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1. LIST OF ABBREVIATIONS 

ALE   Activation likelihood estimation 

AMT   Active motor threshold 

BD   Bipolar disorder 

BOLD  Blood oxygen level dependent 

CHR     Clinical high risk  

CI   Confidence Interval 

COBIDAS Committee on Best Practice in Data Analysis and Sharing 

CPZ   Chlorpromazine-equivalent antipsychotic dose 

CS   Conditioning Stimulus 

CSP   Cortical silent period 

CTC   Cerebello-Thalamo-Cortical 

DSM   Diagnostic and Statistical Manual of Mental Disorders 

E/I   Excitation/inhibition  

EEG   Electroencephalography 

EMG   Electromyography 

FEP   First-Episode Psychosis 

fMRI   Functional magnetic resonance imaging 

FWE   Family-Wise Error 

GABA  Gamma-aminobutyric acid  

GRADE    Grading of Recommendations Assessment, Development and Evaluation 

HC   Healthy control  

ICF   Intracortical Facilitation 

ISI   Interstimulus Interval 

LICI   Long-Interval Intracortical Inhibition 

MEP   Motor Evoked Potential 

MRI   Magnetic resonance imaging 

NMDA  N-methyl-D-aspartate 

PANSS  Positive and Negative Syndrome Scale 

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

RMT   Resting motor threshold 

ROI   Region of interest 
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SAD   Schizoaffective disorder 

SDM  Seed-based d Mapping 

SICI   Short-Interval Intracortical Inhibition 

SIPS   Structured Interview for Psychosis-Risk Syndromes 

SSD   Schizophrenia Spectrum Disorder 

TFCE   Threshold-free cluster enhancement 

TMS   Transcranial Magnetic Stimulation 

TS  Test stimulus 
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2.   STUDENT PROFILE 

2.1.  Vision and mission statement, specific 

goals 

My scientific vision is to advance the understanding of the 

neurobiology of schizophrenia. My mission is to use 

neurophysiology, neuroimaging and brain stimulation techniques to 

identify reproducible circuit-level alterations that may inform future 

clinical translation.  

2.2.  Scientometrics 

 

Number of all publications:   6 

Cumulative IF:   26 

Av IF/publication:  4.96 

Ranking (SciMago): D1: 4, Q1:1 

Number of publications related to the subject of the thesis:    2 

Cumulative IF:    9 

Av IF/publication:      4.5 

Ranking (Sci Mago): D1: 2 

Number of citations on Google Scholar:   99 

Number of citations on MTMT (independent):    44 

H-index:    5 

 

The detailed bibliography of the student can be found on page 101. 

2.3.  Future plans 

Building on my PhD work and the year I spent as a Fulbright visiting researcher at the 

Yale School of Medicine, my goal is to focus on multimodal clinical neuroscience and 

biomarker development for schizophrenia. In future work, I aim to extend the results of 

this thesis and empirically validate whether TMS-EMG and Cerebello-Thalamo-Cortical 

connectivity can contribute to treatment response prediction and patient stratification. 
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3. SUMMARY OF THE THESIS 

Schizophrenia is a severe and heterogeneous psychiatric disorder associated with 

substantial clinical, functional, and public health burden. Diagnosis is based on clinical 

observation without reliable biomarkers, and currently available antipsychotic treatment 

is limited in its efficacy and cannot adequately address the negative and cognitive 

symptoms. Schizophrenia remains a major challenge for clinical neuroscience to 

understand and to establish reliable clinically translatable biological measures to support 

diagnosis or treatment monitoring. 

The aim of this thesis was to evaluate the reliability of two pathophysiological markers 

of schizophrenia across two complementary biological scales: local cortical physiology 

and large-scale brain network function. The thesis is built around the excitation-inhibition 

imbalance hypothesis and the disconnection hypothesis as a guiding theoretical 

framework. 

Study I is a meta-analysis of inhibitory and excitatory transcranial magnetic stimulation 

paradigms in schizophrenia. The main finding was a robust reduction in Short-Interval 

Intracortical Inhibition, highlighting impaired motor cortical inhibition in schizophrenia. 

In contrast, findings for the Cortical Silent Period, Intracortical Facilitation, and Long-

Interval Intracortical Inhibition were less consistent and require more cautious 

interpretation. Study II tested the spatial convergence of published evidence of seed-

based resting-state connectivity within the Cerebello-Thalamo-Cortical network using 

fMRI in Schizophrenia Spectrum Disorders. The strongest evidence supported thalamic 

dysconnectivity, characterised by reduced connectivity with prefrontal, limbic, thalamic, 

and cerebellar regions, together with increased connectivity with somatomotor and visual 

association areas. Cerebellar findings suggested altered connectivity but did not survive 

multiple comparison correction. 

Together, these studies provide converging evidence that schizophrenia is associated with 

reproducible abnormalities in cortical inhibition, information flow, and large-scale 

network coordination. Short-Interval Intracortical Inhibition and thalamocortical 

dysconnectivity, therefore, are promising candidate markers for future multiscale 

translational research which support the theoretical framework of altered excitability and 

network communication in schizophrenia.   
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4. GRAPHICAL ABSTRACT 
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5. INTRODUCTION 

5.1. The clinical and translational challenge of schizophrenia 

Schizophrenia is a severe psychiatric condition exerting a disproportionate global health 

burden affecting an estimated 26.9 million individuals worldwide (1). Despite the 

relatively low and stable prevalence of approximately 0.3%, schizophrenia accounts for 

a substantial and increasing proportion of disability associated with mental disorders, 

including an estimated 17 million disability-adjusted life years globally. Schizophrenia is 

also associated with 10-15 years shorter life expectancy and 10 times higher risk of 

suicide than the general population (2). These clinical and public health consequences 

make schizophrenia one of the most important unresolved conditions in psychiatry and 

clinical neuroscience.  

The clinical presentation of schizophrenia is highly heterogeneous, with the symptoms 

emerging across neuropsychiatric domains (3). Diagnosis is primarily based on clinical 

observation, with no available biological markers to support the decision. While positive 

symptoms such as hallucinations and delusions are often recognised as the most 

prominent symptom domain, schizophrenia is also characterised by negative symptoms, 

cognitive deficits, disorganisation of thought and behaviour, and disturbances in sensory 

and motor functioning (4). This clinical heterogeneity is reflected not only in symptom 

profile but also in age of disease onset, illness trajectory, functional outcome, treatment 

response and long-term prognosis (3). Diagnosis remains primarily based on clinical 

observation, with diagnostic criteria defined in the Diagnostic and Statistical Manual of 

Mental Disorders, Fifth Edition, Text Revision (DSM-5-TR) and requiring the presence 

of symptoms such as delusions, hallucinations, disorganised speech, grossly disorganised 

or catatonic behaviour, or negative symptoms, together with functional impairment and 

persistence of disturbance over time (5). Schizophrenia, therefore, is not a uniform 

diagnostic construct but a heterogeneous syndrome with multiple neurobiological 

mechanisms contributing to the clinical phenotypes.  

Currently available treatment options further illustrate both the progress and the 

limitations of mechanistic understanding in schizophrenia. Antipsychotic medication was 

a major breakthrough in psychiatric treatment and strongly informed neurobiological 
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theories of psychosis, as available antipsychotics primarily act through dopamine D2/D3 

receptor blockade (6). However, while these treatments are most effective for positive 

psychotic symptoms such as hallucinations and delusions, they have limited efficacy for 

negative symptoms and cognitive dysfunction, which are the main predictors of disability, 

functional decline and later quality of life (7). In addition, around one-third of the patients 

show minimal to no response to antipsychotic treatment and meet the criteria for 

treatment-resistant schizophrenia (8). Treatment resistance is associated with worse 

prognosis and increased burden on hospitals, as longer duration of untreated psychosis is 

predictive of more severe symptoms and worse prognosis (9).  

Altogether, the clinical burden, the lack of effective treatment options and the lack of 

disease-specific biomarkers underline the need for a clear understanding of the 

pathomechanism of schizophrenia. Without that, the ability to predict treatment response, 

monitor disease progression, stratify patients by pathophysiological mechanisms, or 

develop targeted interventions for specific biological subtypes is severely limited (10). A 

clearer understanding of schizophrenia pathophysiology, therefore, requires not only 

identifying abnormal biological processes, but also determining which human measures 

can capture these processes reliably and meaningfully in clinical populations (11).  

The unifying aim of this thesis is to evaluate whether schizophrenia pathophysiology can 

be operationalised across complementary biological scales using indirect, yet clinically 

feasible, human methods. Study I focuses on local cortical circuit excitability using 

Transcranial Magnetic Stimulation combined with electromyography (TMS-EMG), 

which provides non-invasive, in vivo insight into cortical excitation-inhibition-related 

responses. Study II focuses on large-scale network dynamics in the cerebello-thalamo-

cortical (CTC) circuit and assesses the reliability of resting-state functional MRI. 

Together, these two studies tests whether TMS-EMG and fMRI provide robust evidence 

for local circuit and large-scale network abnormalities in schizophrenia, and how these 

abnormalities can be interpreted within contemporary neurobiological models of the 

disorder. 
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5.2. Excitation-inhibition imbalance and dysconnectivity as 

neurobiological models of schizophrenia 

Several theoretical and empirical frameworks have attempted to explain the biology of 

schizophrenia; however, each of these theoretical accounts faces the challenge of 

accounting for the heterogeneity of the disorder and integrating evidence from multiple 

biological levels ranging from genetic and environmental risk factors to synaptic function, 

neurotransmitter systems, cortical microcircuits, large-scale brain networks, cognition, 

behaviour, and clinical symptoms (12, 13). Schizophrenia is widely understood as a 

neurodevelopmental disorder in which genetic and environmental risk factors shape 

vulnerability to psychosis through effects on synaptic maturation and cortical circuit 

development (14-23). On the neurochemical level, the most dominant model is the 

dopamine hypothesis, which suggests that risk factors converge on altered dopamine 

function, such as striatal hyperdopaminergia and prefrontal hypodopaminergia, which 

drive the positive symptoms, such as hallucinations and delusions (24). The efficacy of 

antipsychotic medication, as well as multimodal evidence, supports this hypothesis  (4, 

25-28); however, the hypothesis does not explain the cognitive and negative symptoms, 

treatment resistance and the broader heterogeneity of schizophrenia.  

Glutamatergic and GABAergic abnormalities provide a more direct framework for altered 

cortical regulation and may complement downstream dopaminergic dysregulation (29). 

The glutamatergic hypothesis of schizophrenia emerged largely from pharmacological 

evidence showing that NMDA receptor antagonists such as ketamine or phencyclidine 

can induce symptoms resembling the positive, negative and cognitive symptoms of 

schizophrenia in healthy individuals and is supported by converging postmortem, 

neuroimaging and preclinical evidence (30-40). One proposed mechanism by which these 

abnormalities could alter circuit activity across biological scales is excitation/inhibition 

(E/I) imbalance, one of the core theoretical themes of this thesis. 

E/I balance refers to the dynamic relationship between excitatory glutamatergic and 

inhibitory GABAergic signalling (41). At the synaptic and microcircuit levels, it refers to 

the relative influence of excitatory and inhibitory inputs on neuronal activity, whereas at 

the systems level, it refers more broadly to the stability, gain, and coordination of 

population-level activity. At the cortical circuit level, E/I balance depends primarily on 
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the dynamic interplay between glutamatergic pyramidal cells and GABAergic inhibitory 

interneurons. Pyramidal cells provide the main excitatory output of cortical circuits, while 

inhibitory interneurons such as fast-spiking parvalbumin-positive (PV) interneurons 

regulate the timing, gain, and synchrony of pyramidal cell firing (42-45).  

In schizophrenia, NMDA receptor hypofunction has been proposed to disrupt this balance 

by impairing excitatory drive onto inhibitory interneurons (46). Reduced interneuron 

function may weaken inhibitory control over pyramidal cells, leading to disorganised 

firing, reduced signal-to-noise ratio, altered synchrony, and increased neural noise (47, 

48). This mechanism is consistent with pharmacological evidence from NMDA receptor 

antagonists, which can induce schizophrenia-like symptoms, and with 

electrophysiological findings suggesting abnormal gamma band activity and impaired 

neural synchronisation in schizophrenia (49). While the primary pathology underlying E/I 

imbalance remains debated, the framework provides a useful link between developmental 

and synaptic vulnerability, cortical circuit dysfunction, and downstream dopaminergic 

dysregulation (50). In this thesis, E/I imbalance is therefore used as a theoretical 

framework rather than as a directly measured biological variable. It motivates the 

investigation of human measures that can indirectly index cortical inhibitory and 

excitatory physiology. 

Although E/I imbalance provides an integrative framework for linking synaptic pathology 

to altered local circuit-level information processing, cortical computations do not emerge 

from isolated microcircuit activity alone (41). Perception, cognition, affect, and behaviour 

depend on the coordinated activity of distributed cortical and subcortical systems, raising 

the question of how local abnormalities in excitatory and inhibitory regulation may relate 

to the network dysfunctions consistently implicated in schizophrenia (49). Connectivity 

and the disconnection hypothesis provide a systems-level framework for this question 

(51). Connectivity refers to structural or functional coupling among anatomically distant 

brain regions, whereas dysconnectivity refers to abnormal integration or communication 

within and between large-scale brain networks (29).  From this perspective, the link 

between molecular or synaptic pathology and clinical symptoms may be partly 

understood through altered coordination of distributed neural systems.  
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Importantly, this does not imply that dysconnectivity is equivalent to E/I imbalance. 

Rather, E/I imbalance, abnormal synaptic gain, altered neural synchrony, and 

dysconnectivity describe related but non-identical levels of schizophrenia 

pathophysiology (52). Local E/I-related abnormalities may plausibly influence network 

organisation through effects on cortical gain, signal-to-noise ratio, oscillatory synchrony 

and information transfer (53), however this relationship remains indirect and should not 

be interpreted as evidence for a direct causality. Accordingly, Study I addresses local 

circuit-level E/I-related physiology by evaluating TMS-EMG measures of motor cortical 

inhibition and excitability, whereas Study II addresses systems-level dysconnectivity in 

the cerebello-thalamo-cortical network using resting-state fMRI. The next chapter 

clarifies how these theoretical constructs can be operationalised in human clinical 

neuroscience, and what inferences these methods can and cannot support. 

5.3 Operationalising schizophrenia pathophysiology across 

local circuit and network levels  

 As outlined above, E/I imbalance is a multilevel theoretical construct rather than a single 

directly measurable biological variable. Due to this complexity, there is no single metric 

that directly estimates the E/I ratio across the human brain (54). Therefore, for each study 

and biological scale, it is necessary to define precisely what aspect of E/I-related 

dysfunction is being operationalised, what the selected metric can capture, and what 

conclusions it cannot support.  

