in the possibility that antipsychotic medication exerts
its effect by altering the cortical E/I balance in patients with
schizophrenia. A systematic review of prospective proton
magnetic resonance spectroscopy studies indicated an effect
of antipsychotics on E/I balance by showing that most of the
studies found a reduction in glutamate in the brains of pa-
tients with schizophrenia after longitudinal antipsychotic
treatment.'”® As well, deficits in motor cortical inhibition have
been linked to schizophrenia symptom severity (as assessed
by the Positive and Negative Syndrome Scale).*”

These findings indicate that antipsychotic medications
may exert their therapeutic effect by normalizing E/I bal-
ance in the brain. Based on this assumption, we included
studies that investigated the relationship between TMS-
EMG or TMS-EEG parameters and medication dose, as well
as differences in these parameters before and after treat-
ment and between medicated patients, unmedicated
patients and healthy controls.

TMS-EMG

Most studies showed that antipsychotic treatment had no ef-
fect on RMT, AMT or MEP amplitudes in medicated patients
compared to unmedicated patients and healthy con-
trols.?810412 However, Daskalakis and colleagues™ showed
that, compared to unmedicated patients, treated medicated
patients had a higher RMT, similar to values in healthy con-
trols. The authors concluded that membrane excitability may
be lower in unmedicated patients than in medicated patients
and healthy controls.

Moreover, Ribolsi and colleagues'® examined interhemi-
spheric connections between the dorsal premotor cortex and
the contralateral primary motor cortex in schizophrenia. Spe-
cifically, they examined the activation of distinct facilitatory
and inhibitory transcallosal pathways between these 2 re-
gions by adjusting the intensity of dorsal premotor cortex
stimulation to be either suprathreshold (110% of RMT) or
subthreshold (80% of AMT). They found that, relative to
healthy controls, medicated patients (but not unmedicated
patients) showed significantly less MEP amplitude facilita-
tion by the facilitatory conditioning stimulus (applied over
the left dorsal premotor cortex) when the conditioning stimu-
lus preceded the test stimulus (applied over the right pri-
mary motor cortex) by 8 ms. However, inhibition of MEP am-
plitudes by the inhibitory conditioning stimulus did not
differ across groups. These results suggest that medication
reduced interhemispheric facilitation but did not change in-
hibitory connectivity between the left dorsal premotor cortex
and right motor cortex.

The findings for SICI were variable. Daskalakis and col-
leagues™ reported enhanced SICI with medication to the
level of healthy controls, whereas Fitzgerald and colleagues®
reported reduced SICI with medication compared to healthy
controls. Both studies found no statistical difference in SICI
between medicated and unmedicated patients and no effect
of medications on ICF. Of the 4 studies that compared un-
medicated patients to healthy controls, none reported group
differences in ICF.#%6130131 Only Daskalakis and colleagues'
found reduced SICI in unmedicated patients; the other
3 studies® 13! reported no group difference in SICI. The ef-
fects of medication on SICI are not yet clear, because 2 of the
studies”™!'® demonstrated that antipsychotic treatment might
have changed SICI (although in the opposite direction) rela-
tive to healthy controls, but all 4 studies showed no signifi-
cant difference between medicated and unmedicated pa-
tients.8”6130131 As for ICF, our findings showed no difference
among medicated patients, unmedicated patients and
healthy controls, suggesting that this parameter is unlikely to
be affected by medications.
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Similar results have been reported for LICI and I-wave fa-
cilitation. Fitzgerald and colleagues® examined LICI and
I-wave facilitation in patients with schizophrenia and found
no difference in LICI among medicated and unmedicated pa-
tients and healthy controls. At an interstimulus interval of
1.2 ms, the degree of I-wave facilitation was greatest in medi-
cated patients and lowest in healthy controls, with unmedi-
cated patients occupying an intermediate position (not sig-
nificantly different from the other 2 groups). The authors
concluded that antipsychotic medications did not rectify the
deficits underlying I-wave facilitation in patients; instead,
they exacerbated them.

Two studies that examined the effect of medications on CSP
duration also provided inconclusive results. Fitzgerald and
colleagues® reported that medications did not change CSP
duration: both medicated and unmedicated patients had
shorter CSP durations than controls. In contrast, Daskalakis
and colleagues™ showed increased CSP duration in medi-
cated patients compared to unmedicated patients, and similar
CSP duration between medicated patients and healthy con-
trols. Further, Ahlgren-Rimpilainen and colleagues'® found
that in the nondominant extremities (i.e., the nondominant
hemisphere, abductor digiti minimi and tibialis anterior mus-
cles), patients who were taking conventional antipsychotics
had shorter mean first and total CSP duration compared to
healthy controls and patients who were taking atypical anti-
psychotics; those taking atypical antipsychotics had the lon-
gest mean first and total CSP durations. According to the au-
thors,'™ these findings were in line with the assumption that
clozapine, which is an atypical antipsychotic, may normalize
or even lengthen reduced central inhibition in schizophrenia.

Reports have indicated that CSP duration is increased in pa-
tients treated with clozapine compared to healthy controls, un-
medicated patients and patients treated with other anti-
psychotics.?”13 Further, Kaster and colleagues® also found that
6 weeks of clozapine treatment increased the CSP duration in
patients with medication resistance, and Yildiz and col-
leagues® showed that 8 weeks of clozapine treatment in-
creased the CSP duration in 6 patients with moderate positive
symptoms compared to healthy controls. Taken together, these
results suggest that the therapeutic effect of clozapine may be
in part through GABA-B receptor-mediated inhibition.®

CSP duration is also affected by risperidone, another atyp-
ical antipsychotic. Ustohal and colleagues' treated 13 hospi-
talized medication-naive patients (first-episode psychosis)
with risperidone for 4 weeks and found that this anti-
psychotic significantly increased the CSP duration. The auth-
ors concluded that these findings indicated an association be-
tween risperidone monotherapy and an increase in GABA-B
receptor-mediated inhibition.

Clozapine has not been demonstrated to alter RMT, MEP
size (in response to suprathreshold single-pulse stimuli), SICI
or ICE%%131 aglthough Yildiz and colleagues® reported de-
creased ICF after 8 weeks of clozapine treatment. Risperidone
had no effect on RMT, SICI or ICF after 4 weeks of treat-
ment' or compared to healthy controls.’®® Similarly, olan-
zapine did not change RMT, SICI, or ICF compared to
healthy controls.'

Interestingly, studies that compared patients taking dif-
ferent antipsychotics showed differences in TMS-EMG bio-
metrics related to these medications. Specifically, Fitzgerald
and colleagues' investigated differences in cortical inhibi-
tion in patients who received treatment with olanzapine
and risperidone. Results showed that patients taking risper-
idone had significantly higher RMT than those taking olan-
zapine; neither medication group differed significantly from
healthy controls.

As well, olanzapine increased the duration of (single-
pulse) transcallosal inhibition relative to risperidone and
controls; risperidone decreased the duration of (dual-pulse)
transcallosal inhibition relative to olanzapine and healthy
controls.”™ Both medication groups showed less reduction
in the conditioned MEP size than healthy controls during
dual-pulse transcallosal inhibition when the hand muscle
was at rest. According to the authors, these findings sug-
gest that olanzapine and risperidone have differential ef-
fects on cortical inhibition and on different aspects of corti-
cal excitability, which might include differences in the
action of the medications on GABA or glutamate, directly
or through modulation of ascending amine systems. Simi-
larly, Soubasi and colleagues® showed that patients receiv-
ing olanzapine had lower RMT and the lowest stimulus in-
tensity required to produce the maximum MEP in the hand
muscle than those taking ziprasidone when stimulated
over the left hemisphere.

