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Abstract
Transcranial magnetic stimulation (TMS) is a neuropsychiatric tool that can serve as a useful
method to better understand the neurobiology of cognitive function, behavior, and emotional
processing. The purpose of this paper is to examine the utility of TMS as a means of measuring
neocortical function in neuropsychiatric disorders in general, and schizophrenia in particular, for
the Cognitive Neuroscience Treatment Research to Improve Cognition in Schizophrenia
(CNTRICS) initiative. When incorporating TMS paradigms in research studies, methodological
considerations include technical aspects of TMS, cohort selection and confounding factors, and
subject safety. Available evidence suggests benefits of TMS alone or in combination with
neurophysiologic and neuroimaging methods, including positron emission tomography (PET),
single photon emission computed tomography (SPECT), magnetic resonance imaging (MRI),
functional MRI (fMRI), functional near infrared spectroscopy (fNIRS), magnetoencephalography
(MEG), and electroencephalography (EEG), to explore neocortical function. With the multiple
TMS techniques including single-pulse, paired-pulse, paired associative stimulation, and repetitive
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TMS and theta burst stimulation, combined with neurophysiologic and neuroimaging methods,
there exists a plethora of TMS experimental paradigms to modulate different neocortical
physiologic processes. Specifically, TMS can measure cortical excitability, intracortical inhibitory
and excitatory mechanisms, and local and network cortical plasticity. Coupled with functional and
electrophysiological modalities, TMS can provide insight into the mechanisms underlying healthy
neurodevelopment and aging, as well as neuropsychiatric pathology. Thus, TMS could be a useful
tool in the CNTRICS armamentarium of biomarker methods. Future investigations are warranted
to optimize TMS methodologies for this purpose.

Keywords
Transcranial magnetic stimulation; TMS; schizophrenia; CNTRICS; cortical function; biological
marker

Introduction
Transcranial magnetic stimulation (TMS) is a neuroscientific tool that can be used to explore
and better understand neocortical function and treat psychiatric symptomatology (1, 2). It
involves the generation of a magnetic field through the use of an electromagnetic coil
connected to a TMS device. The generated magnetic field induces an electrical current in the
brain. Depending on the characteristics of stimulation (e.g., intensity, timing in relation to
ongoing brain activity, pulse shape), TMS can induce neuronal depolarization, intracortical
inhibition or facilitation, or the releasing of endogenous neurotransmitters resulting in
transsynaptic action (3) (Fig. 1).

The Cognitive Neuroscience Treatment Research to Improve Cognition in Schizophrenia
(CNTRICS) initiative included TMS in its second meeting (4) due to its potential, when
used alone or in combination with other methodologies, to address basic, clinical, and
translational science questions. As TMS is a noninvasive technique that provides ubiquitous
means to measure brain function in an efficient and safe manner, it can serve CNTRICS in
its goals to enhance the information gathered from neurocognitive measures (CNTRICS
phase I) (5, 6) through the development of reliable and valid biomarkers.

Pioneering work of Hoffman and colleagues (7) and Cohen and colleagues (8) have led to a
multitude of TMS neurotherapeutic trials for the treatment of auditory verbal hallucinations
and negative symptoms of schizophrenia, respectively. Though there is current meta-
analytic evidence that TMS is efficacious for the treatment of positive (9, 10) and, to a lesser
extent, negative (10, 11) symptomatology in schizophrenia, full discussion of such
application is beyond the scope of this paper. Stanford et al. (12) provide a comprehensive
review of the therapeutic benefits of TMS for patients with schizophrenia. The purpose of
this paper is to examine the utility of TMS as a means of measuring neocortical function in
neuropsychiatric disorders in general, and schizophrenia in particular.

