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ABSTRACT 

Cognitive impairment such as deficits in working memory - the ability to retain and manipulate information 

over a brief period - are core features of schizophrenia. Such deficits may result from dysfunctional cortical 

inhibition in the dorsolateral prefrontal cortex (DLPFC). One method potentially suited to studying 

inhibitory circuits in the DLPFC is concurrent transcranial magnetic stimulation and electroencephalography 

(TMS-EEG). Merging these methods is technically challenging, resulting in artifacts which obscure recording 

of TMS-evoked neural activity. Furthermore, little is known about the mechanisms that underlie TMS-

evoked cortical potentials (TEPs) from the DLPFC. The broad aim of this thesis was to develop and validate 

TMS-EEG methods to study DLPFC neurophysiology in people with and without schizophrenia. 

 

Five studies are reported. The first describes EEG artifacts following TMS. Phantom heads (melons) and 

human participants were used to investigate the effects of different experimental arrangements 

(stimulators, pulse types, stimulation site, intensity, paired-pulse conditions) on TMS-evoked EEG artifacts. 

This study demonstrated the pervasive nature of TMS-evoked scalp muscle artifacts over the DLPFC. 

 

In the second study, independent component analysis (ICA - a method of blind source separation) was 

assessed to identify and remove artifacts from EEG recordings following TMS over the DLPFC. Five sub-

types of artifact were identified including muscle, blink and auditory artifacts. We provided evidence that 

each of these artifacts could be removed with reasonable confidence using ICA, revealing otherwise 

obscured TMS-evoked neural activity.  

 

In study three and four we examined the underlying mechanisms of TEPs. We compared suppression of 

TEPs with motor evoked potentials (MEPs) following long-interval cortical inhibition (LICI - a paired-pulse 

TMS paradigm) over the motor cortex (study three) and variations in TEP LICI over the DLPFC between 

individuals (study four). We demonstrated that modulation of LICI strength differed between TEP peaks, 
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suggesting early peaks (P30, N40) reflected excitatory neurotransmission, whereas latter peaks (N100) 

reflected the inhibitory mechanism responsible for LICI.  

 

In the final study, we compared TMS-evoked DLPFC network properties between people with and without 

schizophrenia. People with schizophrenia displayed a reduced N100 and reduced TMS-evoked high 

frequency oscillations in fronto-parietal and interhemispheric networks compared with controls. 

Importantly, TMS-evoked gamma oscillations (30-45 Hz; dependent on cortical inhibition) in the DLPFC 

were particularly reduced in a sub-group of schizophrenia participants with low working memory capacity. 

These findings support impaired inhibitory neurotransmission in the DLPFC of people with schizophrenia 

and suggest the ability of the DLPFC to generate high frequency oscillations may contribute to 

schizophrenia-related working memory deficits. 

 

This thesis describes the application of TMS-EEG to study cortical neurophysiology in both healthy and 

disease states. The findings demonstrate that TMS-evoked neural activity can be recorded from the DLPFC 

following artifact removal and provide insight into inhibitory mechanisms within the DLPFC. Moreover, 

alterations in DLPFC function assessed using TMS-EEG may underlie reduced working memory capacity in 

people with schizophrenia. These findings have significant implications for the development of TMS-EEG as 

a neurophysiological technique, our knowledge of inhibitory mechanisms in the human cortex and our 

understanding of working memory deficits in schizophrenia. 
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CHAPTER ONE 

Introduction and overview 

Schizophrenia 

Schizophrenia (SCZ) is a debilitating mental illness that effects between 0.5-1% of the population (Saha, 

Chant, Welham, & McGrath, 2005). SCZ has a heterogeneous presentation of symptoms including positive 

(disorganised thought, delusions and hallucinations), negative (anhedonia and amotivation) and cognitive 

(poor memory and executive functioning) symptoms (van Os & Kapur, 2009). These symptoms have 

devastating impact on social and occupational behaviour and, although psychotic symptoms can be 

managed by medication, functional outcomes of the illness remain poor (Green, 1996). For instance, people 

with SCZ are overrepresented in unemployment (Marwaha & Johnson, 2004), homelessness (Foster, Gable, 

& Buckley, 2012) and prevalence of preventable diseases such as diabetes and cardiovascular disease 

(McEvoy et al., 2005). Sadly, as many as 10% of sufferers will eventually take their own lives (Saha, Chant, & 

McGrath, 2007). As a result of these factors, many face a lifetime of disability (Wiersma et al., 2000) and 

the average lifespan of people with SCZ is almost 20 years shorter than the average population (Colton & 

Manderscheid, 2006). Therefore, SCZ not only has devastating effects on the lives of sufferers, but is also 

associated with considerable emotional burden on families and a large economic burden on society 

through access to the medical system and lost productivity (Fitzgerald et al., 2009; Murray et al., 2013).  

 

For the majority of people, SCZ is a lifetime illness following the onset of symptoms (Harrison, 2001). 

Symptoms usually first present in early adolescence, particularly in males, and onset is rare in early life or 

after middle age (van Os & Kapur, 2009). The exact cause of SCZ remains unclear, however risk of 

developing SCZ increases proportionally with the degree of genetic relatedness to an affected individual 

(Baron, Gruen, Asnis, & Kane, 1983). Accordingly, genome-wide association studies have identified a 

number of specific common risk alleles, many of which are involved in neurodevelopment and synaptic 

function (Doherty, O’Donovan, & Owen, 2012). However, the degree of risk conferred by these singular 

nucleotide polymorphisms (SNPs) appears low. Rare structural variants such as copy number variants and 
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translocations appear to have larger causative affects than SNPs, but most are not specific to SCZ and often 

only occur in single families (Malhotra & Sebat, 2012). Along with the concordance rates in identical twin 

studies (~50%; Cannon, Kaprio, Lönnqvist, Huttunen, & Koskenvuo, 1998), this data suggest that a purely 

genetic explanation of SCZ is insufficient.  A large body of research has identified a raft of environmental 

factors that confer additional risk to the development of SCZ. Migrant status, older fathers, exposure to the 

antibody Toxoplasmosis Gondii, prenatal famine, lifetime cannabis use, obstetrical complications, urban 

rearing and winter or spring births all convey additional, albeit mild, increases in developing SCZ 

(MacDonald & Schulz, 2009). This complex interplay between genetic and environmental factors is still 

poorly understood and, as a result, there are currently no biological tests that are diagnostic for SCZ. 

Instead, the diagnosis of SCZ is based on a clinical syndrome, that is, the clustering of certain behaviours 

with certain positive and negative symptoms (American Psychiatric Association, 2000).  

 

Although SCZ is characterised by positive and negative symptoms, cognitive symptoms occur with a 

relatively high frequency amongst sufferers (Gold, 2004; Heinrichs & Zakzanis, 1998), so much so that many 

now consider these symptoms as core features of the illness (Barch & Ceaser, 2012; Silver, Feldman, Bilker, 

& Gur, 2003). This notion is backed by a growing body of evidence. Firstly, several cross-sectional and 

longitudinal studies have documented cognitive impairments before the onset of psychotic symptoms 

(Sørensen et al., 2010; Woodberry, Giuliano, & Seidman, 2008), which may even exist through childhood 

(Reichenberg et al., 2010). Cognitive impairments also exist in first degree relatives, although to a lesser 

extent (Snitz, Macdonald, & Carter, 2006) and these cognitive impairments generally persist throughout 

illness duration (Hoff et al., 1999) and remain unaffected by current pharmacological treatments (Goldberg 

et al., 2007). Finally, cognitive impairment is the strongest predictor of functional outcome of the illness 

(Bowie, Reichenberg, Patterson, Heaton, & Harvey, 2006; Green, 1996).  This body of evidence is leading a 

re-conceptualisation of SCZ as a neurodevelopmental disorder that primarily affects cognition (Insel, 2010). 

The lack of current treatments and the strong link between cognition and functionality has spurned a large 

research effort to understand the pathophysiological mechanisms responsible for these symptoms (Lewis, 
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Hashimoto, & Volk, 2005). Understanding these mechanisms is paramount for the effective development of 

novel treatments specifically targeting cognitive symptoms in SCZ (Bray, Leweke, Kapur, & Meyer-

Lindenberg, 2010). 

 

The pathophysiology of working memory deficits in schizophrenia 

Deficits in working memory (WM; the ability to maintain and manipulate information over a brief period; 

Baddeley, 1992) have received particular attention in SCZ research (Silver et al., 2003). WM plays a central 

role in general cognitive function and impairments are prevalent in SCZ (Forbes, Carrick, McIntosh, & 

Lawrie, 2009). Neurophysiological studies in non-human primates have provided much insight in to the 

cellular networks underlying WM (Goldman-Rakic, 1995). These studies have demonstrated that persistent 

neuronal activity in specific memory fields across the dorsolateral prefrontal cortex (DLPFC; Funahashi, 

2006; Siegel, Warden, & Miller, 2009) and posterior parietal cortex (Pesaran, Pezaris, Sahani, Mitra, & 

Andersen, 2002) are required for WM performance. In humans, the DLPFC consists of a region of cortex 

spanning the superior, middle and inferior frontal gyri (Brodmann areas 9 and 46) and is involved in higher 

order functions such as planning, organisation and cognitive control (Miller & Cohen, 2001). Accordingly, 

fronto-parietal networks show increased hemodynamic activity during WM tasks in healthy humans during 

functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies (Braver et 

al., 1997; Jonides et al., 1993; McCarthy et al., 1994; Petrides, Alivisatos, Meyer, & Evans, 1993; Smith, 

Jonides, & Koeppe, 1996; Swartz et al., 1995). However, the exact pneumonic role of these areas remains 

somewhat unclear, with some studies suggesting both the DLPFC and posterior parietal cortex maintain 

information during WM (Curtis & D’Esposito, 2003), while others suggest that information is stored in the 

parietal cortex while the DLPFC plays a top-down supporting role, possibly increasing memory capacity 

(Edin et al., 2009). Regardless, abnormalities in hemodynamic activation of the DLPFC during WM are one 

of the most widely replicated findings in SCZ, suggesting the DLPFC abnormalities may underlie WM deficits 

(Barch & Ceaser, 2012; Minzenberg, Laird, Thelen, Carter, & Glahn, 2009). The nature of these 

abnormalities is not straight forward, with some studies reporting decreased (Curtis et al., 1998; Volz et al., 
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1999), while others increased (Manoach et al., 2000) DLPFC activity in SCZ. These findings have been 

reconciled by demonstrating an inverted U shape activation pattern in the DLPFC, where activity increases 

with WM load until memory capacity is exceeded after which it decreases (Callicott et al., 1999). As people 

with SCZ have lower WM capacity, the DLPFC activity tends to be higher in SCZ at low loads, but lower in 

high loads once WM capacity has been exceeded relative to controls (Callicott et al., 2003). Similar, but 

weaker patterns have also been demonstrated in individuals at high risk of psychosis (Morey et al., 2005) 

and first degree relatives (Meda et al., 2008), suggesting these findings are not a result of medication or 

chronicity of illness. Although these findings appear robust, one limitation is the lack of information fMRI 

and PET studies provide on the mechanisms underlying dysfunctional DLFPC activation.  

 

In order to explain DLPFC dysfunction, studies have focused on DLPFC anatomy.  Evidence from structural 

magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) studies suggest that anatomical 

changes may accompany functional DLPFC changes in SCZ. Cortical thinning in the DLPFC of people with SCZ 

is a widely replicated finding (Minzenberg et al., 2009), as are subtle changes in the fractional anisotropy (a 

coarse measure of white matter tract integrity) between the DLPFC, thalamus and anterior cingulate gyrus 

(Ellison-Wright & Bullmore, 2010). Post mortem studies have provided further evidence of the 

cytoarchitectural changes that might underlie these alterations in gross anatomy observed in MRI studies. 

Early studies reported increased neuronal density (Selemon, Rajkowska, & Goldman-Rakic, 1995), 

decreases in cortical thickness (Selemon et al., 1995) and reduced dendritic spine density on pyramidal 

neurons in the DLPFC of people with SCZ (Glantz & Lewis, 2000), suggesting reduced excitatory inputs from 

subcortical structures such as the thalamus.  Reelin, a protein involved in migration of cortical neurons 

during development, was also found to be decreased in SCZ (Impagnatiello et al., 1998).  

 

Changes in inhibitory interneurons are perhaps the most widespread and replicated of post mortem 

findings (Lewis et al., 2005). Glutamic acid decarboxylase 67 (GAD67), an enzyme involved in synthesis of ɣ-
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amino butyric acid (GABA; the primary inhibitory neurotransmitter in the mature cortex), and GABA 

membrane transporter 1 (GAT1; a protein responsible for GABA reuptake) are both reduced in the DLPFC of 

people with SCZ (Akbarian et al., 1995; Hashimoto et al., 2003; Volk, Austin, Pierri, Sampson, & Lewis, 2001; 

Volk, Austin, Pierri, Sampson, & Lewis, 2000). These changes are prominent on a particular sub-class of 

inhibitory interneurons expressing the protein parvalbumin (PV), occurring on ~50% of interneurons 

(Hashimoto et al., 2003). These changes are accompanied by increased expression of postsynaptic GABAA 

receptors (one of two GABA receptor sub-types), possibly reflecting a compensatory mechanism (Benes, 

Vincent, Marie, & Khan, 1996). Interestingly, recent studies have suggested that reduction in markers of PV-

containing interneuron function may result from hypofunction of glutamatergic n-methyl-d-aspartate 

(NMDA) receptors on these interneurons (Bitanihirwe, Lim, Kelley, Kaneko, & Woo, 2009; Gonzalez-Burgos 

& Lewis, 2012). Taken together, these findings suggest synthesis and release of GABA is decreased in the 

DLPFC of people with SCZ. Although these findings appear strongest in the DLPFC, alterations in inhibitory 

interneurons have also been reported in numerous other cortical regions such as motor, sensory and limbic 

regions, suggesting possible global GABA deficits in SCZ (Hashimoto et al., 2008; Thompson, Weickert, 

Wyatt, & Webster, 2009). 

 

Translating the findings from post mortem studies to living humans has proven challenging due to 

methodological limitations. In vivo attempts to measure cortical GABA levels using magnetic resonance 

spectroscopy in the DLPFC have produced mixed results (Goto, Yoshimura, Moriya, et al., 2009; Kegeles et 

al., 2012). This method does not have the resolution to detect subtle changes in GABA synthesis and 

release from particular interneuron subtypes, however one study has demonstrated a relationship between 

WM performance and GABA levels in participants with early-stage SCZ (Goto, Yoshimura, Kakeda, et al., 

2009).  At a functional level, alterations in the PV-inhibitory interneurons predict that cortical inhibition, the 

suppression of cortical activity by GABA neurotransmission, should be abnormal in people with SCZ. In 

support, P50 suppression, an electroencephalographic (EEG) measure of sensorimotor gating that is 

dependent on cortical inhibition (Hershman, Freedman, & Bickford, 1995), is reduced in the auditory cortex 

of participants with SCZ (Freedman et al., 1996, 2000), although this finding bears little relevance to DLPFC 
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dysfunction during WM.  To fully appreciate the role of cortical inhibition in neural dynamics and 

coordinated cortical function in regions such as the DLPFC, one must first return to animal studies.   

 

Brain slice (Whittington, Traub, & Jefferys, 1995) and optogenetic studies in animals (Cardin et al., 2009; 

Sohal, Zhang, Yizhar, & Deisseroth, 2009) have revealed the importance of PV-positive interneurons in 

generating and maintaining cortical oscillations, particularly in the gamma band (30-80 Hz). Oscillations 

reflect synchronous firing of neuronal ensembles (Buzsáki & Draguhn, 2004) and high frequency oscillations 

such as gamma are thought to represent a key mechanism for the encoding and maintenance of 

information within cortical networks (Lisman & Buzsáki, 2008; Lisman & Idiart, 1995; Singer & Gray, 1995). 

The fast spiking nature of PV-positive interneurons and the intrinsic properties of GABAA receptors (fast 

acting, ligand-gated ion channels) are well suited for entraining networks at a gamma frequency (Buzsáki & 

Wang, 2012). Results from these animal studies combined with computer modelling have resulted in two 

models explaining the role of PV-interneurons and postsynaptic GABAA receptors in generating gamma 

oscillations (Gonzalez-Burgos & Lewis, 2008). The interneuron network gamma (ING) model suggests that 

gamma oscillations can be entrained by reciprocal feedback between interneurons, which then act upon 

pyramidal cells (Whittington, Traub, Kopell, Ermentrout, & Buhl, 2000). The pyramidal interneuron network 

gamma (PING) model suggests that recurrent feedback between interneurons and pyramidal cells drives 

phasic activity at gamma frequencies (Whittington et al., 2000). Regardless, in both models successful 

generation and maintenance of gamma oscillations are dependent on PV-positive interneurons and GABAA 

receptors. A second class of GABA receptor, the slower acting, G-protein coupled GABAB receptor, may also 

play a role in the modulation of gamma oscillations (Kohl & Paulsen, 2010). GABAB receptors are located 

both post-synaptically on pyramidal neurons and pre-synapitcally on inhibitory interneurons (Chalifoux & 

Carter, 2011), allowing direct inhibitory control of gamma entrainment. Accordingly, GABAB agonists reduce 

gamma oscillations in rat hippocampal slice experiments (Brown, Davies, & Randall, 2007). Taken together, 

cortical inhibitory function is essential for the generation and control of gamma oscillations, which may 
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represent a mechanism in which information can be maintained for short periods within the cortex during 

WM.  

 

Based on the above evidence, dysfunctional cortical inhibition in the DLFPC of SCZ could manifest in 

abnormal cortical oscillations, particularly in gamma band frequencies. In humans, fluctuations in cortical 

electrical currents resulting from oscillatory activity are either measured through the scalp using EEG, or by 

measuring the magnetic fields generated by these currents using magnetoencephalography (MEG; Buzsáki, 

Anastassiou, & Koch, 2012). Using these methods, increases in gamma oscillations with increased WM load 

have been demonstrated in healthy individuals (Howard, 2003; Tallon-Baudry, Bertrand, Peronnet, & 

Pernier, 1998). Interestingly, recent concurrent EEG and fMRI data has demonstrated a positive correlation 

between gamma oscillations and hemodynamic activity during WM, suggesting the two techniques may 

reflect at least partially overlapping mechanisms (Michels et al., 2010). In participants with SCZ, 

abnormalities in gamma oscillatory activity during various cognitive and sensory tasks have been observed 

across several stages of the illness, including early and late stages (Sun et al., 2011; Uhlhaas & Singer, 

2010). Both increases (Barr et al., 2010; Basar-Eroglu et al., 2007) and decreases (Cho, Konecky, & Carter, 

2006; Haenschel et al., 2009; Minzenberg et al., 2010) in gamma band activity have been reported in the 

DLPFC during WM in SCZ, which may reflect a similar inverted U relationship of gamma and WM load as 

observed in fMRI studies. In support of a role of abnormal cortical inhibition in this process, SCZ 

participants treated with a selective GABAA-agonist showed improved WM performance and increased 

gamma band activation (Lewis et al., 2008). However, a subsequent randomised control trial using the 

same drug failed to find any overall benefit for cognitive impairment (Buchanan et al., 2011). 

 

To summarise, convergent findings from various neuroimaging modalities support impaired activation of 

the DLPFC during WM in SCZ. Anatomical studies have demonstrated deficits in PV-positive inhibitory 

interneurons in the DLPFC and other cortical regions of SCZ. Cortical inhibition resulting from these 
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interneurons is critical for generation and maintenance of gamma oscillations, which is a candidate 

mechanism for WM storage. Accordingly, DLPFC gamma activity is impaired during WM in participants with 

SCZ. Taken together, this evidence has led to the hypothesis that WM deficits in SCZ result from 

dysfunctional cortical inhibition in the DLPFC, which in turn leads to abnormal generation and control of 

gamma oscillations and results in an impaired ability of DLPFC-parietal networks to maintain information 

over brief periods (Gonzalez-Burgos & Lewis, 2008). Although appealing in their argument, the above 

studies do not address two fundamental questions critical to this hypothesis. First, it is unclear whether 

activation of the DLPFC is the limiting factor in WM impairment. As the DLPFC plays a top-down role in 

cognitive control, activation of this region is dependent on adequate sensory input (Tsujimoto & 

Sawaguchi, 2004). Binding of sensory information also involves gamma activity and sensory integration 

deficits are widespread across all sensory modalities in SCZ (Spencer et al., 2003, 2004; Spencer, 

Niznikiewicz, Shenton, & McCarley, 2008). It is possible that abnormal DLPFC activation during WM may be 

secondary, or even a compensatory response, to insufficient sensory information and encoding deficits and 

may not directly reflect impaired DLPFC function (Dias, Butler, Hoptman, & Javitt, 2011).  Second, in vivo 

evidence for cortical inhibitory deficits in SCZ are either indirect (i.e. gamma oscillations) or not specific to 

DLPFC (i.e. P50 suppression). Therefore, it remains unclear if cortical inhibition is actually deficient in the 

DLPFC of people with SCZ (Kegeles et al., 2012). To address these issues, a method is required that 1) 

activates the DLPFC in a task-independent manner therefore bypassing sensory systems and 2) provides a 

direct measure of cortical inhibitory function in the DLPFC. 

 

Transcranial magnetic stimulation 

One method suited to addressing these issues is transcranial magnetic stimulation (TMS). TMS non-

invasively depolarises cortical neurons in conscious humans using the principle of electromagnetic 

induction (Barker, Jalinous, & Freeston, 1985).  In this method, a large, but brief (~50-100 µs) electrical 

current is passed through plastic-shielded copper coils in either a circular or figure-of-eight arrangement. 

When held over the head, the electric current creates a time-varying magnetic field that passes through the 
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scalp and generates an inverse electrical field in conductive tissue such as cortical grey matter. At sufficient 

intensities, this induced electric field alters the membrane potential of neurons, resulting in depolarisation 

and neuronal firing (Hallett, 2007; Rothwell, Thompson, Day, Boyd, & Marsden, 1991; Rothwell, 1997). A 

single TMS pulse results in a cascade of excitatory and inhibitory neurotransmission, which alters 

membrane potentials in cortical networks for several 100 ms beyond stimulation (Kujirai et al., 1993; 

Paulus et al., 2008; Valls-Solé, Pascual-Leone, Wassermann, & Hallett, 1992).  This method has been used to 

investigate cortical function across several fields, including cognitive neuroscience (Pascual-Leone, Walsh, & 

Rothwell, 2000), visual physiology (Merabet, Theoret, & Pascual-Leone, 2003) and motor physiology (Reis 

et al., 2008). The motor cortex is particularly suited to TMS research as transynaptic activation of 

corticospinal output neurons following TMS results in measurable electromyographic (EMG) responses in 

peripheral muscle (motor evoked potentials; MEPs) controlled by the stimulated region (Amassian, Cracco, 

& Maccabee, 1989; Amassian, Eberle, Maccabee, & Cracco, 1992). MEP amplitude is considered a basic 

index of excitability within the corticospinal system and can be used to infer cortical function. By exploiting 

differing properties of cortical interneurons and pyramidal cells (i.e. differences in threshold), various single 

and paired-pulse TMS paradigms have been designed to assess specific excitatory and inhibitory networks 

within the motor cortex, including measures of GABAA-mediated (Kujirai et al., 1993; Ziemann, Lönnecker, 

Steinhoff, & Paulus, 1996) and GABAB-mediated (Fuhr, Agostino, & Hallett, 1991; McDonnell, Orekhov, & 

Ziemann, 2006; Valls-Solé et al., 1992; Werhahn, Kunesch, Noachtar, Benecke, & Classen, 1999) cortical 

inhibition and glutamatergic excitation (Kujirai et al., 1993; Ziemann, Tergau, Wischer, Hildebrandt, & 

Paulus, 1998; Ziemann, Tergau, Wassermann, et al., 1998). Using this approach, direct evidence for cortical 

inhibitory deficits in SCZ has been obtained from the motor cortex, supporting the evidence from 

anatomical studies (Daskalakis et al., 2002; Fitzgerald, Brown, Daskalakis, DeCastella, & Kulkarni, 2002; 

Fitzgerald et al., 2003; Fitzgerald, Brown, Daskalakis, & Kulkarni, 2002). A detailed discussion on the use of 

TMS to investigate motor physiology in SCZ can be found in Chapter 2. Although inhibitory deficits in the 

motor cortex are an excellent proof of principle for wider deficits of inhibitory function in SCZ, a method for 

measuring neurophysiological mechanisms in non-motor regions is required in order to study these cortical 

properties in the DLPFC. 
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Combined transcranial magnetic stimulation and electroencephalography to study prefrontal cortex 

networks 

The ability to directly measure TMS-evoked cortical activity is required to successfully allow the use of TMS 

to study cortical inhibition outside of the motor cortex. To achieve this goal, TMS has recently been 

combined with other neuroimaging modalities such as EEG (Ilmoniemi et al., 1997). This approach conveys 

several advantages compared with TMS-EMG. Firstly, EEG allows assessment of TMS-evoked activity from 

theoretically any cortical surface near the scalp (Ilmoniemi et al., 1997; Massimini et al., 2005), hence 

providing access to the DLPFC (Kähkönen, Komssi, Wilenius, & Ilmoniemi, 2005; Kähkönen, Wilenius, 

Nikulin, Ollikainen, & Ilmoniemi, 2003). Secondly, cortical excitability can be assessed using TMS without 

the potential confounds of the spinal cord and motor neurons associated with TMS-EMG (Komssi et al., 

2002; Komssi, Kähkönen, & Ilmoniemi, 2004). Finally, TMS-EEG provides insight in to numerous aspects of 

TMS-evoked cortical function beyond corticospinal output. For instance, EEG provides data both on the 

stimulated region and on the activity of other regions causally connected to the stimulated region (Cona, 

Zavaglia, Massimini, Rosanova, & Ursino, 2011; Massimini et al., 2005; Voineskos et al., 2010), therefore 

providing a measure of effective or directional connectivity within the brain. In addition, a single TMS pulse 

evokes a brief period of coordinated network activity measured as cortical oscillations from the stimulated 

brain region (Brignani, Manganotti, Rossini, & Miniussi, 2008; Fuggetta, Fiaschi, & Manganotti, 2005; Paus, 

Sipila, & Strafella, 2001; Van Der Werf & Paus, 2006). The properties (i.e. resonant frequency) of these 

oscillations differ between brain regions, suggesting TMS-evoked oscillations reflect intrinsic properties of 

local cortical networks (Rosanova et al., 2009). Finally, studies from the motor cortex suggest different 

properties of TMS-evoked potentials across time, such as peak amplitude and slope, may provide 

information on the dominant mechanism of that period, such as TMS-evoked glutamatergic excitation or 

GABAergic inhibition (Bonato, Miniussi, & Rossini, 2006; Komssi et al., 2004; Nikulin, Kicic, Kahkonen, & 

Ilmoniemi, 2003). A detailed discussion on the current state of knowledge of using TMS-EEG to assess 

cortical network properties can be found in Chapter 3.  
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Considering these points, TMS-EEG is an excellent candidate method to study DLPFC activation in a task-

independent manner, allowing controlled stimulation of the cortex between individuals without requiring 

sensory input.  Furthermore, the properties of the TMS-evoked cortical response may allow a direct 

measure of inhibitory neurotransmission from the motor cortex, although the translation of these findings 

to regions such as the DLPFC requires confirmation and further exploration. 