Finally, 7 studies examined the relationship between TMS-
evoked muscular responses and medication dose in pa-
tients. 6084891001041 No significant correlation was reported
between antipsychotic dose and RMT, AMT, MEP amplitude
elicited by single suprathreshold stimuli, CSP duration or left
dorsal premotor-right motor facilitatory connectiv-
ity 8848910010412 Eyrther, the degree of SICI and ICF was not
related to the dose of antipsychotics®##° or benzodiazepines.®

TMS-EEG

We found only 3 studies that investigated the effect of medi-
cations on TMS-EEG parameters. Ferrarelli and colleagues®
found no significant difference in TMS-EEG parameters
(global mean field power, ERSP, ITC and relative spectral
power) between patients with first-episode psychosis who
were antipsychotic-naive versus those who were taking anti-
psychotics. Noda and colleagues®” examined the effect of SAI
on TMS-evoked EEG potentials between patients treated with
clozapine (n = 4) and not treated with clozapine (1 = 8), by
stimulating the left primary motor cortex and dIPFC and re-
ported no difference between groups. Radhu and colleagues'®
also investigated differences in the degree of inhibition in-
duced by LICI (applied to left dIPFC) in patients treated with
antidepressants (n = 15) or benzodiazepines (n = 15). They
found that both groups had a similar degree of inhibition in
the overall (2-50 Hz) and y frequency bands.

Furthermore, 6 studies that examined the association be-
tween TMS-EEG outcomes and antipsychotic dose showed
no relationships between these 2 parameters.®%7105107 Spe-
cifically, no association was found between antipsychotic
dose and oscillations (i.e., ERSP or ITC in the y band; degree
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of LICI overall and in the y band; natural frequency) or the
modulation of the components of TMS-evoked EEG poten-
tials induced by SICI and ICF.

There was an absence of any robust effects of antipsychotic
medication on TMS-EEG parameters; further studies using
larger samples may be needed to better address how TMS-
EEG biometrics can reveal differences between drug-naive and
medicated patients in terms of brain responses to medications,
as well as how medication doses can affect these parameters.

Relationship with clinical ratings in patients with
schizophrenia

Some studies investigated the relationship between TMS-
EMG and TMS-EEG parameters and symptom severity as as-
sessed by different scales, such as the Positive and Negative
Syndrome Scale (PANSS), the Scale for the Assessment of
Positive Symptoms (SAPS), the Scale for the Assessment of
Negative Symptoms (SANS), the Brief Psychiatric Rating
Scale (BPRS), the Global Assessment Scale and the Global
Assessment of Functioning scale.

The symptom scales differ from each other in their com-
ponents and focus. The most widely used is the PANSS
(30 items),"** an instrument for assessing the prevalence of
positive and negative symptoms in schizophrenia using 2 dif-
ferent subscales: a positive symptoms subscale (7 items) and
a negative symptoms subscale (7 items). The PANSS also in-
cludes a third general psychopathology subscale (16 items)
that considers the positive-negative syndrome relative to the
general severity of psychopathology. The SAPS'*® and
SANS™¢scales are used to assess positive and negative symp-
toms in schizophrenia, respectively. The SANS scale is com-
posed of 5 domains (active flattering or blunting; alogia; avo-
lition or apathy; anhedonia or asociality; and attention), and
the SAPS is composed of 4 domains (hallucinations; delusion;
positive formal thought disorder; and bizarre behaviour). For
both scales, symptoms are rated from 0 to 5 (absent to
severe). In a similar vein, the BPRS™ is used for the global
psychopathological evaluation of psychiatric symptoms,
rated from 1 to 7, and is composed of 24 items.

Scales for a more global assessment of the patient’s func-
tion include the Global Assessment Scale,'® a tool used to
evaluate the overall functioning of a patient during a speci-
fied time period on a continuum from psychological or
psychiatric sickness to health. Values range from 1 (the hypo-
thetically sickest individual) to 100 (the hypothetically
healthiest). Similarly, the Global Assessment of Functioning
scale’™ considers psychological, social and occupational func-
tioning on a hypothetical continuum of mental health to ill-
ness and is used to index the severity of psychopathology
(values range from 1 to 100).

TMS-EMG

Most of the studies we assessed found a relationship between
symptom severity and MEP size evoked by single suprathresh-
old stimulus, although the significance of this relationship re-
mains unclear. In 1 study,” this parameter was positively cor-
related with PANSS total scores and positive, negative and

general psychopathology subscale scores, but it had a negative
correlation with PANSS positive subscale scores and a positive
correlation with PANSS negative subscale scores in another.>
One study® reported no relationship between MEP size and
PANSS scores in patients with schizophrenia.

The most consistent finding between TMS-EMG param-
eters and symptom severity is the association between SICI
and PANSS scores. Daskalakis and colleagues®! reported a
positive correlation between SICI and PANSS total and posi-
tive subscale scores (i.e., the lower the inhibition, the higher
the score) in a group of patients with chronic schizophrenia,
most of them medicated. They found the same result'® in
medicated and unmedicated patients with chronic schizo-
phrenia (pooled). They also reported that reduced inhibition
indexed by SICI was correlated with higher scores on the
general psychopathology subscale.’® In addition, Liu and
colleagues” found that when their patient group was split
into unmedicated and medicated subgroups, they observed a
significant correlation between SICI and PANSS total scores
in the unmedicated group, and no correlation for the medi-
cated group. These findings highlight a potential relationship
between symptom severity and GABA-A receptor-mediated
inhibition deficits in patients with schizophrenia, which may
be altered by antipsychotic treatment.?” Furthermore, none of
these studies found a correlation between SICI and scores
on the PANSS negative subscale, and 3 studies reported no
correlation between SICI and clinical rating as assessed by
the PANSS. 50849

Only 2 studies reported an association between CSP dura-
tion and clinical severity. Shortened CSP was correlated with
higher negative symptoms in medicated and unmedicated
patients with chronic schizophrenia (pooled).”” Tang and col-
leagues™ reported a positive correlation between CSP and the
PANSS positive subscale (i.e., longer the CSP duration, the
higher the score) in a group of medicated inpatients. To-
gether, these results suggest that the pathophysiology of
symptoms might in part be led by GABA-B receptor-mediated
cortical inhibition.>* In contrast, 4 studies®**'°!% reported
no correlation between CSP duration and symptom severity
as assessed by the PANSS. Moreover, a change in CSP dura-
tion was not related to a change in PANSS scores after
6 weeks of clozapine treatment in a group of treatment-
resistant patients,”® and an increase in CSP duration was not
related to a decrease in PANSS scores after 4 weeks of risperi-
done treatment.!*

With respect to ICF, Daskalakis and colleagues™ found a
positive correlation with the PANSS positive subscale in
medicated and unmedicated patients (pooled), but they
thought that this finding was because ICF was mediated, in
part, by SICI in the cortex. Tang and colleagues™ found that a
higher negative symptom score was associated with a lower
ICF among medicated patients with schizophrenia, but they
concluded that this relationship needed further investigation.
In another study,” a reduction in ICF (interstimulus interval
= 7 ms) was associated with a reduction in scores on the
PANSS general psychopathology subscale in a group of pa-
tients with moderate positive symptoms after 8 weeks of
treatment with an atypical antipsychotic. According to the
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authors, this result may have been because of an increase in
cortical inhibition after antipsychotic treatment. In contrast to
these findings, 3 studies found no relationship between ICF
and PANSS scores. #9130

The few studies that assessed the relationship between
neural connectivity and symptom severity had inconclusive
results. Ribolsi and colleagues' found that when the condi-
tioning stimulus intensity was 80% AMT and the interstimu-
lus interval was 8 ms, lower negative symptoms in medi-
cated and unmedicated patients with chronic schizophrenia
(pooled) were associated with a less impaired facilitatory
connection between the left dorsal premotor cortex and the
right primary motor cortex; they found no correlation with
the PANSS positive subscale or daily functioning as assessed
by the Global Assessment of Functioning scale. Koch and col-
leagues'®™ found that the amount of facilitatory connection
from the right posterior parietal cortex to the right motor cor-
tex (for conditioning stimulus intensity of 90% RMT) in pa-
tients with chronic schizophrenia (14 medicated, 6 unmedi-
cated) was positively correlated with scores on the Global
Assessment of Functioning scale and negatively correlated
with scores on the PANSS negative subscale, showing that
patients with better global functioning and fewer negative
symptoms had less impaired connectivity between the 2 re-
gions. In contrast, Bajbouj and colleagues™ found no relation-
ship between the onset and duration of single-pulse trans-
callosal inhibition and symptom severity (PANSS and BPRS
scores) or mental health and functioning (Global Assessment
Scale score) in patients with chronic schizophrenia (most of
them medicated). Similarly, Daskalakis and colleagues'
found no correlation between PANSS scores and dual-pulse
transcallosal inhibition, measured by the degree of inhibition
of the MEP size by conditioning stimuli when the ipsilateral
hand muscle was at rest.