Several human methods provide important but partial approximations of E/I-related 

pathology, including post-mortem studies, molecular imaging, magnetic resonance 

spectroscopy, EEG and MEG. These approaches have linked schizophrenia to altered 

synaptic markers, glutamatergic and GABAergic abnormalities, dopaminergic 

dysregulation, oscillatory activity, neural gain and signal-to-noise ratio (23, 36, 38, 55-

57). These methods are highly informative, but they are not the primary empirical focus 

of this thesis. Instead, the present work focuses on two complementary levels that map 

directly onto the thesis publications: one is local cortical inhibition and excitability 

measured with TMS-EMG, and the second is large-scale connectivity in the cerebello-

thalamo-cortical network, measured with resting-state fMRI. 
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Transcranial magnetic stimulation (TMS), when combined with electromyography 

(EMG), provides a non-invasive experimental methodology to probe cortical excitability 

and inhibition in the primary motor cortex (58). Single- and paired-pulse stimulation 

paradigms, such as Short-Interval Intracortical Inhibition (SICI), Long-Interval 

Intracortical Inhibition (LICI), Cortical Silent Period (CSP), and Intracortical Facilitation 

(ICF), are commonly used methods to probe local cortical physiology (59). While 

extensive pharmacological evidence links these responses to neurotransmitter systems, 

TMS-EMG remains an indirect but strong estimate of cortical E/I. TMS-EMG is therefore 

a particularly relevant measure, as it provides an experimental framework for non-

invasively modulating local cortical inhibition and excitability. This methodological logic 

motivates the first study of the thesis, which quantitatively synthesised TMS-EMG 

evidence in schizophrenia to test whether measures of inhibitory and excitatory motor 

cortical physiology show reproducible patterns of deficits across studies. 

At the macroscopic network level, there are no direct measures of E/I balance available. 

E/I-related dysfunction can only be inferred indirectly from patterns of coordinated 

activity across large-scale brain systems. Functional magnetic resonance imaging (fMRI) 

provides one such approach by estimating functional connectivity, defined as the 

statistical dependency between activity time series in anatomically separated brain 

regions at rest or during task performance (60). Resting state functional connectivity 

indexes the temporal dependency and statistical co-activation of spontaneous low-

frequency (0.01-0.1 Hz) fluctuations in the haemodynamic blood oxygen level dependent 

signal (BOLD) across anatomically separated distant brain regions, and therefore it is 

several inferential steps away from direct neural function or synaptic excitation-inhibition 

balance (61). Nevertheless, converging electrophysiological, multimodal imaging, and 

computational evidence suggest that local neural activity, neurotransmitter systems, 

feedback inhibition and synaptic gain can influence large-scale functional connectivity 

patterns, although these associations do not establish a direct mapping between E/I and 

connectivity (62-64).  

Schizophrenia has been associated with profound alterations in intrinsic communication 

between distant brain regions in various brain networks, depending on illness stage, 

cognitive state, and measurement modality (65). Among the large-scale networks affected 

in schizophrenia, the cerebello-thalamo-cortical circuit has emerged as a particularly 
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relevant system for studying network-level dysconnectivity, as discussed in detail in 

Chapter 5.5. This motivated Study II, which used coordinate-based meta-analysis to 

evaluate whether CTC functional dysconnectivity shows reproducible spatial patterns in 

schizophrenia. 

Meta-analysis is necessary in both empirical domains because schizophrenia research is 

characterised by small samples, clinical heterogeneity, differences in illness stage and 

medication exposure, and substantial methodological variability (66). In the TMS EMG 

literature, stimulation parameters, interstimulus intervals, outcome calculations, 

medication status and diagnostic composition vary across studies (67). In the resting-state 

fMRI literature, seed definition, preprocessing strategy, statistical thresholding, scanner 

parameters, and clinical samples differ substantially across reports (68). Individual 

studies are therefore often insufficient to determine whether a reported abnormality 

reflects a reproducible pathophysiological feature or a sample-specific or method-specific 

finding (69). Evidence synthesis allows these literatures to be evaluated cumulatively and 

helps identify which abnormalities are robust enough to guide future mechanistic and 

translational research (70).  

Together, Study I and Study II address the same broader thesis question at complementary 

biological levels of local circuit and large-scale network function. The next chapter turns 

to the first of these operational levels and reviews how TMS EMG can be used to probe 

motor cortical inhibition and excitability in schizophrenia.  

5.4. Motor cortical inhibition and excitability measured with 

TMS-EMG 

5.4.1. Principles of TMS-EMG and motor evoked potentials 

Transcranial Magnetic Stimulation (TMS) is a non-invasive neuromodulation technique 

used to stimulate the human cortex through electromagnetic induction. TMS is widely 

used as a diagnostic tool to assess the functional integrity and conduction velocity of 

corticomotor pathways in neurological conditions (71). In cognitive and clinical 

neuroscience, single- and paired-pulse TMS are used as experimental tools to perturb 

local cortical pathways and probe cortical excitability (72). Repetitive TMS, on the other 
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hand, can be used as a therapeutic intervention by inducing long-lasting neuroplastic 

changes in brain networks via long-term potentiation and long-term depression (73).  

TMS operates on the principle of Faraday’s law of electromagnetic induction. A high-

voltage and high-current discharge is passed through a copper wire coil placed on the 

scalp and this pulse generates a strong, rapidly changing magnetic field lasting for a short 

period of time (less than 1 ms), which can pass through the skull to induce an electric 

field (eddy currents) in the brain (74). Neuronal activation depends on the strength and 

direction of the induced currents, the anatomy of the cortex, the orientation and position 

of the coil, and the distance between the coil and the targeted region (75). There are two 

types of pulse delivery (monophasic and biphasic) and different geometric variations of 

stimulation coils that produce slightly different physiological effects (75).  

When TMS stimulation is applied over the primary motor cortex (M1) at a suprathreshold 

intensity, the pulse generates descending volleys along the corticospinal tract, which 

propagate through the peripheral motoneurons and generate muscle activity in the 

contralateral target muscle, which can be measured with electromyography (EMG) (73). 

TMS primarily excites pyramidal neurons transsynaptically via lateral interneurons, 

generating a sequence of longer-latency indirect waves (I-waves) at around 1.5 ms 

intervals (76).  

The coil is usually placed flat over the cortex, at about 45° from the midline and 

perpendicular to the central sulcus, inducing currents in the M1 in a posterior-to-anterior 

direction to elicit motor evoked potentials (MEPs). The MEP is quantified by peak-to-

peak amplitude and latency and is usually interpreted as an index of net corticospinal 

excitability (67). Stimulation intensity is defined as the minimum intensity required to 

elicit a MEP of at least 50 µV in the relaxed target muscle in approximately 50% of 

consecutive trials (resting motor threshold, RMT). Active Motor Threshold (AMT) can 

also be estimated during tonic activation of the target muscle by setting the intensity to 

elicit MEPs larger than 200 µV in 5 out of 10 trials (74). 

After defining the motor threshold, multiple single- and paired-pulse paradigms can 

evoke inhibitory or excitatory responses, probing cortical excitability. In this thesis, I 

focus on three inhibitory paradigms (Short-Interval Intracortical Inhibition, SICI; Long-

Interval Intracortical Inhibition, LICI and Cortical Silent Period, CSP) and Intracortical 
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Facilitation (ICF) as an excitatory paradigm. In the following, I will describe the protocols 

for these paradigms and explain why they are particularly relevant for studying 

schizophrenia.  

5.4.2. Excitatory and inhibitory TMS-EMG paradigms 

Intracortical inhibition can be assessed using paired-pulse paradigms such as SICI and 

LICI, and a single-pulse paradigm CSP (77). SICI is a paired-pulse paradigm that involves 

the delivery of a subthreshold conditioning stimulus (CS), typically around 80% of the 

resting motor threshold, followed by a suprathreshold test stimulus (TS) at 100-120% of 

the resting motor threshold, with a 1 to 5 ms interstimulus interval (ISI) (76). The 

subthreshold CS can depolarise local inhibitory interneurons but is not strong enough to 

activate the corticospinal projections eliciting a MEP. Consequently, if the TS is delivered 

a few milliseconds later, the resulting MEP amplitude will be suppressed by inhibition 

(78). The inhibitory response of SICI has been associated with fast-acting GABA-A 

receptor-mediated inhibition (79). Pharmacological studies have shown that 

benzodiazepines such as lorazepam, which act as GABA-A agonists, significantly 

increase SICI (80).  

Schizophrenia is widely associated with a reduction in SICI. GABA-A mediated 

inhibitory deficit as measured by SICI has been reported in clinical high-risk states, first 

episode psychosis and chronic schizophrenia in medicated and unmedicated populations.  

While a previous meta-analysis by Radhu and colleagues (59) has shown a significant 

reduction in SICI in schizophrenia patients, the evidence remained limited in evaluating 

the robustness of these findings.  

Cortical Silent Period (CSP) is a single-pulse inhibitory paradigm elicited by delivering 

a suprathreshold stimulation while the subject maintains a voluntary tonic muscle 

contraction. The stimulation evokes a MEP followed by the suppression of voluntary 

EMG activity for up to 300 milliseconds (81). The magnitude of the inhibitory response 

is defined as the duration of the suppression. The first 50ms of the CSP is thought to 

reflect spinal cord refractoriness, while the later parts of the suppression result from 

cortical inhibition associated with GABA-B receptor-mediated inhibition (82). 

Pharmacological studies have shown that the administration of GABA-B agonists such 

as baclofen or tiagabine dose-dependently prolongs the duration of the CSP.  



20 

In contrast to SICI, the results regarding CSP in schizophrenia are heterogeneous and 

seem to be sensitive to the effect of antipsychotic medication. Some studies have shown 

shortened CSP in unmedicated patient populations or in first episode psychosis (72, 83, 

84), whereas other studies, primarily including patients treated with antipsychotic 

medication, have reported prolonged CSP in the patient population (85, 86). Clozapine 

directly binds to GABA-B receptors and has been associated with longer CSP; therefore, 

it might cover illness-related GABA-B deficits (87, 88). The clinical utility of CSP in 

schizophrenia, therefore, is inconclusive and needs further research to establish.  

LICI is a less commonly used inhibitory paired-pulse paradigm, where two 

suprathreshold stimuli are delivered with a 50-200 ms ISI (89). The first suprathreshold 

conditioning stimulation activates long-lasting inhibitory networks, which subsequently 

suppress the MEP amplitude of the second test pulse. Like CSP, LICI is also argued to be 

associated with GABA-B receptors (90). The exact neural mechanism and the population 

of interneurons recruited by CSP and LICI, however, might differ (75). The literature on 

LICI in schizophrenia is less extensive than in SICI or CSP, and the results are quite 

heterogeneous. Some studies show deficits in schizophrenia, while others found no 

difference (91). Therefore, further analysis is needed to conclude on the effect of LICI.  

Intracortical Facilitation (ICF) is one of the most widely used paradigms to elicit an 

excitatory response with TMS-EMG. ICF is a paired-pulse paradigm with a similar 

structure to SICI where a subthreshold conditioning stimulus is followed by a 

suprathreshold stimulus with a longer, 10-15 ISI (92). Pharmacologically, ICF is 

recognised to reflect both glutamatergic neurotransmission mediated by NMDA receptors 

and GABAergic interneuron function (80, 92). NMDA receptor antagonists, such as 

dextromethorphan or memantine, suppress ICF, and GABAergic agents, such as 

vigabatrin or baclofen, also modulate ICF (77). The complete mechanism of ICF, 

however, is not fully understood and appears somewhat nuanced, as ICF was found not 

to respond to the non-competitive NMDA antagonist ketamine (93). 

ICF, therefore, most plausibly is best described as an indirect measure of NMDA receptor 

function with concurrent GABAergic modulation. However, given the E/I imbalance 

hypothesis of schizophrenia, the ICF is a great candidate to test NMDA receptor 

hypofunction-related responses non invasively. ICF findings in schizophrenia, however, 
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are less consistent than in SICI. Some studies report increased ICF in schizophrenia, while 

others found no difference (94). Due to the small sample sizes and the heterogeneity of 

methods and populations, this warrants further investigation.  

Beyond the aforementioned TMS-EMG paradigms, several other protocols are used to 

test cortical excitability and hemispheric connectivity, such as Short-Interval Intracortical 

Facilitation, I-wave facilitation, short-latency and long-latency afferent inhibition and 

transcallosal inhibition and facilitation (95). In this thesis, however, I primarily focus on 

SICI, CSP, LICI, ICF and RMT as these are the most widely reported TMS-EMG 

paradigms associated with schizophrenia pathology. 

 
Figure 1.  

Schematic outline of the TMS-EMG paradigms.  

SICI:  Short-Interval Intracortical Inhibition, CSP: Cortical Silent Period, LICI: Long-Interval 

Intracortical Inhibition, ICF: Intracortical Facilitation, CS: Conditioning Stimulus, TS: Test 

Stimulus 

(Figure created by the author for this thesis using the BioRender software) 
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5.4.3. TMS EMG evidence in schizophrenia and rationale for Study I 

In this chapter, I provided a technical overview of how TMS combined with EMG can be 

used as an experimental tool to test motor cortical inhibitory and excitatory physiology. 

While the paradigms listed here have strong pharmacological evidence supporting their 

association with E/I balance, these measures are not a direct proxy for synaptic E/ ratio 

and should be treated as a controlled perturbation mechanism of local cortical circuits, 

including corticospinal output. In this thesis, however, TMS-EMG is used to represent 

the scale of local circuits at which excitability-related dysfunctions in schizophrenia can 

be tested.  

Schizophrenia has been associated with altered response in multiple TMS-EMG 

paradigms; the results, however, are inconclusive (96). In addition, TMS-EMG is a useful 

tool for probing circuit-level E/I dysfunctions in a clinical setting, as it offers a 

translatable protocol that is easy to set up, quick to measure, and provides a clear 

physiological marker of cortical function. 

In Study I, therefore, I will focus on TMS-EMG paradigms to evaluate the robustness and 

reliability of SICI, CSP, ICF, LICI, and RMT in probing cortical inhibitory and excitatory 

responses in schizophrenia. 

As described in the earlier chapters, however, local cortical excitability represents only 

one biological scale at which E/I related dysfunction could manifest in schizophrenia. 

Local E/I dysfunctions could give rise to network-level alterations in information flow 

across cortical and subcortical systems, and TMS-EMG cannot be used to probe these 

systemic changes in brain function. In the next chapter, therefore, I will introduce the 

topic of Study II, focusing on large-scale functional connectivity in the Cerebello-

Thalamo-Cortical network to probe network-level alterations in circuit organisation in 

schizophrenia. 
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5.5. Cerebello-Thalamo-Cortical circuitry and resting state 

fMRI dysconnectivity 

5.5.1. CTC network connectivity as a second biological level of 

investigation 

As outlined in the previous chapter, TMS-EMG provides a perturbational experimental 

approach to assess cortical inhibitory and excitatory physiology. However, local cortical 

excitability represents only one biological scale at which schizophrenia pathophysiology 

can be investigated. Schizophrenia also involves distributed network-level abnormalities, 

including altered neural information flow between cortical and subcortical regions (97). 

These network-level alterations might be especially relevant for understanding complex 

cognitive and perceptual symptoms and behavioural characteristics in schizophrenia, 

which cannot be fully explained by abnormalities within a single local cortical circuit 

(98).  

The present chapter, therefore, turns to the Cerebello-Thalamo-Cortical (CTC) network 

as a complementary systems-level target of investigation. Resting-state fMRI is well-

suited to this question, as it allows the study of large-scale functional connectivity, 

including interactions between cortical areas and deep subcortical structures (99). 

The CTC network is particularly relevant to schizophrenia because the thalamus is 

increasingly understood as an active regulator of cortical communication, sensory 

filtering, and cognitive control, while the cerebellum contributes to cortical processing 

through loops involved in prediction, timing, motor coordination, and higher-order 

cognition (100, 101). Therefore, CTC connectivity provides a biologically meaningful 

network-level framework for Study II, which examined whether resting-state fMRI 

studies show reproducible patterns of CTC dysconnectivity in schizophrenia spectrum 

disorders.  