 

Despite the clear advantages conferred by TMS-EEG, the technique has been plagued by technical 

challenges (Ilmoniemi & Kicić, 2010). The large magnetic field generated by TMS saturates necessarily 

sensitive EEG amplifiers, preventing recording of signal for several hundreds of milliseconds (Cracco, 

Amassian, Maccabee, & Cracco, 1989; Izumi et al., 1997). To circumvent these issues, several hardware 

solutions have been developed such as sample-and-hold circuits which pin the amplifier and prevent 

saturation (Ilmoniemi et al., 1997; Virtanen, Ruohonen, Näätänen, & Ilmoniemi, 1999) and amplifiers with 

large recording ranges that capture the TMS-artifact with minimal saturation (Veniero, Bortoletto, & 

Miniussi, 2009). However, the artifact profile resulting from these systems can differ substantially. This 

point is particularly relevant following the realisation that certain existing, non-specialised EEG amplifiers 

are also capable of recording TMS-evoked activity, such as DC-coupled amplifiers (Daskalakis, Farzan, Barr, 

Maller, et al., 2008; Fitzgerald et al., 2008). Given that many laboratories already own EEG amplifiers, and 

the purchase of specialled TMS-EEG systems is often prohibitive due to cost, the use of non-specialised EEG 

systems in TMS-EEG research is steadily increasing (Fitzgerald, 2010; Levit-Binnun et al., 2010). Despite this 

increase, few studies have systematically described the artifact profiles resulting from the use of TMS with 

these systems, limiting the confidence in the resulting data (Veniero et al., 2009; Virtanen et al., 1999). 

Furthermore, additional sources of artifact such as charges stored at the skin/electrode interface or in the 

electrode recording circuit (Julkunen et al., 2008), electromotive forces (Sekiguchi, Takeuchi, Kadota, 

Kohno, & Nakajima, 2011), vibration of the TMS coil and capacitor recharge artifacts from the TMS machine 

(Veniero et al., 2009) can also obscure recording of neural activity. Even small changes in experimental 
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arrangement have the potential to introduce or exacerbate any number of these artifacts, meaning 

artifacts that are not present in one experiment may appear in another. Finally, TMS can result in unwanted 

physiological artifacts, the presence of which changes between different cortical regions. For instance, the 

loud click of the TMS coil results in auditory-evoked potentials unrelated to TMS-evoked cortical activity 

(Nikouline, Ruohonen, & Ilmoniemi, 1999; Tiitinen et al., 1999), TMS over lateral scalp positions such as the 

DLPFC can result in inadvertent stimulation of scalp muscles (Korhonen et al., 2011; Mäki & Ilmoniemi, 

2011; Mutanen, Mäki, & Ilmoniemi, 2012) and TMS over frontal regions can evoke a blink response 

(Bruckmann et al., 2012), all of which obscure neural EEG activity. Although some online and offline 

methods exist for preventing and removing some of these artifacts (Hernandez-Pavon et al., 2012; 

Korhonen et al., 2011; Litvak et al., 2007; Massimini et al., 2005; Morbidi et al., 2007; Tiitinen et al., 1999), a 

detailed understanding of the effectiveness of many of these methods is lacking. Therefore, the presence of 

these artifacts severely limits the use and confidence of EEG in recording TMS-evoked neural activity. 

 

To summarise, combined TMS-EEG is an excellent candidate technique to study DLPFC function in people 

with SCZ. However, the presence of artifacts in TMS-EEG recordings have the potential to severely limit its 

usefulness. In particular, the current knowledge regarding recording artifacts in non-specialised EEG 

amplifiers and physiological artifacts following TMS of non-motor regions does not allow for confident 

measures of TMS-evoked cortical activity from the DLPFC. In addition, although evidence exists supporting 

the use of TMS-EEG to assess excitatory and inhibitory mechanisms in the motor cortex, little is known 

about how these findings translate in to non-motor regions such as the DLPFC.  

 

Aims 

The broad aim of this thesis was to develop and validate TMS-EEG methods to study DLPFC 

neurophysiology in people with and without schizophrenia. To achieve this goal, three specific aims were 

developed: 
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Aim 1: The first aim of this thesis was to identify recording and physiological artifacts in non-specialised 

TMS-EEG arrangements and develop validated methods to either prevent or remove these artifacts over 

non-motor regions, therefore improving confidence in measuring TMS-evoked neural activity from the 

DLPFC.  

 

Aim 2: The second aim of this thesis was to further validate the use of TMS-EEG to study cortical excitation 

and inhibition in the motor cortex and to assess whether these findings translate to other cortical regions, 

such as the DLPFC. 

 

Aim 3: Having established and validated methods, the final aim of this thesis was to compare DLPFC 

network properties between people with and without schizophrenia using TMS-EEG and to relate TMS-

evoked DLPFC function to WM performance.  

 

To achieve these aims, four experimental studies have been completed: 

1. A detailed description of artifacts resulting from different TMS-EEG arrangements such as different 

stimulator combinations, different scalp positions (motor, DLPFC) and different TMS paradigms (i.e. 

single vs. paired). Recordings were made using a non-specialised EEG amplifier. 

2. A comparison between TMS-evoked potentials (EEG) and motor-evoked potentials (EMG) to 

measure cortical inhibition using a well validated paired-pulse TMS paradigm over motor cortex 

(long-interval cortical inhibition) in healthy participants. 
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3. A study assessing whether TMS-EEG findings from the motor cortex translate in to the DLPFC using 

paired pulse TMS. Data from this study was also used to assess independent component analysis as 

a method to identify and remove artifacts following DLPFC stimulation. 

4. A comparison of DLPFC network properties between people with and without schizophrenia using 

TMS-EEG. Participants also completed a WM task and people with participants with SCZ completed 

an evaluation of symptom severity. 

 

Overview 

This thesis consists of nine chapters including seven manuscripts (four published/in press, three in 

submission). In Chapter 1, we have presented an overview of the background and aims of the thesis. 

 

Chapter 2 presents a published review on the use of TMS to study cortical function in schizophrenia. In this 

review we focus on the insights TMS has provided into the fidelity of inhibitory and excitatory neuronal 

populations in the motor cortex of people with schizophrenia. We also discuss the use of TMS to study the 

connectivity between remote brain regions and specific neuronal populations in the motor cortex and how 

these connections are effected in schizophrenia. Finally, we review the existing studies that have used TMS-

EEG to study non-motor cortical function in SCZ. 

 

In Chapter 3, we present a second published review on the use of TMS-EEG to study cortical network 

properties. This review covers four main topics. First, we describe the known artifacts that are associated 

with TMS-EEG. Second, we discuss the physiological information contained within TMS-evoked potentials. 

Third, we review the evidence for using TMS-EEG to study cortical inhibition and neural plasticity. Finally, 

we review the use of TMS-EEG in assessing both resting and active cortical networks. 
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Chapter 4 contains the first published empirical paper on short-latency artifacts associated with TMS-EEG. 

In this paper we use a phantom model (a melon) to describe recording artifacts resulting from different 

TMS stimulators and a non-specialised EEG amplifier and provide suggestions on how to control for these 

artifacts. Next, we describe an early physiological artifact in humans and how this artifact is affected by 

different paramaters such as stimulation site, stimulation intensity and paired-pulse paradigms. We 

conclude that this artifact results from stimulation of scalp muscles and can mask neural activity following 

stimulation over both motor and prefrontal cortices if not adequately controlled for or removed. 

 

Chapter 5 contains the third empirical paper, currently in submission, which describes the use of 

independent component analysis (ICA; a statistical method of blind source separation) in identifying and 

removing different types of artifacts following prefrontal cortex TMS-EEG. This chapter also provides a 

detailed description on the effect each artifact type has on TMS-evoked neural activity.  

 

In Chapter 6 we present a fourth published empirical paper describing the mechanisms of long-interval 

cortical inhibition (a paired-pulse TMS paradigm) assessed using both TMS-evoked potentials (EEG) and 

MEPs measured from small hand muscles (EMG). By comparing methods, we found that early components 

of the TMS-evoked potential (i.e. P30) were modulated in a fashion consistent with excitatory 

neurotransmission, whereas later components (i.e. N100) were consistent with inhibitory 

neurotransmission. These findings suggest that specific physiological mechanisms can be measured from 

TMS-evoked potentials in the motor cortex. 

 

In Chapter 7 we present an empirical paper, currently in submission, which assesses whether the paired-

pulse findings from the motor cortex translate in to the DLPFC. We found that a similar relationship 
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between early (N40) and late (N100) components following paired pulse TMS in the DLPFC, suggesting that 

excitatory and inhibitory neurotransmission can also be assessed from this region using TMS-EEG. 

 

Chapter 8 contains the final empirical paper, currently in submission, which compares the DLPFC network 

properties between people with and without schizophrenia. We found reduced N100 slope and amplitude 

(marker of inhibitory neurotransmission) and increased P180 (potential marker of excitatory 

neurotransmission) in people with SCZ. In addition, we found that SCZ participants with low WM capacity 

also showed reduced TMS-evoked gamma activity over the DLPFC compared with other SCZ participants 

and controls, supporting a link between reduced DLPFC activation and WM impairments.  

 

The implications of the results from the experimental chapters are integrated in a general discussion in 

Chapter 9. In addition, methodological limitations and directions for future research are also discussed. The 

thesis closes with a brief summary of the main findings and final conclusions.  
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CHAPTER TWO 

TMS and schizophrenia 

 

Rogasch NC, Daskalakis ZJ, Fitzgerald PB. (In press). Cortical Inhibition, Excitation, and Connectivity in 

Schizophrenia: A Review of Insights from Transcranial Magnetic Stimulation. Schizophrenia Bulletin. 

 

Preamble to review paper 

The following published paper provides a review of using transcranial magnetic stimulation to assess 

cortical neurophysiology in people with SCZ. This review provides a consensus on the fidelity of 

mechanisms such as cortical inhibition, excitability and connectivity within the motor cortex of people with 

SCZ and how disruption of these mechanisms could infer wider cortical dysfunction. In addition, we also 

review the use of combined TMS-EEG to study motor and non-motor regions in SCZ. 

 



Due to copyright, readers are directed to the following reference: 

Rogasch NC, Daskalakis ZJ, Fitzgerald PB. (In press). Cortical Inhibition, Excitation, and Connectivity in 
Schizophrenia: A Review of Insights from Transcranial Magnetic Stimulation. Schizophrenia Bulletin. 
doi:10.1093/schbul/sbt078 
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CHAPTER THREE 

Concurrent TMS and EEG 

 

Rogasch NC, Fitzgerald PB. (2013). Assessing cortical network properties using TMS-EEG. Human Brain 

Mapping. 109(1):1652-69. 

 

Preamble to review paper 

In the previous chapter (Chapter 2) we introduced the use of TMS-EEG to study non-motor cortical function 

in people with SCZ. The combination of TMS-EEG is relatively new to neuroscience and has only gained 

wide spread use in the past several years. As a result, the methodological constraints and the nature of 

information provided by this technique are still in early stages. In the following published review paper, we 

provide an overview of the current state of knowledge regarding the use of TMS to study cortical network 

properties. The first section focuses on artifacts associated with TMS-EEG. The next three sections discuss 

the evidence for using TMS-EEG to assess cortical mechanisms such as excitability, inhibition, connectivity 

and oscillations, and examples of how TMS-EEG has furthered knowledge on cortical function.   

 



Due to copyright, readers are directed to the following reference: 

Rogasch NC, Fitzgerald PB. (2013). Assessing cortical network properties using TMS-EEG. Human 
Brain Mapping. 109(1):1652-69. DOI: 10.1002/hbm.22016 
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CHAPTER FOUR 

Artifacts in TMS-EEG recordings 

 

Rogasch NC, Thomson RH, Daskalakis ZJ, Fitzgerald PB. (In press). Short-Latency Artifacts Associated with 

Concurrent TMS-EEG. Brain Stimulation. 

 

Preamble to empirical paper 

As discussed in Chapter 3, artifacts resulting from the interaction between TMS and EEG recording 

equipment, or unwanted stimulation of non-neural elements such as muscles, are the main limiting factor 

for TMS-EEG research. Separating TMS-evoked cortical activity from artifactual activity is therefore 

paramount for the success of this technique. Furthermore, determining the earliest possible time that 

neural activity can be confidently recorded is of particular importance (Veniero et al., 2009). Studying the 

combination of non-specialised TMS and EEG equipment is becoming increasingly relevant, as many 

laboratories are combining existing equipment to perform TMS-EEG research (Daskalakis, Farzan, Barr, 

Maller, et al., 2008; Fitzgerald et al., 2008; Levit-Binnun et al., 2010). However, few of these arrangements 

have been formally tested to identify potential artifacts. The following chapter presents the first detailed 

description of recording artifacts in a non-specialised, DC-coupled EEG amplifier following stimulation with 

two popular brands of TMS stimulator (magstim and magventure). In this published paper, TMS-evoked 

EEG artifacts were recorded from both phantom (melon) and human participants to separate recording and 

physiological artifacts. In addition, the effect of different conditions (stimulation site, intensity, paired-pulse 

paradigms) on artifact properties were tested in human participants. Using this data, we also provide 

insight in to the origin of a large, early, bipolar TMS-evoked potential observed in human experiments, the 

origin of which is a point of controversy within the field.  

 



Due to copyright, readers are directed to the following reference: 

Rogasch NC, Thomson RH, Daskalakis ZJ, Fitzgerald PB. (2013). Short-Latency Artifacts Associated 
with Concurrent TMS-EEG. Brain Stimulation. Nov; 6(6):868-76. DOI: 10.1016/j.brs.2013.04.004. 
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CHAPTER FIVE 

Removing TMS-EEG artifacts using ICA 

 

Rogasch NC, Thomson RH, Farzan F, Fitzgibbon BM, Bailey NW, Hernandez-Pavon JC, Daskalakis ZJ, 

Fitzgerald PB. Removing artifacts from TMS-EEG recordings using independent component analysis: 

importance for assessing prefrontal cortex network properties. (Submitted). 

 

Preamble to empirical paper 

In Chapter 4, we established that recording artifacts had largely recovered within 10 ms following TMS 

using our experimental arrangement. However physiological artifacts such as TMS-evoked scalp muscle 

activity and blinks contaminated EEG signal up to 100 ms, particularly over the DLPFC. Therefore, a method 

was required to separate TMS-evoked neural activity from artifact activity in order for TMS-EEG over the 

DLFPC to be useful. Independent component analysis (ICA) is a validated method of blind source separation 

suited for this application (Onton, Westerfield, Townsend, & Makeig, 2006) which has been implemented in 

several TMS-EEG studies (Hamidi, Slagter, Tononi, & Postle, 2010; Hernandez-Pavon et al., 2012; Korhonen 

et al., 2011). However, certain properties of TMS-evoked artifacts such as the size of muscle artifacts 

(Hernandez-Pavon et al., 2012) and the time-locked nature of blink artifacts (Li & Principe, 2006) weakens 

several assumptions of ICA, potentially invalidating recovered data. The following chapter provides a 

detailed account of identifying and removing artifacts from TMS-EEG recordings over the DLPFC. 

Importantly, evidence is provided on the effect of removing TMS-evoked artifacts using ICA on underlying 

neural activity. Finally, this study describes how each artifact type distorts measures of TMS-evoked cortical 

activity, further demonstrating the importance of controlling for artifacts. 
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ABSTRACT 

Introduction: The combination of transcranial magnetic stimulation and electroencephalography (TMS-EEG) 

is emerging as a powerful tool for causally investigating cortical mechanisms and networks. However, various 

artifacts contaminate TMS-EEG recordings, particularly over regions such as the dorsolateral prefrontal 

cortex (DLPFC). The aim of this study was to substantiate removal of artifacts from TMS-EEG recordings using 

independent component analysis (ICA) following stimulation of the DLPFC. 

Methods: 30 healthy volunteers (32.2 ± 11 years, 8 female) received 75 single TMS pulses to the left DLPFC 

while EEG was recorded from 57 electrodes. A subset of 9 volunteers also received 50 sham pulses. The large 

TMS artifact and early muscle activity (-2 to ~20 ms) were removed using interpolation and the remaining 

EEG signal was processed in two separate ICA runs using the fastICA algorithm. Five sub-types of TMS-related 

artifacts were manually identified: fast decay artifacts, slow decay artifacts, blink artifacts, auditory artifacts 

and bad channels. The source of proposed blink and auditory artifacts were confirmed by concatenating 

known artifacts (i.e. voluntary blinks or auditory evoked potentials resulting from sham TMS) to the TMS 

trials before ICA and assessing grouping of resultant independent components (ICs). Finally, we assessed the 

effect of removing specific artifact types on TMS-evoked potentials (TEPs) and TMS-evoked oscillations 

following DLPFC stimulation. 

Results: ICs from both fast and slow recovering artifacts correlated with TMS-evoked muscle activity size, 

whereas blinks and auditory ICs combined with known concatenated artifacts following ICA, confirming their 

source. Individual artifact sub-types characteristically distorted each measure of DLPFC function at a group 

level with the exception of bad channels. When free of artifact, TEPs from DLPFC spread from the site of 

stimulation to remote brain regions in the contralateral prefrontal cortex, ipsilateral parietal cortex and 

bilateral occipital cortex within the first 120 ms of the pulse. TMS-evoked oscillations in the upper 

beta/gamma bands were strongest at the site of stimulation and alpha/lower beta oscillations were evoked 

in contralateral frontal, temporal and motor cortex as well as central parieto/occipital cortex.  

Conclusions: Various different artifacts contaminate TMS-EEG recordings over the DLPFC. However these can 

be reliably removed using ICA. When artifacts were successfully removed, TMS could be used to probe the 

intrinsic properties of DLPFC and wider connected networks. 
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HIGHLIGHTS 

• The origin of different electroencephalographic artifacts following transcranial magnetic stimulation 

(TMS) over dorsolateral prefronal cortex identified using independent component analysis (ICA) were 

confirmed and included decay artifacts, blinks and an auditory evoked response.   

• Decay artifacts, blink artifacts and auditory artifacts can be removed using (ICA) with minimal impact on 

TMS-evoked neural activity. 

• Failure to remove these artifacts severely distorts prefrontal network properties such as TMS-evoked 

potentials and TMS-evoked oscillations both at the site of stimulation and across the scalp.  

 

ABBREVIATIONS 

TMS, transcranial magnetic stimulation 

EEG, electroencephalography 

TEP, TMS-evoked potential 

DLPFC, dorsolateral prefrontal cortex 

PCA, principle component analysis 

ICA, independent component analysis 

IC, independent component 

MEP, motor evoked potential 

Ag/AgCl, silver-silver chloride 

APB, abductor pollicus brevis  

RMT, resting motor threshold 

GMFA, global mean field amplitude 

ROI, region of interest 
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1. INTRODUCTION 

Transcranial magnetic stimulation (TMS) is a non-invasive form of brain stimulation used to assess and 

modulate cortical function in humans. TMS utilises a fast, time-varying magnetic field to induce an electrical 

field in the cortical tissue, resulting in non-invasive depolarisation of cortical neurons (Hallett, 2007). 

Increasingly, electroencephalography (EEG) has been used to directly record the cortical potentials evoked by 

TMS (TMS-evoked potentials; TEPs; Ilmoniemi et al., 1997). TEPs reveal various aspects of functional network 

properties such as reactivity, effective connectivity and resonant oscillatory tuning (Daskalakis et al., 2012; 

Rogasch and Fitzgerald, 2013; Siebner et al., 2009). By applying an external input to the cortex, TMS-EEG 

allows a direct functional assessment of specific cortical regions in a controlled manner without the need to 

engage the participants in a task (Massimini et al., 2005; Rosanova et al., 2012). This approach has proven 

useful for studying cortical function in both healthy (Komssi and Kähkönen, 2006) and clinical populations 

(Farzan et al., 2010; Rogasch et al., 2013a). 

 

Despite the value gained by combining TMS with EEG, the technique is plagued by methodological issues 

(Ilmoniemi and Kicić, 2010). The magnetic pulse generated by TMS results in saturation of traditional EEG 

amplifiers which can take hundreds of milliseconds to recover, precluding the recording of neural signal. 

Several hardware solutions have been developed to circumvent this problem, such as sample-and-hold 

circuits (Ilmoniemi et al., 1997; Virtanen et al., 1999) and DC-coupled amplifiers with a large operating range, 

which prevent or minimize amplifier saturation and allow recording of TEPs within 5-10 ms following TMS 

(Bonato et al., 2006; Daskalakis et al., 2008; Rogasch et al., 2013c; Veniero et al., 2009). However, TMS also 

results in a number of physiological EEG artifacts which can mask TMS-evoked neural activity. For instance, 

TMS over lateral brain areas such as the dorsolateral prefrontal cortex (DLPFC) or temporal cortex can 

stimulate scalp muscles, resulting in large electromyographic artifacts (Korhonen et al., 2011; Mutanen et al., 

2012; Rogasch et al., 2013c). TMS over frontal regions can also result in a blink startle response which 

significantly affects signal over anterior electrodes (Bruckmann et al., 2012; Rogasch et al., 2013c). Finally, 

discharge of the TMS coil is accompanied by a loud click which results in confounding auditory-evoked 

potentials (Nikouline et al., 1999; Tiitinen et al., 1999). Some of these artifacts can be avoided. For instance, 
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auditory artifacts can be minimized by masking the click (Massimini et al., 2005; Ter Braack et al., 2013) and 

muscle activation can be avoided by stimulating away from scalp muscles (Mutanen et al., 2012; Rogasch et 

al., 2013c) or manipulating coil angles (Mutanen et al., 2012). However, this is not always possible, especially 

if the region of interest is lateral or if the specific experimental design does not allow for auditory masking.  

 

Various methods have been proposed to remove artifacts from TMS-EEG recordings offline, including 

template subtraction (Bender et al., 2005; Thut et al., 2005), principle component analysis (PCA; Litvak et al., 

2011; Mäki and Ilmoniemi, 2011; ter Braack et al., 2013) and independent component analysis (ICA; Hamidi 

et al., 2010; Hernandez-Pavon et al., 2012; Iwahashi et al., 2008; Korhonen et al., 2011). ICA is a method of 

blind source separation that separates the EEG signal into temporally independent components (ICs; Makeig 

et al., 1997). This method follows three basic assumptions; 1) the EEG signal is a linear combination of 

activity from multiple cortical and non-cortical sources, 2) these sources are stationary in space and 3) the 

time course of activity from these sources is independent (Onton et al., 2006).  ICA has been validated for 

separating cortical and non-cortical sources such as eye blinks (Plöchl et al., 2012) and muscle activity 

(McMenamin et al., 2010) as well as separating independent cortical sources from EEG recordings (Jung et 

al., 2001; Makeig et al., 1997; Onton et al., 2006). Accordingly, an increasing number of TMS-EEG studies 

have used ICA to correct muscle and blink artifacts (Hamidi et al., 2010; Hernandez-Pavon et al., 2012; 

Iwahashi et al., 2008; Korhonen et al., 2011; Rajji et al., 2013; Verhagen et al., 2013; Vernet et al., 2013). 

However, several properties specific to TMS-EEG artifacts pose considerable problems for ICA algorithms. 

First, TMS-evoked muscle activity from areas such as DLPFC is several orders of magnitude larger than neural 

activity and is therefore difficult to accurately remove. Although ICA can successfully recover the time course 

of neural sources under these circumstances, the topographies of these components are severely distorted, 

invalidating the data (Hernandez-Pavon et al., 2012). Second, artifacts such as TMS-evoked blinks can be 

time-locked to TEPs such as the N100. This time-locking weakens the assumption of temporal independence 

and can result in mixing of independent sources into a single common IC, overcorrecting the data if removed 

(Li and Principe, 2006).  
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Without addressing these issues and justifying artifact selection, confidence in ICA-corrected TMS-EEG data is 

considerably diminished. Therefore, the principal aim of the current study was to justify and validate the use 

of ICA for removing artifacts from TMS-EEG recordings following DLPFC stimulation. In this study, we use ICA 

to identify potential artifacts in EEG recordings caused by TMS over DLPFC using ICA. Second, we provide 

evidence that characterize the origin of each artifact component. Third, we attempt to evaluate whether 

removing different artifacts inadvertently alters TMS-evoked neural activity. Fourth, we describe the TMS-

evoked properties of the DLPFC assessed from the artifact corrected TMS-EEG data (TEPs and TMS-evoked 

oscillations). Finally, we demonstrate the impact of each different artifact type on TMS-evoked neural 

activity, demonstrating their need for removal.
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2. MATERIALS AND METHODS 

30 healthy volunteers (32.2 ± 11 years, 8 female) received single pulse TMS to the left DLPFC while EEG was 

recorded. A subset of 9 participants also received sham TMS to the left DLPFC. All participants provided 

informed consent prior to participation. Experimental procedures were approved by the Alfred Hospital, 

Monash University and the Centre for Addiction and Mental Health Human Research Ethics Committees. 

 

2.2 Transcranial magnetic stimulation 

Monophasic TMS pulses were delivered using a figure of eight coil (wing diameter = 7 cm) connected to two 

magstim 200 units via a bistim module (Magstim Ltd., UK). The TMS coil was held tangentially over the scalp 

with the handle at a 45° angle to the midline resulting in a posterior-anterior current flow in the underlying 

cortex.  Stimulation intensity was determined over left motor cortex and motor evoked potentials (MEPs) 

were recorded using Ag/AgCl electrodes positioned in a tendon-belly montage over the right abductor pollis 

brevis (APB) muscle.  EMG signal was amplified (1000x) band-pass filtered (10-1000 Hz; PowerLab, 

ADInstruments, New Zealand) digitised (2000 Hz; Micro1401, Cambridge Electronic Design Ltd., UK), epoched 

around the stimulus (-200 to 500 ms) and displayed on a computer screen online. The coil was moved until 

the position resulting in maximal MEPs was determined. Resting motor threshold (RMT) was then 

determined as the minimum intensity required to evoked at least 3 of 6 MEPs > 50µV in amplitude (Conforto 

et al., 2004). TMS intensity was then modified until a stable MEP of ~1 mV in peak-to-peak amplitude was 

achieved and this intensity was used throughout the experiment (maximum stimulator output = 68.2 ± 11 %; 

percentage of RMT = 120.3 ± 6 %).  

 

For DLPFC stimulation, the coil was positioned so the centre rested between the F3 and F5 electrodes. This 

positioning method provides the closest estimate to DLPFC position (border of BA9 and BA46) without using 

neuronavigational techniques (Fitzgerald et al., 2009; Rusjan et al., 2010). The edge of the coil was marked 

on the cap using a felt-tipped pen, a method which enables reliable re-positioning of the coil within 1 mm 

(Rogasch et al., 2013c). The coil was held in place by an experimenter throughout the session. Participants 

received 75 single pulses while sitting quietly with eyes open and looking directly ahead. For sham 
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stimulation, the coil was held with the front of the coil perpendicular to the scalp and the wing resting over 

the same prefrontal position of the head. 50 sham pulses were delivered. TMS frequency was 0.2 Hz (10% 

jitter) throughout the experiment. 

 

2.3 Electroencephalography 

EEG was recorded using a cap with 57 electrodes (sintered Ag/AgCl) in standard 10-20 positions (Quickcap, 

Compumedics Ltd., Australia). EEG signal was amplified (1000x), filtered (DC-3500 Hz) and digitised (20 kHz; 

Synamps2, Compumedics Ltd.), and recorded on a computer for offline analysis. This arrangement along with 

the DC-coupling and large recording range of the amplifier captures the TMS artifact with minimal amplifier 

saturation and allows recording of neural signal within ~5-10 ms following a pulse (Rogasch et al., 2013c; 

Veniero et al., 2009). Electrode impedances were regularly checked and kept as low as possible throughout 

the experiment (<5 kΩ). 