In patients with schizophrenia, no correlation was found
between RMT and symptom severity or health functioning as
measured by the PANSS, the BPRS and the Global Assess-
ment Scale.”?#%130 Similarly, there was no association be-
tween I-wave facilitation and the PANSS” and between AMT
and the PANSS.

TMS-EEG
Only 1 study examined correlations between TMS-evoked
EEG potentials and clinical ratings;'® patients demonstrated
less attenuation of N100 amplitude by ICF on the dIPFC, sug-
gesting a reduced glutamatergic excitatory effect, and they
had lower clinical symptom severity as assessed by PANSS
total score.'®

Two studies investigated the relationship between symp-
tom severity and TMS-elicited oscillations induced by stimu-
lating the primary motor cortex, and they reported inconsis-
tent results. Frantseva and colleagues® found that patients
with chronic schizophrenia (14 medicated, 2 unmedicated)
showed increased TMS-induced oscillations at late time inter-
vals (400-800 ms) after stimulating the primary motor cortex.
They found that y power (the maximum power for the time
period of interest averaged across 60 electrodes for each par-
ticipant) between 400 ms and 700 ms was positively correl-

ated with positive symptoms; negative symptoms were posi-
tively correlated with excessive propagation in the 6 and &
bands at 200 ms. According to the authors, because the exces-
sive spread of ¥, 6 and 8 activity may be because of a deficit of
cortical inhibition in the primary motor cortex, it may be
linked to schizophrenia symptomatology.®® In contrast,
Ferrarelli and colleagues® reported that ERSP and ITC (aver-
aged between 8~45 Hz and 20-300 ms, stimulated left pri-
mary motor cortex) were not associated with positive and
negative symptoms scores as measured by SAPS and SANS in
first-episode psychosis. However, relative spectral power
analysis showed that reduced frontal B and low y activity (in a
cluster of frontocentral electrodes overlying the motor cortex)
was related to higher SAPS and SANS scores. Based on these
findings, the authors concluded that reduced TMS-elicited
frontal fast oscillations may be associated with the severity of
symptoms in patients with first-episode psychosis.

Different results were described in a study that explored
stimulation of the dIPFC. Radhu and colleagues'® found that
inhibition of y power after LICI of the left dIPFC was not as-
sociated with BPRS scores, and frontal natural frequency
after TMS of the left premotor cortex was not correlated with
PANSS scores.

These few findings show a potential link between TMS-
EEG biometrics and symptom severity, but this relationship
needs further investigation to better understand the utility of
these measures in the evaluation of disease progression.

Relationship with illness duration in patients with
schizophrenia

TMS-EMG

Only 1 study reported a significant correlation between ill-
ness duration and TMS-EMG parameters. Koch and col-
leagues'™ found that the mean amount of facilitation across
interstimulus intervals (induced by conditioning stimulus
with an intensity of 90% RMT over the right posterior pari-
etal cortex) correlated positively with illness duration in pa-
tients with chronic schizophrenia (14 medicated, 6 unmedi-
cated). These results suggest that longer illness duration is
associated with a better facilitatory connection between the
right posterior parietal and right motor cortices.

Ribolsi and colleagues'” showed a lack of relationship be-
tween the facilitatory connection for the left dorsal premotor
and right motor cortices (stimulation intensity of 80% AMT
and 8 ms interstimulus interval) and illness duration in a
group of patients with schizophrenia (most of whom were
under antipsychotic treatment). Furthermore, 3 of the 6 stud-
ies we assessed reported no correlations between illness du-
ration and the following: SICI in patients with recent-onset
schizophrenia;** RMT, onset latency and duration of single-
pulse transcallosal inhibition in patients with chronic schizo-
phrenia (most of them medicated);”” and CSP duration in
long-term (> 1 year) medicated patients with chronic schizo-
phrenia.'® As well, RMT, SI-1mV MEP size, SICI, ICF and
CSP duration were not related to the number of psychotic
episodes or duration of psychosis in patients with recent-
onset or multi-episode psychosis.*®
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TMS-EEG

Only 1 study investigated the relationship between TMS-
EEG parameters and illness duration in a group of patients
with chronic schizophrenia, most of whom were medicated.®
Results showed that after stimulation of the right premotor
cortex, ERSP and ITC values in the y band were not cor-
related with illness duration in patients with schizophrenia.

Relationship with cognition in patients with schizophrenia

As reported in a growing body of literature, abnormalities in
cognitive functioning may represent a key component of
schizophrenia.'**!¥! Several studies have investigated the as-
sociations between impaired cognition as assessed by neuro-
psychological tests and TMS-EMG or TMS-EEG biometrics
in schizophrenia.

The most consistent finding in this field is again related to
SICI, supporting the idea that deficits in GABA-A receptor—
mediated inhibition may be associated with cognitive im-
pairment in schizophrenia. Takahashi and colleagues®
found that higher inhibition indexed by SICI in patients
with recent-onset schizophrenia (duration of illness less
than 3 years) was associated with better working memory
capacity as measured by the Brief Assessment of Cognition
in Schizophrenia (BACS-J).** Similarly, Noda and col-
leagues'® showed that deficient reduction of P60 amplitude
by SICI (over the left dIPFC region of interest) in medicated
patients with chronic schizophrenia was associated with
worse performance in the Letter-Number Span test. Specif-
ically, longer the letter-number span, the greater the reduc-
tion in P60 amplitude.

These results suggest that better working memory capacity
may be associated with a higher level of inhibition, indicated
by increased SICI. In addition, Bridgman and colleagues®
found that when data from patients and healthy controls
were pooled, increased SICI was associated with better task
accuracy on the 3-back condition of the n-back task, suggest-
ing that better working memory accuracy is associated with
more inhibition. The authors suggested that although this re-
lationship was not significant when separated by diagnosis in
their study, these results support a linear relationship be-
tween GABAergic inhibition and working memory function.

Changes in SICI have also been positively correlated with
changes in auditory verbal memory performance (as indi-
cated by the delayed recall test [A7] of the Rey Auditory
Verbal Learning Test) and negatively correlated with task
switching and response suppression (as indicated by score on
the Stroop Colour and Word Test; analyzed the time taken to
complete the test) in a group of patients with chronic schizo-
phrenia who were treated with an antipsychotic.”

Lindberg and colleagues® applied SICI in patients with
chronic schizophrenia (22 medicated, 7 unmedicated), healthy
siblings of patients with schizophrenia and healthy controls
during a stop signal task. Specifically, they studied task-related
changes in motor excitability (response to single test stimulus)
and inhibition (response to paired stimuli) using the task,
which assesses the ability to inhibit a prepared action. Results
showed that task performance was similar among the groups

in terms of the time taken to inhibit a prepared movement (i.e.,
stop signal reaction time). SICI was modulated by the task
(i.e., SICI was lowest during preparation of the action and in-
creased during successful inhibition) in healthy controls and
siblings. However, SICI was reduced in patients during motor
inhibition, despite equivalent task performance. The authors
concluded that in schizophrenia, task-related deficiency in SICI
modulation may reflect deficient GABA-A-related processing
in the motor cortex, and that the absence of differences in mo-
tor inhibition performance between patients and controls could
be explained by a compensatory activity of premotor areas.