Methodological considerations for TMS
There are many methodological considerations when including TMS in research studies to
investigate neocortical function and develop biomarkers of disease and disease progression.
These include technical aspects of TMS, cohort selection and confounding factors, and
subject safety. This is comprehensively detailed in the online supplementary material.
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Combination of TMS and other neuroimaging modalities
Combining TMS with electrophysiological and neuroimaging modalities facilitates the
generation of comprehensive neurophysiologic data and collaborative research between
diverse fields of expertise, such as cognitive neuroscience and neuropsychiatry.
Neuroimaging methods that have been successfully combined with TMS include positron
emission tomography, single photon emission computed tomography, functional magnetic
resonance imaging (fMRI), functional near infrared spectroscopy, magnetoencephalography
(MEG), and electroencephalography (EEG). Most of these modalities produce reliable and
valid data, though caution must be taken when using fMRI, EEG, and MEG as they may
produce artifacts when combined with TMS due to their measurement of cortical functions
with electromagnetic spectrums. Additionally, specific safety concerns apply to the
combination of TMS with other brain imaging modalities. For example, it may be possible
for EEG electrodes to become heated due to TMS-induced Eddy currents and result in scalp
burn, unless appropriate electrode materials (e.g., plastic) or shapes (e.g., slotted) are utilized
(13).

A particularly appealing aspect of combining TMS with other imaging techniques is that it
becomes possible to obtain physiologic, objective measures of TMS effects, rather than
behavioral performance on cognitive or motor tasks. This minimizes the impact of factors
such as motivation, attention, or cognitive ability that restrict other diagnostic tests to higher
functioning, adolescent or adult subjects. In particular, the combination of TMS with
simultaneous EEG recording (14, 15) can offer exquisite temporal resolution with
acceptable spatial resolution, concurrent information about effects on local and network
brain activity, be applicable across the age-span in healthy subjects and patients, and be
translated from preclinical to clinical models (16). Moreover, EEG provides a direct
measure of neuronal activity and is capable of differentiating between inhibitory and
facilitatory effects (17, 18). A noninvasive input (TMS) of known spatial and temporal
characteristics can thus be applied to study local reactivity of the brain and interactions
between different brain regions with directional and precise chronometric information.
Furthermore, brain functional connectivity and inter-regional coordination can be directly
estimated from EEG. Reliable TMS-EEG systems are now commercially available (e.g.,
Nexstim, Neuroscan) (Fig. 2).

TMS paradigms to measure cortical function in schizophrenia
TMS paradigms, including single- and paired-pulse TMS, paired associative stimulation,
and repetitive TMS, provide in vivo noninvasive indices of cortical excitability, intracortical
excitation and inhibition, and cortical plasticity (Fig 3). These methods may be important in
characterizing the neural pathology associated with schizophrenia and assessing the efficacy
of therapeutic interventions. In the following paragraphs, we briefly explain each of these
TMS protocols and the information they may provide by exemplifying with studies
conducted in schizophrenia patients using these measures alone or in combination with other
neuroimaging modalities.

Single-pulse TMS
Single-pulse TMS (spTMS) can be used to spatially and temporally map behavior-related
neurocircuitry to then test brain-behavior relationships. The temporal resolution is excellent
as each pulse is less than 1 millisecond (ms), but its action can be substantially extended past
the 1-ms timeframe (19). The spatial resolution is moderate, estimated to affect
approximately 5 mm3 of brain cortex. However, because of the transsynaptic action of TMS,
the manifested behavior or cognitive change could result from indirect stimulation of other
synaptically connected cortical regions (20). Importantly, the direct magnetic field does not
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reach deeper, subcortical structures unless specially shaped coils (e.g., H-coil) are employed.
Even then, selective stimulation of deep structures is currently not possible. Nevertheless,
stimulation of subcortical regions of interest can be activated through transsynaptic action
from stimulation of superficial cortical structures. A strength of TMS is that it can help
establish causality while other functional imaging and physiology methods only provide
correlational data. However, it is important to note that the absence of a TMS effect on a
behavior due to stimulation of a select region does not, unequivocally, determine that the
area in question is not involved in that particular behavior. Rather, the lack of response may
be due to methodological challenges such as stimulation parameters, medication effects, or
psychiatric pathology.