 

2.4 Analysis  

Analysis of EEG data was performed using EEGLAB (Delorme and Makeig, 2004), field trip (Oostenveld et al., 

2011) and custom scripts all on the MATLAB platform (R2013a, The Mathworks, USA). EEG data were 

epoched around the TMS pulse (-1000 to 1000 ms), baseline corrected (-500 to -110 ms) and bad channels 

(e.g. those that were disconnected or with poor contact) were removed. To prevent large artifacts distorting 

neural components following ICA (Hernandez-Pavon et al., 2012), data containing the TMS pulse artifact and 

peaks of large, early bipolar artifact were removed and the remaining data traces were concatenated 

together. In order to allow consistent decomposition of any remaining decay artifacts by ICA, the window for 

data removal was adjusted for each participant from -2 ms to the time when signal had returned to ~150 µV 

(16.6 ± 6 ms, never later than 25 ms; see fig. 1A). Following removal and concatenation, data were 

downsampled to 1 kHz and trials containing any large, paroxysmal artifacts were removed. In order to allow 

further pre-processing such as filtering, the data were submitted to a first run through the fastICA algorithm 

(Hyvärinen and Oja, 2000) and the component representing the large, fast decay artifact was selected based 

on amplitude and removed (see fig. 1B). Data from the removed window were then interpolated using a 
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cubic function and all data were filtered using a butterworth, zero-phase band-pass filter (1-80 Hz). Epochs 

were then manually inspected and trials containing excessive muscle activity (i.e. from jaw clenching) or 

other anomalous activity were removed. The data was then submitted to a second round of fastICA. 

Following ICA, artifact components were manually identified based on four sub-type categories: slow decay 

artifacts, blink artifacts, auditory artifacts and bad electrode artifacts (see supplementary materials for 

details). Five separate files were then created; a file with one of the four artifact categories removed and a 

file with all artifact components removed. Following artifact removal, missing channels were interpolated 

and data from each electrode were re-referenced to the average of all channels. Finally, butterfly plots were 

inspected for unusual activity (i.e. a single electrode with much larger signal than all others). If unusual 

activity was detected, suggesting that an artifact component had been missed, the component identification 

and processing steps were repeated until this activity was removed. 

 

-----Insert figure 1----- 

 

To investigate the origin of the identified components, components identified as artifacts were compared 

with introduced artifacts of known origin. As both the fast and slow decay artifacts were hypothesised as 

related to the large bipolar waveform occurring in the first 6-15 ms, the amount of EEG signal removed by 

these components was correlated with bipolar waveform size. The size of the bipolar artifact was assessed by 

calculating the area under the curve of the global mean field amplitude (GMFA; Lehmann and Skrandies, 

1980) between 6-15 ms (prior to muscle artifact removal). GMFA identifies the maximum amplitude of the 

evoked field and is used to index the effect of TMS on global brain activity (Komssi et al., 2004).  The amount 

of EEG signal removed by the fast and slow decay artifacts was calculated as the difference in area under the 

curve of the GMFA before and after the components were removed (fast = 25-50, slow = 25-100 ms). For the 

blink artifact, trials containing voluntary blinks recorded prior to the start of the TMS block (40 blinks at 

approximately once per second) were concatenated to the TMS trials before ICA. Although voluntary blinks 

are much larger and have a longer duration than spontaneous blinks or blinks evoked by TMS, the activity 

should combine in to a single IC if the source is the same regardless of size (Plöchl et al., 2012). Following this 
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logic, sham TMS trials (i.e. auditory-evoked potentials) were concatenated with real TMS trials prior to ICA to 

confirm the source of the auditory artifact.   

 

To assess whether reducing the early artifact size to ~150 µV prior to ICA was sufficient to minimise mixing of 

neural and artifact signal, this method was compared with a compression method that improves 

decomposition of neural components in the presence of high amplitude artifacts (Hernandez-Pavon et al., 

2012; Korhonen et al., 2011). Singular value decomposition was used to truncate the data to the 30 largest 

principle components before the second round of ICA (Hernandez-Pavon et al., 2012). Compressing the data 

helps prevent mixing of neural and high amplitude artifacts, thereby conserving the topography of neural 

components. To assess whether removing the blink component was also removing time-locked TMS-evoked 

neural activity, removal of the TMS blink component was compared with removal of the combined voluntary 

and TMS blink component. This approach has proven useful in separating time-locked auditory and blink 

event-related potentials which are mixed into a single IC following an auditory startle task (Li and Principe, 

2006). Finally, to assess whether removing the auditory component was inadvertently removing TMS-evoked 

neural activity, removal following TMS alone was compared with removal following combined sham and real 

TMS.  

 

2.5 Reproducibility 

As identification of artifactual ICs was performed manually and is therefore inherently subjective, IC 

identification was repeated by a second experimenter to confirm reproducibility (first=NCR, second=NWB). 

The dataset was randomly reduced to 15 participants using the randperm function in MATLAB. Prior to 

analysis, the second experimenter was shown two examples of artifact component selection. An instruction 

manual was provided for additional reference (supplementary material).  

 

2.6 Measuring cortical network properties following TMS 

To investigate cortical network properties following TMS over DLPFC, TEPs (time domain) and TMS-evoked 

oscillations (frequency domain) were assessed following removal of all artifacts. Two different analysis 
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approaches were utilised. To capture the effect of TMS on local networks a region of interest (ROI) analysis 

was performed on the F3 electrode. To capture connectivity of DLPFC with wider cortical networks, analysis 

of all electrodes was included. To assess the effect of retaining artifacts on cortical network properties, all 

but one type of artifact was removed for each artifact and the signal was compared with artifact corrected 

signal on the these measures. 

 

Time domain analysis: For ROI analysis, three peaks at F3 were examined; N40, P60 and N100. The N40 

latency was calculated at the negative peak closest to 40 ms between 25-55 ms and the amplitude was 

calculated as the average signal between ± 5 ms of the peak latency. The P60 latency was calculated at the 

positive peak closest to 60 ms between 45-75 ms and the amplitude was calculated as the average signal 

between ± 5 ms of the peak latency. The N100 latency was calculated at the negative peak closest to 100 ms 

between 85-145 ms and the amplitude was calculated as the average signal between ± 10 ms of the peak 

latency. For connectivity analysis, activity across all electrodes between 25-500 ms was assessed. 

 

Frequency domain analysis. TMS-evoked oscillations were obtained using wavelet decomposition (3.5 

oscillation cycles, steps of 1 Hz between 8-45 Hz) on averaged trials for each individual electrode. Oscillations 

were normalised by dividing the relative post TMS power by mean baseline power (-600 to -100) in each 

frequency bin. For ROI analysis at the F3 electrode, oscillations were averaged across discrete frequency 

bands (alpha 8-12 Hz, lower beta 13-20 Hz, upper beta 12-30 Hz, gamma 31-45 Hz). Delta (1-4 Hz) and theta 

(4-8 Hz) band activity were not assessed in the current study due to limitations of the epoch width. As lower 

and higher frequencies occur across different time periods, alpha and lower beta oscillations were analysed 

between 25-250 ms and upper beta and gamma between 25-150 ms. For connectivity analysis of TMS-

evoked oscillations, time-frequency analysis from all electrodes was assessed between 25-300 ms and across 

all individual frequencies.  
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2.7 Statistics 

Comparisons of artifact retention on ROI analysis (peak latencies, peak amplitudes, TMS-evoked frequency 

bands) were made between corrected and uncorrected signal using paired t-tests. Correlations of GMFA area 

under the curve were performed using Pearson’s correlations (with and without outliers removed). 

Comparisons of artifact removal on global EEG signal (space and time) and comparisons of artifact retention 

on connectivity measures of TMS-evoked potentials (space and time) and TMS-evoked oscillations (space, 

time and frequency) were performed using non-parametric, cluster-based permutation statistics (Maris and 

Oostenveld, 2007). This approach controls for multiple-comparisons across any combination of space, time 

and frequency. Clusters were defined as two or more neighbouring electrodes in which the t-statistic at a 

given time or frequency point exceeded a threshold of p<0.05 (dependent t-test). Electrodes, time points 

and/or frequency bins with above-threshold values were used for subsequent cluster-based permutation 

analysis. Monte Carlo p-values were calculated on 2000 random permutations and a value of p<0.05 was 

used as the cluster-statistic significance threshold for all analyses. 
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3. RESULTS 

3.1 Identifying and removing artifact components using ICA 

3.1.1 Decay artifacts 

TMS over DLPFC resulted in a large bipolar waveform with peaks around 5 and 8 ms in all participants (fig. 

1A). The size (maximum amplitude range = 74 to 5,679 µV, mean = 2,131 ± 1,522 µV; several orders of 

magnitude larger than neural activity), topography and properties of this waveform are consistent with scalp 

muscle activation, (Mutanen et al., 2012; Rogasch et al., 2013c), however other residual artifacts and cortical 

potentials could also contribute (Julkunen et al., 2009; Veniero et al., 2010). Bipolar artifact size trended 

towards a significant correlation with TMS intensity (r=0.29, p=0.11), suggesting higher TMS intensities 

resulted in larger artifact. Following removal of the main TMS artifact and the bipolar artifact using 

interpolation (see section 2.4 for details), the first ICA run consistently decomposed the fast decay into a 

single component (fig. 1B for example). Removing this component resulted in significant reduction in EEG 

signal lasting up to 52 ms in two electrode clusters spanning the majority of the scalp (both clusters p<0.05). 

The difference in GMFA between uncorrected and corrected traces significantly correlated with the GMFA of 

the biploar peaks occurring between 6-15 ms (r=0.88, p<0.001), supporting that the fast decay component 

represented the tail end of this activity (fig. 1C). We could not detect any significant systematic differences in 

scalp topography following removal of the fast decay component using this method and using data 

compression prior to ICA (p>0.05). This suggests that mixing of neural and artifact components was minimal, 

supporting successful ICA decomposition. All additional analyses were performed following a second ICA run 

after removal of the fast decay artifact and additional processing steps (see section 2.4).  

 

The second round of ICA revealed between 1-5 components consistent with slow decay components in most 

participants (27/30). These components were particularly prominent in participants with large bipolar 

artifacts, were considerably smaller in amplitude than the fast decay component and were slower to recover 

(fig. 1D for example). Removal of these components resulted in significant reduction in EEG signal in two 

electrode clusters spanning the majority of the scalp (34-160 ms, p=0.005; 35-188 ms, p=0.002; fig. 1E). We 

could also not detect any significant systematic differences in scalp topography following removal of the slow 
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decay component between this method and using data compression prior to ICA (p>0.05), further supporting 

successful ICA decomposition. The difference in GMFA between uncorrected and corrected traces also 

significantly correlated with the GMFA of the bipolar peaks (r=0.65, p<0.001), supporting a relationship 

between the slow decay components and this artifact (fig. 1F).  

 

3.1.2 Blink artifacts.  

Either one (n=25) or two (n=4) components consistent with TMS-evoked blinks were present in all but one 

participant. TMS-evoked blinks typically occurred with a peak at ~90 ms and topography concentrated over 

anterior electrodes (fig. 2A). To assess whether this component was blink related, trials containing voluntary 

blinks were concatenated to the TMS trials prior to ICA. Signal related to voluntary blinks combined with 

signal related to TMS-evoked blinks into the same independent components in all but one participant (28/29; 

fig. 1B for example), strongly supporting a non-cortical origin of this component.  

 

Removal of the blink component resulted in reduced EEG signal over a cluster of bilateral anterior electrodes 

(68-164 ms, p=0.007) and two clusters of bilateral posterior electrodes (29-61 ms, p=0.019; 67-165 ms, 

p<0.001; fig. 1C). The amount of signal removed by the blink component suggested a correlation with TMS 

intensity (r=0.29, p=0.12) and that higher TMS intensities resulted in larger blinks. To assess whether 

removing the blink component also inadvertently removed neural signal, removal of the TMS blink 

component was compared with removal of the combined voluntary and TMS blink. The addition of voluntary 

blinks before ICA resulted in significantly less signal removal over a cluster of electrodes spanning from left 

temporal to central regions (61-144 ms, p=0.003; fig. 1D). To assess whether supressing data prior to ICA also 

separated these sources, data compression prior to ICA was compared with both the straight TMS blink 

condition and the combined voluntary blink and TMS condition. Removal of the blink following ICA with data 

compression also resulted in significantly more removal of signal than the combined voluntary and TMS blink 

(60-121 ms, p=0.019).  

----Insert figure 2------ 
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3.1.3 Auditory artifacts.  

Sham TMS performed in nine participants resulted in a biphasic waveform with peaks between 80-100 ms 

and 150-200 ms over fronto-central regions, consistent with an auditory-evoked potential (fig. 3A for 

example). One (n=29) or two (n=1) components with similar properties were also observed following active 

TMS in all participants (fig. 3B). To confirm this component was an auditory-evoked potential, sham trials 

were concatenated to the active TMS trials prior to ICA in nine participants. Auditory-evoked potentials 

following sham stimulation combined with potentials following active TMS in all nine participants, further 

supporting a non TMS-evoked origin of this component (fig. 3C for example).  

 

Removal of the auditory component resulted in significant reduction in EEG signal in four separate clusters 

across all thirty participants. EEG amplitude was significantly reduced in two clusters with fronto-central 

topographies across consecutive time periods (71-126 ms, p=0.015; 136-275 ms, p<0.001; fig. 3D). The 

remaining two clusters were concentrated over posterior electrodes and displayed opposing polarities and 

similar time periods to the first two clusters (72-126 ms, p=0.006; 135-273 ms, p<0.001). The amount of 

signal removed by the auditory component did not correlate with TMS intensity (r=0.07, p=0.68). In addition, 

we could not detect any significant difference between signal correction using combined sham/active TMS 

compared with TMS alone (p=0.16, n=9), suggesting auditory-evoked potentials could be removed without 

removing TMS-evoked neural activity. To assess the effect of removing the auditory component on the 

auditory evoked potential, corrected and uncorrected data from the sham trials were compared. Removing 

the auditory artifact significantly reduced the signal in sham trials (p<0.05; fig. 3E for example), suggesting 

that the majority of the auditory evoked potential was successfully removed. 

 

-----Insert figure 3----- 

3.1.4 Bad electrode artifacts.  

In each participant, multiple components (range = 10-24) were present in which the topography centred on a 

single electrode. The majority of these components did not display activity time locked to the TMS pulse and 

were consistent with small drift artifacts resulting from idiosyncratic differences between electrodes, 
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persistent muscle activity or line noise (see supplementary material). However, 1-2 components typically 

from electrodes under the coil did display activity time-locked to the TMS pulse which could pass for TMS-

evoked neural activity (fig. 4A for example). When considered relative to other channels, these components 

typically accounted for outlier activity in individual channels (figure 4B-C). Neural activity typically 

contributes a common signal to adjacent elecrtodes, so such outliers are unlikely to result from neural 

activity. For instance, such localised signal could result from interruptions to the electrode-skin interface 

caused by coil vibration/movement or small, residual charges stored in these specific electrode circuits. 

 

We could not detect any significant systematic difference in EEG signal after removing bad electrode 

components across participants (p>0.05). However, it should be noted that severely noisy channels were 

removed prior to ICA. Instead, removing these remaining components appeared to improve signal-to-noise 

ratio in a characteristic way for each individual participant, particularly in electrodes under the coil. There 

was a significant correlation between the amount of signal removed by bad electrodes and TMS intensity 

(p=0.035, r=0.39), suggesting higher TMS intensities resulted in larger artifacts from bad electrodes.  

 

-----Insert figure 4----- 

3.2 Reliability. 

There was no significant difference in the number of components removed (p=0.12) or in the corrected EEG 

signal between experimenters (p=0.40), suggesting removal of artifacts using ICA was both reproducible and 

reliable using the above method. 

 

 

3.3 The importance of removing artifacts for measuring prefrontal network properties  

3.3.1 TMS-evoked potentials.  

Removal of artifacts revealed a complex pattern of evoked activity both at the site of stimulation and across 

the scalp following TMS over DLPFC. Three consistent deflections were observed in the electrode under the 

coil (F3); a negative peak at 40.3 ± 7 ms (N40; distinguishable in 29 participants), a positive peak at 61.9 ± 11 
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ms (P60; distinguishable in 29 participants) and second negative peak at 113.2 ± 14 ms (N100; distinguishable 

in 29 participants). Across the grand average of all electrodes, five clear peaks at ~40, 60, 80, 120 and 190 ms 

were observed within the first 200 ms following TMS (fig. 5). A sixth early peak between 20-30 ms was also 

present, however as interpolation lasted up to 25 ms in some participants, this peak was not considered for 

analysis. Early peaks displayed voltage distributions focused over bilateral frontal cortex, contralateral 

temporal and motor cortex and ipsilateral parietal cortex, whereas latter peaks displayed fronto-central and 

occipital distributions. The spatiotemporal evolution of this signal suggests that TMS not only stimulates 

neurons within the DLPFC, but also activates larger networks in which the DLPFC presumably plays a causal 

role. 

-----Insert figure 5----- 

 

Figure 6 A-B describe the uncorrected (no artifacts removed) and corrected (all artifacts removed) signals. To 

assess the effect of individual artifacts on measuring TEPs, all but one of the artifact sub-types were removed 

and compared with the corrected signal. If not removed, the slow decay components significantly altered the 

amplitude of N40, P60 and N120 peaks at the F3 electrode (all p<0.05). Across space and time, the slow 

decay artifact significantly distorted EEG signal amplitude and topography between 35 – 500 ms (2 positive, 3 

negative clusters; all p<0.05; fig 6C). This primarily affected a cluster of central electrodes as well as a second 

more posterior cluster.  

 

The blink artifact significantly altered the amplitude and latency of N40 (p<0.005) and N100 (p<0.001) and 

the latency of P60 (p<0.001) at F3. Across space and time, the blink artifact increased EEG amplitude across 

two consecutive time frames, firstly between 67-165 ms and then between 198-439 ms (2 positive, 2 

negative clusters; all p<0.05; fig. 6D). In both cases, a cluster of anterior and cluster of posterior electrodes 

were affected. Combing voluntary eye-blinks prior to ICA had no significant effect on N40, P60 or N120 

amplitude (all p>0.6) or latency (all p>0.7). Across space and time, combining voluntary blinks increased EEG 

amplitude between 197-276 ms in a central and posterior cluster compared with not combining blinks (1 

positive, 1 negative cluster; p<0.05), however there was no significant effect prior to this time.  
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The auditory evoked potential had no significant effect on either amplitude or latency of any peak at F3, 

however differences in amplitude trended towards significance for both P60 (p=0.07) and N120 (p=0.06). 

Across space and time, the auditory artifact increased EEG amplitude across three time frames, 71-126 ms, 

135-275 ms and 346-500 ms (3 positive clusters, 3 negative clusters; p<0.05; fig6E). Over each time frame, a 

cluster of fronto-central and a cluster of posterior electrodes were affected.  

 

Bad electrodes significantly increased P60 amplitude (p=0.025), but had no significant effect on N40 or N120 

(all p>0.1) or latency of any peak (all p>0.3) at F3. There was no significant effect of bad electrodes on EEG 

signal across space and time (p>0.3; fig. 6F). 

 

-----Insert figure 6----- 

 

3.3.2 TMS-evoked oscillations.  

Removal of artifacts revealed a broad range of evoked cortical oscillations both at the site of stimulation and 

over remote cortical regions following DLPFC TMS. At the F3 electrode, the largest oscillation increase 

occurred in the upper-beta and gamma frequencies (20-40 Hz), peaking at ~40 ms and persisting for ~100 ms 

(fig. 7A). Lower-beta and alpha oscillations (8-20 Hz) were also increased for ~150 ms. Across space, time and 

frequency, 20-45 Hz oscillations were increased in most regions within the first 100 ms, with the largest 

increases over left frontal cortex. Increases in alpha oscillations (8-12 Hz) were largely concentrated over the 

left frontal cortex for the first 100 ms, however propagated to the contralateral frontal and motor regions 

and to parieto-occipital regions between 100-250 ms (fig. 7B-C). Propagation of oscillatory activity both in 

space and time suggests outputs from the DLPFC can entrain oscillations in distant brain regions. 

 

-----Insert figure 7----- 
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To assess the effect of artifacts on measuring TMS-evoked oscillations, all but one of the artifact sub-types 

were removed for each artifact and compared with the corrected signal. If the slow decay component was 

not removed, it significantly increased lower-beta (p=0.039) and tended to increase alpha oscillations 

(p=0.064) at the F3 electrode, but did not significantly alter upper-beta or gamma oscillations (both p>0.05). 

Across space, time and frequency, the slow decay artifact increased oscillations across all frequencies (8-45 

Hz) in the first 50 ms and increased alpha oscillations (8-12 Hz) up to 150, particularly for electrodes on the 

side of stimulation (one significant cluster, p<0.001; fig. 8A).  

 

At F3, the blink artifact significantly increased alpha (p=0.018) and lower-beta (p=0.025) oscillations, but did 

not significantly alter upper-beta (p=0.687) or gamma (p=0.640) oscillations. Across space, time and 

frequency, the blink artifact significantly increased 18-45 Hz oscillations between 80-120 ms across frontal 

and posterior electrodes (one significant cluster, p<0.001; fig. 8B), particularly in the 8-12 Hz band over 

frontal electrodes. Combining voluntary eye-blinks prior to ICA did not significantly affect TMS-evoked 

oscillations for any frequency band at the F3 electrode (all p>0.05) or across space, time and frequency 

(p=0.3) compared with not combining blinks.   

 

At F3, the auditory evoked potential increased oscillations in the alpha (p=0.024), upper beta (p=0.034) and 

gamma (p=0.021), but not lower beta (p=0.360) bands. Across space, time and frequency, the auditory 

evoked potential significantly increased 18-45 Hz oscillations over two time periods at ~70 ms and ~140 ms in 

fronto-central and posterior electrodes (one significant cluster, p<0.001; fig. 8C). The auditory evoked 

potential also increased 8-12 Hz oscillations in fronto-central electrodes up to 300 ms.   

 

Bad electrodes had no significant effect on any frequency band at F3 (all p>0.3). Across space, time and 

frequency, bad electrodes significantly increased upper beta oscillations over a cluster of parietal electrodes 

up to 80 ms (one negative cluster, p=0.044). 

 

-----Insert figure 8----- 
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4. DISCUSSION 

The current study demonstrates a number of novel findings. First, we have provided evidence that decay, 

blink and auditory artifacts can be identified using ICA in TMS-EEG recordings. Second, we have 

demonstrated that these artifacts can be removed with minimal impact on TMS-evoked activity following 

stimulation of the DLPFC. Finally, we have also established that if not removed, each artifact 

characteristically distorts measures of DLPFC function obtained from TMS-EEG recordings. 

 

4.1 Identification and removal of artifacts. 

The most pervasive artifact following TMS over DLPFC, particularly for early signal, seemed to result from a 

large bipolar waveform most likely resulting from inadvertent stimulation of scalp muscles. The fast decay 

artifact was tightly correlated with the size of the bipolar waveform and is likely to directly reflect the 

recovery phase of this artifact (Mutanen et al., 2012; Rogasch et al., 2013c). However, we have also 

described a slow decay artifact that takes longer to recover and was also related to bipolar artifact size. The 

topography of this artifact was different to that of the fast decay component suggesting a different origin. 

The twitch associated with TMS-evoked muscle stimulation causes a visible movement on the scalp which 

could interrupt the electrode-skin interface, possibly contributing to this component (ter Braack et al., 2013). 

Alternatively, charges stored at the electrode-skin interface or in the electrode circuit could also contribute 

(Julkunen et al., 2008; Sekiguchi et al., 2011). Removal of both fast and slow decay components produced 

identical results when a compression method was used which is useful in preventing mixing of neural and 

artifact components (Hernandez-Pavon et al., 2012). However, it remains unclear if reducing the data to an 

amplitude of ~150 µV following interpolation was sufficient to prevent distortion of neural components 

resulting from large artifacts. Future comparisons with validated suppression techniques such as PCA, white 

noise and wavelet analysis are required to address this issue (Hernandez-Pavon et al., 2012).  

 

We have also described and confirmed the source of a time-locked blink artifact that was prominent in our 

recordings and has also been described by others (Bruckmann et al., 2012). TMS-evoked blinks have received 

little attention compared with other artifacts, yet are vital to control for in light of the temporal association 
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with peaks of interest such as the N100 (Bruckmann et al., 2012). Removing the blink artifact using different 

ICA methods altered the amount of signal removed. For instance, combining voluntary blinks with TMS-

evoked data resulted in less signal being removed around 100 ms than with straight TMS data, or with TMS 

data compressed prior to ICA. A similar dissociation between methods occurs following removal of blink 

artifacts in an auditory startle task using ICA (Li and Principe, 2006). One interpretation of this finding is that 

adding voluntary blinks aids the algorithm in separating a time-locked neural component which is mixed with 

the blink component (Li and Principe, 2006). Alternatively, combining large voluntary blinks may force ICA to 

decompose the data differently, leading to under-correction. Regardless, examination of the final corrected 

signal (i.e. with all artifacts removed) revealed no difference between correction methods within 200 ms (i.e. 

TMS alone compared with combined voluntary blinks and TMS). This suggests that the additional signal 

recovered following the combined condition was removed with another artifact type. Given the possible 

association of this signal with auditory evoked activity (Li and Principe, 2006), this additional signal could 

have been removed with the auditory artifact. Although not conclusive, the above evidence suggests that 

blink artifacts can also be removed with reasonable confidence that the underlying TMS-evoked activity is 

minimally affected. 

 

Auditory evoked potentials caused by the loud clicking of TMS are another common artifact occurring 

independent of stimulation site. We provide the first evidence to our knowledge that this auditory artifact 

can be identified and removed using ICA. As the auditory artifact also represents neuronal activity, it is 

impossible to be completely confident that removal does not affect the TMS-evoked potential. However, 

several lines of evidence suggest TMS-evoked neural activity is mostly conserved. First, removing auditory 

components from combined sham and real TMS resulted in the same amount of correction as removing 

auditory components from real TMS alone, suggesting that non-auditory neural activity was not 

inadvertently removed with this component. Second, removing the auditory component with combined 

sham and real TMS removed the auditory evoked potential in the sham trials, suggesting this method was 

adequate for artifact removal. Finally, the corrected pattern of TMS-evoked neural activity over DLPFC (N100 

and P180) is consistent with other studies that have controlled for auditory artifacts by subtracting sham 
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data (Kähkönen et al., 2003) or by auditory masking (Ferrarelli et al., 2008). Removing the auditory artifact 

using ICA could prove useful for studies not able to use auditory masking, and may aid in controlling for both 

the air and bone conducted aspects of the auditory-evoked potential. However, from a practical perspective, 

the auditory artifact was the most difficult to identify due to similarities with other neural components. 

Confidence in selecting this IC can be greatly improved by combining sham trials. Therefore, future studies 

wishing to utilize this method would greatly benefit from either including a sham condition or interleaving 

auditory clicks with real TMS trials.  

 

4.2 TMS-evoked potentials and oscillations over DLPFC 

The decay, blink and auditory artifacts all significantly altered measures of local and global TMS-evoked 

activation if not corrected. This finding highlights the importance of removing these artifacts to accurately 

measure DLPFC function with TMS-EEG. Although bad channel artifacts did not significantly affect the group 

data, removing these artifacts did improve signal-to-noise ratio on an individual level, justifying their 

removal. When artifact-corrected, the EEG signal revealed six clear TEP peaks within the first 200 ms 

following TMS over DLPFC. The latencies of 5 of these peaks (27, 40, 60, 100 and 180 ms) accurately replicate 

peaks shown in earlier studies on DLPFC TEPs (Kähkönen et al., 2004, 2003; S Kähkönen et al., 2005; Seppo 

Kähkönen et al., 2005; Lioumis et al., 2009). Importantly, the voltage distribution of these peaks is also 

consistent across studies (see figure 5 from S Kähkönen et al., 2005). We observed an additional peak at 80 

ms which may have been revealed after blink and auditory artifacts were removed. The origin and 

physiological mechanisms responsible for these peaks remains unclear. A growing body of evidence from the 

motor cortex suggests that early peaks at the site of stimulation may represent excitatory neurotransmission 

(Bonato et al., 2006; Komssi et al., 2004; Mäki and Ilmoniemi, 2010; Rogasch et al., 2013b), whereas latter 

peaks such as the N100 are consistent with inhibitory neurotransmission mediated by GABAB receptors 

(Bender et al., 2005; Bonnard et al., 2009; Bruckmann et al., 2012; Farzan et al., 2013; Kicić et al., 2008; 

Nikulin et al., 2003; Rogasch et al., 2013b; Spieser et al., 2010). Whether the same is true for the DLPFC 

requires further investigation. 