As for LICI, Lett and colleagues'? found that the presence
of a “risk genotype” (i.e., GADI T-allele) predicted a lower
degree of inhibition as measured by LICI after left dIPFC
stimulation in patients. The authors showed that the GAD1
risk genotype was also a significant predictor of performance
on the Letter-Number Sequencing test, the digit span test and
the Stroop Colour and Word Test after covarying for age and
IQ in a general linear model (because age and IQ correlated
with cognitive test scores). These results suggest that the rela-
tionship between genetic factors, working memory perform-
ance and the Stroop effect could be mediated in part by
metabotropic GABA-B inhibitory neurotransmission.

As well, 1 study found a negative correlation between
SAl-induced modulation of the N100 amplitude in the left
dIPFC and executive function (visual attention and task
switching) in patients,” suggesting that greater N100 attenu-
ation by SAI was associated with poorer performance on the
Trail-Making Test.

Finally, 4 studies investigated mirror neuron activity in
patients with schizophrenia, because abnormal cortical
inhibition has been hypothesized to underlie the social cog-
nition deficit in this population, and the mirror neuron sys-
tem has been proposed as a neurophysiological substrate for
social cognition.”*14% A common method for assessing mir-
ror neuron activity is to compare TMS-induced activity dur-
ing action observation to that during observation of a static
image. Mehta and colleagues'®® used 4 TMS paradigms elicit-
ing a MEP in the first dorsal interosseus] muscle: LICI, SICI,
RMT and the minimum stimulation intensity for evoking
1 mV peak-to-peak amplitude. These were applied as par-
ticipants observed a goal-directed action (i.e., actual action
and its video) involving the first dorsal interosseus and a
static image. Differences in the amplitude of the MEP and
the degree of cortical inhibition while participants observed
the static image and the action provided a measure of mirror
neuron activity. Healthy controls and medicated patients
showed increased MEP amplitudes and reduced SICI com-
pared to the “rest” state (i.e., the static image). In contrast,
drug-naive patients showed deficient MEP enhancement
during action observation, suggesting a lack of mirror
neuron activity, as well as reduced modulation of SICI by
mirror neuron activity. The authors also found that mirror
neuron activity had significant positive associations with
theory of mind (ability to infer intentions, dispositions and
beliefs of others), as measured by the Social Cognition
Rating Tool in Indian Setting (SOCRATIS) in drug-naive pa-
tients and when both patient groups were pooled.'*
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Mehta and colleagues'* also showed that drug-naive pa-

tients had reduced SICI compared to healthy controls when
viewing a static image, and this was inversely associated with
the ability to process emotions from facial cues (the emotion
recognition index) and overall social cognition ability (the social
cognition composite score) as measured by SOCRATIS and the
Tool for Recognition of Emotions in Neuropsychiatric Disor-
ders. The authors suggested that these results support the con-
cept of associations between mirror neuron activity and social
cognition abilities in patients with schizophrenia, and that im-
paired mirror neuron activity mediation with SICI supports a
role for impaired GABA-A neurotransmission underlying defi-
cits in mirror neuron activity in patients with schizophrenia.

Basavaraju and colleagues'® also studied mirror neuron
activity in patients with chronic schizophrenia, with and
without ego-boundary disturbances—a cluster of psychotic
symptoms (including delusions of alien control, thought
alienation phenomena and somatic passivity) that involves
an alienation of the sense of one’s own mental or physical ac-
tivity. Participants (most of whom were medicated) under-
went the same rest, actual observation and virtual observa-
tion tasks as described in Mehta and colleagues.!®
Suprathreshold single-pulse stimuli evoked greater MEP am-
plitudes in patients without ego-boundary disturbances dur-
ing action observation, indicating less mirror neuron activity
in patients with ego-boundary disturbances during action ob-
servation. However, the authors found no significant differ-
ence in mirror neuron activity between the 2 patient groups
using SICI or LICI.

More recently, Bagewadi and colleagues™ studied mirror
neuron activity during context-based versus neutral action ob-
servation in patients and healthy controls. Neutral action
observation required participants to watch a video that de-
picted the experimenter’s hand holding a key in a lateral pinch
grip and performing repeated locking and unlocking actions;
context-based action observation involved a video that de-
picted the same action but in a context with social and emo-
tional stimuli. The authors found that mirror neuron activity
was greater during context-based action observation (context-
based minus rest state) than in neutral action observation (neu-
tral minus rest state) in both groups, shown as higher SI-ImV
MEP size, less SICI and more ICF, meaning that context-based
action observation elicited more excitation than neutral action
observation. These results demonstrated that providing a con-
text to the action modulated mirror neuron activity; however,
such an increase in mirror neuron activity during context-
based action observation was reduced in patients relative to
healthy controls for SI-ImV MEP size and SICI, but not ICF.
They also found that mirror neuron activity as measured by
the ICF paradigm during context-based action observation
was positively correlated with social cognition performance as
assessed by comprehensive social cognition assessments.

Risk of bias assessment
Of the 42 studies we assessed, 34 (80%) showed a low risk of

bias for participant selection, 38 (90%) showed a low risk
of bias for incomplete outcome data and 42 (100%) showed a

low risk of bias for selective reporting. However, 37 (88%)
and 36 (86%) studies were considered unclear for measure-
ment of exposure and blinding of outcome assessment, re-
spectively, because even though research methods were de-
scribed, details about blinding were not available. Further,
23 (55%) showed a high risk of bias for confounding variables
because the major confounding variables (e.g., age, sex or any
additional factors) were not adequately confirmed and con-
sidered during the design or analysis phase (e.g., through
matching, participation restriction or other methods). The re-
sults for risk of bias assessment for each study are summa-
rized in Appendix 1, Table S3.

Discussion

TMS for measuring excitatory and inhibitory processes in
schizophrenia

SICI was reduced in patients with schizophrenia in 9 out of
11 studies that measured SICI. SICI is thought to reflect post-
synaptic inhibition of corticospinal neurons mediated by o2
or a3 subunit-bearing GABA-A receptors.”** A recent sys-
tematic review suggested that in schizophrenia, expression of
GAD67 mRNA is diminished in a subset of parvalbumin-
containing GABAergic interneurons in the primary motor
cortex and dIPFC, accompanied by a decreased level of type
1 GABA transporter mRNA, which may result in a net in-
crease or decrease in inhibitory tone on pyramidal cells.'
The reduction in SICI thus indicates that synaptic GABAergic
inhibition of pyramidal neurons may be reduced to some ex-
tent in the motor cortex. Moreover, a single oral dose of halo-
peridol (D, receptor antagonist and agonist of ¢ receptors)
was shown to decrease SICI in healthy volunteers.!*

The data for the effect of antipsychotic treatment on SICI are
broadly suggestive that antipsychotic medications do not have
a consistent impact on the reduced SICI observed in patients
with schizophrenia. Other receptors that have been shown to
play a role in modulating GABA-A receptor-mediated post-
synaptic inhibition include presynaptic GABA-B autoreceptors,
noradrenaline and ¢ receptor systems.?”7%01% Qur results
showed that reduced SICI is the most consistent finding among
several studies using TMS to assess excitatory and inhibitory
processes in schizophrenia. These results suggest impaired
GABA-A-mediated cortical inhibition affecting the prodromal
stage and persisting during the progression of the disease.

Most of the studies showed no statistically significant dif-
ference between patients and healthy controls in terms of mo-
tor threshold, in RMT or AMT (18 of 22 studies), MEP ampli-
tude elicited by suprathreshold stimuli (7 of 9 studies) or ICF
(8 of 9 studies). We also found no significant difference in the
degree of LICI and SAI between patients and healthy con-
trols, although only 1 study examined each measure. The re-
sults for the duration of CSP were inconclusive: of the 9 stud-
ies that delivered monophasic TMS pulses to the motor cortex
and recorded responses from the surface of the hand muscle,
4386939 detected no significant group difference (most or all
patients were medicated; 6 patients were taking clozapine),
282% reported shorter CSP duration in both medicated and
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unmedicated patients, and 3°**** reported longer CSP dura-
tion in patients (most or all were medicated; 2 patients were
taking clozapine). However, we found greater consistency in
the data for the effect of antipsychotic treatment, especially
clozapine, on increasing CSP duration. This result might have
important implications for the treatment of schizophrenia, be-
cause GABA-B-mediated inhibition might be involved in
some of the benefits induced by drugs.