The spTMS technique can be used to measure motor threshold (MT) intensity to produce a
motor response, determine the size of a motor evoked potential (MEP), and the duration of
the silent period. When spTMS is applied to the motor cortex at appropriate stimulation
intensity, MEPs can be elicited and recorded by surface electromyography (EMG) from
contralateral extremity muscles. MT refers to the lowest TMS intensity necessary to evoke
an MEP in the target muscle and is commonly defined as the minimum stimulus intensity
required to elicit MEPs of more than 50 μV peak-to-peak amplitude in at least 50% of
successive trials in resting target muscles (21). MTs and MEPs can evaluate motor cortical
excitability. A recent study using this technique found that neuroleptic-naïve, first-episode
schizophrenia patients showed significantly lower resting MT (RMT) relative to healthy
controls (22). Davey et al. (23) used spTMS to assess effects of antipsychotic medications
and found that while there was no difference between schizophrenia patients with or without
medication on MT, there was a longer latency of maximum suppression in those on
medication. This shows the potential of TMS to monitor the effects of antipsychotic
pharmacotherapy.

In addition to MT, the cortical silent period (cSP) is another important variable stemming
from spTMS with EMG monitoring. When an individual is instructed to maintain muscle
contraction and a single suprathreshold TMS pulse is applied to the motor cortex
contralateral to the target muscle, the EMG activity is arrested for a few hundred
milliseconds after the MEP. This period of EMG suppression is referred to as a ‘silent
period’ and is normally defined as the time from the end of the MEP to the return of
voluntary EMG activity (21). Whereas spinal inhibition contributes to the early part of the
SP (its first 50-75ms), the late part originates most likely in the motor cortex (24). Most of
the SP is hypothesized to be due to inhibitory mechanisms at the motor cortex, likely
mediated by gamma-hydroxybutyric acid (GABA) B (GABAB) receptors (21).

Recently, cSP deficits have been inversely associated with negative symptom severity in
schizophrenia, suggesting alteration in GABAB-mediated neurotransmission (25). Wobrock
et al. (26) demonstrated a significant prolongation of cSP in patients with first-episode
schizophrenia with limited exposure to antipsychotic treatment, compared to healthy
controls, potentially due to a compensatory increase in GABAergic neurotransmission, or to
effects of medication. In fact, Liu et al. (25) showed that patients receiving clozapine had
longer cSP whereas patients receiving other antipsychotics or unmedicated patients had
shorter cSP. Shortening of the cSP was also reported by Eichhammer et al. (27) in drug-
naïve, first-episode schizophrenia patients, thus indicating a dysfunctional GABAB-
mediated inhibitory process, presumably within thalamo-cortical circuits.

Single-pulse TMS can also assess use-dependent plasticity. A commonly used paradigm
involves training subjects to practice a specific kinematic movement (e.g., of the thumb) in
the opposite direction to the kinematic movement induced by TMS. The effect of motor
training on the TMS-induced direction of movement is then assessed. This provides a
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measure of motor cortical, use-dependent plasticity (28). Daskalakis et al. (29) found that
schizophrenia patients, regardless of the presence of medication, showed deficits in use-
dependent plasticity, which may be related to disruption in dopaminergic, GABA or N-
methyl-D-aspartic acid (NMDA) neurotransmitter systems.

TMS coupled with EEG can be used to study excitability of cortical areas outside the motor
cortex (16). TMS-evoked potentials (EPs) in the EEG can be induced using spTMS and
effects evaluated interhemispherically within homologue regions (30) or within
interconnected regions of extended networks (31). In a study by Ferrarelli et al. (32), 8- to
10-minute EEG sessions were recorded during spTMS over the right premotor cortex.
Results suggested that schizophrenia patients relative to healthy controls, had reduced
evoked gamma oscillations in the frontal cortex, thus reinforcing the existence of an intrinsic
dysfunction of the frontal thalamo-cortical circuits, as well as glutamatergic (33, 34) and
GABAergic (35-37) neurotransmission.