 



Rogasch et al 2013  Prefrontal cortex TMS-EEG and ICA 23 

In the frequency domain, TMS over DLPFC evoked predominantly upper beta and gamma band oscillations 

during the first 100 ms at the site of stimulation. Previous TMS-EEG studies that have also reported high 

frequency TMS-evoked oscillations from frontal sites such as the superior frontal gyrus (Ferrarelli et al., 2012) 

and premotor cortex (Ferrarelli et al., 2008; Rosanova et al., 2009).  TMS-evoked oscillations likely reflect the 

intrinsic organisation of local DLPFC networks as well as connectivity between other cortical and sub-cortical 

regions (Cona et al., 2011; Rosanova et al., 2009; Van Der Werf et al., 2006). We also report that stimulation 

of the DLPFC can entrain alpha, lower beta and gamma oscillations in distant cortical regions such as 

ipsilateral prefrontal and tempero-motor cortex and bilateral parieto-occipital cortex. This finding is 

consistent with the top-down role of the DLPFC in generating oscillations in connected brain regions, a 

mechanism thought critical for working memory and selective attention performance (Benchenane et al., 

2011; Fell and Axmacher, 2011; Zanto et al., 2011).  

 

4.3 Limitations 

Additional artifacts to those assessed here could also affect TMS-EEG recordings from DLPFC. For instance, 

somatosensory-evoked potentials resulting from TMS-evoked muscle activity or from stimulation of the 

trigeminal nerve could also contribute to the EEG signal. Future studies directly addressing these sources of 

artifact are required. From a practical perspective, manually identifying artifacts from a large number of 

components (>50) was both laborious and time consuming. In addition, having such a large number of 

components often resulted in the splitting of artifacts into multiple components. This made artifact 

identification difficult and potentially increases the risk of rater error. Using compression methods to limit 

the number of components to those representing the majority of activity may prove useful to minimize this 

problem. Finally, a large amount of data was removed following ICA to reveal the relatively small TMS-

evoked EEG signal (for example fig. 6A-B). Although we have provided evidence that neural signal can be 

recovered with reasonable confidence using this method, complete certainty that TMS-evoked neural activity 

was not altered by removing these artifacts is not possible. 
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5. CONCLUSIONS 

TMS over DLPFC results in multiple artifacts in EEG recordings, such as TMS-evoked muscle activity, blinks 

and auditory evoked potentials. If not removed, these artifacts distort measures of TMS-evoked neural 

activity such as cortical reactivity, connectivity and oscillations. ICA can be used to both identify and remove 

these artifacts with minimal impact on TMS-evoked neural activity. The artifact free data provides valuable 

information on cortical network properties, which can be used to study DLPFC function in both healthy and 

clinical populations.  
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Figure 1:  Decay artifact components. A) TMS pulse and TMS-evoked muscle activity (peaks at ~5 and 8 ms) in 

a representative individual. Arrows indicate the time frame of data to be removed prior to the first ICA run. 

B) Independent component representing the fast decay artifact following the first ICA run. C) Correlation 

between signal removed with the fast decay component and TMS-evoked muscle activity size across all 

participants (GMFA, global mean field amplitude). D) Independent component representing the slow decay 

artifact following the second ICA run. E) GMFA traces averaged across all participants (shaded line = 95% 

confidence interval). Red= signal with the slow decay component removed, blue = signal without the slow 

decay component removed. White crosses on topoplot indicate electrodes significantly altered following 

removal of the slow decay component at the 50 ms time point (cluster-based statistics, p<0.05). F) 

Correlation between the signal removed with the slow decay component and TMS-evoked muscle activity 

size across all participants.   
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Figure 2: Blink artifact components. A) Independent component representing a blink artifact. B) Activity from 

the component in A combined with voluntary blinks, confirming that the source of the component was not 

neural. C-D) Global mean field amplitude (GMFA) traces averaged across all participants (shaded line = 95% 

confidence interval). Red = signal with the blink component removed, blue = signal without the blink 

component removed, green = signal with the combined voluntary and TMS blink component removed. White 

crosses on topoplot in C indicate electrodes significantly altered following removal of the blink component at 

the 100 ms time point (cluster-based statistics, p<0.05). White crosses on topoplot in D indicate electrodes 

with significantly less signal following removal of the TMS blink component compared with removal of the 

combined voluntary and TMS blink component (cluster-based statistics, p<0.05; 100 ms time point). 
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Figure 3:  Auditory artifact components. A) Butterfly plot showing auditory-evoked potentials following sham 

TMS with peak topographies in a representative individual. B) Independent component representing auditory 

activity following real TMS. C) Activity from the component in B combined with sham TMS, confirming that 

the source of the component was unlikely related to TMS-evoked potentials. D) Global mean field amplitude 

(GMFA) traces averaged across all participants (shaded line = 95% confidence interval). Red = signal with the 

auditory component removed, blue = signal without the auditory component removed. White crosses on 

topoplot indicate electrodes significantly altered following removal of the auditory component at the 180 ms 

time point (cluster-based statistics, p<0.05). E) Butterfly plot of sham trials from individual in A following 

removal of the auditory component.  
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Figure 4: Bad electrode artifact components. A) Independent component representing a bad electrode, most 

likely resulting from coil-electrode contact. B) Butterfly plot showing TMS-evoked potentials without the 

component in A removed. Activity from this component largely contributes to the outlier electrode 

highlighted in red. C) Butterfly plot showing TMS-evoked potentials with component in A removed. D) Global 

mean field amplitude (GMFA) traces averaged across all participants (shaded line = 95% confidence interval). 

Red = signal with bad electrode components removed, blue = signal without bad electrode components 

removed. Removing bad electrode components did not significantly alter EEG signal in the group data 

(cluster-based statistics, p>0.05). 
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Figure 5: Spatiotemporal spread of the TMS-evoked potential following stimulation over left dorsolateral 

prefrontal cortex with artifacts removed (average across all participants). Voltage densities for each of the six 

peaks indicated by the arrows are plotted above. Red line = the electrode under the coil (F3).  
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Figure 6: Butterfly plots demonstrating the effect of each artifact on spatiotemporal properties of the TMS-

evoked potential (averaged across all participants). A) Raw, unprocessed signal prior to removal of any 

artifacts (re-referenced to average). B) Signal with all artifacts removed. Note the change in scale. C) Signal 

with slow decay artifacts present. D) Signal with blink artifacts present. Note the change in scale. E) Signal 

with auditory artifacts present. F) Signal with bad electrode artifacts present. Red lines in C-F indicate 

electrodes and time points significantly different to signal with all artifacts removed in B (cluster-based 

statistics, p<0.05). 
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Figure 7: TMS-evoked oscillations following stimulation over left dorsolateral prefrontal cortex with artifacts 

removed (average across all participants). A) Time-frequency plots of TMS-evoked oscillations at F3, F4 and 

POZ electrodes. B) Spatiotemporal spread of 20-40Hz TMS-evoked oscillations over the first 100 ms. C) 

Spatiotemporal spread of 8-15 Hz TMS-evoked oscillations over the first 300 ms.  
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Figure 8: Time-frequency plots and topoplots demonstrating the effect of each artifact on TMS-evoked 

oscillations (averaged across all participants). Plots represent differences between conditions with and 

without artifacts removed. Blue = increase with artifact. A) Difference in TMS-evoked oscillations with slow 

decay artifacts present. B) Difference in TMS-evoked oscillations with blink artifacts present. C) Difference in 

TMS-evoked oscillations with auditory artifacts present.  
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Supplementary material 

In this document, we have provided descriptions and examples of independent components identified as 

artifacts from individual participants. These components have been grouped in to the sub-type categories 

described in the main text. Decisions on independent components were made taking in to account as much 

information as possible (i.e. topography, time course, spectral signature, consistency etc.). The examples 

were generated using the ‘Reject data using ICA’ option (Tools -> Reject data using ICA -> Reject 

components by map) in EEGLAB (Delorme and Makeig, 2004). 

 

1. Fast decay artifacts 

Fast decay artifacts were identified and removed following the first ICA run. This artifact subtype was 

characterised primarily by a large amplitude (>10 µV) signal occurring in the first 50 ms following TMS. The 

component was easy to identify as it was generally several orders larger than any other component. Due to 

the removal of the TMS pulse artifact and TMS-evoked muscle artifact prior to this ICA run, this artifact also 

presented with a sharp leading edge followed by an exponential decay. Polarity could be either positive or 

negative (examples 1.1-1.4).  
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Example 1.3      Example 1.4 
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2. Slow decay artifacts 

Slow decay artifacts were identified and removed following the second ICA run. This artifact subtype was 

characterised by a peak between10-50 ms that was followed by an exponential decay. This artifact was 

often very consistent between trials. In participants with a large fast decay artifact, this slow decay artifact 

was often also large, especially compared with other components (examples 2.1-2.2), however smaller 

decay components were also present (example 2.3). In some participants, the slow decay artifact could 

separate in to multiple components. Examples 2.4-2.6 are from the same participant. Notice that the 

topography and shape of example 2.4 and 2.5 are almost identical, however example 2.5 has a later peak. 

Example 2.6 also has a similar topography to the earlier examples and the trial-by-trial activity (in the 

colour map) coincides with trials of smaller activity in example 2.5 suggesting these two components share 

the same source. 

Example 2.1      Example 2.2 

  

Example 2.3      Example 2.4 
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Example 2.5      Example 2.6 
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3. Blink artifacts 

Blink artifacts were identified and removed following the second ICA run. This artifact subtype was 

characterised by activity concentrated over the frontal electrodes (AF3, AF4), which quickly decreased 

towards more posterior electrodes. Activity could be time-locked to the TMS pulse with peaks at 

approximately 90-100 ms (example 3.1), however spontaneous blinks occurring elsewhere in the trials were 

often also combined (example 3.2). In participants with particularly large blinks, this artifact could be 

separated in to two components made obvious by the identical topography (examples 3.3-3.4 from the 

same participant).  

Example 3.1      Example 3.2 

 

Example 3.3      Example 3.4 
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4. Auditory artifacts 

Auditory artifacts was identified and removed following the second ICA run. This artifact sub-type was 

characterised by a topography centring over CZ to FZ and a time course with bipolar peaks at approximately 

100-200 ms (examples 4.1-4.4). Note that the time course could vary by up to 50 ms in some participants. 

Also note that in some instances when the first and second peak were nearly identical in amplitude, the 

signal could cancel resulting in a difficult to distinguish topography (example 4.4; centre over CZ is present 

but faint, however the artifact can be identified by its time course). 

Example 4.1      Example 4.2 

 

Example 4.3      Example 4.4 
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5. Bad electrodes 

Bad electrode artifacts were identified and removed following the second ICA run. This sub-type captured 

several artifact categories. First, components with topographies centred on single electrodes or with 

bipolar topographies over neighbouring electrodes near the stimulation site (F3, F5, FC3, FC5) were 

identified (examples 5.1-5.4). These components resulted in unrealistic topographies (see figure 4, main 

text) and possibly resulted from coil-electrode contact. Second, components with a time course peaking 

during the interpolation period were identified (examples 5.5-5.6). These components represented 

artificially introduced signal and were therefore considered artifacts. Third, components consistent with 

persistent scalp muscle activity (i.e. positioned around lateral scalp positions, broad band frequency 

spectrums that either increased or remained stable above 10 Hz, no TMS time-locked activity etc.) were 

identified (examples 5.7-5.9). Finally, any other components with topographies centred on single electrodes 

and containing spurious activity were identified (example 5.10-5.12).  

Example 5.1      Example 5.2 

 

Example 5.3      Example 5.4
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Example 5.5      Example 5.6
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Example 5.9      Example 5.10

   

Example 5.11      Example 5.12
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CHAPTER SIX 

Mechanisms underlying TMS-evoked potentials in motor cortex 

 

Rogasch NC, Daskalakis ZJ, Fitzgerald PB. (2013). Mechanisms underlying long-interval cortical inhibition in 

the human motor cortex: a TMS-EEG study. Journal of Neurophysiology. 109(1):89-99. 

 

Preamble to empirical paper 

Having established a method for removing artifacts in Chapter 5, we now focus on the information 

contained in TMS-evoked cortical potentials. Several studies over the motor cortex have provided evidence 

that early peaks of the TMS-evoked potential (i.e. N15, P30) share properties with excitatory 

neurotransmission (relationship with TMS intensity, coil angle, MEPs etc.; Bonato et al., 2006; Komssi et al., 

2004; Mäki & Ilmoniemi, 2010), whereas later peaks (i.e. N100) share properties with inhibitory 

neurotransmission (modulation with tasks etc.; Bonnard, Spieser, Meziane, de Graaf, & Pailhous, 2009; 

Kicić, Lioumis, Ilmoniemi, & Nikulin, 2008; Nikulin et al., 2003). This pattern of activity following 

supratheshold TMS is consistent with patterns observed using paired-pulse paradigms (i.e. facilitatory 25-

45 ms, inhibitory 50-150 ms) recorded using MEPs and descending spinal volleys (Nakamura, Kitagawa, 

Kawaguchi, & Tsuji, 1997; Valls-Solé et al., 1992). In line with this research, our group has shown that TMS-

evoked cortical activity recorded with EEG is also inhibited during long-interval cortical inhibition (LICI; 

paired-pulse with interstimulus interval of 100 ms; Daskalakis, Farzan, Barr, Maller, et al., 2008; Fitzgerald 

et al., 2008). However, the relationship between specific TEP peaks and LICI is unclear. We hypothesised 

that if early TEPs (P30) reflected excitatory neurotransmission, then altering LICI strength should result in a 

similar modulation of TEP size to that observed with MEPs (as MEP generation is dependent on pyramidal 

cell excitation). We also hypothesised that if later TEPs (N100) reflected inhibitory neurotransmission, then 

the slope of the signal immediately preceding the test pulse (i.e. the N100 evoked by the conditioning 

pulse) should predict LICI of MEPs and TEPs. In the following published paper, we applied single and paired 

pulse (LICI) TMS over motor cortex and measured MEPs and TEPs. We altered LICI strength by manipulating 
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the conditioning and test pulse intensity and observed the effect on the inhibition of MEPs and the peaks of 

several different TEPs. 

 

Note that chronologically, the experiments presented in this chapter were performed before those 

reported in Chapter 5. Consequently ICA was not used to correct for artifacts. As this study was in the 

motor cortex, scalp muscle activation was considerably smaller than in the DLPFC and had recovered by 30 

ms in all but one participant. In addition, blinks were considerably less prominent, however were corrected 

using a validated eye-correction algorithm (Croft & Barry, 2000). Finally, auditory components were 

minimised by auditory masking (white noise) during the experiment (Ter Braack, de Vos, & van Putten, 

2013).  

 



Due to copyright, readers are directed to the following reference: 

Rogasch NC, Daskalakis ZJ, Fitzgerald PB. (2013). Mechanisms underlying long-interval cortical 
inhibition in the human motor cortex: a TMS-EEG study. Journal of Neurophysiology. 109(1):89-99. 
DOI: 10.1152/jn.00762.2012 
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CHAPTER SEVEN 

Mechanisms underlying TMS-evoked potentials in DLPFC 

 

Rogasch NC, Daskalakis ZJ, Fitzgerald PB. Mechanisms underlying markers of cortical inhibition in the 

dorsolateral prefrontal cortex: a TMS-EEG study. (Submitted). 

 

Preamble to empirical paper 

The results from Chapter 6 support evidence that the P30 over motor cortex reflects excitatory 

neurotransmission, whereas the N100 likely reflects inhibitory neurotransmission mediated by the GABAB 

receptor. A peak similar to the N100 is also observed following stimulation of other cortical regions and has 

been reported from the DLPFC (Kähkönen et al., 2005; Lioumis, Kicić, Savolainen, Mäkelä, & Kähkönen, 

2009). Although the DLPFC N100 has been attributed to inhibitory activity (Kähkönen et al., 2003), little to 

no empirical evidence exists supporting this assumption.  In the following paper we adopted a similar 

paired pulse approach over the DLPFC and provide some of the first evidence that the N100 following 

DLFPC stimulation also reflects inhibitory neurotransmission. Additionally, we assessed inter-individual 

variation of the N100 slope and in LICI of different TEPs and TMS-evoked oscillations. We predicted that the 

N100 slope gradient would be related to LICI of an early peak (N40) and high-frequency TMS-evoked 

oscillations across individuals. We also predicted that LICI would not only suppress local activity, but would 

also reduce the TMS-evoked propagation of activity to distant cortical regions. 
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ABSTRACT 

Background: Paired-pulse transcranial magnetic stimulation combined with electroencephalography (TMS-

EEG) is a method for studying cortical inhibition from regions such as the dorsolateral prefrontal cortex 

(DLPFC). However, little is known about the mechanisms that underlie TMS-evoked potentials (TEPs) from 

the DLPFC, let alone inhibition of these components. Therefore, the aim of this study was to assess the 

mechanisms underlying cortical inhibition in the DLPFC measured using TMS-EEG. 

Methods: 30 healthy volunteers received single and paired (interstimulus interval = 100 ms) TMS to the left 

DLPFC. Variations in long-interval cortical inhibition (LICI) of different TEP peaks (N40, P60, N100) and 

different TMS-evoked oscillations (alpha, lower beta, upper beta and gamma) over left DLPFC were 

compared between individuals. Variation in the slope of the N100 peak following single pulse TMS, another 

putative marker of inhibition, was also compared with LICI of each measure. Finally, the effect of LICI on 

TEP propagation and entrainment of TMS-evoked oscillations in distant cortical regions was assessed across 

the scalp.  

Results: LICI resulted in significant suppression of all TEP peaks and TMS-evoked oscillations at the left 

DLPFC (all p<0.05). Variation in LICI of P60 and N100 significantly correlated, however there was no 

relationship between these peaks and LICI of N40 or between LICI of any TMS-evoked oscillation frequency. 

Variation in N100 slope correlated with LICI of N40 and beta oscillations. In addition, propagation of TEPs 

and generation of TMS-evoked oscillations in distant cortical regions was also suppressed in the presence 

of LICI. 

Conclusions: The LICI paradigm and N100 following single pulse TMS reflect complementary methods for 

assessing GABAB-mediated cortical inhibition in the DLPFC. In addition to local TMS-evoked activity, LICI 

also suppresses TMS-evoked outputs from the DLPFC. 
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INTRODUCTION 

Cortical inhibition refers to suppression of neuronal activity and is a fundamental mechanism for both the 

generation and control of coordinated cortical network activity [1].  In the mature cortex, cortical inhibition 

is largely governed by the neurotransmitter ɣ-amino butyric acid (GABA), which alters polarization of 

neuronal membranes via fast acting GABAA receptors and slower acting GABAB-receptors [2]. Many studies 

have focused on the role of GABAA receptors in generating network activity such as gamma oscillations (30-

80 Hz) [3–5], however the role of GABAB-mediated inhibition is less understood. Recent work has suggested 

that GABAB-mediated cortical inhibition plays an important role in modulating cortical network activity [6]. 

For instance, presynaptic GABAB inhibition of inhibitory interneurons appears essential for modulating 

gamma activity [7], an oscillatory band which is implicated in a wide range of cognitive processes such as 

working memory and selective attention [8]. Importantly, dysfunction of GABAB-mediated inhibition may 

play a crucial role in neurological and psychiatric conditions that are thought to result from impaired 

control of network activity, such as epilepsy [9] and schizophrenia [10,11]. 

 

In humans, GABAB-mediated cortical inhibition can be assessed using transcranial magnetic stimulation 

(TMS). TMS utilizes electromagnetic induction to non-invasively depolarize excitatory and inhibitory cortical 

neurons across the scalp [12]. When a suprathreshold TMS pulse is preceded by a suprathreshold 

conditioning pulse at intervals of 50-200 ms (i.e. paired-pulse TMS), TMS-evoked neuronal activity is 

suppressed through a process known as long-interval cortical inhibition (LICI). This can be measured as 

either a decrease in motor cortical output via motor evoked potentials (MEPs) in peripheral muscles [13,14] 

or modulation of TMS-evoked cortical potentials (TEPs) assessed directly from the cortex using 

electroencephalography (EEG) [15,16].  LICI shares many similarities with GABAB-mediated cortical 

inhibition measured in animal studies, such as time course [13,17], the intensity of stimulation required for 

activation [13,18–20], pre-and postsynaptic activity [21–24], reduction of descending volleys in the motor 

system [14,25] and enhancement with the GABAB-agonist baclofen [26,27]. In addition to paired-pulse 

paradigms, a growing body of evidence suggests that GABAB-mediated inhibition can also be measured 

following single pulses in TMS-EEG recordings [28,29].  The N100 peak is one of the most reproducible TEPs 
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following stimulation of the motor cortex [30] and has a similar time course to inhibitory postsynaptic 

potentials resulting from GABAB receptor activation [31–33].  Accordingly, different motor tasks modulate 

N100 amplitude in a way consistent with cortical inhibition [34–38] and N100 amplitude correlates with the 

cortical silent period, another TMS-evoked motor measure of GABAB-mediated inhibition [29]. 

  

Although useful for studying motor physiology, the real strength of combined TMS-EEG is the potential for 

studying inhibitory mechanisms outside of the motor cortex. Studying non-motor regions represents a vital 

step for understanding the functional role of GABAB-mediated inhibition in tasks and illnesses which are 

associated with higher-order brain regions, such as the dorsolateral prefrontal cortex (DLPFC). LICI of both 

TMS-evoked activity [15,16] and TMS-evoked oscillations [39,40] has recently been demonstrated from the 

DLPFC using TMS-EEG. In addition, LICI strength from this region was found to correlate with performance 

on a working memory task [41,42], providing preliminary evidence for a role of GABAB-mediated inhibition 

in cognition. However, very little is known about the mechanisms that underlie TEPs or TMS-evoked 

oscillations from the DLPFC, let alone inhibition of these measures. In addition, whether LICI suppresses 

TMS-evoked outputs to other cortical regions as well as local activity also remains unclear. 

 

The aim of this study was to provide evidence for the mechanism underlying TMS-EEG measures of cortical 

inhibition in the DLPFC. We assessed natural variation in LICI strength across a population of healthy 

volunteers using paired-pulse TMS-EEG.  First, we assessed whether variation in LICI of early and late TEPs 

from DLPFC were related or independent. Second, we evaluated whether the N100 slope following single 

pulse TMS was associated with LICI of TEPs and TMS-evoked oscillations. Finally, we assessed whether LICI 

suppressed TMS-evoked propagation from the DLPFC to wider cortical regions as well as local activity. 
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METHODS 

30 volunteers participated in the current study (32.2 ± 11 years, 8 female). Volunteers had no history of 

neurological or psychiatric illnesses and provided informed written consent before commencement of the 

study. All experimental procedures were approved by the Monash University, Alfred Hospital and Centre 

for Addiction and Mental Health Human Research Ethics Committees in accordance with the declaration of 

Helsinki.   

 

Procedures 

Participants were seated comfortably with their hands resting in their laps. An EEG cap was fitted to their 

head and electrodes were placed over the right abductor pollicus brevis (APB) muscle for 

electromyographic (EMG) recordings. Resting motor threshold (RMT) and the TMS intensity required to 

evoke a motor evoked potential (MEP) of ~1 mV (S1mV) were then determined over the motor cortical 

region that produced the largest responses in APB. Following motor measures, the coil was positioned so 

the centre rested between the F3 and F5 electrode and the handle was rotated to a 45° angle relative to 

midline, producing a posterior-anterior current flow in the underlying cortex. This position provides the 

most accurate estimation of left DLPFC (border of BA9 and BA46) in the absence of neuronavigational 

equipment [43,44]. The coil border was marked using a felt tipped pen to allow repositioning. Participants 

then received 75 single and 75 paired (interstimulus interval = 100 ms) TMS pulses to the left DLPFC while 

they sat quietly and looked directly ahead with their eyes open. Single and paired pulses were randomly 

interleaved at a rate of 0.2 Hz (10 % jitter). Nine participants also received 50 single and 50 paired sham 

TMS pulses prior to real TMS. 

 

Electromyography 

EMG signal was recorded using bipolar Ag/AgCl electrodes positioned in a tendon-belly montage over APB. 

Signal was amplified (1000x) band-pass filtered (10-1000 Hz; PowerLab, ADInstruments, New Zealand) 

digitised (2000 Hz; Micro1401, Cambridge Electronic Design Ltd., UK), epoched around the TMS pulse (-200 

to 500 ms) and displayed on a computer screen online. 
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Transcranial magnetic stimulation  

Monophasic TMS pulses were delivered through a figure-of-eight coil (wingspan = 7 cm) connected to two 

Magstim 200 stimulators via a bistim module (Magstim Ltd., UK). RMT was determined as the stimulus 

intensity (% maximum stimulator output; MSO) required to evoke an MEP of amplitude ± 50 µV in at least 3 

out of 6 consecutive trials [45]. S1mV was determined as the stimulus intensity (% MSO) required to evoke 

an MEP with average peak-to-peak amplitude between 0.7-1.3 mV over 5 trials (maximum stimulator 

output = 68.2 ± 11 %; percentage of RMT = 120.3 ± 6 %). For sham TMS, the coil was held over the same 

prefrontal position at 90° to the scalp with the wing resting on the head. 

 

Electroencephalography 

 EEG was recorded using a cap with 57 electrodes (sintered Ag/AgCl) in standard 10-20 positions (Quickcap, 

Compumedics Ltd., Australia). To ensure cap position was as accurate as possible between participants, FPZ 

position was measured and marked on participant's heads and used to position the cap. EEG signal was 

amplified (1000x), filtered (DC-3500 Hz) and digitised (20 kHz; Synamps2, Compumedics Ltd.) and recorded 

on a computer for offline analysis. This arrangement along with the DC-coupling and large recording range 

of the amplifier captures the TMS artifact with minimal amplifier saturation and allows recording of neural 

signal within ~5-10 ms following a pulse [46,47]. Electrode impedances were regularly checked and kept as 

low as possible throughout the experiment (<5 kΩ). 

 

Analysis 

Analysis of EEG data were performed using EEGLAB [48], field trip [49] and custom scripts all on the 

MATLAB platform (R2013a, The Mathworks, USA). Single and paired pulse trials were analysed separately. 

EEG data were epoched around the TMS pulse (-1000 to 1000 ms), baseline corrected (-500 to -110 ms) and 

bad channels were removed. Data containing the TMS pulse artifact and peaks of any TMS-evoked muscle 

activity were truncated (-2 ms to 16.6 ± 6 ms; cut-off altered on an individual basis) and the remaining data 

traces were concatenated together. Following truncation, data were downsampled to 1 kHz and trials 
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containing any large, paroxysmal artifacts were removed. Data were then passed through a first run of the 

fastICA algorithm [50] and components representing large decay components were removed.  Data from 

the truncated window were then interpolated using a cubic function and all data were filtered using a 

butterworth, zero-phase band-pass filter (1-80 Hz). Epochs were then manually inspected and trials 

containing excessive muscle activity (i.e. from jaw clenching) or other uncharacterised activity were 

removed. The data was then passed through as second run of the fastICA algorithm and components 

representing slow decay artifacts, blink artifacts, auditory artifacts and bad electrode artifacts were 

removed. Following artifact removal, missing channels were replaced using spherical interpolation and data 

from each electrode were re-referenced to the average of all channels. Finally, butterfly plots were 

inspected for unusual activity (i.e. a single electrode with larger signal than all others). If unusual activity 

was detected, the artifact component identification and processing steps were repeated until this activity 

was removed. To ensure ICA was able to accurately decompose artifacts from paired pulse TMS in a similar 

fashion to single pulse TMS, trials containing voluntary blinks (collected at the beginning of the experiment; 

40 blinks at approximately once per second) and trials containing paired sham TMS were concatenated to 

the paired pulse trials prior to ICA. Results from a representative individual are presented in figure 1. ICA 

consistently grouped fast decay, slow decay, blink and auditory artifacts into components following both 

pulses in the paired condition, indicating these artifacts could be reliably removed using this method.  