Interestingly, it has been shown that mice with a GABA-B1
deficit exhibited marked hyperlocomotion when exposed to a
novel environment.' In addition, loss of GABA-B activity re-
sulted in a sustained moderate hyperdopaminergic state,
which was phenotypically revealed by contextual hyperloco-
motor activity. Taken together, these results suggest an asso-
ciation between deficits in GABA-B neurotransmission and
an altered dopaminergic system, which might provide in-
sights for therapeutic intervention.

Furthermore, CSP duration increases with stimulus inten-
sity in a sigmoid fashion, and the actual effect of positive
modulators of GABA-A receptors on CSP may depend on
whether measurement is obtained in the low- or high-intensity
range of the sigmoid curve, implying that different under-
lying processes may be at work for different intensity
ranges.!”!! Therefore, it is likely that antipsychotic treatment
may interact with variations in stimulus intensity (from 120%
AMT to 90% maximum stimulator output) to explain some of
the inconsistencies related to CSP duration that we found.

Neural oscillations represent an interplay between excit-
atory glutamatergic pyramidal neurons in the cortex and local
circuit GABAergic interneurons (modulated by additional
neurotransmitter systems such as dopamine, serotonin, nor-
adrenaline, choline and metabotropic glutamate receptors) and
thus may be particularly useful as indices of E/I balance across
mental disorders.’>!5* TMS-elicited neural oscillations can pro-
vide such indices as oscillation inhibition and induction (or
generation). Three studies®!%1% assessed oscillations in the left
primary motor cortex in schizophrenia using the LICI para-
digm, indexing GABA-B receptor-mediated inhibition. Radhu
and colleagues” found significant within-group inhibition of
both lower and higher frequencies in patients with schizophre-
nia and healthy controls, whereas Farzan and colleagues'® de-
tected significant within-group inhibition of only §, 8 and o
bands in patients and healthy controls. One of the reasons for
the difference might have been their choice of region of interest
(i.e., multiple EEG channels versus a single channel). Never-
theless, all 3 studies reported that LICI induced a similar level
of attenuation on all frequency bands between patients and
healthy controls, whether the outcome measure was ERSP*1%
or area under the rectified curve for averaged EEG,'® suggest-
ing that GABA-B receptor-mediated inhibition might be rela-
tively intact in the motor cortex of patients with schizophrenia.
This was consistent with findings that decreased expression of
GABA-B receptor protein has been identified in the entorhinal
cortex, hippocampus, inferior temporal cortex, prefrontal cor-
tex and superior frontal cortex (Brodmann area 9) of the post-
mortem brains of people with schizophrenia,>*> but to our
knowledge so far similar findings have not been reported for
GABA-B receptor protein in the motor cortex.

Taking together the results for SICI and LICI, there seem to
be inhibitory deficits mediated by GABA-A receptors, but not
GABA-B receptors in the motor cortex of patients with
schizophrenia. It is worth noting that of the 3 studies above,
only Radhu and colleagues'® corrected for the excitatory ef-
fect of the conditioning pulse that superimposes early EEG
responses elicited by the test pulse (by subtracting the single
pulse from the paired pulse lined up to the conditioning
pulse). The other 2 studies did not correct for this confound.
As well, although both LICI and CSP duration may reflect
motor cortical GABA-B receptor-mediated postsynaptic
inhibition,” previous studies have shown differential modu-
lation of LICI and CSP duration by drugs, disease and fa-
tigue, which seems to imply that the mechanisms that under-
lie LICI and CSP are not identical®'*"1% and predictions for
one cannot be made based on the other.

Two of the 3 studies that applied the LICI paradigm over
the motor cortex reported oscillatory responses to single-
pulse TMS stimuli in psychiatric patients and healthy con-
trols. Farzan and colleagues'® reported no significant differ-
ence in area under the curve at channel C3 for any frequency
after test pulses alone among patients with schizophrenia,
patients with bipolar disorder and healthy controls.
Ferrarelli and colleagues® found no significant difference in
global activation (global mean field power), amplitude
change (ERSP) or intertrial phase synchrony (ITC) at any fre-
quency after test pulses alone between patients with first-
episode psychosis and healthy controls, but the patients
showed significantly lower relative spectral power in the
27~33 Hz range (high B/low 7) in a cluster of frontocentral
electrodes overlying the motor cortex. However, Ferrarelli
and colleagues® did not specify how they calculated relative
spectral power except by saying that it was “the percentage
of power in a given frequency.” We do not know whether
the relative spectral power reflected traditional evoked
power or a combination of evoked and induced power (like
the ERSP), so it was more difficult to unambiguously inter-
pret the meaning of this measure.'>

Previous studies have shown a deficit in oscillation in-
duction in the motor cortex of patients with schizophrenia
in response to actively initiated movement and passive
stimulation by TMS. Compared to healthy controls, patients
treated with antipsychotics and likely with chronic schizo-
phrenia (based on their average age of 42) demonstrated re-
duced intertrial coherence preceding a self-initiated button-
press over the contralateral motor cortex (measured at FC3
and FC5) in the y (36~45 Hz) and B (16~24 Hz) bands.' Pre-
press neural synchrony is thought to represent the corollary
discharge.’™ On the other hand, in Ferrarelli and col-
leagues,'®® medicated patients with chronic schizophrenia
(mean duration of illness 13 years) showed a slowing of nat-
ural frequency in the motor cortex compared to healthy
controls after single-pulse TMS stimuli that corresponded to
110~115% RMT. The total ERSP (cumulated between
8-50 Hz and 20-300 ms) was also reduced in the patients.
Data were calculated in the EEG channel closest to the TMS
coil to reflect the activity of the targeted area.!®® Considering
the evidence from previous research, it is possible that
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GABA-A receptor-mediated inhibition is involved in the
disturbance of the y- and B-band oscillations observed in the
motor cortex of patients with schizophrenia.!>>161162

The first®! of 2 studies investigating the reaction of the pre-
motor cortex to single-pulse TMS stimuli in patients with
schizophrenia and healthy volunteers reported reduced am-
plitude (ERSP) and intertrial phase synchrony (ITC) of
v-band oscillations between 12 and 100 ms after TMS in the
right premotor cortex of patients. In the second study, consis-
tent with this finding that y oscillations may be impaired in
the premotor cortex of patients, Canali and colleagues'® re-
ported that between 20 and 300 ms after TMS, the left premo-
tor cortex of patients with schizophrenia, bipolar disorder
and major depressive disorder oscillated at slower frequen-
cies (11~27 Hz, high o/B) relative to healthy controls
(21~50 Hz, high B/7) in response to TMS perturbation, sug-
gesting a deficit in evoked or induced higher-frequency oscil-
lations in the premotor cortex of patients with schizophrenia.

The main findings of the 3 studies that assessed LICI of the
dIPFC were that the inhibition of y oscillations by the LICI
paradigm in schizophrenia was less effective than in healthy
controls, regardless of whether the outcome measure was the
area under the rectified curve for average EEG!® or ERSP;*1%
as well, the inhibition of other frequency bands (5, 6, o. and B)
may also be impaired in schizophrenia. This was consistent
with a finding of lower expression of GABA-B receptor sub-
units in the postmortem superior frontal cortex (Brodmann
area 9) of patients with schizophrenia relative to healthy con-
trols, suggesting that slow inhibitory signals mediated by
metabotropic GABA-B receptors could be reduced in the
dIPFC of patients with schizophrenia.™®' Furthermore, pa-
tients with schizophrenia showed an impaired LICI of y oscil-
lations (measured by area under the curve) and other fre-
quency bands (measured by ERSP) compared to patients
with bipolar disorder"'® and obsessive-compulsive disor-
der,” respectively, but no significant difference was found
between the latter 2 groups of patients and healthy controls.
This finding suggests that reduced suppression of neural os-
cillations by LICI in the dIPFC of patients with schizophrenia
could be a specific endophenotype for the disorder.