Additionally, spTMS or short trains of TMS during real-time EEG or other brain imaging
methods can be used to activate a given cortical region and assess the distributed effects on
the basis of transsynaptic cortico-cortical and cortico-subcortical effects. Though this
approach has yet to be applied to schizophrenia, the potential seems most appealing.
Accumulating evidence from dual coil TMS, combined TMS/EEG, and combined TMS/
functional neuroimaging experiments suggests that TMS modulates neuronal activity
beyond the site of stimulation, impacting a distributed network of brain regions (38-40).
Comparison of such distributed effects of spTMS in patients with schizophrenia or at-risk
individuals, compared with healthy controls, may yield valuable insights into alterations in
functional brain circuitry.

Paired-pulse TMS
Paired-pulse TMS (ppTMS) involves the use of two TMS pulses—a test pulse and a
conditioning pulse—to examine intracortical inhibition and facilitation, which might be in
vivo measures of GABAergic and NMDA activity, respectively. The ppTMS is a reliable
and valid technique that can track changes in response to interventions. Furthermore, the
combination of ppTMS and EEG allows for the assessment of intracortical inhibitory and
excitatory phenomena in non-motor cortical regions and functionally connected neuronal
circuits. However, the neurobiological underpinnings and reliability of combined ppTMS
and EEG are less well studied.

Paired-pulse TMS enables the study of cortical excitation/inhibition (E/I) balance. There are
three distinct ppTMS approaches [for review, (21)]:

a. In short interval intracortical inhibition (SICI), TMS-EPs are obtained in response
to a subthreshold conditioning stimulus followed by suprathreshold stimulation to
the same cortical region. When these pulses are given with an interstimulus interval
(ISI) of 1-6 ms, this results in a relative suppression of the evoked response to the
second pulse as compared to a single pulse at the same intensity. It is hypothesized
that the first subthreshold pulse activates low-threshold inhibitory circuits (via
inhibitory post-synaptic potentials; IPSP) resulting in a suppression of the response
to the second, suprathreshold pulse. Moreover, as GABAA agonists increase SICI,
it is hypothesized that SICI is GABAA-dependent (41).

b. With long interval intracortical inhibition (LICI), both TMS pulses are delivered at
supratheshold intensities with an ISI of 50-200ms. There is strong evidence that
LICI is mediated by long-lasting GABAB-dependent IPSPs and activation of pre-
synaptic GABAB receptors on inhibitory interneurons (42).
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c. In intracortical facilitation (ICF), the amplitude of a suprathreshold test TMS-
evoked potential can be enhanced if it is preceded by a subthreshold, conditioning
pulse applied 10-25 ms earlier. ICF is believed to result from the net facilitation of
inhibitory and excitatory mechanisms mediated by GABAA and NMDA receptors,
respectively. Glutamatergic cortical interneurons are likely to be involved in ICF,
since ICF is reduced by NMDA-antagonists such as dextromethorphan (43).

Deficits in TMS measures of cortical inhibition (44) have been reported in schizophrenia
[e.g., (45-47)]. Reduced SICI was found to be associated with positive symptom severity
(whereas negative symptoms appear to be inversely associated with cSP) (25, 45), and has
been observed in first-episode schizophrenia patients (26, 48). Significant deficits in
cerebellar inhibition in schizophrenia patients compared with healthy controls have also
been reported suggesting that an abnormality in the cerebellum or disrupted cerebellar-
thalamic-cortical connectivity may mediate disorganized thought processes and psychosis
(49). Antipsychotic medications have been found to alter TMS measures of CI. Liu et al.
(25) observed in a relatively small sample of patients with schizophrenia treated either with
clozapine, olanzapine/quetiapine, or risperidone that only clozapine was associated with
decreased SICI (and longer cSP). This finding indicates that different antipsychotic
medications may have differential effects on the mechanisms underlying schizophrenia
symptomatology and, thus, that CI measures could serve as a biomarker for those changes.
In agreement, Fitzgerald et al. (50) found that olanzapine and risperidone confer different
effects on RMT and CI suggesting that each may uniquely alter inhibitory mechanisms. A
question stemming from those studies relates to whether there is a dose-dependent
relationship between antipsychotic medication and TMS measures of CI. For instance,
Daskalakis et al. (51) found that single-dose administration of antipsychotic medications
(haloperidol and olanzapine) did not affect CI in healthy controls. Regardless, TMS can
serve to study single- or repeated-dose administration of pharmacotherapy to understand the
effects on neurotransmitter systems in schizophrenia patients undergoing medication
management.