5.5.2. Thalamus: anatomy, function and findings in schizophrenia 

Traditionally, the thalamus has been viewed as a passive relay station that transfers 

ascending sensory information to higher-order cortical regions. Modern neuroanatomical 

and neurophysiological evidence, however, has challenged this idea on multiple grounds. 
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The thalamus is now understood as a heterogeneous set of nuclei with distinct cortical 

and subcortical connectivity profiles, supporting sensory transmission, cortical 

communication, attentional control, cognitive flexibility, and state regulation (102). This 

organization makes the thalamus particularly relevant for schizophrenia, where 

disturbances in information filtering, cognitive control, and cortical coordination are 

central features of the disorder (103).  

The thalamus is a paired subcortical structure with over 50 distinct nuclei, which can be 

categorised into anterior, medial, lateral, ventral, midline and posterior regions. However, 

there are differences in nomenclature between papers, textbooks and labs (101). These 

nuclei are largely composed of excitatory neurons that form mostly lateral connections. 

The main inhibitory nucleus is the reticular nucleus, which consists of GABAergic 

neurons that provide a major source of inhibition to thalamic neurons across all nuclei 

(104). While the cortex has a vast array of recurrent excitatory loops that define its 

function, the thalamus is mostly rooted in its long-range connectivity patterns rather than 

local recurrent circuits.  

These long-range projections, formed between the cortex and the thalamic nuclei, 

primarily support sensory processing (hence the original idea of the thalamus as a relay). 

Evidence suggests that almost every cortical area receives thalamic input, and for many 

cortical regions, the thalamus is the only input from subcortical structures (105). Thalamic 

relay cells receive inhibitory GABAergic input from local interneurons and from the 

reticular nucleus, which exerts dynamic regulation over the thalamic projections to the 

cortex (106). The strength of thalamic projections is regulated by inhibitory tone: high 

inhibitory tone can gate thalamic transmission to the cortex, whereas low inhibitory tone 

upregulates bottom-up information flow (107). Evidence therefore strongly supports the 

idea that thalamic gain can influence the effectiveness of signal transmission to cortical 

regions. Thalamic activity, furthermore, is also shaped by corticothalamic feedback loops 

and neuromodulation from the brainstem and cerebellum (105). The main extrinsic drive 

to the thalamus arises from cortical layer 6, providing reciprocal glutamatergic feedback 

to the bottom-up projecting thalamic relay neurons. Thalamocortical projections, 

therefore, can be controlled locally and via top-down cortical regulation, suggesting a 

nuanced and complex computational interplay between the cortex and the thalamus (108).  
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To better understand thalamic function, it is important to make the distinction between 

first-order and higher-order thalamic nuclei (109). First-order thalamic nuclei receive 

input from subcortical sources and the sensory systems and represent the first relay of a 

sensory information in a specific domain to the cortex. Such examples are the lateral 

geniculate nucleus for vision, the medial geniculate nucleus for the auditory system and 

the ventral posterior nucleus for the somatosensory system (110). Higher order nuclei, on 

the other hand, receive driver input from cortical layer 5 and, as part of the Cortico-

Thalamo-Cortical and transthalamic pathways, transfer information from one cortical 

region to another (111). For example, the latero-posterior carries information from the 

visual cortex to other cortical regions while the posteromedial nucleus transfers 

somatosensory information (101). Importantly, higher-order relays also receive reciprocal 

layer 6 feedback, suggesting that thalamic contributions to cortical processing involve 

both information transfer and dynamic modulation of that transfer. Emerging evidence 

suggests that higher-order thalamic nuclei thus play a critical role in communication 

across cortical hierarchies and support information flow between cortical areas, regulate 

cortical communication according to behavioural demands, and contribute to predictive 

or action-related signals that inform higher cortical processing (112).  

Within this framework, the thalamus has two major roles. One is to control and gate 

ascending information coming from the environment, and the second is to fine-tune 

communication between distant cortical regions and transfer information across domains.  

5.5.3. Thalamic findings in schizophrenia 

Given its role in regulating cortical communication and its involvement in perception, 

neural computations and higher-order cognitive processes, the thalamus has become a 

central structure in network models of schizophrenia, where impairments extend beyond 

psychosis and include impairments in cognition (102). Structural, postmortem, and 

molecular studies have reported several thalamic abnormalities, including reduced 

thalamic grey matter volume (121), neuronal loss (122), and altered neurochemical 

changes in glutamatergic neurotransmission and receptor expression (37). These studies 

mainly focused on higher-order thalamic nuclei such as the pulvinar or the mediodorsal 

nucleus, and although there is evidence of selective involvement, the results stay mixed 

(113).  
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Resting-state fMRI has provided a complementary approach to studying thalamic 

dysfunction at the network level. There is a consistent pattern of reduced connectivity 

between the thalamus and the prefrontal cortex, together with increased connectivity with 

the sensorimotor regions, reported across the literature (114). First evidence came from 

Welsch and colleagues (115) who reported thalamo-prefrontal hypoconnectivity in 

schizophrenia, establishing the idea that the thalamus plays an important role in 

schizophrenia pathophysiology. These results were later extended to the prodromal states 

of clinical high-risk for psychosis, first-episode psychosis (FEP) and were replicated in 

chronic schizophrenia with a similar pattern of sensorimotor hyperconnectivity among 

prefrontal hypoconnectivity (110). Thalamic findings have also been associated with 

deficits in cognitive control, working memory, and attention, which are hallmark 

impairments of schizophrenia (116).  

Pharmacological fMRI studies provide further mechanistic insight to thalamic 

dysconnectivity in schizophrenia models. Studies have repeatedly shown that ketamine, 

an NMDA receptor antagonist, alters thalamocortical connectivity in a similar pattern to 

what is reported in schizophrenia, suggesting that NMDA receptor hypofunction or 

circuit-level E/I imbalance can disrupt thalamocortical functional connectivity (117). 

Computational models have also suggested that perturbations in E/I balance can perturb 

large-scale changes in thalamocortical connectivity, providing a possible bridge between 

local circuit dysfunction and systems-level connectivity alterations (118, 119). In-vivo 

evidence from animal optogenetic perturbation models further supports the link between 

E/I disruptions and thalamocortical dysconnectivity, showing that the mediodorsal 

nucleus exerts dual control over the prefrontal cortex and increases local functional 

connectivity while suppressing noise (120). 

These findings suggest that thalamocortical connectivity is strongly impaired in 

schizophrenia and schizophrenia spectrum disorders. However, the thalamus is embedded 

in a broader circuit of cortico-subcortical loops, including the cerebellum, forming the 

CTC network. In the next chapter, therefore, I turn to the cerebellum as a second potential 

hub for network-level schizophrenia pathology.  



27 

 

Figure 2.  

Schematic visualisation of excitation-inhibition (E/I) homeostasis and Cerebello-Thalamo-

Cortical (CTC) network function in healthy and schizophrenia brain.  

(Figure was created by the author using the BioRender software and Inkscape software) 

5.5.4. Cerebellum and the Cerebello-Thalamo-Cortical circuitry in 

schizophrenia 

Until the past two decades, the cerebellum was understood as a structure primarily 

responsible for controlling and coordinating motor actions. Clinically, cerebellar lesions 

result in symptoms such as ataxia, dysmetria, and disturbances of posture and gait, which 

constitute the cerebellar motor syndrome. The classical view suggested that the role of 

the cerebellum is purely motor. However, converging anatomical, neuroimaging, and 

clinical evidence has led to a paradigm shift, underscoring the cerebellum's critical role 

beyond motor functions in higher-order cognition (121). 

The paradigm shift arose from early anatomical and neuroimaging studies demonstrating 

a cerebellar topography with detailed sensorimotor representations and extensive cerebro-

cerebellar connections with prefrontal, posterior parietal, superior temporal, and 
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parahippocampal association cortices (122). The prefrontal-cerebellar circuits are 

anatomically distinct from motor-cerebellar circuits and form complex feed-forward and 

feedback projections often relaying through the thalamus, suggesting an anatomical 

organisation suited for complex neural computations (123). Clinical studies further 

strengthened this hypothesis by showing that posterior cerebellar lesions lead to 

impairments in executive control, working memory and language deficits, which are now 

understood as the cerebellar cognitive affective syndrome, whereas anterior lobe lesions 

result in the cerebellar motor syndrome (124, 125). Task-based fMRI studies further 

demonstrated that sensorimotor functions are localised only at the anterior lobe (lobules 

I-V) and lobule VIII of the cerebellum, and the majority of the cerebellum (lobules VI, 

Crus I, Crus II, VIIB and IX) are associated with diverse cognitive functions such as 

working memory, emotion processing, social cognition, language or mentalizing (126).  

These anatomical results and the uniform molecular organisation of the cerebellar cortex 

have led to the understanding that the cerebellum performs conceptually similar 

computations across motor and cognitive domains, conceptualised as the universal 

cerebellar transform (UCT) (127). These computations contribute to the prediction, 

timing, maintenance and optimisation of cognitive and motor computations. The idea of 

“dysmetria of thought” emerged early on from this idea of UCT, arguing that just as 

cerebellar pathology produces dysmetria of movement (ataxia) in the motor regions, 

disruptions to the cognitive and limbic regions of the cerebellum result in dysmetria of 

cognition, manifesting in the Cerebellar Cognitive Affective Syndrome (128). 

In line with this, in schizophrenia research, an early influential hypothesis extended this 

model to the “cognitive dysmetria hypothesis” proposing that the cognitive and negative 

symptoms of schizophrenia, not explained by the dopamine hypothesis, arise from 

impaired mental coordination due to dysfunction within the Cerebello–Thalamo-Cortical 

(CTC) circuitry (100). Since the initial cognitive dysmetria hypothesis, a wealth of 

neurobiological evidence suggests altered CTC network function and cerebellar 

dysfunctions in schizophrenia (129).  

At the cellular level, histological studies in schizophrenia have reported reductions in the 

size and density of GABAergic Purkinje cells and alterations in glutamatergic granule 

cell activity in the cerebellum (130). This has been argued to result in a cerebellar E/I 
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imbalance, affecting cerebellar network function and impairing the cerebellum’s ability 

to integrate information and coordinate cortical signals (122).  

Schizophrenia patients also often present with clinical signs of cerebellar involvement, 

such as neurological soft signs, dyscoordination or procedural learning deficits, which 

have been associated with reduced cerebellar grey matter volume (131). Functional MRI 

and PET imaging studies further suggest reduced cerebellar activation at rest and a 

bidirectional pattern of CTC network dysconnectivity in schizophrenia. Neuroimaging 

findings suggest a coherent and similar pattern of dysconnectivity with the cerebellum, 

as we saw in the thalamus. Studies have reported profound hypoconnectivity between the 

posterior cerebellar lobules related to cognition (Crus I, Crus II) and higher order 

association cortices (prefrontal and parietal), as well as hyperconnectivity between the 

anterior, sensorimotor cerebellum and primary somatomotor cortices (132). This pattern 

of dysconnectivity is in line with the framework of the Universal Cerebellar 

Transform(128) and the functional organisation of the cerebellum (126). In this view, 

cerebellar E/I imbalance could contribute to prefrontal-cerebellar hypoconnectivity, 

driving “cognitive dysmetria” and giving rise to the negative symptoms, thought disorder 

and impaired social cognition (133), while cerebellar-sensorimotor hyperconnectivity 

could drive sensory prediction failures and motor abnormalities (132). Consequently, 

cerebellar pathology in schizophrenia should not be considered as a motor artefact but 

rather a critical network hub contributing to the systems-level alterations tying together 

E/I imbalance, thalamocortical dysconnectivity, and an overall CTC circuit dysfunction.  

5.5.5. Limitations in the literature and rationale for Study II 

In this chapter, I have reviewed evidence suggesting that the thalamus and the cerebellum 

are central hubs of schizophrenia pathology, forming a functionally and structurally 

connected network. The evidence is in harmony with the idea of the CTC network 

showing that both the thalamus and the cerebellum exhibit hypoconnectivity with the 

prefrontal and other associative cortical regions together with hyperconnectivity with the 

sensorimotor regions in schizophrenia (134). These results support the notion that circuit-

level E/I alterations could lead to network-level dysconnectivity in the CTC loop, and 

these alterations could manifest in the symptoms of schizophrenia (119). The available 

evidence however is limited to draw this conclusion. Individual studies considerably vary 
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in the reported anatomical localization, direction of effect and clinical population. 

Therefore, although there is emerging evidence supporting the relevance of the CTC 

network in schizophrenia, it remains necessary to determine the robustness and spatial 

convergence of these results. 

There are several methodological and clinical factors that limit the interpretation of the 

existing literature. Studies usually include small to modest sample sizes and the patient 

population often are highly heterogeneous differing in diagnosis, illness stage, illness 

duration, symptom profile and medication status. These factors however are particularly 

important in schizophrenia and schizophrenia spectrum disorders where clinical 

heterogeneity and medication could influence network level measures (135). 

Methodological considerations further limit the interpretability of existing evidence. 

Thalamic seed definitions (locations of analysis) vary across studies, where some studies 

include bilateral whole thalamus and others apply finer resolution looking at connectivity 

between specific thalamic nuclei and cortical regions (136-138). Preprocessing and data 

analysis decisions, such as statistical thresholding, could further limit the generalizability 

of the existing fMRI literature (70).  

Coordinate-based meta-analytic methods provide a statistical framework for testing 

whether reported neuroimaging findings show spatial convergence across individual 

studies (139). While these methods cannot resolve all sources of clinical and 

methodological heterogeneity, they can provide strong evidence to test whether the 

available seed-based resting-state fMRI literature supports a reproducible regional pattern 

of dysconnectivity beyond single-study effects. These limitations, along with the existing 

evidence on thalamic and cerebellar connectivity, motivate a quantitative synthesis of 

findings in schizophrenia. While prior meta-analyses have examined thalamocortical or 

cerebellocortical connectivity individually (114, 140), none have comprehensively 

assessed CTC dysconnectivity across the psychosis-spectrum using seed-based resting-

state fMRI. Study II, therefore, will focus on statistically synthesising evidence in the 

CTC network, and the specific objectives and hypotheses are presented in the following 

chapter.   
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6. OBJECTIVES 

The overall aim of this thesis was to evaluate whether schizophrenia is associated with 

reproducible abnormalities across two complementary biological levels, local cortical 

inhibitory and excitatory physiology and large-scale cerebello-thalamo-cortical network 

organisation. Guided by the excitation/inhibition imbalance and dysconnectivity 

frameworks, the thesis examined two clinically translatable human neuroscience 

methods. TMS-EMG was considered as a perturbational measure of motor cortical 

inhibition and excitability, while resting-state fMRI was considered as a systems-level 

measure of functional connectivity. The objective of both studies was to quantitatively 

evaluate the robustness of evidence supporting the reliability and consistency of these 

measures in schizophrenia using meta-analytic evidence. 

6.1. Study I. – Excitation-inhibition in schizophrenia, a meta-

analysis of TMS-EMG studies 

Study I aimed to evaluate whether TMS-EMG measures of cortical inhibition and 

facilitation show reproducible abnormalities in schizophrenia. Specifically, the meta-

analysis examined inhibitory responses measured by SICI, LICI and CSP, and facilitatory 

responses measured by ICF, in patients with schizophrenia compared with healthy 

controls. In light of the E/I imbalance hypothesis, we expected schizophrenia to be 

associated with impaired cortical inhibitory responses, particularly in inhibitory TMS-

EMG paradigms. A secondary objective of Study I was to test whether variability in TMS-

EMG findings in the literature could be explained by clinically relevant factors, such as 

antipsychotic medication, symptom severity, or illness duration. These analyses were 

used to evaluate whether TMS-EMG paradigms could provide clinically meaningful 

insight to the heterogeneity in schizophrenia.  