Although disinhibition of the motor cortex has been a
ubiquitous finding in psychiatric illnesses, independent of
medication status,”'%1% the overall pattern of these GABA-
ergic deficits may differ across disorders with no specific pat-
tern of inhibitory deficits for each disorder and little evidence
for GABAergic deficits in the dIPFC across different psychiat-
ric illnesses. The reported impairments in evoked and in-
duced frontal oscillatory activity, especially in the y band,
have been thought to contribute to deficits in cognition, such
as working memory and cognitive control.!®!1% Qur find-
ings show abnormalities in y oscillations in this clinical popu-
lation, such as a deficit of GABA-B receptor-mediated inhibi-
tion of y induced by LICI over the dIPFC,'® and deficits in
y synchronization over the premotor cortex.'® These findings
might suggest selective Y impairment in this population. It
has been consistently shown that inhibition of spiking parval-
bumin interneurons induces suppression of y oscillatory ac-
tivity,'® and postmortem studies show reduction of GAD67

in this subclass of GABAergic interneurons in patients with
schizophrenia.? In addition, because cortical inhibition deter-
mines the spread of cortical activation along the cortical sur-
face,'® the excessive propagation of TMS-induced oscillations
(i.e., increased cortical conductivity) found in this population
might be because of deficient cortical inhibition.®

The findings of the 2 studies by Noda and colleagues®'®®
indicate that GABA-A receptor function (assessed by SICI)
and the function of a low-threshold excitatory cortical circuit
that may involve glutamatergic or noradrenergic receptor ac-
tivation (assessed by ICF) may be impaired in the dIPFC of
patients with schizophrenia relative to healthy controls. Cen-
tral cholinergic activity (assessed by SAI) may also differ be-
tween patients and healthy controls because the paradigm in-
duced differential modulation of N100 (in the dIPFC) and
P180 (in the motor cortex) amplitudes in the 2 groups. SAI in-
creased GABA-B receptor-mediated inhibition in healthy
controls, but it produced the opposite effect in the dIPFC of
patients. If P180 amplitude reflects neuronal membrane excit-
ability,'”! SAI made the neuronal membrane in the motor
cortex of patients more excitable than that of healthy controls.

The GABA-B receptor-mediated inhibitory signals may be
involved in modulating the evoked or induced oscillatory ac-
tivity in the motor cortex and dIPFC. There are a few caveats
related to the original studies included in the review: al-
though 3 studies®!%1% chose the Talairach coordinates of
(xy,z=-50, 30, 36) and 2 studies”'*® administered TMS para-
digms at the F5 electrode site for stimulation of the dIPFC,
stimulation of the premotor cortex was generally not associ-
ated with specific coordinates or electrode sites. Only 5 of 9
TMS-EEG studies® #1105107 ysed masking noise or sham TMS
to control for the confounding effect of auditory-evoked po-
tentials on the cortical EEG responses to TMS. Finally, all but
1 of the TMS-EEG studies tested fewer than 20 patients with
schizophrenia, so the findings of these studies were based on
relatively small sample sizes.

Effect of antipsychotic medications on TMS-EMG and
TMS-EEG measures

Antipsychotic treatment seemed to have no effect on
RMT 098104129 AMT %612 MEP amplitudes elicited by single-
pulse suprathreshold stimuli (usually with an intensity that
was set to produce 1 mV MEPs),?610412 [CF#796130131 or LICL,*® in-
dicating that the lack of difference observed between patients
and healthy controls on these measures in the motor cortex was
not likely to be due to the effect of antipsychotics. One study
showed that medication may have reduced interhemispheric
facilitation, but not inhibitory connectivity, between the left
dorsal premotor cortex and the right motor cortex.’® The find-
ings for medication effects on SICI were inconclusive; anti-
psychotic treatment seemed to enhance SICI in 1 study™ but
reduced it in another.”® Interestingly, of the 4 studies that com-
pared unmedicated patients to healthy controls,?613013! 3 re-
ported no significant difference in SICI between groups.® %13
Thus, the extent to which reduced SICI in medicated patients
with chronic schizophrenia can be attributed to medication
effect or chronic illness remains to be determined.
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Certain antipsychotics may enhance GABA-A receptor—
mediated neurotransmission: olanzapine and haloperidol in-
creased the density of benzodiazepine-sensitive GABA-A re-
ceptors in rat prefrontal cortex without altering the total
population of GABA-A receptors after 28 days of drug infu-
sion, suggesting that prolonged antipsychotic administration
resulted in a “reshuffling” of GABA-A receptor subtypes.'”
Acute administration of olanzapine and clozapine increased
the neuroactive steroid allopregnanolone (a potent positive
allosteric modulator of GABA-A receptors) in rat cerebral
cortex in a dose-dependent manner.'” These studies demon-
strate the potential of antipsychotics to influence GABA-A re-
ceptor function and hence SICIL SICI was not correlated with
illness duration in patients with schizophrenia,*®* although
those who had a relatively short duration of illness (e.g., less
than 3 years) or treatment (i.e., not longer than 6 weeks con-
tinuously) also showed reduced SICI in the motor cortex
compared to healthy controls.*017 Therefore, the decrease in
SICI in schizophrenia may have been independent of illness
and treatment duration.

As already mentioned, one of our most consistent findings
was the effect of clozapine on CSP duration. This is notewor-
thy because of the unique place of clozapine in the anti-
psychotic armamentarium as the only medication licensed
for use in treatment-refractory schizophrenia. Although it is
clear that clozapine does not exert its unique effect via dopa-
minergic receptor antagonism (as observed in all other anti-
psychotic medications), its mechanism of action remains un-
clear. Clozapine was shown to increase CSP duration in
patients with schizophrenia in 4 of 4 studies (2 were longi-
tudinal).8905131 Therefore, the effect of clozapine on CSP
duration suggests that clozapine may exert part of its anti-
psychotic effects by improving GABA-B-mediated inhibi-
tion. However, the current review did not find a significant
correlation between CSP and symptom ratings, suggesting
that further studies would be needed to clarify the role of
GABA-B in treatment-refractory schizophrenia and the mech-
anism underlying clozapine’s unique efficacy.® Interestingly,
clozapine had no effect on RMT, MEP amplitudes elicited by
single-pulse suprathreshold stimuli, SICI or ICF.#87%

Other widely used antipsychotic medications include ris-
peridone and olanzapine, and risperidone monotherapy also
increased CSP duration with no effect on RMT in a before-
and-after treatment study with a group of medication-naive
patients with first-episode schizophrenia.’® However, olan-
zapine and risperidone exerted differential effects on RMT in
a cross-sectional study.'® Depending on the transcallosal
inhibition paradigm, TMS stimulation can activate inhibitory
interneurons in the contralateral motor cortex via a pathway
across the corpus callosum, producing a silent period in the
ipsilateral tonic hand muscle (single-pulse transcallosal inhibi-
tion), or it can inactivate the inhibitory neurons in the contra-
lateral cortex (i.e., an anti-inhibitory effect), reducing the silent
period in the ipsilateral tonic hand muscle (dual-pulse trans-
callosal inhibition).”®® Compared to risperidone, treatment
with olanzapine might have led to increased inhibitory activ-
ity and a stronger anti-inhibitory effect in the contralateral
motor cortex during single-pulse and dual-pulse transcallosal

inhibition paradigms, respectively.!® Also, although group
comparisons (olanzapine v. risperidone v. healthy controls) in
Fitzgerald and colleagues'® could not tell us whether olan-
zapine and risperidone monotherapy had changed SICI, ICF
and CSP duration in patients, the lack of statistical difference
between the 2 medication groups suggest that the anti-
psychotics might have a similar effect on the 3 TMS indices.

None of the TMS-EMG indices evaluated in this review
was significantly correlated with antipsychotic dose, suggest-
ing that if antipsychotic treatment had an effect on the indi-
ces it was not dose-dependent. Finally, antipsychotic medica-
tions seemed to have no effect on any of the TMS-EEG
outcomes we evaluated, including both the oscillatory re-
sponses to single-pulse stimuli and the SAI, SICI, ICF and
LICI effects on TMS-EEG activity. However, these findings
came from only 8 studies that performed cross-sectional
group comparisons (2 studies”*®) or correlational analyses
between antipsychotic doses and TMS-EEG activity (6 stud-
ies®79105107) The differences in the study samples (e.g., pa-
tients with first-episode or chronic schizophrenia), stimula-
tion paradigms and outcome measures could also have
influenced EEG responses to TMS in these studies.