Koch et al. (52) also used ppTMS to investigate ipsilateral parieto-motor connectivity in
schizophrenia patients. They found that, compared to healthy subjects in whom a
conditioning subthreshold TMS pulse applied over the posterior parietal cortex was able to
increase the excitability of the ipsilateral motor cortex, medicated and unmedicated patients
with schizophrenia failed to show any facilitatory parieto-motor interaction, thus suggesting
a cortico-cortical dysconnection in schizophrenia.

Transcallosal inhibition (TCI) and facilitation (TCF) can also be measured with ppTMS.
This method involves stimulation of the contralateral motor cortex several milliseconds prior
to stimulation of the ipsilateral motor cortex (41), inhibiting or enhancing the size of the
MEP produced by ipsilateral stimulation as a function of the interval between them. Hoy et
al. (53) showed that schizophrenia patients exhibited significantly less TCI than controls, but
found no difference in TCF. The lack of TCI in 25% of healthy relatives of schizophrenia
patients has also been reported (54). However, the cause of these TCI alterations are likely
attributable to alterations in intracortical inhibition mechanisms, rather than deficits in
corpus callosum connections, as the latency of TCI was not altered in patients with
schizophrenia (55).

It is possible to combine ppTMS with EEG to study cortical inhibition in regions closely
related to the pathophysiology of schizophrenia. Specifically, when examining the effects of
GABAergic inhibitory neurotransmission on gamma-oscillations, thought to be generated
through the execution of higher order cognitive tasks (e.g., working memory) in the DLPFC,
it has been shown that schizophrenia patients have significant deficits of inhibition of
gamma oscillations compared to healthy subjects and patients with bipolar disorder (56).
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Paired associative stimulation
Paired associative stimulation (PAS) involves the pairing of an electric stimulus to the
peripheral median nerve with a TMS pulse over the contralateral motor cortex (57). This
TMS protocol is used to study plasticity within the sensorimotor system based on the
principle of spike timing-dependent plasticity. It is thought that long-term potentiation
(LTP)- and depression (LTD)-like plasticity is reflected by the change in MEPs, registered
by EMG, after PAS as compared to before. If the pairs of pulses are delivered at an ISI of
10ms (PAS10), suppression of MEPs is observed, an index LTD-like plasticity (58). If the
pairs of pulses are delivered at an ISI of 25ms (PAS25), there is facilitation of MEPs post-
PAS for a given time period, which indexes LTP-like plasticity (57, 58).

Using the PAS25 paradigm, Frantseva et al. (59) demonstrated that schizophrenia patients,
compared to healthy subjects, showed deficits in MEP facilitation indicating disrupted LTP-
like plasticity, which appeared to be associated with impaired motor skill learning. This
example highlights the utility of the PAS-TMS paradigm to assess synaptic plasticity within
the motor system [for review, (60)], and its safe application in schizophrenia patients.

Repetitive TMS
The application of repeated TMS pulses at a specific rate or frequency is referred to as
repetitive TMS (rTMS). Trains of rTMS, at various stimulation frequencies and patterns
(e.g., duration, ISIs, pulses per train, intensity), can result in synaptic and transsynaptic
action, thus inducing a lasting modification of activity in the targeted brain region that
outlasts the effects of the stimulation itself. This technique of TMS can be used to modulate
cortical plasticity and track dynamic changes in reactivity. For example, Fitzgerald et al.
(61) showed reduced plastic brain responses in medicated and unmedicated patients with
schizophrenia. Specifically, cortical excitability, as assessed by MT levels, was not reduced
in both groups of patients in response to a single 15-min train of 1-Hz rTMS applied to the
motor cortex, as compared to a healthy control group. In contrast, significant differences
were seen between the patients’ and the control groups in response to rTMS for MEP size
and cSP duration.