A secondary objective was to examine whether variability in TMS-EMG findings could 

be explained by clinically relevant factors, including antipsychotic medication, symptom 

severity and illness duration. Resting motor threshold was additionally examined as a 

baseline measure of corticospinal excitability. 
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6.2. Study II. - Cerebello-Thalamo-Cortical Dysconnectivity in 

Schizophrenia: A Resting-State fMRI Meta-Analysis 

Study II focused on the systems-level investigation of schizophrenia pathophysiology by 

evaluating Cerebello-Thalamo-Cortical (CTC) network disconnectivity using seed-based 

resting-state fMRI. The aim of this meta-analysis was to assess the robustness of CTC 

network dysconnectivity in schizophrenia and psychosis-spectrum disorders by 

synthesising existing evidence and to determine whether reported thalamic and cerebellar 

connectivity alterations exhibit reproducible spatial convergence across independent 

studies. 

Building upon previous literature, we hypothesised that schizophrenia and schizophrenia 

spectrum disorders (SSDs) would be associated with reduced thalamo-prefrontal and 

cerebello-prefrontal connectivity, and increased thalamo-sensorimotor connectivity. We 

also hypothesised that positive symptoms would correlate with thalamic-sensorimotor 

hyperconnectivity, whereas negative symptoms would be associated with thalamic-

prefrontal hypoconnectivity (141, 142). 

By applying coordinate-based neuroimaging meta-analytic methods, following the 

methodological guidelines for neuroimaging meta-analysis (139), and implementing 

stringent inclusion and exclusion criteria based on the OHBM recommendations (143), 

Study II aimed to build on and extend prior work with greater methodological rigour and 

a broader clinical scope.  
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7. METHODS 

7.1. Study I 

7.1.1. Protocol, Eligibility and Search Strategy 

The study protocol was predefined and registered on PROSPERO (CRD42022373330), 

and the meta-analysis was conducted following the recommendations of the Cochrane 

Handbook and reported according to the PRISMA 2020 guidelines. Ethical approval was 

not required for this meta-analysis, as all data had already been published in peer-

reviewed journals. No patients were involved in the design, conduct, or interpretation of 

our study. 

Studies reporting TMS-EMG paradigms (SICI, CSP, ICF, and LICI) in schizophrenia-

spectrum populations and healthy control groups were searched for. The systematic 

search was completed on the 5th of November 2022, using the following search engines: 

MEDLINE (via PubMed), Embase, and CENTRAL (The Cochrane Central Register of 

Controlled Trials). The search key is reported in the publication. 

After duplicate removal, title and abstract selection, and full-text selection, the process 

was performed by two independent review authors, and disagreements were resolved by 

a third author. Studies were included if they met the following eligibility criteria: 1.) 

single- or paired-pulse TMS paradigms were applied in the primary motor cortex and the 

response was measured with EMG, 2.) means and standard deviations for SICI, CSP, ICF, 

or LICI were reported for both patient and control groups, 3.) all patients in the 

schizophrenia group met the DSM criteria for schizophrenia, schizoaffective disorder or 

first episode psychosis, and 4.) a detailed methodological description was provided with 

the calculation of the TMS-EMG outcome measures. Review articles, case reports, 

conference abstracts, and non-English-language publications were excluded, as were 

studies measuring TMS excitation with EEG. 

7.1.2. Study Selection and Data Extraction 

From eligible articles, means and standard deviations were extracted for SICI, CSP, ICF, 

LICI and RMT, together with group-level demographic, clinical and medication data. 
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Extracted clinical variables included diagnosis, PANSS scores, medication status, 

antipsychotic type, CPZ-equivalent dose and illness duration. TMS-EMG methodological 

variables included interstimulus interval, stimulation intensity, stimulator and coil type, 

stimulation side, target muscle and EMG electrode type. Where available, data were 

extracted separately for medicated and unmedicated patient groups. For studies reporting 

multiple interstimulus intervals, stimulation intensities or medication subgroups, 

weighted averages were calculated. CSP was extracted in milliseconds. Paired-pulse 

outcomes were harmonised to a common metric, calculated as conditioned/unconditioned 

MEP × 100, where values below 100 indicate inhibition and values above 100 indicate 

facilitation. Where studies reported outcomes differently, values were transformed to 

match this calculation. WebPlotDigitizer was used for graphical data extraction when 

necessary. 

7.1.3. Risk of Bias and Quality of Evidence Assessment 

Following the recommendations of the previous Cochrane Handbook on case-control 

studies, the Newcastle-Ottawa Scale (NOS)(144) was used to assess risk of bias. The 

checklist for TMS studies by Chipchase and colleagues (145) was used to address 

potential bias in TMS methodology. Studies that scored above 70% on the TMS checklist 

received an additional point in the NOS. With the additional TMS score in the NOS, the 

scale ranged from 0-10. Without any guidelines, we used the following cutoffs: 0-4, high 

risk; 5-7, moderate risk; and 8-10, low risk. Risk of bias assessment was completed 

independently by two authors (OL and BK). 

7.1.4. Data Synthesis and Analysis 

Data were analysed in R (version 4.0.3) using RStudio and the meta, metafor, and dmetar 

packages. A random-effects model was used to estimate the pooled mean difference and 

its 95% confidence interval. We anticipated variations in the true effect size across 

studies. To account for sampling error and such variances resulting from differences in 

experimental conditions, demographics and the heterogeneity of the patient population, 

we used a random-effects model. Between-study variance of the true effect size was 

estimated using Tau2 via the restricted maximum likelihood (REML) method. The 

Hartung-Knapp adjustments were applied to calculate a confidence interval around the 
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pooled effect size, compensating for small effect sizes reported in the articles. We used 

the I2 test to evaluate heterogeneity due to sources other than sampling error. Forest plots 

were used to visualise mean differences and pooled effect sizes, and funnel plots were 

used to present publication bias.
 

To understand potential sources of heterogeneity, we first conducted exploratory analyses 

to assess the data distribution and evaluate linear relationships among moderator 

variables, including demographics, disorder characteristics, experimental design, and 

measurement details. When exploratory analyses revealed tendency-like associations, all 

moderator variables were added to meta-regressions and subgroup analyses. 

7.2. Study II  

7.2.1. Eligibility criteria and search strategy  

Resting-state fMRI studies employing seed-based connectivity analysis in a case-control 

design with thalamic or cerebellar seeds were identified. The systematic search was 

conducted in three databases (MEDLINE via PubMed, Embase, and Scopus) on July 17, 

2023 (search key in Supplementary Materials of the published paper). 

Following the search, duplicates were identified and removed. After duplicate removal, 

the abstracts and then the full texts were screened for eligibility by two independent 

reviewers (OL + DZ). All disagreements were resolved by a third independent author 

(AS). Included studies are seed-based resting-state fMRI studies using thalamus or 

cerebellum seeds in schizophrenia-spectrum disorders and clinical-high risk for 

psychosis. 

7.2.2. Data synthesis 

Data extraction was performed independently by authors OL and DZ, and author GC 

resolved disagreements. Data for the thalamus and cerebellum seeds were selected 

separately. From all eligible articles, peak activation coordinates, contrasts (SSD<HC, 

HC<SSD), and, if available, t, z, or p values and threshold levels were selected. Talairach 

coordinates were transformed to MNI space using the GingerALE icbm2tal function. 
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Effect size and threshold levels were transformed to t values using the SDM web 

converter (www.sdmproject.com). 

Group-level demographic data were also selected for both populations (sample size, age, 

sex). Diagnosis, PANSS scores, type of antipsychotic medication (atypical/typical or 

combination), CPZ-equivalent daily medication dose, and illness duration were extracted 

for the patient group. Coordinates for medicated and unmedicated patients were selected 

separately, where available. Type of scanner, Tesla, scan time, preprocessing software, 

atlas, seed definition, significance threshold, and correction method were extracted for 

the neuroimaging methodology. 

7.2.3. Statistical analysis 

Two established coordinate-based neuroimaging meta-analysis (CBMA) methods were 

independently applied to the same dataset to evaluate the spatial convergence of reported 

regions of brain activity across studies.  

First, random-effects Activation Likelihood Estimation (ALE) analysis was conducted 

using the GingerALE software (PC Version 3.0.2, retrieved from: brainmap.org). ALE is 

a widely used coordinate-based neuroimaging meta-analysis method to identify spatial 

convergence of statistically significant effects of brain activity across studies (146). ALE 

analysis treats reported coordinates as spatial probability distributions centred around the 

foci. First, for each study, a modelled activation (MA) map is computed to summarise the 

probability of brain activity at the foci. MA maps are then combined across studies to 

obtain ALE scores, which are compared to a null distribution to distinguish true 

convergence from random clustering (147). Statistical significance is reached using 

permutation testing. Cluster-level family-wise error (FWE) correction (p<0.05) is used 

for multiple comparison correction (148). 

Secondly, Seed-based D Mapping (SDM-PSI Linux version 6.23, available at 

http://www.sdmproject.com/) was used to confirm the ALE findings and account for the 

variability in effect sizes among the reported studies. SDM incorporates key features from 

previous meta-analytic methods, such as ALE and Multilevel Kernel Density Analysis 

(MKDA), while introducing several improvements (149). SDM accounts for both positive 

and negative activation at the same voxel (e.g., hyperconnectivity and hypoconnectivity) 
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so that contradictory findings cancel each other; it integrates effect sizes of the peak 

coordinates into the model, and it considers the irregular local spatial covariance of the 

different brain tissues. SDM employs Threshold-Free Cluster Enhancement (TFCE) 

correction to define significant clusters (150). For a more detailed explanation of the 

methods, we refer the readers to the methodological articles (151-153). 

7.2.4.  Additional analyses 

Subgroup analyses and meta-regressions were conducted using SDM software to evaluate 

the moderating effects of diagnosis, medication status, seed definition, and age. To assess 

the association between symptom dimensions and connectivity, as well as the association 

between hyper- and hypoconnectivity, correlation coefficients for clinical measures were 

extracted from the included articles and analysed in R (version 4.0.3) in RStudio using 

the metacor function of the meta-package. Jackknife (leave-one-out) sensitivity analysis 

was performed on thalamus seed studies in SDM to evaluate the robustness of our results. 

In addition, funnel plots and Egger's test implemented in the SDM software were used to 

assess publication bias. 

The COBIDAS (Committee on Best Practice in Data Analysis and Sharing) checklist was 

used to assess the risk of bias (ROB) across the included studies (154). 
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8. RESULTS 

8.1. Study I 

8.1.1. Search and baseline characteristics 

A total of 1715 case-control articles were identified by our search key and 80 reports were 

assessed for full-text selection. A final sample of 36 studies met the eligibility criteria and 

were included in the meta-analysis. See the flowchart of selection in the published paper 

and baseline characteristics in Table 1. 

28 studies included SICI with 794 schizophrenia patients and 817 controls (mean age SCH 

= 32.25, min = 25.30, max = 38.5; mean age HC = 32.25, min = 20.93, max = 40.22). 18 

studies reported SICI separately for medicated and unmedicated patients. Schizophrenia 

patients had a mean illness duration of 6.80 years (min = 0 in FEP, max = 16.40), a mean 

of 69.71 total PANSS score (min = 50.5, max = 92.4), and medicated patients were treated 

with a daily mean of 425.54 mg chlorpromazine (CPZ) equivalent antipsychotic dose 

(min = 283.97, max = 860.8).  

CSP was reported in 23 articles (total N: HC = 662, SCH = 623), of which 17 reported 

data from medicated patients and 7 from unmedicated patients. The mean age of 

schizophrenia patients was 33.35(min = 25.30, max = 42.60), and 31.81 for the control 

group (min = 20.93, max = 37.41). The patient population was characterised by an 

average illness duration of 7.07 years (min = 0 in FEP, max = 18.30), a mean total PANSS 

score of 71.76 (min = 50.5, max = 101) and a mean CPZ-equivalent medication dose of 

425.89mg daily (min = 266.31, max = 860.8). Twenty articles reported on ICF, and only 

four articles reported on LICI.  
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Table 1. Basic characteristics of included studies 
 

Summary 

Studies and 

sample size 

36 case-control studies; total patient N = 932; total HC N = 973. Mean sample size 

per study: patients = 25.9; HC = 27.0. 

Age and sex  Weighted mean age: patients = 32.6 years; HC = 32.3 years. Study-level mean age 

ranged from 25.3–43.7 years in patients and 20.9–42.2 years in HC. Female 

participants: patients = 322/932, 34.5%; HC = 396/973, 40.7%. 

Diagnosis Schizophrenia-only: 23 studies; schizophrenia + schizoaffective disorder: 6; first-

episode psychosis: 6; broader SSD: 1 

Medication-

status  

All patients medicated: 12 studies; medicated and unmedicated data available: 11; 

all patients unmedicated: 1; mixed or unclear medication status: 12.  

Paradigm 

coverage 

SICI was listed in 29 studies, ICF in 20, CSP in 23 and LICI in 4. Analytic sample 

sizes are reported in the corresponding subsections of the results. 

Paradigm 

combinations 

Single-paradigm studies: 11. Most common combination: SICI + ICF + CSP, 12 

studies. Other combinations included SICI + ICF, SICI + CSP, SICI + LICI, SICI 

+ LICI + CSP, SICI + ICF + LICI + CSP, CSP only, SICI only and LICI only. 

Stimulation 

parameters 

Conditioning stimulus intensity varied across studies and was most often defined 

as 80% RMT, but also as 80% AMT, 90% AMT, 5% maximum stimulator 

intensity or 5% below AMT. Test stimulus intensity was defined using 0.5–1 mV 

MEP, 0.5–1.5 mV MEP, 1 mV MEP, 1.5 mV MEP, 120% RMT, approximately 

130% RMT or suprathreshold intensity. 

Interstimulus 

Intervals 

SICI was generally assessed at short ISIs, most commonly within 1–4 ms. ICF was 

assessed at longer ISIs, commonly around 7–30 ms. LICI was assessed at 100 ms 

in the included LICI studies. 

CSP parameters CSP intensity was variably defined as 120%, 130%, 140% or 150% RMT; 140% 

AMT; 10–40% above RMT; suprathreshold intensity to elicit 1 mV MEP; or 

percentage of maximum stimulator intensity. 

TMS device and 

coil 

Magstim systems: 24 studies; MagPro systems: 10; Cadwell: 1; device not fully 

specified: 1. Figure-of-eight coil: 32 studies; round coil: 2; coil type not explicitly 

stated: 2. 

EMG target 

muscle 

FDI: 20 studies; APB: 13; ADM: 3. Bilateral/both-side recordings were used in 8 

studies, including both FDI in 7 and both APB in 1. 

Main sources of 

heterogeneity 

Diagnostic stage, medication reporting, paradigm selection, CS/TS definition, ISI 

selection, CSP intensity, TMS device, coil type, target muscle, and unilateral 

versus bilateral EMG recording varied across studies. 

 

The table summarises study-level clinical and methodological characteristics extracted from the 

full baseline table, including sample size, age, sex, diagnostic composition, medication status 

coding, TMS-EMG paradigm coverage, stimulation parameters, TMS device, coil type, and 

EMG target muscle. Study-level baseline information is reported in the publications. 

Abbreviations:CSP: Cortical Silent Period, SICI: Short-Interval Intracortical Inhibition, ICF: 

Intracortical Facilitation, LICI: Long-Interval Intracortical Inhibition, ISI: Interstimulus 

Interval, MEP: Motor Evoked Potential, RMT: resting motor threshold, AMT: active motor 

threshold, CS: conditioning stimulus, TS: test stimulus, ADM: abductor digiti minimi, FDI: first 

dorsal interosseus, APB: abductor pollicis brevis, SCH: schizophrenia, SAD: schizoaffective 

disorder, FEP: first episode psychosis, SSD: schizophrenia-spectrum disorder.  