 

-----Insert figure 1----- 

 

TMS –evoked potentials 

The effect of paired pulse TMS on TEPs was analysed in two ways; a region of interest analysis (ROI) to 

evaluate the local effects of paired pulse TMS and global scalp analysis to assess the effect of paired pulse 

TMS on outputs from the DLPFC across the cortex. For the ROI analysis, three peaks were analysed at the 

F3 electrode for both single and paired pulses; N40, P60 and N100. The N40 peak latency was calculated at 

the negative peak closest to 40 ms between 25-55 ms and the amplitude was calculated as the average 

signal between ± 5 ms of the peak latency. The P60 peak latency was calculated at the positive peak closest 
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to 60 ms between 45-75 ms and the amplitude was calculated as the average signal between ± 5 ms of the 

peak latency. The N100 peak latency was calculated at the negative peak closest to 100 ms between 85-145 

ms and amplitude was calculated as the average signal between ± 10 ms of the peak latency. LICI of TEPs 

was quantified by normalising the difference between unconditioned (single test pulse) and conditioned 

(paired test pulse) TEPs to the overall size of the TEP (25-150 ms): 

 

Equation A: LICIN40 = (N40single – N40paired)/ (Minsingle – Maxsingle) × 100 

Equation B: LICIP60 = (P60single – P60paired)/ (Maxsingle – Mixsingle) × 100 

Equation C: LICIN100 = (N100single – N100paired)/ (Minsingle – Maxsingle) × 100 

 

Inspection of the trace following the test pulse (i.e. the period of interest to quantify LICI) revealed several 

peaks that were consistent with the latter peaks of the conditioning pulse (fig. 2). In order to account for 

this potential confound, the single-pulse trace was time-shifted 100 ms to match the conditioning pulse of 

the paired-pulse condition and was phase-subtracted from this trace (fig. 2C). Theoretically, this should 

leave only activity resulting from the test stimuli in the paired-pulse condition. LICI was then calculated 

again using the above formulas. 

 

-----Insert figure 2----- 

 

Slope analysis was use to compare the inhibitory measures of LICI and the N100 following single pulse TMS 

[31,51]. N100 slope was determined by calculating the mean first derivative between 90 and 98 ms 

following single pulse TMS, a period that corresponds to the inhibitory period of LICI. The effect of LICI on 

output from the DLPFC was assessed by comparing TEPs evoked by the unconditioned and conditioned TMS 

pulse over all electrodes between 25-300 ms. 
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TMS –evoked oscillations 

The effect of paired pulse TMS on TMS-evoked oscillations was also assessed using an ROI analysis and a 

global scalp analysis. TMS-evoked oscillations were obtained using wavelet decomposition (3.5 oscillation 

cycles, steps of 1 Hz between 8-45 Hz) on averaged trials for each individual electrode. Oscillations were 

normalised by dividing the relative post TMS power by mean baseline power (-600 to -100) in each 

frequency bin. For ROI analysis at the F3 electrode, oscillations were averaged across frequency bands 

(alpha 8-12 Hz, lower beta 13-20 Hz, upper beta 12-30 Hz, gamma 31-45 Hz) and across time (25-200 ms for 

alpha and lower beta, 25-100 ms for upper beta and gamma). LICI of TMS-evoked oscillations was 

quantified by normalising the difference between unconditioned and conditioned oscillations in each 

frequency band to the mean power across all frequencies: 

 

Equation D: LICIfreq = (Singlefreq– Pairedfreq)/ Singleall × 100 

 

The effect of LICI on oscillations evoked in distant cortical regions was assessed by comparing the 

difference between unconditioned and conditioned TMS-evoked oscillations over time (25-250 ms), 

frequency (8-45 Hz) and space (all electrodes).  

 

Statistics 

Comparisons of single and paired pulses on ROI analyses (peak amplitudes, TMS-evoked frequency bands) 

were made between conditioned and unconditioned responses using paired t-tests. Correlations between 

LICI measures (different TEP peaks and different TMS-evoked oscillation frequencies) and between N100 

slope and LICI measures were performed using Pearson’s correlations (with and without outliers removed; 

outlier >3 × SD). Comparisons of single and paired pulses on global scalp TEPs (space and time) and global 

scalp TMS-evoked oscillations (space, time and frequency) were performed using non-parametric, cluster-

based permutation statistics [52]. This approach controls for multiple-comparisons across any combination 

of space, time and frequency. Clusters were defined as two or more neighboring electrodes in which the t-

statistic at a given time or frequency point exceeded a threshold of p<0.05 (dependent t-test). Electrodes, 
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time points and/or frequency bins with above-threshold values were used for subsequent cluster-based 

permutation analysis. Monte Carlo p-values were calculated on 2000 random permutations and a value of 

p<0.05 was used as the cluster-statistic significance threshold for all analyses.
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RESULTS 

TMS-evoked potentials 

ROI analysis: Single-pulse TMS over DLPFC resulted in three consistent peaks measured at the F3 electrode 

(directly under the coil); a negative peak at 40.3 ± 7 ms (N40; distinguishable in 29 participants), a positive 

peak at 61.9 ± 11 ms (P60; distinguishable in 29 participants) and a second negative peak at 113.2 ± 14 ms 

(N100; distinguishable in 29 participants). Latter peaks at ~ 220, 280 and 390 ms were also observed in 

most participants. Paired-pulse TMS resulted in TMS-evoked potentials after both the conditioning and test 

pulses (fig. 2). Inspection of the corrected paired-pulse trace revealed improved matching of shape 

between the single and paired test-pulses, suggesting the subtraction approach was successful (fig. 2D). 

 

To quantify LICI, differences in N40, P60 and N100 amplitude following the test stimulus were compared 

between the single-pulse condition and both the uncorrected and corrected paired-pulse condition at the 

F3 electrode. N40 was significantly reduced following paired-pulse TMS in both conditions (uncorrected, 

p=0.019; corrected, p=0.027), P60 was significantly reduced in the corrected (p=0.011) and trended toward 

significance in the uncorrected condition (p=0.098) and N100 was significantly reduced in both conditions 

(uncorrected, p<0.001; corrected, p=0.005).  

 

To assess whether LICI measured from different peaks reflected inhibition of related or independent 

mechanisms, correlation analyses were performed between normalised LICI scores from each peak. There 

was no significant relationship between LICI measured with N40 and P60 (uncorrected p=0.32, corrected 

p=0.36) or N40 and N100 (uncorrected p=0.67, corrected p=0.37), however LICI measured with P60 

significantly correlated with N100 for the corrected condition (r=-0.539, p=0.003) and trended toward 

significance in the uncorrected condition (p=0.096).  

 

To assess whether the N100 following single pulse TMS conveys similar inhibitory information to that as 

LICI measured with paired-pulses, the slope of the N100 (90-98 ms, analogous to the timing of LICI) from 

single pulse TMS was compared with normalised LICI measured from each peak. LICI from corrected N40 
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significantly correlated with N100 slope (r=-0.47, p=0.010) and trended towards significance with 

uncorrected N40 (r=-0.35, p=0.063), but did not correlate with any other peak (table 1). To assess whether 

the association with LICI measured from N40 was specific to the N100 slope, correlations between the 

preceding negative slope (60-70 ms) and positive slope (80-90 ms) were also assessed. There were no 

significant correlations between LICI of any peak and either slope (all p>0.05). Finally, the N100 slope was 

also significantly correlated with the N100 slope of the conditioning pulse (-10 to -2 ms, i.e. the slope 

immediately preceding the test pulse in the paired condition; r=0.383, p=0.040). Taken together, these 

findings suggest that the slope of the N100 represents a similar mechanism to LICI of N40 and supports LICI 

of N40, P60 and N100 reflecting inhibition of independent mechanisms. As correcting or not correcting the 

paired-pulse trace gave similar results and correcting resulted in a more plausible shape of the test TEP, the 

remaining analysis were completed on corrected paired-pulse traces. 

 

-----Insert table 1----- 

 

Global scalp analysis: To assess the spatiotemporal evolution of LICI, TMS-evoked potentials were 

compared between single and corrected paired conditions across space and time using cluster-based 

statistics. One significant negative cluster (109-283 ms, p<0.001; paired signal more negative than single) 

and one significant positive cluster (138-295 ms, p<0.001 paired signal more positive than single) was 

observed indicating reduced overall EEG signal following paired-pulse TMS compared with single-pulse TMS 

(fig. 4). Inspection of topographic plots revealed that inhibition began in a cluster of electrodes close to the 

site of stimulation and spread across the centre of the scalp to the contralateral frontal/temporal cortex. 

Over the next 30 ms, inhibition spread posteriorly and extended over bilateral parietal and occipital cortices 

while also developing over a fronto-central cluster.  Inhibition of early latency TEPs did not survive 

correction for multiple comparisons at the global level.  

 

-----Insert figure 4----- 
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TMS-evoked oscillations 

ROI analysis: To quantify LICI of TMS-evoked oscillations, differences in TMS-evoked alpha, lower beta, 

upper beta and gamma oscillations were compared between single and corrected paired-pulse conditions 

at the F3 electrode. Evoked oscillations were significantly reduced in lower beta (p=0.028), upper beta 

(p=0.005) and gamma (p=0.008) frequency bands and trended toward significance in the alpha band 

(p=0.067) following paired-pulse TMS (fig. 5). To assess whether inhibition of different frequency bands 

represented similar or independent mechanisms, LICI was correlated between oscillatory bands. Data from 

one participant represented an extreme outlier and was excluded from all correlation analyses. LICI of 

alpha trended towards a significant correlation with LICI of gamma (r=-0.361, p=0.054), however there was 

no other significant correlation between LICI of any frequency band (all p>0.15).  

 

To assess whether N100 following single pulse TMS was associated with inhibition of any particular 

frequency, N100 slope (90-98 ms) was correlated with LICI strength of each frequency band. N100 slope 

trended towards significant correlations with lower beta (r=-0.264, p=0.17) and upper beta inhibition (r=-

0.291, p=0.11), but not alpha (p=0.68) or gamma inhibition (p=0.94). To further explore this relationship, 

LICI of individual frequencies in the beta band (13-30 Hz) were analysed. Significant correlations were found 

between N100 slope and LICI of oscillations from 16-23 Hz (p<0.05), suggesting individuals with steeper 

N100 slope gradients displayed increased LICI of mid-beta oscillations (fig. 5C). This relationship remained 

significant for oscillations between 17-22 Hz following removal of a second outlier (p<0.05). There were 

also no significant correlations between inhibition of any frequency band and slopes at either 60-70 ms or 

80-90 ms (all p>0.05). 

 

-----Insert figure 5----- 

 

Global scalp analysis: To assess the spatiotemporal evolution of LICI in the frequency domain, TMS-evoked 

oscillations were compared between single and corrected paired conditions across space, time and 
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frequency using cluster-based statistics. One significant positive cluster (p<0.001) was observed spanning 

all electrodes and multiple time points (25-185 ms; fig. 6). TMS-evoked alpha, lower beta, upper beta and 

gamma oscillations were inhibited over bilateral frontal electrodes up to 150 ms. Upper beta, gamma and 

particularly lower beta oscillations were also inhibited between 50-160 ms over right parieto-occiptal 

electrodes. Inhibition was strongest at the site of stimulation and evolved over time to both frontal and 

parieto-occipital regions over the contralateral hemisphere. 

 

-----Insert figure 6----- 

 



Rogasch et al 2013  Cortical inhibition in prefrontal cortex 15 

DISCUSSION 

There are three novel findings to the current study. First, LICI of early and late TEP peaks and LICI of 

different TMS-evoked oscillations varied independently, supporting independent underlying mechanisms of 

these measures.  Second, the N100 slope following single pulse TMS correlated with LICI of N40 and mid-

beta oscillations, suggesting that N100 over DLPFC also directly represents cortical inhibition. Finally, LICI 

suppressed propagation of the TEP and entrainment of TMS-evoked oscillations in distant cortical regions, 

suggesting TMS-evoked outputs from the DLPFC were also inhibited following paired-pulse TMS. 

 

Mechanisms of TEPs over DLPFC 

TEPs reflect the summation of a complex interplay between excitatory and inhibitory activity resulting from 

depolarisation of a heterogeneous neuronal population in the cortex following TMS [51]. However, 

characteristics of TEP peaks such as amplitude, latency and polarity appear to reflect properties of the 

dominant mechanism during a given period [28]. A growing body of evidence from the motor cortex 

suggests that earlier TEP peaks (10-50 ms) reflect excitatory neurotransmission, whereas later peaks (100-

200 ms) reflect inhibitory neurotransmission, particularly at suparthreshold intensities [33 for example]. In 

support, we recently demonstrated that LICI of early and late TEP peaks were independently modulated 

following systematic changes in conditioning and test intensity over motor cortex [31]. In the current study 

we have shown that LICI of early and late TEPs also vary independently across individuals in the DLPFC.  In 

addition, we found that LICI of different TMS-evoked frequency bands also vary independently from each 

other. These findings support independent mechanisms generating different peaks and frequencies 

following TMS over DLPFC. 

 

Despite the independence of TMS-evoked activity in the DLPFC, little is known about the underlying 

mechanisms of these peaks and frequencies. We found that the N100 slope was associated with LICI of the 

N40 and mid-beta oscillations over left DLPFC. Importantly, this relationship was not present for slopes 

from other peaks and also correlated with the N100 slope generated by the conditioning pulse. The link 

between N100 and LICI in DLPFC mirrors our recent finding of a similar relationship in the motor cortex 
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[31]. Although good evidence exists that the N100 generated by the motor cortex is related to cortical 

inhibition [29,33–38,53], this is the first empirical evidence we are aware of directly linking the DLPFC N100 

with cortical inhibition. To confirm this relationship, pharmacological interventions using selective GABAB-

receptor agonists such as baclofen are required.  

 

The relationship between N100 and LICI of N40 may also provide insight in to the underlying mechanism of 

early TEP peaks in DLPFC. In the motor cortex a range of evidence links early peaks with excitatory 

neurotransmission [33,54,55], including a relationship between LICI of P30, MEPs and the N100 slope [31]. 

We have replicated the relationship between LICI of N40 and N100 slope in the DLPFC, providing 

preliminary evidence that early peaks in this region may also reflect excitatory neurotransmission. Studies 

altering coil angle or pharmacological interventions targeting excitatory receptors will strengthen this 

evidence.  

 

Suppression of DLPFC outputs by LICI 

A single TMS pulse to the DLPFC not only activates local intracortical networks, but results in propagation of 

TEPs and entrainment of oscillations in (presumably) connected cortical regions. In the current study, we 

have demonstrated that this activation of wider cortical networks is reduced by LICI, suggesting output 

from the DLPFC is suppressed alongside local cortical activity by GABAB-mediated inhibition. This finding 

agrees with studies in the motor cortex in which both the early and late phases of interhemispheric 

inhibition between motor cortices are reduced in the presence of LICI [56]. In the time domain, suppression 

was particularly evident from 100 ms onwards and evolved from the site of stimulation to contralateral and 

posterior regions. Suppression of earlier clusters (~40 and 60 ms) evident in the ROI analysis did not survive 

correction for multiple comparisons. This could reflect a known limitation of cluster based statistics in 

which large clusters, such as those between 100-300 ms, bias against smaller clusters [52]. Alternatively, 

inter-individual variation in latency of these early high frequency peaks could limit the sensitivity of this 

analysis in the time domain. In the frequency domain, inhibition of beta and gamma oscillations at the site 

of stimulation was evident within the first 100 ms. In addition, entrainment of later alpha (100-200) and 
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earlier gamma (25-50 ms) oscillations in contralateral and posterior sites were also suppressed. One 

proposed role of the DLPFC is selectively activating specific cortical networks required during a task 

[8,57,58]. GABAB-dependent inhibition may sub-serve this role by mediating the output of the DLPFC during 

such events. 

 

Limitations 

There are several limitations to the current study. First, we did not use neuronavigation to target the 

DLPFC. However, we did use a site based on the 10/20 EEG system which provides the closest estimate to 

this region without using neuronavigation [43,44]. Second, stimulation parameters were based on the 

motor cortex, which does not necessarily translate to the DLPFC [59]. Currently, there is no consensus on a 

method for deciding TMS intensities outside of motor cortex. Motor cortex parameters were chosen as 

they produce consistent LICI in the DLPFC across sessions [40] and therefore are adequate for the purpose 

of this study. Finally, the TMS-evoked EEG signal was recovered from highly artifactual recordings using ICA. 

Although we have previously demonstrated that neural signal can be recovered with reasonable confidence 

using this method, complete certainty that TMS-evoked neural activity was not altered by removing these 

artifacts is not possible.  

 

Conclusions 

LICI over DLPFC suppresses both local TMS-evoked activity and TMS-evoked output to distant cortical 

regions. At the site of stimulation, different TEP peaks and different TMS-evoked oscillations reflect 

independent mechanisms. The N100 is consistent with the mechanism responsible for LICI, most likely 

GABAB-mediated inhibition, whereas the N40 may reflect excitatory neurotransmission. The LICI paradigm 

and the N100 are different methods which provide complementary information on the generation and 

inhibitory role of GABAB-mediated potentials. These methods will prove useful for investigating the role of 

GABAB-mediated inhibition within the DLPFC in cognition and pathological conditions such as 

schizophrenia.  
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Table 1: Correlations between LICI of TEP peaks and N100 slope gradient 

 

 

 

 

 

 

 

 

 

*p<0.05 

 

  

  Correlation 

coefficient (r) 

  

p-value 

N40, uncorrected  -0.35  0.063 

N40, corrected  -0.47  0.010* 

P60, uncorrected  -0.08  0.685 

P60, corrected  -0.15  0.426 

N100, uncorrected  -0.07  0.712 

N100 corrected  0.07  0.729 
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Figure 1. Independent components representing TMS-related EEG artifacts following paired pulse TMS 

(examples from representative individuals). A) Fast decay artifact. B) Slow decay artifact. C) TMS-evoked 

blink artifact. D) The TMS-evoked blink artifact combined with voluntary blinks confirming independent 

component analysis was capable of identifying this artifact following paired pulse TMS. E) TMS-evoked 
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auditory artifact. F) The auditory artifact following real TMS combined with auditory activity following sham 

TMS confirming independent component analysis was capable of identifying this artifact following paired 

pulse TMS.   
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Figure 2.  TMS-evoked potentials following single and paired TMS averaged across all participants at the F3 

electrode. A) Dashed line represents timing of test pulse. Large arrow represents timing of the conditioning 

pulse (paired condition). Notice the similarity between peaks marked by green and purple arrows between 

conditions, suggesting continuation of the conditioning pulse into the single pulse analysis window. B) To 

demonstrate the coincidental peaks in A were likely residual activity from the conditioning pulse, the trace 

from the single pulse condition was shifted 100 ms to the left. Notice the alignment of peaks at 100, 180 

and 220 ms. C) To account for this residual activity, the shifted single pulse trace was phase subtracted 

from the paired pulse trace (paired corrected). Notice the improvement in TEP shape following the test 



Rogasch et al 2013  Cortical inhibition in prefrontal cortex 27 

pulse in the paired corrected condition. D) Enhanced view of C demonstrating the peaks used for long-

interval cortical inhibition analysis.   
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Figure 3: Long-interval cortical inhibition (LICI) of TMS-evoked potentials following paired-pulse TMS at the 

F3 electrode. A) N40 peak amplitude following single and paired TMS. B) P60 peak amplitude following 

single and paired TMS. C) N100 peak amplitude following single and paired TMS. D) Correlation between 

N100 slope and LICI of N40 peak. * indicates p<0.05 compared with single pulse amplitude. 
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Figure 4: Butterfly plots averaged across all individuals demonstrating the difference in propagation of the 

TMS-evoked potential following single- (blue lines) and paired-pulse (red lines) TMS over DLPFC. Topoplots 

represent t-statistic values across the scalp at time points marked by arrows (blue = paired more negative 

than single, red=paired more positive than single). White crosses represents significantly different 

electrodes making up the cluster at these time points (p<0.05, cluster based statistics). The blue bar 

represents timing of the significant negative cluster, the red bar represents timing of the significant positive 

cluster.  
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Figure 5: Long-interval cortical inhibition (LICI) of TMS-evoked potentials following paired-pulse TMS at the 

F3 electrode. A) Time-frequency plots from the averaged across all individuals following single and paired 

TMS (0 ms = timing of test pulse). B) TMS-evoked oscillations from different frequency bands following 

single and paired TMS (alpha and lower beta = 25-200 ms, upper beta and gamma = 25-100 ms). D) 

Correlation between N100 slope and LICI of TMS-evoked oscillations at 20 Hz. The correlation remained 

significant with removal of the outlier (r=-0.328, p=0.045). *p<0.05 compared with single. 
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Figure 6: Topoplots averaged across all individual demonstrating the difference in TMS-evoked oscillations 

across the scalp following single and paired TMS. Red colours indicate a decrease in TMS-evoked oscillation 

frequency power (relative to baseline) following paired-pulse TMS. A) Inhibition of alpha and lower beta 

frequencies between 25-200 ms. B) Inhibition of upper beta and gamma oscillations between 25-125 ms.  
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CHAPTER EIGHT 

DLPFC function in people with schizophrenia 

 

Rogasch NC, Rajji TK, Tran LC, Bailey NW, Fitzgibbon BM, Daskalakis ZJ, Fitzgerald PB. Dorsolateral 

prefrontal cortex network properties are altered in schizophrenia: implications for working memory. 

(Submitted). 

 

Preamble to empirical paper 

In the previous chapters, we have established methods for recording TMS-evoked neural activity with 

minimal artifact from the DLPFC and have demonstrated that inhibitory neurotransmission is at least 

partially reflected by the DLPFC N100. Having developed these methods, TMS-EEG can now be used to 

address two important questions in the cortical inhibition/DLPFC/WM hypothesis of SCZ: 1) is DLPFC 

activation abnormal in SCZ independent of task activity and 2) is inhibitory neurotransmission deficient in 

the DLPFC of SCZ in vivo? In the final empirical paper of this thesis, we compared DLPFC network properties 

in people with and without SCZ using TMS-EEG and related this function to WM performance. We 

hypothesised that TMS-evoked gamma oscillations, a measure of DLPFC activation, would be impaired both 

locally and globally in SCZ. We also hypothesised that the DLPFC N100 would be reduced in SCZ, providing 

evidence for abnormal cortical inhibition. Finally, we predicted that these measures would relate to SCZ-

related WM deficits.  
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ABSTRACT 

Background: Dysfunctional dorsolateral prefrontal cortex (DLPFC) activation during working memory is a 

consistent finding in schizophrenia (SCZ). However, whether these deficits reflect aberrant DLPFC network 

properties or impaired sensory integration remains unclear.  The aim of this study was to assess DLPFC 

function evoked by transcranial magnetic stimulation (TMS) and working memory performance in 

participants with and without SCZ. 

Methods: 19 participants with SCZ (35.6 ± 9 years, 6 female) and 20 healthy participants (31.9 ± 10, 5 

females) received single TMS pulses to the left DLPFC while electroencephalography was recorded. Several 

indices of TMS-evoked cortical function were measured at the DLPFC and across the scalp including TMS-

evoked cortical potentials such as the N100 and P180 (putative markers of cortical inhibition and excitation 

respectively) and TMS-evoked cortical oscillations were measured at the DLPFC and across the scalp. 

Working memory was assessed using the Sternberg letter recognition task with 5 and 7 letters.  

Results: The N100 slope and amplitude were reduced over the DLPFC of participants with SCZ compared 

with healthy participants, whereas the P180 was increased. TMS-evoked oscillations (13-45 Hz) at the 

DLPFC were also reduced, as was propagation of gamma (31-45 Hz) oscillations to the left parietal cortex 

and upper beta (21-30 Hz) oscillations to contralateral DLPFC. Participants with SCZ who had low working 

memory capacity displayed reduced TMS-evoked gamma oscillations over the DLPFC compared with 

participants with SCZ who did not demonstrate working memory impairments and healthy participants.  

Discussion: Intrinsic DLPFC network properties such as cortical inhibition and the ability to entrain high 

frequency oscillations in local and distant cortical regions are altered in SCZ. A reduced capability of the 

DLPFC to generate gamma oscillations may contribute to SCZ-related working memory deficits. 
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INTRODUCTION 

Schizophrenia (SCZ) is a debilitating mental illness that affects between 0.5-1% of the world’s population 

(1). Although SCZ is characterised by positive (e.g. psychosis, thought disorder) and negative (e.g. 

amotivation, flat affect) symptoms, cognitive symptoms such as impaired memory, attention and executive 

function are also core features of the illness (2). Understanding the pathophysiology of cognitive symptoms 

in SCZ is of paramount importance as these symptoms are minimally affected by current pharmacological 

treatments (3) and severity of cognitive impairment strongly predicts functional outcomes of the illness 

such as vocational and social function (4).  

 

Deficits in working memory, the ability to retain and manipulate information over brief periods (5), are 

particularly prevalent in SCZ (6). Typically, these impairments in working memory are accompanied by 

abnormal hemodynamic activation of the dorsolateral prefrontal cortex (DLPFC) (7; 8); however, the 

physiological mechanisms underlying these changes remain unclear. Post mortem studies have revealed 

abnormalities in specific inhibitory interneuron sub-types in the DLPFC of people with SCZ (9), suggesting 

that impaired cortical inhibition as an underlying mechanism for working memory deficits. Cortical 

inhibition is a fundamental mechanism for the generation and control of high frequency cortical oscillations 

(25-100 Hz) (10; 11). Oscillations reflect synchronous firing of neuronal ensembles (12) and high frequency 

oscillations are thought to represent a key mechanism for the encoding and maintenance of information 

within cortical networks (13). Numerous studies have reported abnormal high frequency oscillations in the 

DLPFC of patients with SCZ during working memory (14–17) and over various stages of the illness such as in 

recent onset (18). These findings persist in both unmedicated (19) and medicated patients (20–23) 

indicating that abnormal oscillations are not a result of treatment or illness chronicity. However, whether 

DLPFC oscillation abnormalities during working memory reflect aberrant DLPFC circuitry or instead reflect a 

secondary or compensatory response to up-stream impairments in sensory integration and encoding, i.e. 

from the visual system (22; 24), remains unclear. 
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An alternative method for assessing cortical function is transcranial magnetic stimulation (TMS). TMS 

utilises electromagnetic induction to non-invasively stimulate cortical neurons through the scalp (25). The 

combination of TMS with electroencephalography (EEG) has enabled the assessment of oscillatory activity 

in local stimulated networks (26; 27) and the entrainment of oscillations in wider cortical networks in which 

the stimulated region plays a causal role (28–30). In addition, characteristics of certain time-locked TMS-

evoked cortical potentials (TEPs) such as slope and amplitude appear to directly reflect excitatory and 

inhibitory neurotransmission (31). For instance, the N100 has been linked with cortical inhibition in the 

motor cortex (32–36) and may reflect TMS-evoked generation of inhibitory potentials mediated by 

postsynaptic GABAB-receptors. Therefore, TMS-EEG can be used to assess various functional cortical 

network properties relevant to SCZ, such as oscillatory activity and cortical inhibition.  

 

The aim of this study was to assess DLPFC network properties using TMS-EEG and working memory 

performance in participants with and without SCZ. We hypothesised that those with SCZ would 

demonstrate impaired markers of TMS-evoked cortical inhibitory function (i.e. N100 slope, high frequency 

oscillations) over the DLPFC and in wider networks activated by the DLPFC and that deficits in these 

network properties would relate to impaired working memory performance.   
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METHODS AND MATERIALS 

Participants 

Twenty volunteers with SCZ (n=12) or schizoaffective disorder (n=8) and 20 aged matched healthy 

comparisons participants (controls) were recruited (table 1). One participant with SCZ had difficulties 

staying awake during the session and data from this participant was discarded (n=19). Each participant 

provided written informed consent prior to participation and all experimental procedures were approved 

by the Alfred Hospital, Monash University and the Centre for Addiction and Mental Health Human Research 

Ethics Committees. For participants with SCZ, diagnosis was confirmed by DSM-IV-TR structured interviews. 