Relationship between TMS measures and symptom severity

The MEP amplitude elicited by suprathreshold single-pulse
stimuli was positively correlated with PANSS negative sub-
scale ratings in 2 studies.** MEP amplitude is thought to re-
flect trans-synaptic activation of corticospinal neurons
through a complex network of excitatory circuits.”” Thus, this
correlation suggests that increased excitability of this system
might be associated with more severe negative symptoms.
Our findings also reported significant associations between
symptom severity and SICI and ICF.

ICF is a net facilitation: it reflects the activity of an excitatory
motor cortical circuit that is distinct from the SICI network but
is closely linked to its function.” Hence, correlations with SICI
and ICF can be discussed together: reduced SICI and increased
ICF (i.e., less inhibition and more excitation) were associated
with more severe positive symptoms; increased SICI and re-
duced facilitatory modulation of N100 amplitude by ICF (i.e.,
more inhibition and less excitation) were associated with less
overall symptom severity; and decreased ICF was related to
less general psychopathology and more negative symptoms.
General psychopathology may reflect deficits in cognition such
as disorientation, poor attention, lack of insight and active so-
cial avoidance.'” It seems that less inhibition and more excita-
tion might contribute to greater positive symptoms, deficits in
cognition and overall symptom severity. One study also found
that decreased ICF was associated with greater negative symp-
toms.>* However, it should be noted that half of the studies did
not find a significant correlation between PANSS scores and
SICI (3 of 6 studies)®®#% and ICF (3 of 7 studies) %% indicat-
ing that the relationship between symptoms and TMS neuro-
physiology needs further research.

Most of the relevant studies (6 of 8)84°>?6100130132 found no
correlation between CSP duration and symptom ratings as
assessed with the PANSS. Moreover, 2 studies found that less
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severe negative symptoms were associated with more facili-
tatory connection between the left dorsal premotor cortex
and right motor cortex,'” and between the right posterior
parietal cortex and right motor cortex.'™ Finally, 4 studies ex-
amined the correlations between TMS-elicited oscillations
and symptom ratings.85911%17 Because they assessed differ-
ent aspects of TMS-evoked or -induced oscillations (i.e.,
propagation or global conductivity of signal power, frontal
B/ power, inhibition of y and overall power by LICI, and
natural frequency) in different brain regions (entire brain,
motor cortex, dIPFC and premotor cortex, respectively; all in
the sensor space) and different patient populations (first-
episode psychosis or chronic schizophrenia), it was difficult
to ascribe any consistent effects.

The association between SICI and working memory per-
formance, as assessed by different tasks, was a relatively con-
sistent finding. Increased working memory capacity was re-
lated to increased SICI in the left motor cortex of medicated
patients with recent-onset schizophrenia (duration of illness
less than 3 years), and in the left dIPFC in medicated patients
with chronic schizophrenia.®*1% As well, when data from pa-
tients and healthy controls were pooled, increased SICI in the
motor cortex was associated with better working memory
task accuracy on the 3-back condition of the n-back task.”
Taken together, these results might imply a relationship be-
tween impaired GABA-A receptor-mediated inhibition and
working memory deficits in schizophrenia. As well, more en-
hancement in SICI in the motor cortex of medicated patients
with chronic schizophrenia was associated with more im-
provement in performance on the delayed recall of words in
a verbal learning test,”® which is a sensitive measure for the
diagnosis of amnestic mild cognitive impairment and early
Alzheimer disease.'”® However, the increase in SICI in the
same group of patients was related to less improvement in
executive function, including task switching and response in-
hibition (assessed by the time taken to complete the word-
colour subtest of the Stroop test).” These correlations are con-
sistent with the relationship between y oscillations and
working memory.

Lower GABA-B receptor-mediated inhibition (as reflected
by a lower degree of LICI in 1 study™ and reduced N100 am-
plitude in another®) in the left dIPFC might also contribute to
poorer working memory capacity and executive function (as-
sessed by the Stroop task and the Trail-Making Test) in pa-
tients with schizophrenia.'®!* Noda and colleagues? also
showed that central cholinergic activity induced by the SAI
paradigm increased N100 amplitude in the dIPFC of healthy
controls, whereas cholinergic activity might be impaired in
patients with schizophrenia, leading to suppression of the
N100 amplitude in the dIPFC.

Social cognition is closely related to the negative symptoms
of schizophrenia and forms an important deficit that prevents
people from engaging in social activities and work. A key as-
pect of social cognition is the ability to infer the intentions of
other people, and the mirror neuron system has been pro-
posed to underpin this important function. Mirror neurons
are neurons that fire both when we act and when we observe
the same action performed by others.'”” Mirror neuron activity

has been indexed by increased MEP amplitude in response to
suprathreshold single-pulse stimuli (with or without a
reduced SICI and increased ICF) while observing an ac-
tion.”#145146 Three studies”**5!% demonstrated that the mirror
neuron system may be impaired in the motor cortex of pa-
tients with schizophrenia during action observation, whether
the action is embedded in a social context or not. This sug-
gests that an impaired mirror neuron system may be a poten-
tial marker of poorer social cognition and warrants further in-
vestigation for its effect on social networks and functioning.

Relationship between TMS measures and illness duration

The TMS-EMG and TMS-EEG measures evaluated the cur-
rent review were not associated with duration of illness in
schizophrenia, except in 1 study,'™ which reported a signifi-
cant correlation between illness duration and facilitatory con-
nection between the right posterior parietal and right motor
cortices in a group of patients with chronic schizophrenia
(70% of whom were medicated). Thus, the findings of this re-
view do not support the premise that illness duration may
itself induce physiologic changes in the brain.

TMS-elicited plasticity and effective connectivity
in schizophrenia

In medicated patients with chronic schizophrenia relative to
healthy controls, prolonged duration of transcallosal inhibi-
tion evoked by the single-pulse transcallosal inhibition para-
digm, indexing functional connectivity in schizophrenia,
may hint at functional impairment of transcallosal motor
pathways in schizophrenia that might result from structural
changes of the relevant callosal fibres.”#178 The facilitatory
parietomotor connection in the right hemisphere may also
be reduced in both medicated and unmedicated patients
with chronic schizophrenia.'™ One study® showed that sig-
nal propagation of TMS-elicited neural activity in patients
with schizophrenia (most of whom were medicated) was
limited to the premotor and motor areas along the midline in
both hemispheres in the first 100 ms after TMS of the right
premotor cortex, suggesting defective interactions among
cortical areas in chronic schizophrenia. Another study®
found that higher average global voltage 400~750 ms after
TMS of the left motor cortex in patients with chronic schizo-
phrenia (most of whom were medicated) may be driven by
increased total power in the § and B or y bands between
400~800 ms in many EEG channels. Such prolonged activa-
tion relative to healthy controls may suggest increased inter-
hemispheric functional connectivity between homologous
motor areas and extended to bilateral temporoparietal re-
gions in patients with schizophrenia.®* These studies showed
that functional connectivity in patients with chronic schizo-
phrenia may be disrupted in both time and space (including
interhemispheric and within-hemisphere connections). This
finding supports a contemporary theory that schizophrenia
symptoms arise as a consequence of functional neural dys-
connectivity rather than because of a specific regional deficit
or lesion.'”
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Deficient neural plasticity was reported in 4 studies that as-
sessed motor cortical plasticity in patients with schizophre-
nia.###% Patients with chronic schizophrenia (most of whom
were medicated) in Strube and colleagues® showed a deficit in
focal long-term potentiation-like plasticity induced by paired as-
sociative stimulation, which emulates spike-timing-dependent
plasticity 3% Another study* reported deficient anodal tDCS-
induced nonfocal long-term potentiation-like plasticity in pa-
tients with multiple psychotic episodes (most of them medi-
cated) but not in those with a single episode (recent-onset
schizophrenia; most of them medicated), suggesting “a neuro-
degenerative process of cortical plasticity in patients with schizo-
phrenia.” However, a recent meta-analysis reported that illness
duration might not influence motor cortical plasticity in schizo-
phrenia, and that altered plasticity may predate the manifesta-
tion of clinical symptoms.’®! Furthermore, Hasan and col-
leagues® speculated that patients with chronic schizophrenia
might have disturbed GABAergic neurotransmission because
tDCS enhanced SICI only in those with recent-onset schizophre-
nia. Still, no significant difference in SICI was found among
those with recent-onset schizophrenia, multi-episode schizo-
phrenia or healthy controls before tDCS administration in that
study, and SICI was not correlated with the number of psychotic
episodes or duration of psychosis in patients with schizophrenia.
The third study® found that a 15-minute train of low-frequency
repetitive TMS increased RMT and decreased CSP duration in
healthy controls but not in medicated and unmedicated patients
with chronic schizophrenia; however, the change in MEP ampli-
tudes did not differ significantly among groups when control-
ling for multiple comparisons. The fourth study' demonstrated
that medicated and unmedicated patients had an equal deficit in
orienting post-training thumb movements in the direction of
training compared to healthy controls, indicating that the mech-
anisms involved in use-dependent reorganization of cortical syn-
aptic connections may be disrupted in schizophrenia.