Included TMS-EMG studies: (72, 83-88, 94, 155-181) 
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8.1.2. Short-Interval Intracortical Inhibition (SICI) 

Results from the random-effects model revealed a robust (Cohen’s d = 0.62) reduction in 

SICI in schizophrenia patients compared to healthy controls (Figure 3). The pooled mean 

difference indicated that the inhibitory response was 13.85% lower in patients with 

schizophrenia than in healthy controls (95% CI = [9.19; 18.51]). The results remained 

robust after sensitivity analysis (total mean difference after removing moderate-to-high 

ROB articles: 13.36%; 95% CI = [7.99; 18.04]). Between-study heterogeneity is moderate 

(I2 = 57%, p < 0.001), a part of which can be explained by moderate to high ROB 

(heterogeneity of the sensitivity analysis: I2 = 50%, p = 0.01). In addition to ROB (182), 

experimental conditions such as the evaluation of task-related SICI (156) and cannabis 

use (183) could account for cases where SICI was found to be higher in schizophrenia. 

 

Figure 3. 

A forest plot for the random-effects meta-analysis of Short-Interval Intracortical Inhibition 

(SICI) shows the mean difference in SICI between the schizophrenia (SCH) and healthy control 

(HC) groups. SICI is expressed as [conditioned/unconditioned MEP x 100].  Articles from zero 

to the left show greater inhibition in SCH, whereas articles from 0 to the right show decreased 

inhibition in SCH. 
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Subgroup and exploratory analyses revealed a tendency-like association between SICI 

and medication status as well as SICI and CPZ equivalent antipsychotic dose (Figure 

4D). Based on exploratory analysis, the effect of medication status appears to be more 

pronounced than that of medication dose. However, subgroup analysis did not confirm a 

difference in the extent to which medicated (n = 375) and unmedicated (n = 142) 

schizophrenia patients differ from the healthy population (Figure 4E). Meta-regressions 

conducted with covariates such as symptom severity (PANSS scores), illness duration, 

age and sex did not reveal a significant effect on the pooled effect size. A trend-level 

association was found between the proportion of females and SICI, suggesting that the 

inhibitory response was greater in samples with more males than in those with more 

females. Additionally, subgroup analysis did not show any variation in SICI across 

different TMS conditions (stimulation side, device, target muscle, interstimulus interval), 

diagnoses, or publication date. 

 

Figure 4. 

A: forest plot for Short-Interval Intracortical Inhibition (SICI) between unmedicated 

schizophrenia patients (SCH) and the healthy control group (HC). B.  forest plot for SICI 

between medicated SCH patients and the HC. C and D: exploratory analysis of medication 

status and mean CPZ equivalent medication dose of SICI. E: total effect sizes for subgroup 

analysis of SICI between medicated and unmedicated SCH and HC. 
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8.1.3. Cortical Silent Period (CSP) 

Results for CSP did not show any difference between schizophrenia patients and the 

control group (Figure 6). The pooled effect size showed high heterogeneity between 

studies (I2 =89%, p < 0.001) and a wide confidence interval around the pooled total effect 

size (mean difference = 6.69, CI = [-6.16;19.54]).  Furthermore, the large inconsistency 

between published results is reflected in the range of CSP within the control group (83.6-

195.7 ms), which may be due to biological variability or measurement bias. 

Subgroup analyses and meta-regressions of experimental conditions, demographic 

variables, and medical variables failed to identify a single moderator variable that could 

account for the variance observed across studies. Nevertheless, a tendency-like 

association was found between medication status and CSP. Unmedicated patients 

exhibited a slightly shorter CSP (reduced inhibition), whereas medicated patients showed 

a slightly longer CSP compared to the control group (Figure 5). However, these results 

are not significant and are highly heterogeneous. 

 

Figure 5. 

Forest plots for the random-effect meta-analysis of the Cortical Silent Period (CSP). Panel A. 

shows the mean difference of CSP between schizophrenia patients (SCH) and healthy control 

groups (HC). CSP is measured in milliseconds; its length is proportional to the extent of 

inhibition. Articles from zero to the left show shorter CSP in SCH, whereas articles from 0 to 

the right show longer CSP in SCH. Panel B. shows the forest plot for CSP between unmedicated 

SCH patients and HC, whereas Panel C. shows the forest plot for CSP between medicated SCH 

patients and HC. 
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8.1.4. Intracortical Facilitation (ICF), Long-Interval Intracortical 

Inhibition (LICI), and Resting Motor Threshold (RMT) 

We found no clear difference between schizophrenia patients and control groups in terms 

of excitatory response ICF or the inhibitory response LICI (Figure 6). Results of the ICF 

are reliable, and the relatively large sample size (SCH = 532, HC = 498) and the low 

between-study heterogeneity (I2 =37%, p = 0.005) confirm that there is no clear difference 

between the two groups. Sensitivity analysis (excluding moderate to high ROB articles) 

did not improve or change the overall results of ICF (total mean difference = 0.45, 95% 

CI= [-12.66; 13-56]). Subgroup analyses and meta-regressions (depending on the variable 

type) did not account for heterogeneity in experimental conditions, medical conditions, 

demographic variables, or publication year. 

Due to the small number of articles included (n = 4) and the relatively small pooled sample 

size (SCH = 170, HC = 201), the results of LICI are not sufficient to draw conclusions 

from. 

A powerful analysis of RMT, including 33 studies and an impressive sample size 

(SCH=902, HC=932), did not reveal any group differences in baseline excitability. A 

sensitivity analysis based on ROB did not change the overall effect (total mean difference 

= 1.69, 95% CI = [-0.37; 3.75]). 

8.1.5. Risk of Bias, Publication Bias, and Heterogeneity 

Of the 36 articles included, 2 had a combined high risk of bias on the NOS and TMS 

checklists, 13 had moderate risk, and 21 had a low risk of bias (results available online at 

https://osf.io/8cef3/). Funnel plots and Egger’s test were used to assess publication bias 

across the included studies. The funnel plots showed relative symmetry across all TMS-

EMG paradigms except CSP, raising concerns about potential publication bias. No 

significant publication bias was detected with the Egger’s test. 
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Figure 6.  

Panel A: Forest plot for Intracortical Facilitation (ICF). Articles from zero to the left show 

decreased ICF in schizophrenia (SCH), whereas articles from zero to the right show increased 

ICF in SCH. There is no significant difference between the two groups. Panel B: Forest plot for 

Long-Interval Intracortical Inhibition (LICI). Articles from zero to the left show increased 

inhibition in schizophrenia (SCH), whereas articles from zero to the right show decreased 

inhibition in SCH. There is no significant difference between the two groups, and a conclusion 

cannot be drawn from these results due to the small number of included articles. 
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8.2. Study II 

8.2.1. Search and selection 

6,540 studies were identified through the search process (PRISMA flowchart is reported 

in the publication). 4,509 articles were screened by title and abstract, and 348 articles 

were subjected to full-text selection. Studies with thalamic or cerebellar seeds were 

evaluated separately. 29 studies were included using thalamic seeds, reporting data from 

2768 patients and 2826 controls (115, 116, 136, 138, 142, 184-208). Additionally, 19 

studies with cerebellar seeds were selected, totalling 1159 patients and 1222 controls 

(132, 194, 203, 209-224). Baseline characteristics are reported in Table 2. 

Table 2. Baseline characteristics of the included articles using thalamus and cerebellum seeds.  

Domain Thalamic-seed studies Cerebellar-seed studies 

Included studies N = 29 N = 19 

Sample size N patient/at-risk = 2,768; N HC = 2,826 N patient/at-risk = 1,159; N HC = 1,222 

Age 

Mean age: patient/at-risk = 31.6; HC = 

30.6 years. Age range: patient/at-risk = 

16.1–43.0; HC = 14.8–39.9 

Mean age: patient/at-risk = 26.5; HC = 

26.5 years. Age range: patient/at-risk = 

18.5–42.0; HC = 17.8–39.5 

Diagnosis 

SCH = 25; SAD and/or mixed psychosis 

= 5; FEP = 2; CHR = 3; ROC = 1; early-

onset psychosis = 1; broad psychosis = 1 

SCH = 8; FEP = 7; CHR = 5; non-clinical 

psychosis = 1 

Illness duration 
Reported in 19 studies; range = 0.36–

20.2 years 

Reported in 10 study/subgroup entries; 

range = 14.6 months / <1 year to 20.3 

years 

Medication status 

Reported in 18 studies; medicated range 

= 19–100%; antipsychotic-naive sample 

= 1 study 

Reported in 10 studies; medicated range = 

19–100%; antipsychotic-naive samples = 

2 studies 

CPZ dose 
Available in 17 studies; range = 33.64–

915.33 mg/day 

Available in 6 studies; range = 139.8–

428.1 mg/day 

PANSS / symptom 

scale 

PANSS total =18 studies; range = 39.84–

88.1 

PANSS total in 9 studies; range = 60.4–

91.42; SIPS = 2 studies; BPRS = 1 study 

Seed definition 
Bilateral whole thalamus = 16; 

segmented = 12; left thalamus = 2 

Dentate nucleus = 3; lobule-specific seeds 

= 3; multiple cerebellar ROI/cluster seeds 

= 11; bilateral/left-right cerebellum = 2 

Scanner 

manufacturer 

Siemens = 14; GE = 9; Philips = 4; 

multiple scanners = 3 

Siemens = 13; GE = 4; Philips = 1; 

scanner not reported = 1 

Scanner field 

strength 

3T = 25; 7T = 1; mixed 3T/1.5T = 1; 

multiple/unspecified scanners = 3 
3T = 18; not reported = 1 

Risk of bias Low = 25; moderate = 5; high = 0 Low = 16; moderate = 3; high = 0  

The study-level data is reported in the publication.  SCH = schizophrenia, SAD: schizoaffective 

disorder, CHR = Clinical High-Risk for Psychosis, FEP = First Episode Psychosis 
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8.2.2. Thalamic hyperconnectivity in SSD 

ALE analysis with the SSD>HC contrast included 24 studies and 435 foci. Significant 

convergence was observed across 6 clusters, with 13 significant peaks (Figure 7A, Table 

3). Thalamic hyperconnectivity was found in the left visual association cortex, bilateral 

somatosensory and motor areas, and sections of the cerebellar culmen. 

SDM analysis yielded two significant clusters, each with bilateral primary motor cortical 

peaks. The left (Hedges g: 0.15) and right (Hedges g: 0.17) clusters spread through the 

parietal and temporal lobes, including 3019 and 7133 voxels, respectively (Figure 8A, 

Table 4). The two clusters show compelling overlap with areas within the visual and 

somatosensory association areas, as revealed by the ALE analysis. 

Between-study heterogeneity was low for both significant peaks (Left M1: I2 = 13.63%, 

Tau2 = 0.004, Right M1:  I2 = 3.74%, Tau2 = 0.001), and the clusters were unaffected by 

the sensitivity analysis (excluding moderate risk articles). 

Table 3.  Significant regions of Activation Likelihood Estimation showing regions of thalamic 

hyperconnectivity (contrast: SSD>HC).  

Cluster Region x y z ALE Z 

1 Left Inferior Temporal Gyrus -48 -74 4 0.0367 5.92 

1 Left Middle Temporal Gyrus (Brodmann area 37) -54 -64 2 0.0245 4.45 

2 Left Precentral Gyrus (Brodmann area 4) -56 -10 36 0.0272 4.81 

2 Left Precentral Gyrus (Brodmann area 6) -50 -10 26 0.0252 4.54 

3 Left Inferior Parietal Lobule (Brodmann area 40) -36 -34 62 0.0234 4.31 

3 Left Postcentral Gyrus (Brodmann area 3) -36 -20 50 0.0209 3.99 

3 Left Inferior Parietal Lobule (Brodmann area 40) -38 -30 50 0.0188 3.70 

4 Right Postcentral Gyrus (Brodmann area 2) 48 -20 50 0.0346 5.67 

4 Right Precentral Gyrus (Brodmann area 4) 54 -12 42 0.0198 3.85 

5 Right Paracentral Lobule (Brodmann area 5) 4 -30 64 0.0379 6.05 

6 Right Cerebellar Culmen 16 -54 -2 0.0291 5.03 

 

Clusters are FWE-corrected at p < 0.05. Number of foci = 435, Number of experiments = 24, 

Total number of subjects = 1888; Threshold Method: Cluster-level Inference (Thresholding 

Value = 0.01), N permutations = 1000, Cluster-Forming Method: uncorrected p-value of 0.001, 

Volume > Threshold = 9264 mm3,, minimum cluster size = 968 mm3 
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Table 4. Regions of thalamic hyperconnectivity (contrast SSD>HC) in schizophrenia-spectrum 

disorders based on the SDM analysis. 

 

Peak and contributing regions are larger than 200 voxels and are TFCE corrected. Blobs are of 

≥ 3019 voxels with all voxels SDM-Z ≥ 2.383 and all peaks SDM-Z ≥ 4.632. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Voxels Region x y z Hedges 

g 

SDM-

Z 

P 

Cluster I.  

7133 Peak:  Right precentral gyrus, BA 4 36 -24 50 0.17 4.863 0.001 

Cluster breakdown 

698 Corpus callosum  10 -28 66 
 

4.635 0.001 

521 Right precentral gyrus, BA 6 36 -16 58 
 

3.804 0.001 

495 Right middle temporal gyrus, BA 21

  

60 -10 -

16 

 
4.388 0.001 

483 Right postcentral gyrus, BA4  56 -10 40 
 

3.776 0.001 

483 Right precentral gyrus, BA 4 36 -24 50 
 

4.863 0.001 

416 Right rolandic operculum, BA 48  52 -16 14 
 

4.141 0.001 

318 Right superior temporal gyrus, BA 48

  

50 -28 8 
 

3.696 0.001 

253 Right paracentral lobule, BA 4  6 -24 62 
 

4.582 0.001 

Cluster II.  

3019 Peak: Left precentral gyrus, BA 4 -40 -18 52 0.15 4.632 0.001 

Cluster breakdown 

379 Left postcentral gyrus, BA 4  -52 -8 36 
 

4.225 0.001 

266 Left postcentral gyrus, BA 3  -54 -12 38 
 

4.336 0.001 

264 Left superior temporal gyrus, BA 4  -54 -14 10 
 

3.961 0.004 

250 Left middle temporal gyrus, BA 22  -60 -20 -6 
 

4.147 0.003 



48 

  

Figure 7. 

Results of the ALE analysis. Significant clusters of the Activation Likelihood Estimation (ALE) 

(cluster-level FWE corrected p <0.05). Panel A shows regions of thalamic hyperconnectivity in 

schizophrenia spectrum disorders with SSD>HC contrast (summarised in Table 3),  Panel B 

shows regions of thalamic hypoconnectivity with  HC>SSD contrast (summarised in Table 4). 

Abbreviations: ALE: Activation Likelihood Estimation, SSD: schizophrenia spectrum disorders, 

HC: healthy control group. 

Regions: ITG: Inferior Temporal Gyrus, PreCG: Precentral Gyrus, IPL: Inferior Parietal 

Lobule, PostCG, Postcentral Gyrus, ParaCL: Paracentral Lobule, CerCulmen: Cerebellar 

Culmen, Tha: Thalamus (bilateral), ACC: Anterior Cingulate Gyrus, SFG: Superior Frontal 

Gyrus, CerTonsil: Cerebellar Tonsil, CerVermis: Cerebellar Vermis. L: left, R: right. 
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8.2.3. Thalamic hypoconnectivity in SSD 

ALE analysis with the SSD<HC contrast was performed on 361 peak activation 

coordinates from 28 studies. Significant convergence of the reported locations of 

thalamus hypoconnectivity was found in 5 clusters and 12 peaks (Figure 7B, Table 5). 