Symptom severity was assessed using the Positive And Negative Syndrome Scale (PANSS) (37). Healthy 

controls were screened for psychopathology using the Personality Assessment Screener (an abbreviated 

version of the Personality Assessment Inventory; Psychological Assessment Resources Inc.). 17 of the 

participants with SCZ were receiving either one or two second generation antipsychotics, 10 were receiving 

additional antidepressants or mood stabilisers and 1 was unmedicated. For analysis, dosages were 

converted to chlorpromazine (CPZ) equivalents (38). No healthy controls were receiving medication.  

 

-----Insert table 1----- 

 

Procedures 

Participants were seated comfortably with their hands resting in their laps. The experiment contained two 

sessions. In session 1 participants performed the Sternberg letter recognition task (39).  In session 2 

participants received 75 single TMS pulses to the DLPFC while EEG was recorded. To avoid order effects, the 

order in which the sessions were administered was counterbalanced across participants. 
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Sternberg task 

For the Sternberg task, participants were asked to remember a set of presented letters over a brief period 

and then indicate whether a single probe letter was present or not present in the memory set using a 

button press. The memory set was presented with either five (low load) or seven (high load) simultaneous 

letters (3017ms, all consonants), followed by a blank screen (3017ms). The probe letter was then presented 

(2017ms) and followed by a brief visual mask (133ms). Responses were required within this window to be 

deemed correct. The probe letter was present in the memory set in 50% of trials, the order of which was 

pseudorandomised across trials. Participants completed six blocks of twenty trials per block (total = 120) 

and both accuracy (% correct) and reaction time to correct responses were calculated as measures of 

performance. 

 

EEG  

EEG was recorded using a cap with 57 electrodes (sintered Ag/AgCl) in standard 10-20 positions (Quickcap, 

Compumedics Ltd., Australia). EEG signal was amplified (1000x), filtered (DC-3500 Hz), digitised (20 kHz; 

Synamps2, Compumedics Ltd.) and recorded on a computer for offline analysis. This arrangement, along 

with the DC-coupling and large recording range of the amplifier, captures the TMS artifact with minimal 

amplifier saturation and allows for recording of neural signals within ~5-10 ms following a pulse (40; 41). 

Electrode impedances were checked regularly and kept as low as possible throughout the experiment (<5 

kΩ). 

 

TMS 

Monophasic TMS pulses were delivered through a figure of eight coil connected to a Magstim 200 

stimulator. In all conditions, the coil was held with the handle angled 45° to the midline pointing 

backwards, resulting in a posterior to anterior current flow in the underlying cortex. Motor evoked 

potentials (MEPs) were recorded from Ag/AgCl electrodes attached in a belly-tendon montage over the 
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right abductor pollicus brevis (APB) muscle. Electromyographic signal was amplified (1000x) band-pass 

filtered (10-1000 Hz; PowerLab, ADInstruments, New Zealand) digitised (2000 Hz; Micro1401, Cambridge 

Electronic Design Ltd., UK), epoched around the TMS pulse (-200 to 500 ms) and displayed on a computer 

screen online. Resting motor threshold (RMT) was determined as the minimum stimulus intensity required 

to evoke at least 3 of 6 MEPs >50 µV in amplitude from the motor cortical region that produced the largest 

responses in the APB.  Next, the stimulus intensity required to evoke an MEP with average peak-to-peak 

amplitude between 0.7-1.3 mV over 5 trials (S1mV) was determined. This intensity was used for stimulation 

of the DLPFC.  For DLPFC stimulation, the coil was positioned with its centre resting between the F3 and F5 

electrodes. This position provides the most accurate estimation of the left DLPFC (border of BA9 and BA46) 

in the absence of neuronavigational equipment (42; 43). The coil border was marked using a felt tipped pen 

to allow for repositioning. TMS was delivered at a rate of 0.2 Hz (10 % jitter) throughout the experiment 

and participants were asked to stare directly ahead with their eyes open during stimulation. 

 

EEG Analysis 

Analysis of EEG data was performed using EEGLAB (44), field trip (45) and custom scripts all on the MATLAB 

platform (R2013a, The Mathworks, USA). EEG data were epoched around the TMS pulse (-1000 to 1000 

ms), baseline corrected (-500 to -110 ms) and bad channels were removed. Data containing the TMS pulse 

artifact and peaks of any TMS-evoked muscle activity were truncated (-2 ms to 16.6 ± 6 ms; cut-off altered 

on an individual basis) and the remaining data traces were concatenated together. Following truncation, 

data were downsampled to 1 kHz and trials containing any large, paroxysmal artifacts were removed. Data 

were then passed through the fastICA algorithm (46) and components representing large decay 

components were removed.  Data from the truncated window were then interpolated using a cubic 

function and all data were filtered using a butterworth, zero-phase band-pass filter (1-80 Hz). Epochs were 

then manually inspected and trials containing excessive muscle activity (i.e. from jaw clenching) or other 

uncharacterised activity were removed. The data was then passed through the fastICA algorithm a second 

time and components representing slow decay artifacts, blink artifacts, auditory artifacts and bad electrode 
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artifacts were removed. Eye movement and auditory artifacts have a large effect on TEPs and on TMS-

evoked oscillations between 70-200 ms. There was no significant difference in the number of independent 

components identified as eye (control=1.1 ± 0.5, SCZ=1.3 ± 0.9; p=0.14) or auditory (control=1.2 ± 0.4, 

SCZ=1.3 ± 0.5; p=0.11) artifacts between groups. Following artifact removal, missing channels were 

replaced using spherical interpolation and data from each electrode were re-referenced to the average of 

all channels. Finally, butterfly plots were inspected for unusual activity (i.e. a single electrode with larger 

signal than all others). If unusual activity was detected, the above steps were repeated until this activity 

was removed.  

 

TMS –evoked potentials 

TEPs were analysed in two ways; a region of interest analysis (ROI) to evaluate the local effects of TMS and 

global scalp analysis to assess connectivity of the DLPFC with other regions. For the ROI analysis, four peaks 

(N40, P60, N100, P180) were analysed at the F3 electrode. The N40 peak amplitude and latency were 

calculated at the peak closest to 40 ms (± 15 ms), the P60 at the peak closest to 60 ms (± 15 ms), the N100 

at the peak closest to 120 ms (± 25 ms) and the P180 at the peak closest to 180 ms (± 25 ms). N100 slope, a 

putative marker of GABAB-mediated cortical inhibition (47), was determined by calculating the mean first 

derivative between 90-100 ms and 100-110 ms following TMS. DLPFC connectivity was assessed by 

comparing TEPs over all electrodes in four blocks based around peaks in the butterfly plot: 35-55 ms, 65-85 

ms, 90-130 ms and 180-220 ms. 

 

TMS –evoked oscillations 

TMS-evoked oscillations were also assessed using an ROI analysis and global scalp analysis. TMS-evoked 

oscillations were obtained using wavelet decomposition (3.5 oscillation cycles, steps of 1 Hz between 8-45 

Hz) on averaged trials for each individual electrode. Oscillations were normalised by subtracting the mean 

baseline power (-600 to -100) in each frequency bin. For ROI analysis at the F3 electrode, oscillations were 

averaged across discrete frequency bands (alpha 8-12 Hz, lower beta 13-20 Hz, upper beta 12-30 Hz, 

gamma 31-45 Hz) and across time. As lower and higher frequencies occur across different time periods, 
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alpha and lower beta oscillations were analysed between 25-200 ms and upper beta and gamma between 

25-100 ms. DLPFC connectivity was assessed by comparing TMS-evoked oscillations in each frequency band 

over all electrodes in three time periods: early (25-40 ms), mid (40-75 ms) and late (75-150 ms). 

 

Statistics 

Outliers (> 3 × SD from the mean) were identified and z-score corrected to within 3.29 standard deviations 

from the mean calculated without outliers. Comparisons between groups on local DLPFC properties (N100 

slope, peak amplitudes, peak latencies, TMS-evoked frequency bands) and working memory performance 

(accuracy, reaction time) were made using two-tailed independent sample t-tests. Within group 

comparisons between working memory load were made using two-tailed dependent sample t-tests and 

Bonferroni corrections for multiple comparisons were applied. Correlations between local DLPFC properties 

and low load working memory performance were made using Pearson’s correlations (with outliers 

removed). Comparisons of global scalp TEPs (space and time) and global scalp TMS-evoked oscillations 

(space, time and frequency) were performed using non-parametric, cluster-based permutation statistics 

(48). This approach controls for multiple-comparisons across any combination of space, time and 

frequency. Clusters were defined as two or more neighbouring electrodes in which the t-statistic at a given 

time or frequency point exceeded a threshold of p<0.05 (independent t-test). Electrodes, time points 

and/or frequency bins with above-threshold values were used for subsequent cluster-based permutation 

analysis. Monte Carlo p-values were calculated on 2000 random permutations and a value of p<0.05 was 

used as the cluster-statistic significance threshold for all analyses. 
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RESULTS 

Local DLPFC properties 

The gradient of the N100 slope between 100-110 ms was significantly reduced in participants with SCZ 

when compared with healthy controls (p=0.03; fig. 1A-B). This reduction was accompanied by significantly 

reduced N100 amplitudes (p=0.04; fig. 1C) and longer N100 latencies (p=0.03; fig. 1D). We did not detect 

significant differences in N100 slope between 90-100 ms (p=0.43), other peak amplitudes (P60, p=0.31; 

P180, p=0.17) or peak latency (N40, p=0.45; P60, p=0.14; P180, p=0.39). However, overall peak-to-peak 

amplitude of the TEP (p=0.08) and N40 (p=0.07) tended to be smaller in participants with SCZ. To control 

for differences in overall TEP amplitude, we normalised N100 slope and each peak amplitude to the overall 

peak-to-peak amplitude for each individual. N100 slope (p=0.05) and amplitude (p=0.03) remained 

significantly smaller in participants with SCZ following normalisation. We did not detect any differences in 

normalised N40 (p=0.26) or P60 (p=0.49) amplitude between groups. Normalised P180 amplitude was 

larger in participants with SCZ compared with controls (p=0.02). As the N100 slope is a putative marker of 

cortical inhibition (47), we compared participants taking GABAergic medications to SCZ participants taking 

non-GABAergic medications. There was no significant difference in N100 slope between SCZ participants 

treated with lorazepam (n=4, p=0.16) or clozapine (n=5, p=0.24) compared to those taking other 

antipsychotic medications.   

-----Insert figure 1----- 

 

In the frequency domain, TMS-evoked oscillations in the DLPFC (8-45 Hz) were significantly reduced in 

participants with SCZ compared with controls (p=0.03; fig. 2A-B). When separated into discrete frequency 

bands, TMS-evoked oscillations in SCZ were significantly reduced in the lower beta (p=0.04), upper beta 

(p=0.02) and gamma (p=0.02) bands and trended towards significance in the alpha band (p=0.06; fig. 2C). In 

order to determine whether differences represented alterations specific to these frequencies rather than 

simply reduced response to TMS in SCZ, we normalised each frequency band to the overall peak-to-peak 

TEP amplitude for each individual. Upper-beta frequencies remained significantly reduced following 
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normalisation (p=0.01); however, we did not detect any significant differences in normalised alpha 

(p=0.29), lower beta (p=0.08) or gamma (p=0.29) oscillations between groups. 

 

-----Insert figure 2----- 

 

DLPFC connectivity 

For TEP analysis, a significant positive cluster between 106-128 ms (p=0.04) revealed a positive TEP over 

parieto/occipital electrodes that was reduced in amplitude in people with SCZ (fig. 3A). We did not detect 

any other clusters which survived correction for multiple comparisons during other time periods between 

groups (all p>0.05).  

 

For TMS-evoked oscillation analysis, TMS-evoked gamma oscillations were significantly reduced under left 

frontal and left parietal electrodes between 25-40 ms in SCZ compared with controls (fig. 3B). TMS-evoked 

upper beta oscillations under bilateral frontal electrodes between 40-75 ms were also reduced in SCZ (fig. 

3C). We did not detect significant differences for any other frequency bands or time period between groups 

(all p>0.05).  

-----Insert figure 3----- 

 

Working memory 

One participant with SCZ performed below 60% accuracy in both the low and high load working memory 

task conditions. As this score approached chance in both loads and could reflect a lack of effort, this data 

was removed from analysis. For both SCZ and controls, accuracy was significantly lower (HC and SCZ, 

p<0.001) and reaction time was significantly slower (HC and SCZ, p<0.001) in the high load compared to the 

low load (fig. 4A-B). Compared with controls, participants with SCZ performed with less accuracy (low load, 

p=0.04; high load, p=0.012) and slower reaction times (low load, p=0.004; high load, p=0.004) over both 

loads. Of the remaining 18 participants with SCZ, 5 scored below 60% in the high, but not low load task, 

suggesting they had exceeded their working memory capacity. Removing these participants from the 
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analysis improved accuracy so the SCZ group did not significantly differ from controls (low, p=0.31; high, 

p=0.44); however, high load reaction times remained slower in SCZ (low load, p=0.08; high load, p=0.04).   

 

To assess the relationship between DLPFC function and working memory performance, we correlated low 

load accuracy and reaction times with measures of DLPFC function that significantly differed between 

groups separately for controls and SCZ. TMS-evoked oscillations from one participant with SCZ were 

outliers for all frequencies and were removed from analysis. In both participants with SCZ and controls, we 

found a significant negative correlation between TMS-evoked lower beta frequencies and task accuracy 

(HC, p<0.001; SCZ. p=0.009; fig. 4C) and a positive correlation between lower beta frequencies and reaction 

time in controls only (p=0.03). We did not detect any significant relationship between working memory and 

any other measure of DLPFC function (N100 slope, N100 amplitude, P180 amplitude, upper beta 

oscillations, gamma oscillations, TEP connectivity or oscillatory connectivity; all p>0.05). 

 

To assess whether differences in working memory capacity were accompanied by any specific changes in 

DLPFC function in SCZ, the SCZ group was stratified into two groups: low performers who exceeded their 

working memory capacity in the high load task (accuracy <60% in high load task, n=5) and high performers 

who did not (> 60% high load task, n=13). Measures of DLPFC function were compared between these two 

groups. TMS-evoked gamma oscillations were significantly reduced in low compared to high SCZ 

performers (p=0.047) and gamma oscillations were significantly reduced in both sub-groups compared to 

controls (low, p=0.001; high, p=0.024; fig. 4D). We did not detect any significant differences between SCZ 

subgroups and other measures of DLPFC function (N100 slope, overall TEP amplitude, N100 amplitude, 

P180 amplitude, lower beta oscillations, upper beta oscillations, TEP connectivity or oscillatory 

connectivity; all p>0.05) or demographic measures (age, RMT, S1mV, CPZ equivalent dosage, PANSS total; 

all p>0.05). 

-----Insert figure 4----- 
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Symptoms and medication 

We did not detect any significant relationships between positive symptoms, negative symptoms or CPZ 

equivalent antipsychotic dosages and any measure of DLPFC function in SCZ (N100 slope, N100 amplitude, 

P180 amplitude, lower beta oscillations, upper beta oscillations, gamma oscillations, TEP connectivity or 

oscillatory connectivity; all p>0.05).
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DISCUSSION 

There were three novel findings from the current study. First, participants with SCZ displayed reduced N100 

slope, amplitude and increased latency and increased P180 amplitude at the DLPFC compared with 

controls, suggesting altered inhibition and excitation in the cortex. Second, high frequency TMS-evoked 

oscillations in fronto-parietal and frontal interhemispheric networks were reduced in SCZ compared with 

controls, suggesting the ability of the DLPFC to entrain oscillations in distant cortical regions is impaired in 

SCZ. Third, TMS-evoked gamma band oscillations were reduced in participants with SCZ who had low 

working memory capacity compared with other participants, suggesting the ability of the DLPFC to 

generate high frequency oscillations may be important for working memory performance. 

 

Reduced DLFPC Inhibition in SCZ 

Evidence from several fields suggests that cortical inhibition is impaired in SCZ. Post mortem studies have 

found reduced glutamic acid decarboxylase (GAD67; an enzyme responsible for GABA synthesis) mRNA 

levels across various cortical regions in SCZ (49; 50), participants with SCZ show impaired P50 suppression 

(an EEG correlate of sensorimotor gating) (51) and several TMS measures of motor cortical inhibition are 

impaired in people with SCZ (52–54). In addition, a recent paired-pulse TMS-EEG study revealed impaired 

long-interval cortical inhibition (LICI) of TMS-evoked DLPFC gamma oscillations which was specific to SCZ 

diagnosis (55). The N100 slope following single pulse TMS also cortical inhibition (32), most likely a 

postsynaptic inhibitory potential mediated by GABAB receptors. In the current study, we found that N100 

slope, amplitude and latency were all altered in the DLPFC of participants with SCZ, providing further 

evidence for prefrontal GABAB-mediated inhibitory deficits in SCZ. The relevance of this deficit to SCZ 

symptomatology remains unclear, as we could not find any relationships with reduced N100 slope and 

working memory deficits, positive symptoms or negative symptoms. A more comprehensive battery 

assessing a wider variety of cognitive symptoms is required to fully characterise any possible relationships.  

 

The balance between inhibition and excitation in the cortex is vital for neuronal dynamics and information 

processing (56) and an imbalance between these mechanisms may represent the pathophysiological 
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mechanism important for SCZ symptoms (57). A recent TMS-EEG study in the motor cortex found increased 

TMS-evoked activity at 200 ms and at 400-700 ms in people with SCZ (58), which was interpreted as 

possible evidence for excessive excitation resulting from reduced inhibitory tone. In the current study, we 

also found increased amplitude of the P180 relative to overall TEP size in the DLPFC of participants with 

SCZ. Intriguingly, TMS studies in the motor cortex have revealed a period of increased cortical excitation 

following TMS that results from presynaptic inhibition of inhibitory interneurons between 190-210 ms (59; 

60). Although speculative, the P180 may reflect a similar mechanism, providing a direct measure of 

excessive excitation in SCZ resulting from disinhibition. Further work comparing TMS-EEG and TMS motor 

measures at these later intervals is required to better understand these mechanisms in both healthy 

individuals and people with SCZ. 

 

Reduced oscillations in SCZ  

Another important role of cortical inhibition is the generation and modulation of cortical oscillations, 

particularly in higher frequency bands (10; 11). Two recent TMS-EEG studies have shown reduced upper 

beta/gamma TMS-evoked oscillations in the premotor (27) and superior frontal gyrus (26) of people with 

SCZ, the latter also demonstrating a relationship between peak oscillation frequencies and working 

memory performance. We have replicated and extended these findings, demonstrating that the ability of 

the DLPFC to entrain upper beta/gamma oscillations in distant cortical regions such as the parietal and 

contralateral DLPFC is also impaired in SCZ. Importantly, we have also shown TMS-evoked gamma 

oscillations are particularly diminished in participants with SCZ who have low working memory capacity. 

This finding suggests that TMS-evoked oscillations may, at least in part, represent activation of 

neural networks that are important for working memory capacity. In turn, these findings provide 

independent confirmation that the neural circuits responsible for gamma oscillations are impaired 

in SCZ, as predicted by post mortem anatomical studies (61).  

 

In addition to gamma oscillations, we also observed that controls and SCZ participants with higher working 

memory performance showed reduced TMS-evoked lower beta oscillations. Lower beta oscillations 
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decrease over frontal regions with increasing working memory load (16; 62), suggesting that reductions in 

lower beta oscillations may be advantageous for working memory performance. Despite overall lower 

working memory performance, participants with SCZ demonstrated reduced lower beta TMS-evoked 

oscillations compared with controls. This reduction may therefore reflect a compensatory mechanism 

following the failure of other mechanisms, such as those responsible for higher frequency oscillations. 

 

Limitations 

Several limitation to the current study should be considered. First, all but one of the participants with SCZ 

were medicated, potentially confounding our between group comparisons of DLPFC function. However, we 

could not detect any relationships between CPZ equivalent antipsychotic dosage and any measure of TMS-

evoked DLPFC function. Moreover, N100 measures were similar in those participants on medications with 

high affinity for GABA receptors to other SCZ participants, suggesting that medication was not mediating 

this effect. Second, we used measures from the motor cortex to set stimulation intensities for the DLPFC. 

SCZ is associated with reduced cortical thickness in the prefrontal cortex (63), which could increase the 

scalp-to-cortex distance and result in less effective neuronal activation by TMS. To account for this 

potential difference, we normalised measures of DLPFC function to the overall TEP amplitude in each 

individual. With this normalisation, participants with SCZ still displayed N100 and upper beta deficits 

compared with controls, suggesting that these deficits were independent of evoked activity size. Third, we 

did not use neuronavigation to localise the DLPFC. Instead, we used anatomical land marks based on the 

10-20 system which provide the most accurate estimation of DLPFC location in the absence of 

neuronavigation (42; 43). Fourth, we did not compare measures of TMS response is other brain regions to 

the DLPFC. Therefore, it is unclear whether these alterations are specific to the DLPFC, or whether they 

reflect more global changes in cortical function. Finally, it will be important to replicate this current study 

using a larger sample, particularly when stratifying the SCZ group based on working memory performance, 

as was done here.  
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Conclusions 

DLPFC network properties assessed with TMS-EEG are altered in people with SCZ.  In particular, people with 

SCZ displayed reduced markers of TMS-evoked inhibitory neurotransmission, as well as impaired 

generation of TMS-evoked high frequency oscillations in fronto-parietal and contralateral DLPFC networks. 

A reduced ability of the DLPFC to generate gamma oscillations may contribute to impaired working memory 

capacity in people with SCZ. The mechanisms underlying high frequency oscillations, such as cortical 

inhibition, are prime candidates for developing novel treatments targeting cognitive symptoms in SCZ.
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Table 1: Description of participants 

 

 

 

 

 

 

 

 

 

 

RMT, resting motor threshold; MSO, maximum stimulator output; S1mV, stimulus intensity for 1 mV; 

PANSS, positive and negative syndrome scale.  

  Healthy control 

participants 

(n=20) 

 Participants with 

schizophrenia 

(n=19) 

  

p-value 

Age, years  31.9 ± 10  35.6 ± 9  0.12 

Male/female, no.  15/5  13/6  0.65 

RMT, % MSO  56.6 ± 11  57.4 ± 8  0.40 

S1mV, %MSO  68.5 ± 13  70.0 ± 9  0.34 

PANSS positive  -  12.5 ± 6  - 

PANSS negative  -  11.3 ± 4  - 

PANSS general  -  25.1 ± 8  - 
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Figure 1: Transcranial magnetic stimulation (TMS)-evoked potentials (TEPs) in the dorsolateral prefrontal 

cortex of people with and without schizophrenia (SCZ). A) Averaged TEP traces from the F3 electrode across 

all participants demonstrating analysed peaks. TMS was given at 0 ms. Shaded area represents standard 

error. B) N100 slope measured across two time points. C) Amplitude of TEP peaks. D) Latency of TEP peaks. 

*p<0.05 compared with controls.  
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Figure 2: Transcranial magnetic stimulation (TMS)-evoked oscillations in the dorsolateral prefrontal cortex 

of people with and without schizophrenia (SCZ). Averaged time-frequency plots following TMS (time = 0 

ms) in controls (A) and participants with SCZ (B) at the F3 electrode. Breakdown of analysis into discrete 

frequency bands is shown by the central bar. C) TMS-evoked oscillations amplitude measured in discrete 

frequency bands over time (alpha, lower beta =25-200 ms; upper beta, gamma = 25-100 ms). Alpha, 8-12 

Hz; Lower beta, 13-20 Hz; Upper beta, 21-30 Hz; Gamma, 31-45 Hz. *p<0.05 compared with controls. 
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Figure 3: Differences in transcranial magnetic stimulation (TMS)-evoked activity across the scalp between 

participants with and without schizophrenia (SCZ). A) Butterfly plot of all electrodes averaged across all 

participants. The red bar indicates timing of a significant positive cluster (EEG signal more positive for 

controls than SCZ, p<0.05, cluster statistics). White crosses on imbedded topoplot demonstrate the 

electrodes which were significantly different between controls and SCZ at the 115 ms time point. B) 

Topoplot with t-statistics comparing TMS-evoked gamma oscillation between controls and SCZ across the 

scalp over 25-40 ms. White crosses demonstrate electrodes forming a significant positive cluster (TMS-

evoked oscillations higher in controls than SCZ, p<0.05, cluster statistics). C) Topoplot with t-statistics 

comparing TMS-evoked upper beta oscillations between controls and SCZ across the scalp over 40-75 ms. 

White crosses demonstrate electrodes forming a significant positive cluster (TMS-evoked oscillations higher 

in controls than SCZ, p<0.05, cluster statistics). 
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Figure 4: Working memory performance in the Sternberg task following low (five letters) and high (seven 

letters) loads in people with and without schizophrenia (SCZ). A) Working memory accuracy. B) Reaction 

time to correct responses. C) The relationship between transcranial magnetic stimulation (TMS)-evoked 

lower beta (13-20 Hz) oscillations and low load accuracy (controls, p<0.001, r=-0.63; SCZ, p=0.009, r=-0.69). 

D) TMS-evoked gamma (31-45 Hz) oscillations in controls, high SCZ performers (>60% accuracy in high load) 

and low SCZ performers (<60% accuracy in high load).  
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CHAPTER NINE 

Discussion and conclusions 

 

In this thesis, combined TMS-EEG was developed to allow recording of neurophysiological mechanisms 

from the DLFPC of people with and without SCZ. The following discussion provides an overview of the main 

findings from each empirical investigation. The implications of these findings are then discussed, followed 

by the limitations of the research and suggestions for future research.  

 

Summary of main findings 

Study one (chapter four): Short-Latency Artifacts Associated with Concurrent TMS-EEG. 

In the study described in Chapter 4, we measured TMS-evoked EEG artifacts in phantoms (melons) and 

human participants across a range of conditions and equipment and using non-specialised EEG amplifiers. 

There were three main findings. First, different TMS machines resulted in different EEG artifact profiles. 

Whereas artifacts recovered relatively quickly (<3 ms) following stimulation with magstim machines as 

previously reported, magventure machines resulted in several additional high amplitude artifacts which 

prevented return of the signal to a useable recording range for several 100 ms. Second, when these 

additional artifacts were accounted for by preventing coil/electrode contact, EEG signal returned to a 

reasonable recording range within 10 ms for all arrangements. Third, additional physiological artifacts were 

present in human recordings. In particular, a large bipolar potential immediately following the TMS pulse 

was observed that took over 50 ms to recover. This large artifact was present with both stimulators, 

increased over lateral scalp positions, increased with increasing TMS intensity and was not inhibited by the 

LICI paradigm whereas the later signal was. This data combined with the topography of the artifact led us to 

conclude that this potential most likely resulted from TMS-evoked scalp muscle activation as opposed to 

large TMS-evoked cortical potentials as posited by others.   
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The significance of this study lies in its practical application; the results suggest that non-specialised EEG 

arrangements can be used to successfully record TMS-evoked neural activity. However, caution is required 

as both recording and physiological artifacts can be altered by different experimental arrangements. The 

methods of this paper will hopefully provide a guideline for other laboratories wishing to assess artifacts in 

their systems before beginning TMS-EEG research. 

 

Study two (Chapter 5): Removing artifacts from TMS-EEG recordings using independent component analysis: 

importance for assessing prefrontal cortex network properties. 