Although the studies used change in MEP amplitude to in-
dex plasticity, it is important to note that before the administra-
tion of the plasticity paradigms (i.e., paired associative stimula-
tion, anodal tDCS and rTMS), there was no significant
difference in MEP amplitude among their respective partici-
pant groups, implying that the excitability of the motor cortex
may not differ between patients and healthy controls. This may
suggest that dysfunction may arise only as a consequence of
dynamic change secondary to increased load or demand
placed on the neural connectivity in the system. Indeed, tDCS
to enhance neural plasticity and connectivity has been a feature
of more recent novel interventions to improve cognitive symp-
toms in schizophrenia.’? Both NMDA receptor function and
dopaminergic transmission have been implicated as essential
components in long-term potentiation and use-dependent
motor learning; GABAergic and cholinergic activity may also
play a role in modulating plasticity.*55°13!

Future research
It is clear that in the current diagnostic classification system

there are many symptoms that cross diagnostic boundaries. It
is likely that these symptoms will be underpinned by some

common pathophysiological processes;'® for example, re-
duced working memory and decreased SICI might be a com-
mon deficit for patients with schizophrenia, attention-deficit/
hyperactivity disorder, amnestic mild cognitive impairment
and early Alzheimer disease.'®*'7® Therefore, this review has
implications beyond schizophrenia, because patients with
other mental health diagnoses are also likely to have distinct
E/I balance characteristics, as measured by EMG and EEG
responses to standardized TMS probes.”*1%1% TMS-EMG and
TMS-EEG offer an opportunity to develop a novel and im-
proved understanding of the physiologic processes that
underlie mental disorders and assess the therapeutic effect of
antipsychotic medications (and novel treatment approaches).

Specific applications that would benefit from this approach
would be to use TMS-EMG and TMS-EEG to help predict
disease progression from prodrome to first-episode psycho-
sis, to full-blown schizophrenia. Several studies have ad-
dressed this question by making cross-sectional group com-
parisons involving medication-naive patients with
prodromal symptoms, patients with first-episode psychosis
(or schizophrenia) and healthy controls.*5117418 The find-
ings from these studies and the studies in patients with
chronic schizophrenia seem to suggest decreased SICI across
the illness stages. However, decreased SICI is not sufficient in
itself to predict illness progression. Another key mechanism
for this approach would be to better understand the E/I bal-
ance and its implications for mechanisms that underlie treat-
ment response in schizophrenia, aiding in the selection of
drug development and fulfilling an urgent need for novel
therapies for treatment-resistant schizophrenia.

Risk of bias

For the subscales “measurement of exposure” and “blinding
of outcome assessments,” details about blinding during data
collection and analysis were not available in most of the stud-
ies and we were unable to judge whether the presumed ab-
sence of blinding in these studies may have affected the re-
sults. For the assessment of “selective outcome reporting,”
we did not find the preregistered experimental protocol for
any of the included studies, so formal assessment was not
possible and we based our judgment on whether the out-
comes and analyses defined in the hypotheses and methods
sections (particularly the statistical analyses) were described
in the results section of the studies.

Limitations

We aimed to review the literature on TMS-EMG and TMS-
EEG in schizophrenia. The included studies were heterogen-
eous with respect to TMS paradigms and outcome measures,
research questions and analyses, and participant samples,
precluding a meta-analysis of the findings. Moreover, al-
though the current review was set to include only those with
a diagnosis of schizophrenia or schizoaffective disorder, one
of the included studies® examined patients with first-episode
psychosis. As well, the various studies adopted different
methods and criteria for excluding participants who might
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also have had substance abuse. Some studies used urine tests
but others did not, and the time periods for which substance
use was excluded before study participation differed. One of
the studies® screened the healthy controls for substance abuse
and we assumed they did the same for patients with schizo-
phrenia. Most of the patients included in the current review
were medicated and had chronic schizophrenia. Most of the
studies used cross-sectional group comparisons and had
small patient sample sizes (less than 30). Longitudinal studies
with larger samples may be needed to investigate changes in
the brain associated with treatment effects and disease pro-
gression by following up participants from prodrome to
schizophrenia diagnosis, or even longer.

Conclusion

Previous systematic reviews have reviewed either TMS-EMG"”
or TMS-EEG™ studies that investigated the neurophysiology
of schizophrenia. The current review combined the literature
for TMS-EMG and TMS-EEG in schizophrenia, and it gauged
the influence of antipsychotic medications, symptom severity
and illness duration on TMS-EMG and TMS-EEG activity. Fur-
thermore, we selected only studies that included participants
without documented substance abuse to reduce the confound-
ing effects of illicit drug use on brain activity. However, this re-
view focused on patients with schizophrenia or schizoaffective
disorder, and not on other populations such as people at risk
of developing psychosis (also called prodromal) or patients
with first-episode psychosis. Therefore, it is not suitable for an-
swering questions about the neurophysiology of the subclin-
ical or early stages of the psychosis spectrum.

Our findings indicate reduced SICI and relatively intact
LICI in the motor cortex of patients with schizophrenia,
whereas both SICI and LICI may be reduced in the dIPFC.
Notably, the findings of a LICI deficit in the dIPFC of patients
with chronic schizophrenia might be specific to schizophre-
nia; its diagnostic value warrants further investigation. As
well, glutamatergic or noradrenergic and cholinergic activity
might also be disrupted in the dIPFC in schizophrenia, as as-
sessed by ICF and SAI paradigms, respectively. Furthermore,
previous electrophysiological evidence (with and without
TMS) suggests that evoked or induced higher-frequency (8/7)
oscillations may be impaired in the motor, premotor and dor-
solateral prefrontal cortices of patients with schizophrenia.

Clozapine prolonged CSP duration, and olanzapine and
risperidone may exert similar effects on CSP. Improved
working memory performance was associated with en-
hanced SICI in the left motor cortex and the dIPFC, and also
with increased GABA-B receptor-mediated inhibition (as
measured by LICI and N100 amplitude) in the left dIPFC,
linking working memory performance to GABAergic activity
in the left motor cortex and dIPFC. Moreover, schizophrenia
may induce widespread deficits in brain functional connec-
tivity in both time and space, as well as deficient motor corti-
cal plasticity. These findings suggest that TMS coupled with
EMG and EEG have the potential to be used as biomarkers
for illness and treatment in schizophrenia. Future TMS-EEG
studies would need to verify the reproducibility of these

early findings, preferably using standardized experimental
methods, including procedures to properly mask the audi-
tory and somatosensory input caused by TMS to minimize
their contribution to TMS-EEG responses.
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