Hypoconnectivity in SCH was observed in the bilateral thalamus, the right prefrontal 

regions, the left limbic lobe, and the cerebellum. Reduced thalamo-thalamic connectivity 

had the highest load, with 19 foci contributing to the first cluster. SDM analysis confirmed 

that SSD individuals exhibit reduced thalamocerebellar and frontothalamic connectivity 

compared to the healthy control group, with small effect sizes (Hedges g = 0.21 and 0.18, 

respectively; Figure 8B, Table 6). Intrathalamic hypoconnectivity detected by the ALE 

analysis did not survive TFCE correction in the SDM analysis. Positive and negative 

findings in the same region cancel each other out in the SDM analysis, which could 

potentially explain this difference between the two statistical methods.  Between-study 

heterogeneity was low for both significant peaks (Left cerebellum: I2 = 32.57%, Tau2 = 

0.01, Superior Frontal Gyrus:  I2 = 26.63%, Tau2 = 0.009), and the significant clusters 

were unaffected by sensitivity analysis (excluding articles with moderate risk of bias). 

Table 5. Significant regions of Activation Likelihood Estimation (ALE) analysis showing regions 

of thalamic hypoconnectivity (contrast: HC>SSD) in schizophrenia spectrum disorders.  

Cluster  Region x y z ALE Z 

1 Right Thalamus 10 -8 6 0.0370 6.17 

1 Left Thalamus -12 -14 8 0.0251 4.74 

1 Left Thalamus, Medial Dorsal Nucleus 2 -14 6 0.0211 4.22 

2 Left Cingulate Gyrus (Brodmann area 32) 2 26 38 0.0349 5.93 

2 Left Cingulate Gyrus (Brodmann area 32) 2 26 32 0.0247 4.68 

3 Right Superior Frontal Gyrus (Brodmann area 9) 36 50 24 0.0285 5.17 

3 Right Superior Frontal Gyrus (Brodmann area 10) 36 56 16 0.0207 4.16 

4 Left Cerebellar Tonsil -46 -62 -36 0.0248 4.69 

4 Left Cerebellar Tonsil -34 -60 -36 0.0248 4.69 

5 Left Cerebellar Vermis 2 -84 -32 0.0207 4.16 

5 Right Cerebellum, Vermis 8 -80 -28 0.0195 3.99 

5 Left Cerebellum, Vermis 0 -74 -22 0.0181 3.78 

Clusters are FWE-corrected at p < 0.05. Number of foci = 361, Number of experiments = 28, 

Total number of subjects = 2544; Threshold Method: Cluster-level Inference (Thresholding 

Value = 0.01), N permutations = 1000, Cluster-Forming Method: uncorrected p-value of 0.001, 

Volume > Threshold = 9112 mm3, , minimum cluster size = 840 mm3 
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Figure 8. 

Results of the SDM analysis. A. Significant threshold-free cluster enhancement (TFCE) 

corrected clusters from the Seed-based d Mapping (SDM) meta-analysis showing increased 

connectivity in schizophrenia-spectrum disorders (Table 4). B. Significant clusters of the SDM 

meta-analysis showing decreased connectivity in schizophrenia-spectrum disorders (TFCE 

corrected) (Table 6). (C) Results of the subgroup analysis based on diagnosis. A binary contrast 

(SCH vs. FEP or CHR) revealed significant clusters reflecting regions where hyperconnectivity 

is more pronounced in schizophrenia. D. Results of the linear SDM model based on illness 

duration. Significant TFCE-corrected clusters indicate regions where hyperconnectivity is more 

pronounced across the moderator variables. Abbreviations: SSD: schizophrenia spectrum 

disorders, HC: healthy control group, SCH: schizophrenia, FEP: First episode psychosis, CHR: 

Clinical High-Risk for Psychosis 
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Table 6. SDM analysis. TFCE corrected cluster peaks and the contributing main regions of 

thalamic hypoconnectivity (contrast HC>SSD) in schizophrenia spectrum disorders. 

Voxels Region x y z Hedges g SDM-Z P 

Cluster I.  

7133 Peak:  
Left cerebellum, crus II 

-40 -62 -40 0.21 -5.157 <0.001 

Cluster breakdown 

862 Left cerebellum, crus II  -36 -64 -42 
 

-5.151 0.009 

700 Left cerebellum, crus I -36 -36 -36 
 

-4.258 0.001 

676 Right cerebellum, crus I  16 -78 -28 
 

-2.885 0.028 

386 Right cerebellum, crus II  16 -78 -28 
 

-2.885 0.289 

335 Right cerebellum, hemispheric 

lobule VIII 
8 -60 -40 

 
-3.131 0.018 

Cluster II.  

813 Peak: Right superior frontal 

gyrus, medial, BA 8 
4 30 42 0.18 -4.587 

(Hedges g 

= 0.18) 

0.007 

Cluster breakdown 

128 Left superior frontal gyrus, 

medial, BA 32 
-6 32 34 

 
-4.075 0.009 

88 Left anterior cingulate gyrus, BA 

24 
-4 30 30 

 
-4.192 0.008 

 

Blobs are of ≥ 3019 voxels with all voxels SDM-Z ≥ 2.383 and all peaks SDM-Z ≥ 4.632  

8.2.4. Symptom Dimensions, Illness Stage, and Disease Progression 

The correlation meta-analysis of clinical scores indicate that hyperconnectivity between 

the thalamus and sensorimotor (r= 0.20, 95% CI = [0.05; 0.33]; r= 0.19, CI = [ 0.04; 

0.33]), and the temporal auditory areas (r= 0.18, 95% CI: 0.09-0.27; r= 0.18, CI =[ 0.06; 

0.34]) is slightly more pronounced with greater positive and negative symptom severity 

respectively (Figure 11). In contrast, hypoconnectivity between the thalamus and the 

prefrontal cortex appears unrelated to symptom severity. Regions exhibiting 

hypoconnectivity with the thalamus show a tendency toward a negative correlation with 

symptom severity, whereas regions with hyperconnectivity show a positive correlation at 

the trend level. 

All reported correlation values, both significant and non-significant, were included in the 

analysis. It is important to note that the majority of these correlations were weak and non-

significant, resulting in overall weak effects. Fifteen of the included studies did not find 

any significant correlation with symptoms and connectivity and did not report the 

correlation coefficients (116, 137, 185, 188, 190, 194, 196, 201, 206, 207, 225-227). 
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Additionally, three studies did not conduct any correlation analyses (115, 204, 205). 

Missing data likely contributes to the limitations of the meta-analysis, as unpublished or 

unreported results may introduce bias and reduce its reliability.  

Correlational meta-analysis investigating the association between hyper- and 

hypoconnectivity revealed moderate negative correlation in SSD individuals (N studies = 

5, N SCH = 661, r = -0.63, 95% CI = [-0.86; -0.19]) and HC and SSD participants 

combined (N studies = 6, N = 1100, r = - 0.68, 95% CI = [-0.85; -0.37]). 

Linear models in SDM were employed to assess the moderating effects of illness duration 

and diagnostic group. A binary contrast was applied to compare chronic schizophrenia 

cohorts to early‑stage groups (FEP, early‑onset psychosis, recent‑onset psychosis, and 

CHR; mean illness duration < 2 years; n = 8 studies). Combining diagnostic groups 

provided a sufficient sample size to examine illness‑stage effects. Results revealed that 

hyperconnectivity in the visual association areas and the motor cortex is more pronounced 

in schizophrenia compared to early psychosis and clinical high-risk (Figure 10C). Meta-

regression looking at the effect of illness duration revealed hyperconnectivity in the visual 

association areas and the somatosensory cortex is similarly more pronounced with disease 

progression (Figure 10D). 

No association was found between hypoconnectivity and diagnosis or illness duration.  
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Figure 9. 

Results of the Correlation Meta-Analysis of Symptom Dimensions. 

(A, B) Regions of hyperconnectivity between the thalamus and cortical areas associated with 

positive symptom severity (PANSS positive subscale and SAPS scores). 

(C, D) Regions of hyperconnectivity and hypoconnectivity associated with negative symptom 

severity (PANSS negative subscale and SANS scores). 

Abbreviations: SSD: schizophrenia spectrum disorders, HC: healthy control group, PANSS: 

Positive and Negative Syndrome Scale, SAPS: Scales for the Assessment of Positive Symptoms, 

SANS: Scales for the Assessment of Negative Symptoms 
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8.2.5. Subthalamic results 

11 included articles segmented the thalamus into subregions for seed-based analysis. 

Since the definition of seed ROI varied across studies, and available data was not 

sufficient for subthalamic meta-analysis for each thalamic nucleus, subthalamic results 

are reviewed qualitatively and are summarised in Figure 10. To evaluate the impact of 

seed definition, a sensitivity analysis was conducted in SDM, excluding studies that used 

segmented thalamic seeds (n = 12). The results of unilateral and bilateral thalamic seeds 

showed patterns of hyperconnectivity similar to those of the full analysis, and smaller 

clusters of hypoconnectivity were observed only in the cerebellum. 

A systematic qualitative review of subthalamic regions revealed that articles differed in 

the number of subregions into which the thalamus was segmented, the atlas used for 

segmentation, and whether a histologic or functional approach was employed. 

Sensorimotor hyperconnectivity was frequently reported, particularly involving the 

ventral anterior nucleus (VA), ventral posteromedial nucleus (VPM), and laterodorsal 

nucleus (LD)(137, 206, 228). Reduced connectivity between the mediodorsal nucleus 

(MD) and the prefrontal cortex (PFC) was observed, reflecting disruptions in cognitive 

control networks. Results on the pulvinar did not reveal a consistent pattern(136, 137, 

196, 227).The pulvinar was found to have increased connectivity to visual and sensory 

regions and reduced connectivity with prefrontal and higher-order cognitive areas (137, 

218, 228, 229). Reduced connectivity was reported between the lateral geniculate nucleus 

(LGN) and visual processing areas, as well as between the medial geniculate nucleus 

(MGN) and auditory regions (218) (Figure 10). 
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Figure 10. 

Results of the Correlation Meta-Analysis of Symptom Dimensions. 

(A, B) Regions of hyperconnectivity between the thalamus and cortical areas associated with 

positive symptom severity (PANSS positive subscale and SAPS scores). 

(C, D) Regions of hyperconnectivity and hypoconnectivity associated with negative symptom 

severity (PANSS negative subscale and SANS scores). 

Abbreviations: SSD: schizophrenia spectrum disorders, HC: healthy control group, PANSS: 

Positive and Negative Syndrome Scale, SAPS: Scales for the Assessment of Positive Symptoms, 

SANS: Scales for the Assessment of Negative Symptoms 

8.2.6. Cerebellar connectivity 

ALE and SDM analyses were conducted separately for the studies with cerebellum seed, 

and 19 articles and 247 foci were included in both analyses. 148 foci indicated cerebellar 

hypoconnectivity in SSD, and 99 foci indicated cerebellar hyperconnectivity in the patient 

population. 

Neither ALE nor the SDM analysis revealed significant convergence of the foci. 

Uncorrected significant blobs of more than 15 voxels with peaks of an SDM-Z value 

greater than 1.99 or smaller than -1.99 were identified with the SDM analysis; however, 

the results did not survive TFCE correction. Uncorrected results of the SDM analysis 

revealed cerebellar hypoconnectivity in SSD within the cerebellum, Left Middle 

Temporal Gyrus, and the left Superior Frontal Gyrus (largest cluster size: 599 voxels, 

Table 7). Uncorrected clusters (all clusters are smaller than 100 voxels) of 

hyperconnectivity centred around the left postcentral gyrus and medial frontal gyrus 

(Figure 11). 
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Table 7. Centre of mass regions extracted for cerebellar SDM analysis. 

Cluster Cluster size Region (Centre of mass) x y z Peak SDM-Z 

Hyperconnectivity 

1 54 ~ Medial Frontal Gyrus 2 51 -14 2.3495 

2 94 Left Postcentral Gyrus -52 -18 44 4.123 

Hypoconnectivity 

1 599 Left cerebellum, posterior lobe -37 -63 -38 2.7923 

2 569 Right cerebellum, posterior lobe 36 -72 -36 2.6936 

3 145 Left Middle Temporal Gyrus -60 -23 -4 1.9162 

4 207 Left Superior Frontal Gyrus -2 29 49 2.1218 

Clusters of hyperconnectivity of uncorrected blobs are smaller than 100 voxels. Regions of 

hypoconnectivity include uncorrected blobs of > 200 voxels. All studies using cerebellum seeds 

were included in the analysis (N=19 articles, total 247 foci). 

 

 

Figure 11. 

 Cerebellar results. Uncorrected significant clusters of cerebellar hypoconnectivity (blue) and 

hyperconnectivity (red) in schizophrenia spectrum disorders (SPD). Clusters did not survive 

TFCE (threshold-free cluster enhancement) correction. Cluster information is reported in Table 

S7. 
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8.2.7. Sub-cerebellar results 

16 of the included studies used sub-cerebellar seeds. All included articles showed 

considerable variation in seed definitions and cerebellar segmentation approaches, 

preventing direct comparisons of findings. A qualitative review of the sub-cerebellar 

results is summarised in the Supplementary Results S14 of the publication. 

Studies showed high heterogeneity in methods used for parcellation. Multiple studies 

targeted similar regions (such as Crus I, Crus II, or Lobule IX), but the underlying 

definitions of these regions are inconsistent. 

Despite segmentation variability, some consistent connectivity patterns were identified 

across studies. Crus I showed a recurring pattern of reduced connectivity to frontal 

cortical regions and the DMN in SSD (214, 215, 222, 224). This disruption of fronto-

cerebellar connectivity was observed in SSD and in CHR. Similarly, Lobule IX exhibited 

reduced connectivity to frontal regions and the DMN (214, 221, 222). In contrast, studies 

of the dentate nucleus found consistent patterns of increased connectivity with parietal 

regions and decreased connectivity with the PFC (203, 209). 

8.2.8. Risk of Bias and Heterogeneity 

Jackknife sensitivity analysis confirmed that significant clusters remained consistent 

across 95%, 90% and 80% of the iterations. 

Results of the ROB assessment and funnel plots for the thalamic results are provided in 

the Supplementary Materials of the published paper. Overall, ROB was low across studies 

due to strict eligibility criteria, with three cerebellar and five thalamic studies scoring 

moderate risk. Excluding these studies did not alter the overall effect. Funnel plots and 

Egger’s test showed no significant publication bias for thalamic peaks. Cerebellar results 

that did not survive multiple-comparison correction were not assessed for bias. 
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9. DISCUSSION 

9.1. Summary of findings: converging evidence for E/I related 

inhibitory deficit and CTC dysconnectivity in schizophrenia  

The central aim of this thesis was to evaluate whether schizophrenia shows reproducible 

neurobiological alterations across complementary levels of circuit function. Building on 

the E/I imbalance hypothesis and dysconnectivity frameworks outlined in the 

Introduction, the thesis focused on two theoretically motivated domains of analysis. Study 

I evaluated local cortical excitability using TMS-EMG paradigms, while Study II 

evaluated large-scale CTC network function using resting-state fMRI.  

Both studies used meta-analytic methods to test the reliability and robustness of these 

measures in the literature. This is a critical step in determining the clinical potential and 

validity of empirical evidence (66). The scientific contribution of this thesis, therefore, is 

to identify which findings are reproducible and robust enough in schizophrenia to support 

further mechanistic and translational work.  