Repetitive TMS holds promise as a potential enhancer of cortical function related to
cognition in schizophrenia. However, to our knowledge, no studies have specifically
addressed TMS-induced cognitive enhancement. An appealing aspect of such an application
is that it might be combined with other interventions (e.g., computer-based cognitive
training) to achieve synergistic potentiating effects. Other forms of non-invasive brain
stimulation (e.g., transcranial direct current stimulation), might offer alternatives for such an
application. Potentially useful investigations of enhancement of cortical function directly
related to cognition for schizophrenia can be envisioned based on studies in healthy
volunteers. For instance, Barr et al. (62) recently provided evidence of enhanced gamma-
oscillatory activity elicited by performance on the N-back task after a single, 20 Hz rTMS
session applied bilaterally to the DLPFC in healthy participants. Indeed, active rTMS
significantly increased gamma oscillatory activity compared with baseline and sham
stimulation, causing the greatest change in frontal gamma oscillatory activity in the N-back
conditions with the greatest cognitive demand. Yet, this effect was not shown to improve
working memory performance. Eventually, repeated, daily rTMS sessions might be needed
to produce changes in plasticity [e.g., (63)] and lasting effects on cognition. On the other
hand, Plewnia et al. (64) showed that synchronous, bifocal rTMS can induce an increase of
interregional EEG coherence, which may eventually have behavioral consequences. In this
context, it is worth noting again that rTMS has been applied in the treatment of positive and
negative schizophrenia symptomatology [for review, (9-12)]. Furthermore, Mittrach and
colleagues (65) have assessed the tolerability and safety of 10 Hz rTMS over the left DLPFC
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(a TMS paradigm commonly used to treat negative symptoms) with regard to cognitive
function, in a sham-controlled trial, and found no deterioration of cognitive function due to
rTMS treatment. In fact, their study pointed to the usefulness of considering baseline
cognitive status to optimize treatment efficacy, as inferior performance in certain
neuropsychological aspects before treatment seemed to predict a better response to active
rTMS. One of the limitations of rTMS, however, is that the underlying neurophysiologic
effect is uncertain and likely complex, with the modulatory effects not relying solely on
cortical synaptic efficacy changes (66).

A unique rTMS protocol, known as theta burst stimulation (TBS), is capable of more
specifically assessing cortical LTP-like and LTD-like plasticity by introducing a train of
high-frequency stimulation and then evaluating the cortical/cortico-spinal response to
spTMS (e.g., through EEG or EMG) for a period of time following the plasticity-inducing
train (67). Intermittent or continuous TBS protocols (iTBS, cTBS) have been shown to
change cortical activity that lasts well beyond the duration of the TMS application, and a
time-course consistent with that found with LTP and LTD in preclinical models [for review,
(60, 68)]. Furthermore, iTBS and cTBS appear to modulate the glutamatergic and
GABAergic systems (69, 70).

As previously discussed, TMS-EPs can be registered by EMG when targeting the motor
cortex, or by EEG or fMRI when stimulating non-motor cortical regions. After iTBS or
cTBS, EPs can thus assess the efficiency of LTP- and LTD-like phenomena, which in turn
provides a valuable biomarker for local and network cortical plasticity. Recent preliminary
data collected in Pascual-Leone's lab (unpublished data; Fig. 4) demonstrated the feasibility
of using TBS to measure cortical plasticity noninvasively in newly diagnosed, early-course,
antipsychotic-naïve individuals with schizophrenia. Results showed that, on average,
patients had 42% reduced duration of cTBS-induced after-effects, as compared to age- and
gender-matched healthy controls, thus suggesting that corticomotor plasticity mechanisms
are already abnormally reduced in very early stages of schizophrenia.