In Chapter 5, we assessed the utility of using ICA to separate TMS-evoked neural activity from TMS-evoked 

artifacts following stimulation over the DLPFC. There were three main findings to this study. First, we 

provided evidence that ICA could be used to identify several different kinds of TMS-evoked artifact 

following DLPFC stimulation: a fast and slow decay artifact, a blink artifact, an auditory artifact and artifacts 

most likely resulting from coil/electrode contact. Second, we provided evidence that these artifacts could 

be removed using ICA while minimally affecting the underlying TMS-evoked neural activity. Third, we 

demonstrated that if not removed, each artifact distorted TEPs and TMS-evoked oscillations both at the site 

of stimulation and across the scalp. Although it is not possible to conclusively demonstrate that the TMS-

evoked neural signal was completely conserved following removal of artifacts with ICA, our data suggest 

that removing these artifacts is more beneficial that not removing them for evaluating DLPFC activity.  

 

These findings extend previous work assessing the use of ICA to remove TMS-evoked muscle artifacts and 

provide one of the first attempts to validate the use of ICA for removing TMS-related blink and auditory 

artifacts. Our results indicate the extent to which artifacts can distort TMS-evoked neural activity and 

suggest that ICA can be used to recover TMS-evoked neural activity from the DLPFC. 
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Study three (Chapter 6): Mechanisms underlying long-interval cortical inhibition in the human motor cortex: 

a TMS-EEG study. 

In Chapter 6, we investigated the origin of different TEP components. We varied conditioning and test 

intensities of the LICI paired pulse paradigm over motor cortex and measured changes in LICI strength of 

MEPs and different TEP peaks. There were two main findings. First, LICI of different TEP peaks were 

modulated independently of each other. LICI of the P30 peak increased with increasing conditioning 

intensity and decreased with increasing test intensity, correlating with LICI of MEPs. LICI of the P60 peak 

was also modulated in a similar fashion and correlated with P30 LICI, but not MEP LICI. In contrast, LICI of 

the N100 was not modulated by either condition. Second, the slope gradient of the EEG signal preceding 

the test pulse in the paired condition (i.e. the N100 evoked by the conditioning pulse) correlated with both 

LICI of P30 and with LICI of MEPs, suggesting this slope represented the mechanism responsible for LICI - 

most likely a GABAB-mediated inhibitory potential.  

 

These findings provide greater insight into the cortical mechanism underlying both MEP and TEP inhibition 

using the LICI paradigm. In addition, these results add to the growing body of evidence suggesting that 

early TEP components reflect excitatory neurotransmission, whereas later components reflect cortical 

inhibition.  

 

Study four (Chapter 7): Mechanisms underlying markers of cortical inhibition in the dorsolateral prefrontal 

cortex: a TMS-EEG study. 

In Chapter 7, we translated the findings of Chapter 6 in to the DLPFC. A group of healthy participants 

received single and paired pulse (LICI) TMS to the DLPFC and inter-individual variation in N100 slope 

gradient and LICI strength of different TEPs and TMS-evoked oscillations was observed. There were two 

main findings. First, variations in N100 slope gradient correlated with variations in LICI of early (N40) but 

not later (P60 or N100) TEP peaks, mirroring our findings from the motor cortex. N100 slope gradient also 
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correlated with LICI of TMS-evoked oscillations in the beta band (16-23 Hz).  Second, we demonstrated that 

LICI not only suppressed local TMS-evoked activity (i.e. under the coil), but also inhibited the spread of TEPs 

and the entrainment of cortical oscillations in connected cortical regions. This finding suggests that both 

local and output networks are inhibited by the LICI paradigm. 

 

The significance of this study is the demonstration that the N100 following TMS over the DLPFC is related to 

cortical inhibitory activity of both TEPs and oscillations. Although several studies have suggested a link 

between the DLPFC N100 and inhibition, this is the first empirical evidence, of which we are aware, to 

demonstrate this link. The finding that both local and global activity is suppressed by LICI also offers an 

interesting insight in to the role of GABAB-mediated cortical inhibition in controlling network activity. This 

finding highlights the information that can be gained by using TMS-EEG to study cortical neurophysiology.  

 

Study five (Chapter 8): Dorsolateral prefrontal cortex network properties are altered in schizophrenia: 

implications for working memory. 

In Chapter 8, we applied the knowledge gained in Chapters 4-7 to study DLPFC network properties in 

people with and without SCZ using TMS-EEG. Participants received single pulse TMS over the DLPFC while 

EEG was recorded. Participants also completed a WM task. There were three main findings to this study. 

First, participants with SCZ displayed a smaller N100 and larger P180 following TMS compared with 

controls, suggesting impaired generation of inhibitory potentials and possibly excessive excitability in SCZ. 

Second, TMS-evoked upper beta and gamma oscillations were reduced in SCZ both at the site of 

stimulation and in fronto-parietal and interhemispheric networks, suggesting the ability to entrain 

oscillations in local and distant regions is impaired in SCZ. Finally, SCZ participants with lower WM capacity 

displayed reduced TMS-evoked gamma oscillations compared with other SCZ participants and controls, 

suggesting the ability to generate high frequency oscillations may be important for WM performance.  
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The findings from this study are significant as they directly address two outstanding questions in a 

prominent hypothesis on WM pathophysiology in SCZ. First, TMS-evoked activation of the DLPFC (i.e. upper 

beta and gamma oscillations) is reduced in SCZ independent of task activation and sensory input. Second, a 

marker of inhibitory neurotransmission is reduced in the DLPFC of people with SCZ in vivo. Thus, the 

findings of this study support dysfunctional DLPFC inhibitory networks in people with SCZ, which may 

underlie WM impairments.  

 

Implications  

The results from this series of studies have significant implications for the way in which we study cortical 

function, from the development of TMS-EEG as a robust neurophysiological technique to our causal 

understanding of cortical mechanisms such as inhibition, excitation, connectivity and intrinsic network 

dynamics. In addition, these findings also significantly inform our understanding of DLPFC network 

properties in SCZ and their potential involvement in WM impairments. 

 

TMS-EEG methods 

Since the first successful combination of TMS and EEG using a sample-and-hold circuit published in 1997 

(Ilmoniemi et al., 1997) and the release of commercial Nexstim system, the use of TMS-EEG to study 

cortical networks has steadily grown. This growth has been aided by overall improvements in EEG amplifier 

quality, with many brands of non-specialised EEG amplifier now capable of capturing the main TMS artifact 

without saturation. As specialised TMS-EEG systems are expensive and not available in all parts of the world 

(for example Australia), the desire to combine existing TMS and EEG hardware is high (Fitzgerald, 2010). 

Perhaps the largest prohibitive factor for the wide spread use of TMS-EEG has been the difficulty in 

identifying and minimising the numerous artifacts associated with the technique, particularly in non-

specialised systems which have not had the benefit of dedicated engineering. Chapters 4 and 5 directly 
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address this growing need, providing a detailed description of artifact in non-specialised TMS-EEG systems 

and methods for preventing and removing such artifacts.  

 

From a practical perspective, the finding in Chapter 4 that different TMS machines can result in differing 

artifact profiles is important for the field. This finding highlights the importance of thoroughly testing the 

combination of existing hardware to ensure idiosyncratic recording artifacts are properly accounted for. 

Two separate artifacts were introduced by magventure stimulators. One resulted from recharge of the 

capacitors and could be removed by delaying the recharge until after the window of interest for TEPs. The 

origin of the second artifact was less clear and seemed to reflect activity from the machine that was 

propagated down the coil.  Although the artifacts introduced by magventure stimulators could be 

ameliorated by preventing coil/electrode contact, this introduced its own practical difficulties. Higher 

stimulation intensities were required for equivalent cortical activation and the use of foam padding etc. 

was awkward and made coil repositioning difficult. The decay artifact introduced by the magventure 

stimulators seemed relatively stable and correction methods such as ICA (see Chapter 5) or fitting and 

subtracting expotential curves may prove useful in removing these artifacts offline. When these additional 

artifacts were accounted for, the DC-coupling and large operating range of the Synamps2 amplifiers 

(Compumedics ltd.) allowed recovery from the TMS artifact within 3-10 ms, which is comparable to that of 

the specialised Nexstim system (Virtanen et al., 1999) and BrainAmp amplifiers (Veniero et al., 2009). In line 

with previous research (Veniero et al., 2009), different pulse shapes had minimal effect on recovery times 

following the TMS artifact between magstim (mono) and magventure (bi), although monophasic pulses 

from the magventure stimulators did perform slightly worst. In addition, increasing stimulator intensity, 

changing scalp position and 10 Hz stimulation (i.e. LICI paired pulse) all had little effect on recovery time 

from the TMS pulse artifact, suggesting this type of artifact was reasonably stable.  

 

In addition to the main TMS artifact, in Chapters 4 and 5 we have also described a large bipolar waveform 

which peaked within the first 10 ms following TMS, recovered after ~50 ms and has also been described 
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using Nexstim (Korhonen et al., 2011; Mutanen et al., 2012) and BrainAmp systems (Veniero, Maioli, & 

Miniussi, 2010). The origin of this waveform remains controversial, with muscle activity (Ilmoniemi & Kicić, 

2010; Korhonen et al., 2011; Mäki & Ilmoniemi, 2011; Mutanen et al., 2012; Siebner et al., 2009), stored 

electrical charges at the skin/electrode interface (Julkunen et al., 2008), residual induced artifacts (Litvak et 

al., 2007), electromotive forces (Sekiguchi et al., 2011) and even large cortical-evoked potentials (Veniero, 

Bortoletto, & Miniussi, 2012; Veniero et al., 2010) all offered as explanations. We found that this waveform 

was not related to blinks, was not inhibited by LICI, had topography consistent with scalp muscle activity 

and increased in amplitude with more lateral scalp stimulation. Considering as well the size of the 

waveform (>5000 µV in some cases), we conclude that this response is consistent with TMS-evoked scalp 

muscle activity and is extremely unlikely to solely represent TMS-evoked cortical activity. This 

interpretation is in line with another recent study, which also found an increase in amplitude of this early 

potential over lateral scalp positions using a different system (Mutanen et al., 2012). This is not to say that 

cortical activity is not represented in this early signal along with artifact. As recently demonstrated by 

Hernandez-Pavon et al. (2012), early TEP components can be recovered despite this large artifact using ICA 

along with various suppression techniques. A mixing of artifact and TEP might also reconcile the findings 

that this early response is modulated following repetitive TMS (Veniero et al., 2012, 2010). Further work is 

required to fully characterise the contribution of muscle and cortical activity to this early response. 

 

Of note, the presence of the larger early artifact occurred at different lateral scalp positions between 

individuals, with approximately 40% of people displaying this artifact over the motor cortex, a finding also 

consistent with other research (Mutanen et al., 2012). In contrast, nearly all participants displayed this 

artifact over the DLPFC (between F3 and F5) and over more lateral central regions (between C3 and C5; 

Chapters 4 and 5). In fact, the DLPFC was particularly problematic for other physiological artifacts also, as 

TMS-evoked blinks proved common from this region. These artifacts were non-trivial and severely distorted 

measures of TMS-evoked neural activity in the time and frequency domain (Chapter 5). One easy approach 

to deal with these artifacts is to only stimulate close to the midline, where both blink and muscle artifacts 
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are minimised (Massimini et al., 2005). However, this approach is not an option for the DLPFC (Korhonen et 

al., 2011).  Therefore, both Chapters 4 and 5 demonstrate the difficulty in using TMS-EEG to target regions 

such as the DLPFC due to physiological artifacts, noting this as a clear limitation of the technique. 

 

In Chapter 5, we also investigated the use of ICA to separate TMS-evoked neural activity from TMS-evoked 

artifacts. This approach is well validated for removing blink (Plöchl, Ossandón, & König, 2012) and muscle 

activity (McMenamin et al., 2010) from regular EEG recordings and has also been applied to TMS-EEG data 

(Hamidi et al., 2010; Iwahashi, Arimatsu, Ueno, & Iramina, 2008; Korhonen et al., 2011; Rajji et al., 2013; 

Verhagen, Dijkerman, Medendorp, & Toni, 2013; Vernet et al., 2013). One challenge of ICA is that it is blind 

technique; the signal is separated into different components and then left to the experimenter to decide 

what to keep and what to discard (Onton et al., 2006). The significance of Chapter 5 is twofold. Firstly, we 

sought to provide evidence that the components we identified as artifacts were actually artifacts. This 

serves as an important validation for the use of ICA in TMS-EEG as certain artifacts such as the large muscle 

response and other related decay artifacts are specific to TMS-EEG research. Secondly, we attempted to 

quantify the success of the ICA algorithm in separating neural and artifact data. This is important as several 

properties of TMS-EEG artifacts such as the size of the muscle response (Hernandez-Pavon et al., 2012) and 

time locking of the blink response (Li & Principe, 2006) weaken certain assumptions of ICA.  This can result 

in unsuccessful separation of neural signal and, therefore, invalidated data. Although complete certainty 

that the neural signal underlying TMS is unaffected by removing ICA components is not possible, the 

evidence we present in Chapter 5 suggests that removing artifacts with ICA provides a more accurate 

representation of the neural response following TMS over the DLPFC than the uncorrected signal.  The 

evidence from Chapter 5 can be viewed as a foundation for developing more robust protocols that will 

allow consistency in data cleaning across the field.  
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Although we focused on the DLPFC, this research has implications for TMS-EEG over other regions also. For 

instance, auditory artifacts will result from any TMS experiment regardless of stimulation site if auditory 

masking is not employed (Massimini et al., 2005; Nikouline et al., 1999; Ter Braack et al., 2013; Tiitinen et 

al., 1999). In addition, blink artifacts can prove more common in certain groups of participants such as 

children even from stimulation of the motor cortex (Bruckmann et al., 2012). Therefore, a method for 

removing these artifacts is required when avoidance is not possible. The aim of this work was not to 

provide a comprehensive list of all artifacts resulting from TMS. For instance, we did not address 

somatosensory artifacts resulting from scalp muscle movement of direct stimulation of the trigeminal nerve 

(Ilmoniemi & Kicić, 2010), which are likely to be more common over certain regions. Instead, it is hoped 

that Chapter 5 will serve as a reference point for other researchers within the field and will improve 

consistency in accurately reporting artifacts removed from individual datasets using ICA. This will hopefully 

improve the comparability of data between studies and between research groups, further strengthening 

the use of TMS-EEG as a validated neurophysiological technique.  

 

Evaluating cortical mechanisms with TMS 

Having identified artifacts and established a method for artifact correction, Chapters 6 and 7 were 

dedicated to improving our understanding of the mechanisms responsible for TMS-evoked cortical 

potentials. Paired-pulse paradigms in the motor cortex have established that a complex interplay between 

excitatory and inhibitory neurotransmission follows stimulation of cortical neurons with TMS (Kujirai et al., 

1993; Valls-Solé et al., 1992), which is likely to be reflected in EEG (Ferreri et al., 2011; Komssi et al., 2004). 

TMS causes a synchronous firing of excitatory and inhibitory neurons, which results in both glutamatergic 

and GABAergic neurotransmission (Paulus et al., 2008). These neurotransmitter bind to their respective 

pre- and post-synaptic receptors leading to excitatory and inhibitory currents which result in either hyper – 

or de-polarisation of the postsynaptic (and presynaptic) neurons (Esser, Hill, & Tononi, 2005). The 

predominance of excitation or inhibition in turn affects the net excitability of the stimulated region for 

several 100 ms following stimulation (Reis et al., 2008). The resultant fluctuations in net excitability 
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following TMS are thought to reflect the dominant activity of certain interneuron sub-types and the 

dynamics of postsynaptic receptors. Traditionally, net excitability has been gauged by testing the ability to 

generate subsequent output in corticospinal pyramidal neurons across time (i.e. a paired-pulse paradigms), 

which is quantified by measuring MEP size relative to a single suprathreshold TMS pulse. For instance, a 

subthreshold (i.e. below the threshold to evoke an MEP) TMS pulse is immediately followed by a period of 

reduced net excitability (2-6 ms; Kujirai et al., 1993) which is dependent on the GABAA receptor (Ziemann, 

Lönnecker, et al., 1996) and is likely to reflect activity of inhibitory interneurons (Di Lazzaro et al., 1998a). 

This is followed by a period of increased net excitability likely dependent on glutamatergic 

neurotransmission of excitatory neurons (Kujirai et al., 1993; Ziemann, Rothwell, & Ridding, 1996) and 

possibly mediated by the NMDA receptor (Ziemann, Chen, Cohen, & Hallett, 1998). Following 

suprathreshold TMS, the early period of net inhibition is interleaved by periods of net excitation at intervals 

of approximately 1.5 ms (Ziemann, Tergau, Wassermann, et al., 1998).  This excitation is strong enough to 

depolarise pyramidal neurons and results in several descending volleys which can be measured either with 

EMG and paired pulse paradigms (Ziemann, Tergau, Wassermann, et al., 1998) or using epidural electrodes 

at the spinal cord (Di Lazzaro et al., 1998b). The timing of these peaks could reflect arrival of excitatory 

input from other stimulated neurons several synapses away (Di Lazzaro, Ziemann, & Lemon, 2008) or 

possibly reflect the intrinsic firing properties of stimulated neurons (Esser et al., 2005). At longer intervals 

(25-45 ms) another period of net excitation is observed (Nakamura et al., 1997; Valls-Solé et al., 1992) 

which is not strong enough depolarise pyramidal cells and is followed by a long (50-180 ms) period of 

reduced net excitation dependent on the GABAB receptor (Florian, Müller-Dahlhaus, Liu, & Ziemann, 2008; 

Fuhr et al., 1991; McDonnell et al., 2006; Valls-Solé et al., 1992). Following this period, another period of 

increased excitation, possibly reflecting disinhibition as a result of elongated presynaptic inhibition of 

inhibitory interneurons, has also been reported (Cash, Ziemann, Murray, & Thickbroom, 2010; Cash, 

Ziemann, & Thickbroom, 2011). The fluctuation in excitability following TMS shares many similarities with 

excitatory and inhibitory postsynaptic potentials observed in animal studies following electrical stimulation 

of the cortical surface (Connors, Malenka, & Silva, 1988; Moliadze, Zhao, Eysel, & Funke, 2003; Rosenthal, 

Waller, & Amassian, 1967; Stern, Edwards, & Sakmann, 1992; Sutor & Hablitz, 1989a, 1989b). 
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EEG signal reflects the difference between two points (i.e. recording electrodes) in the sum of extracellular 

voltage potentials resulting from synchronous activity of large population of cortical pyramidal neurons 

(Buzsáki et al., 2012). This signal is considerably smoothed and attenuated due to the distance and surfaces 

(hard and soft tissues) between the current source and scalp. Despite the warping of signal, we have 

argued in Chapter 3 that the fluctuations in net excitability evident with paired-pulse TMS should be at 

least partly reflected in the fluctuations of the TMS-evoked potential recorded with EEG. In accordance, the 

shape of the TEP following single-pulse stimulation of the motor cortex bares remarkable similarities with 

the pattern of net excitability described by paired-pulse studies. For instance, the P30 coincides with an 

early period of excitation, the N100 with a late period of inhibition and the P180 with a late period of 

excitation (Komssi et al., 2004). In Chapter 6, we directly assessed this hypothesis using the LICI paired 

pulse paradigm and demonstrated that the slope of the N100 was related to the inhibitory mechanism 

responsible for suppression of both MEP and early TEP size. Although circumstantial, we also observed a 

positive relationship between LICI of the MEP and P30, suggesting the two may also reflect similar 

excitatory mechanisms most likely mediated by glutamatergic neurotransmission. Both lines of evidence 

add to a steadily growing literature supporting independent mechanisms underlying different TEP peaks 

(Bonato et al., 2006; Bonnard et al., 2009; Ferreri et al., 2011; Komssi et al., 2004).  

 

LICI of TEPs over motor cortex appears robust and has been replicated numerous times by our group 

(Daskalakis, Farzan, Barr, Maller, et al., 2008; Daskalakis, Farzan, Barr, Rusjan, et al., 2008; Farzan et al., 

2010; Fitzgerald et al., 2008; Fitzgerald, Maller, Hoy, Farzan, & Daskalakis, 2009). However, modulation of 

TEPs by other paired pulse paradigms such as short-interval intracortical inhibition (SICI) and intracortical 

facilitation (ICF) have produced mixed results (Ferreri et al., 2011; Paus et al., 2001). The reasons for the 

discrepancies between findings within these studies remain unclear. It is possible that the activity evoked 

by the conditioning pulse needs to be removed from the test pulse in order to more accurately describe the 

modulatory effects of these paradigms as we have shown in Chapter 7. Alternatively, it may be that these 
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paradigms mainly alter early components, which are more difficult to measure. Regardless, the finding of 

Ferreri et al. (2011) demonstrating differential modulation of TEP peaks by these paradigms agrees with our 

LICI finding from the motor cortex.  

 

Perhaps the most exciting implication of the findings from Chapter 6, from a neurophysiological perspective 

at least, is the potential to directly investigate excitatory and inhibitory mechanisms in regions outside of 

the motor cortex using TMS-EEG. However, TMS results in TEPs of slightly different morphologies from 

different regions (Kähkönen, Wilenius, Komssi, & Ilmoniemi, 2004; Massimini et al., 2007), possibly 

reflecting different intrinsic properties of either the neurons or their organisation across the cortex.  It was 

therefore unclear whether the findings from the motor cortex would translate in to other cortical regions. 

To address this issue, we applied the LICI paradigm to the DLPFC and observed a similar relationship 

between the N100 following single pulse TMS and the suppression of an early TEP (N40) and TMS-evoked 

oscillations (16-23 Hz) with LICI. This evidence from Chapter 7 is the first we are aware of demonstrating 

that the N100 over the DLPFC also represents inhibitory neurotransmission. The results from Chapter 7 

serve as a proof-of-principle that TMS-EEG can be used to study markers of cortical inhibition in non-motor 

regions.  

 

One of the real advantages of TMS-EEG is the holistic view it provides on the effect of TMS on wider cortical 

networks. Twin coil TMS studies in the motor cortex have demonstrated that TMS not only activates local 

cortical circuits, but also stimulates cortico-cortical output neurons which result in activation of connected 

cortical regions (Daskalakis, Christensen, Fitzgerald, Roshan, & Chen, 2002; Ferbert et al., 1992). Using TMS-

EEG, one can observe the propagation of current density to distant cortical regions (Ilmoniemi et al., 1997; 

Komssi et al., 2002; Massimini et al., 2005) and observe the effect of stimulating one region on entraining 

oscillations in other regions (Garcia, Grossman, & Srinivasan, 2011; Rosanova et al., 2009). For instance, in 

Chapters 5 and 8 we demonstrated that stimulation of the DLPFC resulted in alpha and gamma activity in 
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contralateral and posterior cortical regions. This measure of effective connectivity and network dynamics 

could prove useful in studying the functional role of certain brain regions within wider cortical networks. 

For instance, this technique could be used to map the functional anatomy of different brain regions (Garcia 

et al., 2011), such as sub-regions of the DLPFC. This finding also has important implications for cognitive 

research. Often, TMS is applied over a given region during a task in a ‘virtual lesion’ model, and resultant 

alterations in task performance are taken as causal evidence for a role of that region in the task (Pascual-

Leone et al., 2000). However, as TMS not only activates the stimulated region, these changes in behaviour 

or task performance could reflect indirect stimulation of other cortical region, more relevant to actual task 

performance. Finally, we exploited this measure of TMS-evoked propagation to investigate the effect of LICI 

on DLPFC output to distant cortical regions. We demonstrated that LICI not only inhibits local circuits, but 

also suppresses the spread of TEPs and the entrainment of cortical oscillations across the cortex. This 

finding has implications for understanding the role of cortical inhibition in mediating top-down influences 

of the DLPFC on other cortical regions. Further research investigating the state-dependent alterations 

between inhibition and connectivity will provide greater insight in to this possibility (Bergmann et al., 2012; 

Johnson, Kundu, Casali, & Postle, 2012).  

 

Understanding SCZ pathophysiology 

The motivation for Chapters 4-7 was to develop a method for studying DLPFC neurophysiology in people 

with SCZ. In Chapter 8, we demonstrated the applicability of our methods to address two outstanding 

questions in the prominent hypothesis of WM impairment in SCZ. The first question relates to abnormal 

activation of the DLPFC in SCZ. One of the most replicated findings in SCZ is abnormal activity of the DLPFC 

during WM task performance, a finding evident across several neuroimaging modalities (Minzenberg et al., 

2009). However, it remains unclear if this abnormal DLPFC activation is a causal factor related to the illness, 

or instead represents a secondary or compensatory activation resulting from deficits in sensory integration 

and encoding (Dias et al., 2011). We posited that TMS-EEG was ideally suited to test whether DLPFC 

activation was abnormal in SCZ, as TMS directly stimulates cortical networks and therefore by-passes the 
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need for sensory input or task performance. We demonstrated that participants with SCZ showed less TMS-

evoked activity in the beta and gamma bands compared with controls. Importantly, the deficits in upper 

beta oscillations remained when overall TMS response size was taken in to account, confirming this 

alteration was not simply reflective of insufficient cortical stimulation due to cortical thinning in SCZ. In 

addition, we also demonstrated reduced upper beta and gamma band activity in the contralateral DLPFC 

and ipsilateral parietal cortex respectively, suggesting that the ability of the DLPFC to entrain oscillations in 

distant cortical regions was also reduced in SCZ. This finding directly supports abnormal DLPFC activation in 

people with SCZ.  

 

The finding from the study described in Chapter 8 of reduced oscillatory activation in the DLFPC of people 

with SCZ compliments two other recent TMS-EEG studies, which also reported reduced beta/gamma 

oscillations in the premotor and superior frontal gyrus of participants with SCZ (Ferrarelli et al., 2008, 

2012). Participants also demonstrated reduced propagation of TMS-evoked activity compared with controls 

(Ferrarelli et al., 2008). In both of these studies, participants with SCZ demonstrated reduced peak 

oscillation frequency following frontal TMS. TMS-evoked oscillatory deficit increased in a posterior to 

anterior direction along the cortex, with no deficits observed in the parietal, mild deficits in the motor and 

strong deficits in the prefrontal cortex. In addition, reduced peak frequency correlated with WM deficits in 

the frontal cortex (Ferrarelli et al., 2012). The relationship between TMS-evoked activity and task-evoked 

activity is somewhat unclear. TMS results in a non-selective, synchronous firing of neurons underneath the 

coil, which is likely very different from the activation of specific neural circuits which underlie tasks such as 

WM. Although we did not find a linear relationship between TMS-evoked gamma and WM, we did find that 

SCZ participants with low WM capacity displayed lower TMS-evoked gamma oscillations compared with 

other SCZ participants and with controls. This finding suggests that TMS-evoked oscillations may at least in 

part represent activation of neural networks that are important for WM performance. In turn, these 

findings provide independent confirmation that the neural circuits responsible for gamma oscillations are 

deficient in SCZ, as predicted by post mortem anatomical studies (Gonzalez-Burgos & Lewis, 2008). This 
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finding represents an important step in determining the link between abnormal DLPFC activation and WM 

impairments in SCZ. However, as we didn’t test other cortical sites, it remains unclear whether TMS-evoked 

gamma deficits specific to the DLPFC are important for WM performance in SCZ, or whether global deficits 

may also contribute. 

 

The second question relates to findings from post mortem studies, which have reported deficits in mRNA 

and protein related to GABA synthesis and release across the cortex in SCZ (Lewis, Curley, Glausier, & Volk, 

2012). Despite sensorimotor gating evidence in the auditory cortex (Freedman et al., 1996) and TMS 

evidence from the motor cortex (Daskalakis et al., 2002; Fitzgerald et al., 2002; discussed in chapter 2), little 

to no direct evidence exists for cortical inhibitory deficits in the DLPFC. In fact, magnetic resonance 

spectroscopy of GABA concentrations in the frontal cortex of SCZ has produced largely mixed results with 

both decreases (Goto, Yoshimura, Moriya, et al., 2009) and increases (Kegeles et al., 2012) reported relative 

to controls. Using the measures validated in Chapters 6 and 7, we demonstrated that TMS-evoked N100 

slope and amplitude was reduced in the DLPFC of SCZ compared with controls. This finding provides some 

of the first direct evidence that inhibitory neurotransmission is deficient in the DLPFC of people with SCZ. 