9.1.1. Main findings of Study I and Study II 

Study I pooled data from 36 articles investigating single- and paired-pulse TMS-EMG 

paradigms in schizophrenia. To our knowledge, it was the first meta-analysis to confirm 

reduced SICI across medicated and unmedicated samples while also systematically 

evaluating CSP, ICF, LICI, and RMT using a TMS-specific risk-of-bias assessment. 

Our results confirmed the hypothesised inhibitory deficit in schizophrenia, as measured 

by SICI, using a relatively large pooled sample (SCH=794, HC=817) and a moderate-to-

large effect size (Cohen’s d = 0.62). The pooled mean difference indicates that 

schizophrenia patients show a 13.85% (95% CI=9.19-18.51) reduction in their TMS-

evoked inhibitory response linked to GABAergic receptor function (Figure 1). The 

stability and robustness of this effect across methodological heterogeneity and sensitivity 

analyses support reduced SICI as one of the most reproducible TMS-EMG abnormalities 

in schizophrenia. 
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This finding supports impaired motor cortical inhibitory regulation as a robust 

neurophysiological abnormality in schizophrenia. Importantly, the evidence did not 

indicate a generalised abnormality across all motor cortical excitability paradigms, as 

CSP, ICF, and LICI showed no clear group differences. The strongest TMS-EMG 

evidence, therefore, concerns SICI, a paradigm pharmacologically linked to GABA-A-

mediated inhibitory responses (79). 

At the same time, interpreting SICI requires caution. Although previous research 

suggested that SICI could be influenced by antipsychotic medication and symptom 

severity, our study was underpowered to confirm these results with subgroup analysis or 

meta-regression. Exploratory analyses indicated trend-level associations between SICI, 

medication status, and medication dose, suggesting that medication exposure may 

influence the magnitude of the SICI deficit. However, these analyses were underpowered 

and should be interpreted cautiously. 

Study II extended the thesis to the network level by synthesising seed-based resting-state 

fMRI studies of CTC connectivity in schizophrenia spectrum disorders. The strongest 

evidence emerged for thalamic dysconnectivity. Across ALE and SDM methods, 

thalamic seeds showed hypoconnectivity with prefrontal, anterior cingulate, cerebellar, 

and association regions, alongside hyperconnectivity with somatosensory and motor 

cortical regions. This pattern indicates regionally specific cortical-subcortical 

dysconnectivity rather than a simple global increase or decrease in thalamocortical 

connectivity. These results support thalamic dysconnectivity as one of the more robust 

large-scale network findings in schizophrenia spectrum disorders (99). 

Cerebellar findings were conceptually relevant to the CTC framework but less robust. 

Cerebellar connectivity alterations did not survive multiple-comparison correction, likely 

reflecting smaller samples, heterogeneous seed definitions, and the anatomical and 

functional complexity of the cerebellum. Illness-stage, symptom-correlation, and 

subregional analyses were also informative but preliminary. 

Together, Studies I and II identify two biologically distinct but complementary 

abnormalities of impaired local cortical inhibitory physiology and altered large-scale 

thalamocortical network organisation. Both findings concern systems that regulate the 

flow, gain, and precision of neural information, which are particularly relevant to the 
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mechanistic interpretation of these results. Building on this, in the following sections, I 

will interpre these findings in relation to E/I imbalance and predictive processing while 

considering their translational relevance and methodological limitations.   

9.1.2. E/I imbalance as a mechanistic explanation to integrate 

biological scales in Schizophrenia 

A central interpretive question for this thesis is how a local inhibitory deficit could be 

relevant to large-scale network dysconnectivity. As outlined in the Introduction, 

excitation/inhibition (E/I) imbalance provides one of the central neurobiological 

frameworks for interpreting schizophrenia pathophysiology and the results of this thesis 

(41).  The E/I framework provides a mechanistic framework for linking impaired 

inhibitory regulation to altered neural gain control, signal-to-noise ratio, neural synchrony 

and network communication (41). 

Functionally, E/I balance is not only a homeostatic mechanism preventing pathological 

runaway excitation or network quiescence. It also shapes how neural circuits represent, 

amplify, filter, synchronise, and propagate information (49). Impaired inhibitory 

regulation may therefore reduce signal-to-noise ratio, degrade the precision of neural 

representations, and destabilise communication within and between networks (47). 

Computational and neuroimaging models further suggest that local E/I parameters 

influence the stability and information capacity of large-scale resting-state networks 

(230). This provides a biologically plausible route through which local inhibitory 

dysfunction could contribute to broader disturbances in network organisation. 

Study I provides circuit-level evidence for this interpretation. Reduced SICI indicates 

impaired inhibitory control over motor cortical output, and while SICI is not a direct 

molecular measure of synaptic E/I balance, it is one of the most established in vivo 

perturbational probes of intracortical inhibitory physiology linked to GABA-A receptor 

function (78, 95, 231).  

The next question is how such local inhibitory regulation could scale to network 

dysconnectivity (62). While the thesis did not directly test this, the E/I framework 

provides a plausible conceptual link between the two levels of analysis (232). One 

plausible explanation is through degraded signal fidelity. If local circuits generate noisier, 
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less temporally precise or less well-regulated output, communication between distributed 

regions may become less stable and efficiently coordinated (120). From this perspective, 

impaired inhibition could affect not only local cortical excitability but also the quality and 

timing of neural information flow between cortical and subcortical regions (29).  

Study II provides the network-level anchor for this interpretation. The thalamic 

dysconnectivity identified in Study II can be interpreted as a systems-level alteration 

compatible with E/I-related models of abnormal information flow (184). The thalamus is 

involved in gating, filtering, amplifying, and coordinating sensory, motor, associative, 

and prefrontal information (29, 120, 233, 234). Within the broader CTC circuit, the 

cerebellum contributes to timing, prediction, and error-based coordination, thereby 

supporting the alignment of ascending sensorimotor signals with cortical contextual 

control (235). Although thalamic connectivity is not equivalent to local inhibition, both 

processes contribute to the regulation of information flow, where inhibition shapes local 

gain and signal fidelity, whereas thalamic and cerebellar circuits coordinate the routing, 

timing, and integration of information across distributed networks. 

The pattern observed in Study II is therefore theoretically meaningful and could suggest 

disrupted alignment between higher-order cortical modulation and ascending 

sensorimotor communication (184). Thalamic hypoconnectivity with prefrontal and 

association regions may reflect impaired integration with higher-order cortical systems 

involved in cognitive control, contextual regulation, and top-down modulation (141, 193). 

In contrast, thalamic hyperconnectivity with somatosensory and motor cortices may 

reflect altered coupling with ascending sensory and motor systems (236). This pattern is 

in line with models proposing that schizophrenia involves both impaired top-down 

regulation and abnormal bottom-up sensory signalling (237). 

The combined strength of the two thesis findings lies in their complementary positions 

within this multilevel framework. Reduced SICI identifies impaired local inhibitory 

control, which may compromise the signal-to-noise ratio and cortical output. Thalamic 

dysconnectivity indicates altered network coordination within circuits responsible for 

integrating sensory, motor, cerebellar, and prefrontal information (238). These two 

findings are biologically distinct, and the thesis does not demonstrate that reduced SICI 

causes thalamic dysconnectivity. However, these findings are in line with the E/I 
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hypothesis, in which schizophrenia involves disrupted regulation of neural information 

across local and distributed circuit levels (41). This framework suggests that local 

inhibitory dysfunction and large-scale dysconnectivity may represent interacting levels 

of the same broader pathophysiological architecture rather than isolated deficits (239). 

9.1.3. Predictive processing and sensorimotor pathways as a 

framework for altered information flow  

A computational framework that may further clarify the relationship between the circuit 

and network-level findings of this thesis is the Bayesian brain hypothesis (237). In this 

framework, perception is an active inferential process in which incoming sensory 

evidence is continuously compared with internal models of the world. Higher-order 

cortical systems are thought to generate top-down predictions, whereas lower levels of 

the cortical and subcortical hierarchy transmit sensory evidence and prediction errors 

when incoming signals diverge from expectations (240). Predictive coding is a useful 

concept as it provides a computational language for linking altered cortical inhibition, 

thalamocortical dysconnectivity, and abnormal sensorimotor information flow in 

schizophrenia. 

Predictive coding accounts of psychosis propose that hallucinations and delusions may 

arise from altered weighting of prior expectations and sensory evidence (241). 

Neurobiologically, these computational alterations have been linked to mechanisms 

highly relevant to this thesis, including E/I imbalance, NMDA receptor hypofunction, 

altered cortical gain, and thalamocortical dysconnectivity (242). In this context, reduced 

SICI may reflect impaired intracortical inhibition, which could contribute to altered 

cortical gain control. In parallel, thalamo-sensorimotor hyperconnectivity may reflect 

abnormal coupling within sensorimotor thalamocortical circuits, while thalamo-

prefrontal hypoconnectivity may reflect reduced integration with higher-order cortical 

systems involved in contextual regulation and top-down control (141, 233, 243). While 

these interpretations are theoretically plausible, the present meta-analyses did not directly 

test prediction errors, prior weighting, sensory precision, or computational model 

parameters. 
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The sensorimotor system is a particularly relevant convergence point for the two levels 

of evidence discussed in this thesis. First, the sensorimotor system aligns with the 

computational framework outlined above, as perceptual processing is the core 

computational mechanism described by the Bayesian brain hypothesis. Furthermore, 

schizophrenia is increasingly understood to involve basic sensory, perceptual, and motor 

abnormalities in addition to positive, negative, and cognitive symptoms (244-247). 

Historically, motor and sensorimotor abnormalities were often treated as secondary 

medication-induced extrapyramidal side effects. Contemporary evidence, however, 

increasingly supports the view that they are part of the schizophrenia phenotype itself and 

are associated with functional disability, social impairment, and disease progression (248, 

249). This is particularly relevant to the present thesis as both reduced motor cortical 

inhibition and thalamo-sensorimotor hyperconnectivity highlight altered regulation of 

sensorimotor information flow.  

Together, these findings may be interpreted computationally as disturbances in the 

regulation of sensory precision, prediction-error signalling, and sensorimotor information 

flow (242). However, this model should be treated as a theoretical interpretation rather 

than a direct conclusion of the thesis. Future studies could test this interpretation more 

directly by combining TMS-EMG with resting-state or task-based fMRI and 

computational modelling in the same individuals. Such multimodal designs could 

determine whether impaired intracortical inhibition and thalamocortical dysconnectivity 

predict individual differences in sensory precision, prediction-error signalling, prior 

weighting, sensorimotor abnormalities, and symptom expression. In this way, predictive 

processing and sensorimotor pathways help situate reduced SICI and CTC 

dysconnectivity within a broader, testable framework of altered information regulation 

across biological scales (250). 

9.2. Strengths and Limitations 

This thesis statistically synthesised two heterogeneous bodies of human clinical 

neuroscience evidence addressing complementary levels of schizophrenia 

pathophysiology. By integrating two lines of TMS-EMG and fMRI literature 

quantitatively, the thesis aimed to distinguish findings that are reproducible across studies 

from those that remain uncertain due to limited statistical power, methodological 
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variability or clinical heterogeneity. This distinction is central to the interpretation of the 

thesis, as schizophrenia research is characterised by substantial variability in methods, 

samples, illness stages, medication status, and theoretical frameworks. The value of the 

present synthesis, therefore, lies not only in summarising available evidence but in 

clarifying which local circuit and network-level abnormalities provide the most reliable 

measures for future mechanistic and translational research. 

The main strength of Study I was the rigorous evaluation of inhibitory and excitatory 

TMS-EMG paradigms in schizophrenia using meta-analytic methods and a TMS-specific 

risk-of-bias assessment. Reduced SICI emerged as the most consistent finding, supporting 

impaired short-interval intracortical inhibition as the most reproducible TMS-EMG 

abnormality identified in the literature. In contrast, conclusions regarding other paradigms 

were more limited: the LICI analysis included only four studies, while CSP and ICF 

showed substantial or clinically unexplained heterogeneity. These findings indicate that 

the TMS-EMG evidence is strongest for SICI, whereas LICI, ICF, and CSP remain 

constrained by small study numbers, protocol variability, biological heterogeneity, and 

limited power for moderator analyses. 

A related limitation concerns the clinical interpretation of reduced SICI. Previous 

research suggested that SICI may be associated with antipsychotic medication and 

symptom severity (251), but Study I was underpowered to confirm these associations 

using subgroup analysis or meta-regression Exploratory analyses suggested trend-level 

associations between SICI, medication status, and medication dose, but these findings 

remain difficult to interpret because of the small number of unmedicated samples, 

heterogeneous definitions of medication status, inconsistent reporting of benzodiazepine 

use, and variation in antipsychotic receptor-binding profiles. These limitations indicate 

that although reduced SICI is a robust group-level finding, the effects of medication 

status, antipsychotic class, benzodiazepine use, symptom severity, and clinical specificity 

remain unresolved. 

The main strength of Study II was the use of two spatial statistical methods to synthesise 

seed-based fMRI results. Across both methods, thalamic dysconnectivity emerged as the 

most robust CTC finding in schizophrenia spectrum disorders, with hypoconnectivity 

between the thalamus and prefrontal or association regions and hyperconnectivity 
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between the thalamus and sensorimotor cortical regions. This patterned alteration 

suggests regionally specific thalamocortical dysconnectivity rather than a simple global 

increase or decrease in CTC connectivity. 

At the same time, several limitations constrain the anatomical and clinical interpretation 

of these findings. Study II was underpowered to run separate meta-analytic models for 

different thalamic and cerebellar seeds. Therefore, thalamic and cerebellar regions with 

distinct hierarchical and functional roles had to be pooled, reducing anatomical specificity 

and potentially masking nuclei-specific differences in their effects. Subthalamic and 

subcerebellar results were reviewed qualitatively. The study also could not directly 

compare chronic schizophrenia, schizoaffective disorder, first-episode psychosis, and 

clinical high-risk populations. In addition, despite strict eligibility criteria, the included 

studies varied in seed placement, atlas selection, scanning protocols, preprocessing 

methods, and clinical reporting. These issues were particularly relevant for the cerebellar 

analyses, which were based on fewer studies and smaller samples and did not survive 

multiple-comparison correction. Study II therefore provides stronger evidence for 

thalamic than for cerebellar dysconnectivity, while conclusions regarding specific 

subregions, illness-stage differences, and cerebellar contributions remain preliminary. 

Altogether, the interpretation of the thesis has important inferential limitations. Although 

SICI is highly relevant to the E/I framework, it is not a direct measure of the synaptic 

excitation-inhibition ratio. Similarly, resting-state fMRI connectivity does not directly 

measure excitation, inhibition, or causal information flow between regions. The two 

meta-analyses also synthesised separate literatures, meaning that the thesis does not 

provide within-subject evidence that reduced SICI and thalamic dysconnectivity co-

occur, covary, or reflect a shared mechanism. In addition, the thesis did not directly test 

predictive processing parameters such as sensory precision, prediction error signalling, or 

prior weighting. Therefore, the strongest conclusions of the thesis concern reproducible 

group-level abnormalities and their theoretical integration across local circuit and 

network levels. Conclusions regarding causality, biomarker validity, disease specificity 

and sensitivity, functional relevance, and clinical applicability remain limited and require 

direct, multimodal, and longitudinal validation, as well as computational modelling. 
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10. CONCLUSIONS  

This thesis examined how schizophrenia pathophysiology can be operationalised across 

circuit and large-scale network levels using TMS-EMG and fMRI. The two included 

meta-analyses provide converging evidence that schizophrenia is associated with 

reproducible abnormalities in both motor cortical excitability and Cerebello-Thalamo-

Cortical network organisation. 