Therapeutically, TBS has also been used in schizophrenia. Recent evidence suggests that
iTBS applied over the cerebellar vermis is safe and may improve mood and cognition (71).
Alternatively, cTBS applied to the temporo-parietal cortex has been shown to reduce or
suppress auditory verbal hallucinations in single cases (72-74). For instance, left-sided cTBS
was shown to reduce a patient's long-term persistent auditory hallucinations, which was
accompanied by overall improved performance in neuropsychological measures (73).
Similarly, long-term bilateral application of cTBS to temporo-parietal cortical areas, in a
patient with a 22-year history of paranoid schizophrenia, resulted in complete remission of
chronic, continuous, distressing voices, with maintenance of the effect at 3-month follow-up,
as well as a salient improvement in general psychopathology and global function (74).
Sham-controlled clinical trials are nonetheless needed to ascertain the efficacy of TBS in
schizophrenia. Overall, different patterns of TBS and conventional rTMS protocols
differentially modulate the activity of inhibitory cortical systems and protein expression (75,
76). Eventually, some TMS protocols may prove to be more efficacious than others in
modulating human cortical excitability and plasticity, and, particularly, the cellular
mechanisms underlying schizophrenia symptoms.

Future directions to use TMS to develop biomarkers for schizophrenia
TMS can assess and modulate different physiologic processes in the brain. Specifically,
TMS can measure cortical excitability, intracortical inhibitory and excitatory mechanisms,
and local and network cortical plasticity. Furthermore, if coupled with functional and
electrophysiological modalities, TMS can provide valuable insights into the processes of the
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brain in health and disease. In particular, TMS may elucidate the mechanisms underlying
healthy neurodevelopment and aging, as well as neuropsychiatric pathology.

If one builds on a conceptual paradigm in which changes in E/I balance and brain plasticity
are the ultimate result of the interaction between genes and environment, then measuring
those changes may provide extraordinary insight into how the brain may initiate and
compensate for pathology. If so, defining and measuring characteristic ‘TMS-related
endophenotypes’ for distinct neuropsychiatric disorders may thus provide valuable
biomarkers of disease. For instance, if the specific pattern of findings from Pascual-Leone's
lab and others [e.g., (59)] prove to be specific to schizophrenia, diminished cortical plasticity
might be a biological marker for schizophrenia, and a progressive reduction of plasticity
during developmental years may even be a predictor of disease, as those results were
obtained in first-episode, early-onset, unmedicated schizophrenia patients. Moreover, early-
life deficits in the mechanisms of LTP/LTD, which are considered molecular correlates of
learning and memory (and can be induced by TBS), may originate and underlie the
impairments in higher cognitive functioning observed in schizophrenia patients not only at
the time of first episode (77) but even long before illness onset (78). Ultimately, abnormal
changes in plasticity mechanisms may be the proximal cause of schizophrenia.

Furthermore, TMS—using TBS protocols coupled with EEG, for instance—can measure the
efficiency of plasticity mechanisms in a given cortical region and network dynamics in
functionally connected regions (16). Of critical interest is the assessment of plasticity
dynamics of the prefrontal circuitry for its involvement in working memory and abstraction
abilities, profoundly disrupted in schizophrenia [e.g., (79)], and of the prefrontal-temporal
limbic network, involved in verbal episodic memory and disrupted in both schizophrenia
patients and their relatives [e.g., (80, 81)]. Thus, defining biomarkers and predictors of
schizophrenia, and other neuropsychiatric disorders, based on this TMS methodology
appears to be a promising strategy for future research and diagnostics in schizophrenia, and
ultimately for novel plasticity-based interventions.