These results compliment another TMS-EEG which recently found reduced LICI of gamma oscillations in the 

DLPFC of people with SCZ, but not with bipolar disorder (Farzan et al., 2010). Reduced N100 may indeed 

reflect the mechanism responsible for reduced LICI of oscillations in SCZ (see Chapter 7). The specificity of 

LICI deficits to SCZ as opposed to other psychotic illnesses (i.e. bipolar disorder) suggest this measure may 

serve as a potential endophenotype for the illness (Farzan et al., 2010). Whether N100 deficits are also 

specific to SCZ and are present through different stages of the illness requires further investigation. 

 

The relevance of reduced N100 to WM performance and impaired gamma oscillation generation in SCZ is 

unclear. We could not find any relationship between N100 and WM deficits in SCZ, however, we only tested 

one WM task which may not have been sensitive enough to detect a relationship. WM tasks involving 
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manipulation as well as maintenance, such as the n-back task, result in larger DLPFC activation and might 

be more suitable for detecting any potential relationships (Rottschy et al., 2012). In addition, we have 

suggested that the N100 most likely reflects inhibitory potentials generated by postsynaptic GABAB 

receptors. GABAB receptors are mainly located extra-synaptically on postsynaptic neurons and are activated 

by excessive GABA that spills from the synaptic cleft (Chalifoux & Carter, 2011; Kohl & Paulsen, 2010). Some 

evidence also exists that neurogliaform cells, a sub-type of inhibitory interneuron, can specifically activate 

post-synaptic GABAB-receptors (Tamás, Lorincz, Simon, & Szabadics, 2003). Alternatively, gamma 

oscillations are dependent on fast spiking, PV-positive inhibitory interneurons which mediate their 

inhibitory effect primarily through the GABAA receptor (Cardin et al., 2009; Sohal et al., 2009). It is 

therefore unclear whether deficits in the N100 reflect abnormal GABA neurotransmission from inhibitory 

interneurons, which could affect both GABAA and GABAB-mediated cortical inhibition, or whether this 

deficit reflects impaired GABAB receptor or neurogliaform cell function in SCZ. Measuring specific GABAA-

mediated inhibitory potentials is required to address this problem. At present, this is not possible or 

controversial using TMS-EEG over DLPFC. Measuring this activity in a way similar to the N100 requires 

accurate TEP recordings within 5-6 ms following the TMS pulse, which is not possible using our experiment 

arrangement (see Chapter 4). In addition, paired-pulse paradigms that assess GABAA-mediated inhibition 

over motor cortex such as SICI have produced mixed results with TMS-EEG and appear unreliable (Ferreri et 

al., 2011; Paus et al., 2001). Regardless, we have demonstrated that participants with SCZ display deficient 

inhibitory neurotransmission in the DLPFC. These findings suggest that new treatments targeting cortical 

inhibitory circuits may prove useful in improving DLPFC function in SCZ. 

 

In addition to inhibitory deficits, we also reported increased P180 relative to other peaks in SCZ. This finding 

supports an emerging trend in the response of participants with SCZ to TMS. Whereas early activity within 

the first 150 ms following TMS appears reduced in SCZ (Ferrarelli et al., 2008, 2012; Levit-Binnun et al., 

2010), this study is the second to report an increase in later (150 ms onwards) TMS-evoked activity 

(Frantseva et al., 2012), and the first to report this in the DLPFC.  Frantseva and colleagues interpreted 
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increased TMS-evoked activity as a potential indication of excessive signal propagation resulting from 

disinhibition in SCZ. Intriguingly, the P180 coincides with a period of disinhibition observed in the motor 

cortex (Cash et al., 2010, 2011), most likely resulting from presynaptic autoinhibition of inhibitory 

interneurons.  The P180 may directly reflect a similar mechanism, therefore indicating a functional 

consequence of reduced inhibitory tone in SCZ. Further research using both TMS-EMG and TMS-EEG is 

required to investigate this possibility. Taken together, these findings of impaired activation and abnormal 

inhibition/excitation in the DLPFC of SCZ highlight the utility of TMS-EEG to investigate cortical function in 

health and disease.  

 

Limitations 

Limitations specific to each study are discussed in detail in the relevant chapters. To prevent repetition, we 

will only cover the main limitations that apply to all or most studies. First, in order to measure activity from 

the DLPFC we needed to remove a large amount of non-TMS related data, which obscures the TMS-evoked 

response, using ICA. This process resulted in a considerable change to the data (see Chapter 5). It is 

impossible to be completely certain that by doing this we have not altered TMS-evoked neural activity in 

some way. It is also impossible to be completely certain that artifacts are removed in a uniform way 

between individuals. In addition, as the decision of which artifacts to remove involves a subjective decision 

by the experimenter, it is therefore difficult to remain certain that each data set is treated in the exact 

same way. This point is particularly important when comparing TEPs between groups such as in Chapter 8. 

We took several steps to minimise these limitation as much as possible. 1) We compared ICA removal using 

different methods such as compression to improve confidence that we were not over correcting the data. 

2) We provided evidence of the origin of each artifact we removed and used this information to create 

some general guidelines for identifying artifacts (supplementary material, Chapter 5). 3) ICA removal was 

repeated by a second experimenter to assess the reproducibility of the resultant TEPs. To further 

strengthen this work, comparison with suppression techniques that prevent distortion of neural 

components in the presence of high amplitude artifacts is required (Hernandez-Pavon et al., 2012). It is 
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worth noting that the recovered DLPFC TEP following ICA correction was remarkably similar to that 

reported elsewhere using a different system, with a similar number of peaks at comparable latencies and 

with comparable scalp distributions (S Kähkönen et al., 2005; Lioumis et al., 2009). Although it is not 

possible to completely address this limitation, the evidence we have provided in Chapter 5 improves 

confidence that the recovered signal largely reflects TMS-evoked neural activity. 

 

Second, in all DLPFC experiments, we used measures from the motor cortex to set stimulation intensities. 

This approach is flawed in logic as there is no correlation between the scalp-to-cortex distance of the motor 

cortex and the DLPFC (Stokes et al., 2005). Therefore, using motor measures to set intensities for the DLPFC 

could result in over or under stimulating this region (Pell, Roth, & Zangen, 2011). However, there is 

currently no consensus within the brain stimulation community on how to adequately address this issue. 

Some neuronavigational systems come with software that estimates the electric field induced by the TMS 

pulse in the underlying cortex (Massimini et al., 2005). This approach is prohibitive to most groups, as it 

requires expensive hardware. Several laboratories are developing sophisticated finite element models of 

TMS-evoked electric field (Opitz et al., 2013; Opitz, Windhoff, Heidemann, Turner, & Thielscher, 2011) that 

might become available to the wider brain stimulation community. In addition, a basic ratio has also been 

calculated for estimating intensities for other regions based on the resting motor threshold (Stokes et al., 

2005, 2007). However both of these approaches still require an MRI scan for all individuals, which is not 

always practical for financial and logistical reasons. One interesting idea is to use TMS-EEG to determine 

thresholds from non-motor regions (Komssi, Savolainen, Heiskala, & Kähkönen, 2007). Although appealing 

in theory, the poor signal-to-noise ratio of EEG recordings would potentially require a large number of 

stimuli that may not be practical. Therefore, we used either resting motor threshold or the intensity 

required to evoke a 1 mV response over motor cortex to set DLPFC stimulation parameters, fully 

acknowledging the potential limitation of this technique. To account for potential group differences 

resulting from this measure in chapter 8, we normalised our measure to overall TMS-evoked response size. 

This approach might prove useful for others studies faced with similar limitations.  
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Finally, we did not use neuronavigation to target the DLPFC. Activation of the cortex by TMS is dependent 

on the position of the induced electrical current relative to the peak of the gyri, with optimal stimulation 

achieved when the coil is perpendicular to gyral direction (Kammer, Beck, Thielscher, Laubis-Herrmann, & 

Topka, 2001). This is easy to determine over motor cortex as the optimal site can be determined by 

measuring MEP amplitude online. This is obviously not an option for regions such as the DLPFC, hence the 

need for neuronavigation. To account for this, we based our DLPFC positioning on 10-20 electrode positions 

(between F3 and F5). This position has been shown to provide the most accurate estimation of the DLPFC 

position in the absence of neuronavigation (Fitzgerald, Maller, Hoy, Thomson, & Daskalakis, 2009; Rusjan et 

al., 2010). We reasoned that, over enough participants, small differences in position of the coil relative to 

prefrontal gyri would be averaged out. However, we acknowledge that ideally neuronavigation should be 

used and could reduce variability between individuals.  

 

Future directions 

As with limitations, suggestions for future directions for each study are discussed in the relevant chapters. 

To avoid repetition, we will not repeat them all here, however we will highlight the most important. First, 

we have demonstrated in Chapter 5 that ICA has the potential to recover TMS-evoked neural activity from 

regions such as the DLPFC. However, the use of ICA to remove artifacts requires further validation. 

Introducing known signals into data is one approach that is particularly useful for evaluating the efficacy of 

ICA in accurately decomposing EEG signal (Hernandez-Pavon et al., 2012). This method may help to confirm 

that muscle, blink and auditory artifacts can be removed without affecting time-locked neural activity. In 

addition, improved methods and pipelines are required to streamline analysis. The method used in Chapter 

5 was extremely time consuming. Using suppression methods to limit the number of independent 

components could make this decision making process easier and faster (Hernandez-Pavon et al., 2012; 

Korhonen et al., 2011). Ideally, some kind of consensus on methods for cleaning TMS-EEG data should be 
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reached within the brain stimulation community. To facilitate this, comparisons of different methods such 

as PCA (Litvak et al., 2007; Mäki & Ilmoniemi, 2011; ter Braack, de Jonge, & van Putten, 2013) and curve 

fitting (Verhagen et al., 2013) are required to determine the best technique for recovering neural data. It 

may be that a combination of techniques is required to adequately remove different artifacts. Having a 

standardised method will improve comparability of results across the field.  

 

Second, the use of TMS-EEG to study cortical mechanisms such as excitation and inhibition in motor and 

non-motor areas is extremely promising. In Chapters 6 and 7 we have provided some of the first evidence 

that the N100 represents inhibitory activity in different cortical regions. However, significantly more 

research is required to better understand the origin of different TEP peaks. Paired-pulse approaches such 

as the one we have employed could be used to target specific TEP.  Facilitation or inhibition of subsequent 

TEPs would provide evidence of excitatory or inhibitory activity. Alternatively, detailed inhibition/excitation 

curves tested across a large number of inter-stimulus intervals acquired from MEP data could be mapped 

on to TEPs to identify periods of particular interest. Importantly, volume conduction also needs to be taken 

in to account to determine which peaks represents excitation/inhibition of local circuits and which 

represent excitation/inhibition of the spread of TMS-evoked activity. Pharmacological approaches are an 

ideal way of determining the relationship between different peaks and excitatory and inhibitory 

mechanisms. Such approaches have been used extensively in the TMS-EMG literature, particularly for 

paired-pulse studies (Paulus et al., 2008) and would greatly benefit knowledge of TEP mechanisms. Once 

these methods are better established, TMS-EEG will allow comparisons of excitability/inhibition between 

different brain regions, during different states such as functional tasks and in different pathological 

conditions.  

 

Thirdly, a more detailed account of TMS-evoked cortical activation is required in SCZ. We have shown in 

Chapter 8 that DLPFC activation is reduced in SCZ, particularly in people with low WM capacity. In addition, 
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we also demonstrated that a marker of cortical inhibition was reduced in the DLPFC of people with SCZ. 

However, it remains unclear whether other cortical regions are also impaired. A more comprehensive 

evaluation of TMS-evoked cortical activity from other cortical regions will assist in clarifying this point. It is 

also unclear how impaired TMS-evoked activity relates to impaired task-evoked activity in the DLPFC. A 

comparison of DLPFC activity assessed during a task is required to compare with TMS-evoked activity. 

Finally, assessing the TMS-evoked response during a WM task might provide further insight in to the role of 

GABAB-mediated inhibition in cognitive control and provide context for dysfunctional inhibition in SCZ-

related WM impairment.   

 

Conclusions  

The findings presented in this thesis contribute to the development of combined TMS-EEG as a technique 

for studying cortical network properties in conscious humans. In addition, we have demonstrated the 

application of TMS-EEG for studying DLPFC neurophysiology in healthy people and in people with SCZ. It is 

hoped this research will broaden the use of TMS-EEG as neurophysiological method and play a role in 

identifying novel biological targets to develop effective treatments for cognitive impairment in SCZ.  
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APPENDICES 

 

Appendix A 

Abstract: Australian Cognitive Neurosciences Conference. Melbourne, Australia. 2010. 

 

Long interval cortical inhibition measured in humans using concurrent TMS-EEG. 

Rogasch NC, Fitzgerald PB.  

 

Transcranial magnetic stimulation (TMS) can been used to estimate cortical inhibition in conscious humans 

using paired-pulse paradigms. For instance, a supratheshold conditioning TMS pulse inhibits the response 

to TMS at interstimulus intervals between 50 – 250 ms. Such inhibition is termed long-interval cortical 

inhibition (LICI) and is thought to reflect GABAB- mediated cortical inhibition. Recently TMS has been 

combined with electroencephalography (EEG) to directly measure LICI from the cortex instead of inferring 

inhibition via motor-evoked responses in muscles. By using TMS-EEG, LICI can be measured from any 

cortical area such as motor, prefrontal and parietal cortices. However, little is known about how TMS-EEG 

measured LICI is affected by altered stimulation parameters. Therefore, the aim of this study was to 

evaluate the effect of altering conditioning and test intensities on LICI measured with TMS-EEG. Cortically-

evoked potentials (CEPs) were measured from the scalp using EEG and motor-evoked potentials (MEPs) 

were measured from a target muscle using electromyography in healthy volunteers while single and paired-

pulse TMS was given over motor or prefrontal cortex. In block 1, conditioning intensities were altered 

(100%, 120%, 140% of resting motor threshold; RMT) while test intensities remained constant and in block 

2, conditioning intensities remained constant while test intensities were altered (110%, 125%, 140% RMT). 

LICI measured from CEPs over motor cortex were compared between different conditioning and test 

intensities and between LICI measured from MEPs in the target muscle and LICI measured from CEPs in the 

prefrontal cortex. Experimental results and interpretations are to be discussed.  
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Appendix B 

Abstract: Society for Neuroscience, Washington DC, USA. 2011 

 

Optimal parameters for measuring long-interval cortical inhibition using TMS-EEG. 

Rogasch NC, Fitzgerald PB.  

 

Introduction: The recent development of concurrent transcranial magnetic stimulation-

electroencephalography (TMS-EEG) has allowed cortical inhibition to be measured directly from motor and 

non-motor regions in conscious humans. Using paired-pulse TMS-EEG, a GABAB-mediated form of inhibition 

termed long-interval cortical inhibition (LICI) has been linked with working memory function and the 

pathophysiology of schizophrenia. However, the optimal parameters for measuring LICI directly from the 

cortex using TMS-EEG remain unclear. 

Aim: To investigate the optimal stimulation parameters for measuring LICI with TMS-EEG. 

Methods: Single (test) and paired (conditioning and test; interstimulus interval = 100 ms) TMS was given 

over the left motor cortex of 6 healthy volunteers. Cortically-evoked potentials (CEPs) resulting from TMS 

were measured from the left hemisphere using EEG and motor-evoked potentials (MEPs) were recorded 

from right first dorsal interosseus muscle using electromyography (EMG). Two blocks of stimulation were 

given which have previously been shown to modulate LICI strength using MEPs. In block 1, conditioning 

TMS intensities were altered (100%, 120%, 140% resting motor threshold; RMT) while test TMS intensities 

remained constant. In block 2, conditioning TMS intensities remained constant while test TMS intensities 

were altered (110%, 125%, 140% RMT).  

Results: LICI strength measured with MEPs in block 1 increased with increasing conditioning intensities 

resulting in significant inhibition at 120% and 140% RMT (p<0.02). In contrast, LICI strength measured with 

CEPs displayed an inverted-U shape being strongest at 120% RMT.  In block 2, increasing test TMS intensity 

increased single pulse MEP and CEP size (p<0.01). MEPs were significantly inhibited at each test intensity 



232 

 

(p<0.001) and LICI strength tended to decrease as test intensities increased. However, CEP inhibition was 

only significant at test intensities of 125% RMT (p=0.02). 

Conclusions: Altering conditioning and test intensities resulted in differential patterns of LICI modulation 

between TMS-EMG and TMS-EEG. For TMS-EEG, LICI is strongest with conditioning intensities at 

approximately120% RMT and test intensities at approximately 125% RMT. These results provide a guide for 

future research utilising TMS-EEG to measure LICI. 
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Appendix C 

Abstract: Biological Psychiatry Australia. Melbourne, Australia. 2012 

*This poster won best student poster award, clinical research.  

 

Plasticity in the prefrontal cortex: relationship with working memory and schizophrenia. 

Rogasch NC, Rajji TK, Tran LC, Fitzgerald PB, Daskalakis ZJ.  

 

Plasticity refers to reorganisation of neural structure and is fundamental for brain function. Short-term 

plasticity is important in working memory (WM), the ability to retain and manipulate information for a brief 

period, and dysfunctional plasticity may underlie WM impairment in schizophrenia (SCZ). In humans, 

plasticity can be measured as changes in cortical excitability using combined electroencephalography and 

transcranial magnetic stimulation (TMS-EEG), a non-invasive form of brain stimulation. The aim of this 

study was to assess plasticity in dorsolateral prefrontal cortex (DLPFC), a region involved in WM, of people 

with and without SCZ. Study 1 assessed the temporal relationship between WM and plasticity in healthy 

participants. Study 2 assessed DLPFC plasticity in participants with SCZ. DLPFC plasticity was induced in 

participants using paired associative stimulation (PAS). PAS involved pairing peripheral nerve stimulation 

with TMS over DLPFC (interstimulus interval (ISI) = 25 ms) every 10 s for 30 mins. TMS-evoked potentials 

(TEPs) following single- and paired-pulse (ISI = 100 ms) TMS were used to assess DLPFC excitability and 

inhibition at baseline and 5 mins following PAS. In study 1, seven healthy participants (29.3 ± 10 years, 1 F) 

performed a WM task (Sternberg letter recognition) 30 mins before PAS (group 1) and seven healthy 

participants (34.0 ± 13 years, 3 F) performed WM immediately before PAS (group 2). In study 2, seven 

people with SCZ (medicated, 37.0 ± 9 years, 2 F) performed a WM 30 mins before PAS and results were 

compared with healthy participants (group 1). Study 1: Single-pulse TEP facilitation following PAS was 

significantly larger in group 1 (WM 30 mins before PAS) compared with group 2 (WM immediately before 

PAS; p=0.03). Baseline cortical inhibition tended to be reduced following WM in group 1 (p=0.2) and less 

cortical inhibition correlated with greater plasticity induction between groups (r=-0.6, p=0.02). Study 2: TEP 

facilitation was significantly reduced in SCZ compared with controls (p=0.04) when both groups performed 
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WM 30 mins before PAS. There was no significant difference in baseline cortical inhibition between groups 

(p=0.6), however cortical inhibition strength still correlated with plasticity induction (r=-0.6, p=0.03). There 

is a temporal relationship between WM and PAS-induced plasticity in DLPFC of healthy participants. 

Reduced cortical inhibition following WM performance may explain facilitated DLPFC plasticity. Despite 

optimal conditions, DLPFC plasticity was impaired in SCZ. These preliminary findings suggest meta-plasticity 

in DLPFC following WM and support dysfunctional plasticity in SCZ. 
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Appendix D 

Abstract: Australian Neuroscience Society Annual Meeting, Melbourne, Australia. 2013. 

 

Plasticity induced in the prefrontal cortex is impaired in people with schizophrenia. 

Rogasch NC, Rajji TK, Tran LC, Fitzgerald PB, Daskalakis ZJ.  

 

Purpose: Recent studies have attributed cognitive impairments in schizophrenia (SCZ) to deficits in neural 

plasticity. However, assessments of neural plasticity in brain regions relevant to cognition, such as the 

prefrontal cortex (PFC), are lacking in humans. The aim of this study was to compare plasticity in the PFC 

and working memory (WM) function in individuals with and without SCZ. Methods: Paired associative 

stimulation (PAS) was used to induce PFC plasticity in seven healthy participants (29.3±10 years, 1 F) and 

seven people with SCZ (medicated, 37.0±9 years, 2 F). PAS involved pairing peripheral nerve stimulation 

with transcranial magnetic stimulation (TMS, a non-invasive method of brain stimulation) over PFC 

(interstimulus interval (ISI)=25 ms) every 10 s for 30 mins. TMS-evoked potentials (TEPs) following single- 

and paired-pulse (ISI=100 ms) TMS were measured using electroencephalography (EEG) to assess PFC 

excitability and inhibition at baseline and 5 mins following PAS. Participants performed a WM task 30 mins 

before PAS to assess WM function.  Results: SCZ showed slower performance during the WM task 

compared to controls (p=0.03). Facilitation of PFC excitability following PAS (i.e. plasticity) was also 

significantly reduced in SCZ compared with controls (p=0.04). There was no significant difference in 

baseline cortical inhibition between groups (p=0.6), however lower cortical inhibition correlated with 

greater plasticity induction (r=-0.6, p=0.03). Conclusions: These preliminary findings suggest that people 

with SCZ have impaired plasticity in the PFC. The impact of this impairment on WM function requires 

further investigation. 
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Appendix E 

Abstract: Australasian Schizophrenia Conference. Melbourne, Australia. 2013. 

 

Brain stimulation-induced associative plasticity is reduced in the prefrontal cortex of people with 

schizophrenia. 

Rogasch NC, Rajji TK, Tran LC, Fitzgerald PB, Daskalakis ZJ.  

 

Objective: Associative plasticity refers to timing-dependent alterations in synaptic efficacy which underlie 

learning and memory. Memory deficits are a core feature of schizophrenia (SCZ) and abnormal plasticity 

may contribute to memory dysfunction. The aim of this pilot study was to assess associative plasticity in the 

prefrontal cortex (PFC; a region involved in short-term memory) in people with and without SCZ. We 

hypothesised that people with SCZ would demonstrate impaired plasticity compared with healthy controls.  

Methods: Seven healthy participants (29.3±10 years, 1 F) and seven people with SCZ (medicated, 37.0±9 

years, 2 F) participated in this study. Baseline PFC excitability and inhibition was assessed using combined 

transcranial magnetic stimulation (TMS, a non-invasive form of brain stimulation) and 

electroencephalography. 75 single (excitability) and 75 paired (inhibition) TMS pulses were given over PFC 

and the amplitude of TMS-evoked cortical potentials were measured.  To induce associative plasticity in the 

PFC, we adapted a TMS paradigm developed in the motor system called paired associative stimulation 

(PAS). PAS involved pairing single pulse TMS over PFC with somatosensory-evoked potentials resulting from 

peripheral nerve stimulation. Stimuli were delivered at an interstimulus interval of 25 ms every 10 s for 30 

mins. To quantify PAS-induced plastic change, PFC excitability and inhibition was assessed again following 

PAS and compared with baseline measures. 

Results: In controls, PFC excitability increased following PAS (i.e. plasticity). However, facilitation of PFC 

excitability following PAS was significantly reduced in SCZ compared with controls (p=0.04). There was no 

significant difference in baseline cortical inhibition between groups (p=0.6), however lower inhibition 

correlated with greater plasticity induction (r=-0.6, p=0.03) across all participants. 
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Conclusions: This preliminary data suggest that associative plasticity is reduced in the PFC of people with 

SCZ, however age-related plasticity decline may also factor. The contribution of plasticity impairment to 

memory dysfunction in SCZ warrants further investigation. 
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Appendix F 

Abstract: World Congress of Biological Psychiatry. Kyoto, Japan. 2013. 

 

Brain stimulation-induced associative plasticity is reduced in the prefrontal cortex of people with 

schizophrenia. 

Rogasch NC, Rajji TK, Tran LC, Fitzgerald PB, Daskalakis ZJ.  

 

Objective: Associative plasticity refers to timing-dependent alterations in synaptic efficacy which underlie 

learning and memory. Memory deficits are a core feature of schizophrenia (SCZ) and abnormal plasticity 

may contribute to memory dysfunction. The aim of this pilot study was to assess associative plasticity in the 

prefrontal cortex (PFC; a region involved in short-term memory) in people with and without SCZ. We 

hypothesised that people with SCZ would demonstrate impaired plasticity compared with healthy controls.  

Methods: Seven healthy participants (29.3±10 years, 1 F) and seven people with SCZ (medicated, 37.0±9 

years, 2 F) participated in this study. Baseline PFC excitability and inhibition was assessed using combined 

transcranial magnetic stimulation (TMS, a non-invasive form of brain stimulation) and 

electroencephalography. 75 single (excitability) and 75 paired (inhibition) TMS pulses were given over PFC 

and the amplitude of TMS-evoked cortical potentials were measured.  To induce associative plasticity in the 

PFC, we adapted a TMS paradigm developed in the motor system called paired associative stimulation 

(PAS). PAS involved pairing single pulse TMS over PFC with somatosensory-evoked potentials resulting from 

peripheral nerve stimulation. Stimuli were delivered at an interstimulus interval of 25 ms every 10 s for 30 

mins. To quantify PAS-induced plastic change, PFC excitability and inhibition was assessed again following 

PAS and compared with baseline measures. 

Results: In controls, PFC excitability increased following PAS (i.e. plasticity). However, facilitation of PFC 

excitability following PAS was significantly reduced in SCZ compared with controls (p=0.04). There was no 

significant difference in baseline cortical inhibition between groups (p=0.6), however lower inhibition 

correlated with greater plasticity induction (r=-0.6, p=0.03) across all participants. 



239 

 

Conclusions: This preliminary data suggest that associative plasticity is reduced in the PFC of people with 

SCZ, however age-related plasticity decline may also factor. The contribution of plasticity impairment to 

memory dysfunction in SCZ warrants further investigation. 
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Appendix G 

Abstract: Australasian Brain Stimulation Meeting. Melbourne, Australia. 2013. 

 

Artifacts associated with combined TMS-EEG.  

Rogasch NC, Thomson RH, Bailey NW, Daskalakis ZJ, Fitzgerald PB. 

 

Background: Combined transcranial magnetic stimulation and electroencephalography (TMS-EEG) is an 

emerging technique for assessing cortical network properties in both health and disease. However, various 

recording and physiological artifacts can obscure TMS-evoked cortical potentials (TEPs). The aim of these 

experiments was to identify artifacts in TMS-EEG recordings made using non-specialised TMS- EEG 

equipment. 

 

Methods: Recovery time from TMS-related artifacts were measured on a phantom head (melon; Cucumis 

Melo) and compared between different TMS stimulators (Magstim, Magventure). Findings were then 

confirmed in healthy humans (n=32) and additional physiological artifacts were identified. The origin of 

these artifacts was determined using independent component analysis (ICA) and the effect of different 

stimulus intensities, different scalp positions and paired-pulse TMS on artifact amplitude was assessed. 

Finally, the use of ICA for artifact correction was trialled. 

 

Results: Phantom head experiments revealed differing TMS artifact profiles between different stimulators. 

These differences could be accounted for by preventing coil and electrode contact in both phantom and 

human heads, resulting in recovery within 5-10 ms. In humans, a large artifact, presumably resulting from 

stimulation of scalp muscles, obscured TEPs up to 25-40 ms following TMS over lateral scalp positions, but 

not following TMS closer to the mid-line. Eye-blink artifacts time-locked to the TMS pulse obscured TEPs in 



241 

 

frontal channels between 60-120 ms. EEG signal resulting from eye-blinks could be removed using ICA 

without removing TMS-evoked neural activity.  

 

Conclusion: TEPs occurring within 5-10 ms of TMS can be measured using EEG, however care must be taken 

to either avoid or remove recording and physiological artifacts. 

 

 