Study I demonstrated a significant reduction of SICI in schizophrenia, supporting altered 

motor cortical inhibitory physiology as one of the most robust findings in the TMS-EMG 

literature. Given the pharmacological relevance of SICI to GABA-A receptor function, 

this finding supports that E/I imbalance could be at the core of schizophrenia 

pathophysiology and can be captured at the cortical circuit level (56, 79). Study II, on the 

other hand, provided meta-analytic evidence for altered CTC connectivity in 

schizophrenia spectrum disorders, with the strongest evidence emerging for 

thalamocortical dysconnectivity. The results suggest a pattern of thalamo-sensorimotor 

hyperconnectivity and thalamo-prefrontal hypoconnectivity, supporting the relevance of 

large-scale cortical-subcortical network dysfunction in schizophrenia. While cerebellar 

findings were less robust, they are theoretically meaningful and warrant further research.  

Together, the findings of this thesis support a multilevel interpretation of schizophrenia 

pathophysiology in which local inhibitory dysfunction and large-scale thalamocortical 

dysconnectivity represent complementary levels of altered brain function (4). Within the 

theoretical framework outlined in the Discussion, both outcome measures can be 

interpreted within the E/I framework and reflect altered circuit and network-level neural 

information flow (252). In addition, the overlap between motor cortical inhibitory 

findings and thalamo-sensorimotor connectivity alterations suggests that sensorimotor 

systems may represent one relevant point of convergence between local physiology and 

network dysfunction (253, 254).  

The main contribution of this thesis is to identify reduced SICI and thalamocortical 

dysconnectivity as two reproducible group-level abnormalities that can serve as empirical 

anchors for future mechanistic, multimodal, and translational research in schizophrenia.  



67 

11.  IMPLICATIONS FOR PRACTICE  

The findings of this thesis do not support immediate diagnostic implementation or direct 

clinical use of either TMS-EMG or resting-state fMRI in schizophrenia. However, with 

thorough future clinical testing, SICI, a measure of motor cortical inhibitory physiology, 

and resting-state fMRI reflecting cerebellar, thalamic, and cortical function may 

eventually contribute to mechanistically informed clinical phenotyping, treatment 

monitoring, or target engagement. 

The robustness of reduced SICI reported in this thesis, with an effect size of Cohen’s d = 

0.62 and a 13.85% reduction of inhibitory response in schizophrenia, justifies further 

clinical validation of this paradigm. However, its clinical value will depend on whether 

future studies confirm its diagnostic specificity and its ability to predict illness course, 

treatment response, functional outcome, or symptom progression in schizophrenia (255). 

Given its future validation, SICI may have the potential to serve as a measure of 

pharmacological treatment response or to indicate disease status (87, 256). 

Resting-state fMRI measures of CTC connectivity, on the other hand, provide a 

complementary network-level perspective. The findings of Study II, particularly the 

robustness of thalamo-sensorimotor hyperconnectivity and thalamo-prefrontal 

hypoconnectivity, suggest that thalamocortical connectivity may have future clinical 

value for illness-stage characterisation, patient stratification, risk prediction, and 

treatment-outcome research (141, 142, 184, 257). Nevertheless, resting-state fMRI 

remains far from routine clinical use in schizophrenia. Its clinical applicability is limited 

by methodological variability, scanner and preprocessing effects, medication exposure, 

illness heterogeneity, and the lack of validated individual-level thresholds (68). 

The potential clinical value of CTC connectivity may also depend on whether distinct 

dysconnectivity profiles map onto clinical heterogeneity. Because the thalamus and 

cerebellum are topographically organised, specific functional dysconnections could 

plausibly relate to different symptom dimensions, cognitive profiles, or treatment 

trajectories (102, 258). For example, thalamic and cerebellar abnormalities involving the 

sensory and motor cortices have been linked to positive symptoms in some studies, 

whereas altered connectivity between higher-order thalamic, cerebellar, and prefrontal 

regions has been associated with negative symptoms or cognitive control deficits (133, 
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259). In Study II, meta-analytic evidence suggested stronger associations between 

hyperconnectivity and symptom severity across domains, whereas hypoconnectivity was 

not clearly associated with symptom severity. If, therefore, future research confirms a 

reliable association between dysconnectivity and symptoms, it could be useful to identify 

common neurobiological subgroups within the heterogeneity of schizophrenia.  

The CTC network may also serve as a target for therapeutic interventions, such as 

repetitive transcranial magnetic stimulation (rTMS), deep brain stimulation (DBS), or 

Transcranial Ultrasound Stimulation (TUS) (260). The cerebellum is an accessible node 

of the CTC circuit and has been investigated as a potential stimulation target in 

schizophrenia, while thalamic circuits are theoretically relevant because of their role in 

sensory gating, cortical communication, and signal-to-noise regulation (234). Results of 

clinical trials testing cerebellar stimulation have shown improvement in negative and 

cognitive symptoms, supporting the cerebellum as a promising therapeutic target (261-

263).  

The highest clinical value of the measures examined in this thesis is likely to emerge from 

their combination rather than from either modality alone. A multimodal approach could 

use TMS-EMG to quantify cortical inhibitory state, resting-state fMRI to characterise 

CTC connectivity profiles, sensorimotor or perceptual tasks to capture behavioural 

expression, and computational modelling to estimate latent parameters such as sensory 

precision, prediction-error signalling, and prior weighting (264, 265). Such designs could 

test whether patients with marked SICI reduction and pronounced thalamo-sensorimotor 

dysconnectivity form clinically meaningful subgroups or show differential response to 

pharmacological, cerebellar, motor cortical, or network-guided interventions (266). In 

addition to response prediction, SICI may be further investigated as a measure of 

individual brain state to support the timing of state-dependent or closed-loop brain 

stimulation (267, 268).  

Taken together, reduced SICI and thalamocortical dysconnectivity are promising 

candidate translational markers, and future studies are required to test their reliability, 

specificity and sensitivity.   
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12. IMPLICATIONS FOR RESEARCH  

12.1. Methodology and Study Design 

As discussed in the previous chapter, both SICI and CTC connectivity may have future 

translational relevance as candidate measures for mechanistic stratification, treatment 

monitoring, or target engagement in schizophrenia spectrum disorders. However, before 

these measures can be evaluated for clinical utility, future research must establish their 

reliability, specificity, and predictive validity at the individual patient level. And for that, 

future studies need to address some of the methodological limitations that affect the 

results of our analysis and move beyond case-control designs to test longitudinal effects. 

A first methodological implication concerns the standardisation of TMS-EMG protocols 

and reporting. Study I showed that reduced SICI was robust across a methodologically 

heterogeneous literature, however CSP, ICF, and LICI were quite sensitive to 

heterogeneity. TMS-EMG measures have been shown to vary with methodological 

factors such as stimulation intensity, interstimulus interval, pulse waveform, coil 

orientation, motor threshold determination, EMG monitoring, number of trials, and the 

calculation of conditioned and unconditioned MEP amplitudes (71). Future studies should 

therefore use standardised reporting checklists, such as those recommended by Chipchase 

and colleagues (145). In addition, we believe that it is also important to clearly define 

whether SICI or LICI refers to the magnitude of inhibition or to the 

conditioned/unconditioned MEP ratio. This is essential for improving comparability 

across studies and preventing misinterpretation of paired-pulse measures. 

A second methodological priority is the systematic assessment of medication and clinical 

characteristics. Future research should therefore distinguish antipsychotic-naive, 

currently unmedicated, and medicated patients, and should report antipsychotic class, 

dose, treatment duration, treatment resistance, clozapine exposure, and concomitant 

benzodiazepine use. Longitudinal within-subject studies before and after antipsychotic 

initiation, medication switch, clozapine initiation, or neuromodulatory intervention would 

be especially valuable because they could distinguish trait-like inhibitory abnormalities 

from treatment-sensitive physiological changes (84, 85). 
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Resting-state fMRI studies of thalamic and cerebellar connectivity require further 

anatomical and methodological specificity. Study II found robust thalamic 

dysconnectivity, the interpretation of cerebellar findings was more limited, potentially 

since available studies varied in seed definition, atlas choice, and anatomical specificity. 

Future research should therefore segment thalamic seeds to nuclei and distinguish 

between cognitive and motor cerebellar regions (110, 124, 136). Furthermore, 

transparency in preprocessing pipelines, consistent atlas choice and segmentation 

protocols will further improve the replicability and translatability of future research (269, 

270). 

Longitudinal study designs will be essential for determining the biological and clinical 

utility of SICI and CTC connectivity. Cross-sectional studies cannot determine whether 

reduced SICI or thalamic dysconnectivity should be interpreted as trait markers, state 

markers, markers of illness progression, or treatment-sensitive markers Future studies 

should therefore examine these measures across risk, early illness, chronic illness, and 

treatment-resistant stages, ideally distinguishing clinical high-risk converters from non-

converters and following patients before and after treatment initiation (186).  

Altogether, the next central step for future research could be to measure local cortical 

inhibitory physiology and CTC connectivity within the same individuals. Such studies 

could determine whether reduced SICI is associated with thalamo-sensorimotor 

hyperconnectivity, thalamo-prefrontal hypoconnectivity, cerebellar connectivity 

alterations, sensorimotor behaviour, cognitive performance, or clinical outcome. This 

would clarify whether combined neurophysiological and connectivity profiles explain 

clinically meaningful heterogeneity in schizophrenia. 

12.2. New Areas 

Building on the theoretical frameworks discussed in this thesis, future empirical work 

should empirically test the hypothesised mechanistic link between microcircuit E/I 

imbalance, macroscopic CTC dysconnectivity and altered perceptual inference. In the 

discussion, reduced SICI and altered CTC connectivity were interpreted within a 

multilevel framework in which local inhibitory dysfunction may interact with large-scale 

abnormalities in thalamocortical information flow. However, this thesis did not directly 



71 

test whether reduced SICI and thalamic dysconnectivity are related within individuals. 

Future multimodal studies combining TMS-EMG and fMRI should therefore test whether 

more pronounced thalamo-sensorimotor hyperconnectivity directly correlates with larger 

SICI deficits. Such designs would move the field from theoretical integration toward 

direct testing of the proposed multilevel model. 

A second direction is to test the computational interpretation proposed in the Discussion. 

Future studies could combine psychophysics, computational modelling, TMS-EMG, 

EEG/MEG, and functional neuroimaging to examine whether local inhibitory 

abnormalities and thalamocortical dysconnectivity are associated with measurable 

parameters such as sensory precision, prediction-error sensitivity, prior weighting, 

internal sensory noise, or signal-to-noise ratio (242, 271). This would extend predictive-

processing accounts of psychosis by testing whether altered perceptual inference is linked 

to specific neurophysiological and network-level abnormalities in the same individuals. 

Preliminary steps toward testing this hypothesis were undertaken during the third year of 

my PhD research at Yale University, where I investigated how altered perceptual 

processing relates to computational estimations of sensory noise and E/I imbalance using 

EEG and psychophysics. As these data are still under analysis and are not included in the 

present thesis, they should be viewed as future directions. 

A third related direction is to further investigate the sensorimotor system as a network in 

which these multilevel hypotheses can be tested (248). The results of both studies 

included in this thesis highlight the relevance of reduced inhibition in the sensorimotor 

network and thalamo-sensorimotor hyperconnectivity. Future research should therefore 

test whether TMS-EMG measures reflect local motor cortical E/I-related dysfunction or 

index a broader shift in cortical inhibitory deficit (272). This could be tested by combining 

paired-pulse TMS-EMG with TMS-EEG, resting-state fMRI, and behavioural measures 

of sensorimotor function (273). Such studies could clarify if sensorimotor circuits 

represent a clinically and experimentally relevant system of altered inhibitory physiology 

and functional impairment in schizophrenia (274). 
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13.  IMPLICATIONS FOR POLICY MAKERS  

Schizophrenia places a major epidemiological, clinical, and economic burden on patients, 

families, and health-care systems, highlighting the need for more effective approaches to 

early identification, treatment stratification, and therapeutic innovation (275). However, 

this thesis also demonstrates why translating neurobiological research into clinical 

practice remains difficult (11). Although this thesis provides meta-analytic evidence for 

robust reduced motor cortical inhibition and large-scale thalamocortical dysconnectivity 

in schizophrenia spectrum disorders, these findings do not provide sufficient evidence for 

immediate diagnostic implementation, clinical risk prediction, or treatment monitoring 

(276, 277). One potential direction for policymakers would be, therefore, to support 

standardised, longitudinal, and multimodal clinical neuroscience research(278) . 

A key implication for policy makers and funding bodies is the need to encourage open 

science and standardisation protocols for clinical neuroscience research, including fMRI 

and TMS-EMG measures (69, 143). As discussed previously, the clinical translation 

largely depends on methodological harmonisation across studies and on resolving 

heterogeneity and statistically underpowered study designs (66). Therefore, investment 

in prioritising standardised protocols and reporting and large-scale multi-centre 

collaborations could further advance the field.  

In addition, the clinical translatability of findings like the TMS-EMG paradigms or 

connectivity needs future research, including longitudinal cohorts across clinical high-

risk, first-episode, chronic, and treatment-resistant stages; studies that combine 

neurophysiology, neuroimaging, cognition, symptoms, functioning, and treatment 

response; and trials that use mechanistic measures as target-engagement markers for 

pharmacological or neuromodulatory interventions.  The main policy implication of this 

thesis is therefore to support future validation studies of potential biomarkers of 

schizophrenia.  
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14. FUTURE PERSPECTIVES 

A central challenge in understanding schizophrenia pathophysiology is that the clinical 

heterogeneity of the disorder reflects disturbances across multiple biological scales, while 

no single biomarker or theoretical framework has provided a complete account of it  (3, 

4). The findings of this thesis contribute to a multilevel perspective by identifying two 

reproducible abnormalities in the literature: reduced cortical inhibition, measured with 

SICI, and altered Cerebello-Thalamo-Cortical connectivity, with the strongest network-

level evidence emerging for thalamocortical dysconnectivity. As discussed in the 

preceding chapters, the value of these findings lies in providing robust empirical anchors 

for future research on how local inhibitory physiology and large-scale network 

organisation may jointly contribute to schizophrenia pathophysiology, grounded in the 

E/I imbalance hypothesis (252). 

A central future direction is therefore to move from separate biological markers toward 

integrated, within-subject models (266). Future studies will need to test how E/I-

imbalance, thalamocortical dysconnectivity, electrophysiological activity, computational 

parameters, and clinical outcomes are related within individuals (279). Such work would 

help determine whether SICI and CTC connectivity reflect distinct manifestations of a 

shared pathophysiology or mark distinct patient subgroups. Instead of a single biomarker 

of schizophrenia, a more plausible approach is to develop validated multilevel profiles 

that combine multimodal neuroscience markers with computational modelling, clinical 

symptoms, and cognitive performance. In this framework, measures such as SICI and 

CTC connectivity could be components of a broader mechanistic profile (278). 

This thesis also defines the direction of my own future work. The ongoing EEG and 

psychophysics studies initiated during my Fulbright research period at the Powers 

Laboratory (Yale University) extend the same overarching question of how altered 

sensory processing, sensory noise, and E/I-related physiology may contribute to 

psychosis-relevant perceptual inference. These data are not part of the present thesis; 

however, they continue the research theme discussed here. 

The future challenge is not simply to identify more abnormalities, but to determine how 

reproducible biological markers can be combined at the patient level to better understand 

clinical heterogeneity and support treatment development.  
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