In a broader perspective, it seems possible to define novel or support existent
endophenotypes of schizophrenia using sophisticated investigations with TMS.
Neurophysiologic and neurocognitive endophenotypes selected by the Consortium on the
Genetics of Schizophrenia (COGS) (82) included measures of inhibitory deficits (P50
suppression, prepulse inhibition, and oculomotor, saccadic control) and of various cognitive
impairments (e.g., continuous performance tests for sustained attention, letter-number span
for working memory). All of these have shown significant associations with functional
status and outcome. It is easily envisioned how TMS measures of cortical excitability and
plasticity are potential candidates to add to such list. Importantly, and consistent with criteria
emphasized by Braff et al. (82), measures of TMS can be (a) “state-independent” (i.e.,
impairments in cortical inhibition and plasticity do not seem to be due to medications, as
they were found in drug-naïve patients; such impairments are observed regardless of illness
state, as deficits seem to be present already at first-episode), and might be (b) altered also in
“close non-affected biological relatives” (e.g., cortical inhibition deficits in non-psychotic
first-degree relatives of schizophrenia patients have been reported). To date, no TMS studies
on affected first-degree relatives (e.g., affected twins or affected offspring of schizophrenia
parents) have been reported, and would certainly be desirable. Unquestionably, in order to
apply a TMS-driven “endophenotype strategy” to schizophrenia, objectively and reliably,
large samples of patients and genetic high-risk subjects are crucial, and multisite
collaborations would be most advantageous.
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Conclusion
A substantial body of evidence has been generated to support the use of TMS as a
neuroscientific probe of cortical function as well as an intervention for the treatment of
psychiatric symptomatology. TMS would be a powerful tool in the CNTRICS
armamentarium of biomarker methods, particularly if combined with other
electrophysiological and neuroimaging methods, and in the advancement of current
knowledge on the underlying mechanisms and neurocircuitry of cortical and cognitive
function and behavior in schizophrenia. Future investigations are warranted to optimize
TMS methodologies for this purpose.
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Figure 1.
Mechanism of action of transcranial magnetic stimulation (TMS). TMS uses magnetic fields
that enter cortical tissue and with varied intensities can result in neuronal depolarization,
intracortical inhibition or facilitation, or the releasing of endogenous neurotransmitters that
results in transsynaptic action.
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Figure 2.
Combined transcranial magnetic stimulation (TMS) with electrophysiological and
neuroimaging methods to develop biomarkers of disease. A: TMS can be safely combined
with imaging techniques, such as functional magnetic resonance imaging (fMRI), or
neocortical recording methods, such as electroencephalography (EEG), to comprehensively
study behavior and develop useful biomarkers; B: The eXimia Neuronavigation Brain
Stimulation system by Nexstim, and schematic plots of acquired TMS-EEG data on motor
and prefrontal cortices.
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Figure 3.
Schematic representation of TMS measures of motor cortical reactivity and plasticity. A:
Single-pulse TMS and motor evoked potential; B: Cortical silent period; C: Paired-pulse
TMS to assess intracortical inhibition and intracortical facilitation; D: Paired-pulse TMS to
assess transcallosal inhibition; E: Paired associative stimulation [schematics A-D from (21);
schematic E from (57)].
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Figure 4.
Results from study of plasticity mechanisms in five early-onset, first-episode, antipsychotic-
naïve schizophrenia patients. A: Summary of individual results: on the x axis, red dots
represent the schizophrenia (SCZ) patients and blue dots the age-matched healthy controls
(HC); values on the Y axis represent the time to return to baseline levels following
continuous theta burst stimulation (cTBS). All subjects in the schizophrenia group show
shorter duration of the modulatory effects of cTBS on cortical reactivity than their matched
controls, with the exception of one patient whose effects returned to baseline at the same
time as his matched control; B: Average baseline-corrected MEP amplitude for the
schizophrenia group (in red) and control group (in blue), at all time-points assessed (5 to 120
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minutes post-cTBS). In both graphs, error bars indicate standard error of the mean for each
time point. Values are represented as proportion of baseline amplitude with a line at 1.0
representing baseline amplitude.
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