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Thesis abstract 

Schizophrenia is a complex psychiatric disorder with positive, negative, and cognitive 

symptoms. The causes are not yet fully understood, but it is believed that together with a 

strong genetic foundation, a ‘second environmental hit’ may be responsible to triggering a 

psychotic episode. Early-onset schizophrenia (EOS) a rare and more severe form of the 

disorder compared to its adult-onset counterpart and it is regarded to be more genetically 

loaded. This being as children and adolescents are less likely to have accumulated 

environmental triggers that are often considered risks to develop schizophrenia. Neurotic 

personality and anxiety symptoms are considered candidate schizophrenia risk factors. 

Working memory (WM) performance, the ability to hold information “online” in the matter of 

a few seconds, as well as its neural correlates are severely impaired in EOS, and such 

impairment is considered endophenotypic to the disorder. In addition, the expression of 

neurophysiological indices of cognition such as the mismatch negativity (MMN) and P300 

event-related potentials (ERPs) are consistently demonstrated to be reliable biomarkers for 

the disorder, as shown by electroencephalography. This thesis on one hand, explores the 

influence of neuroticism and anxiety levels in healthy participants in ERPs during the auditory 

roving oddball and the hollow mask illusion experiments that are continually shown to be 

affected in schizophrenia literature. On the other hand, it explores meta-analytically 

convergent structural and functional brain abnormalities in EOS literature and follows a 

longitudinal fMRI cohort of EOS and healthy adolescents who were scanned twice in a 4-year 

span, while they performed the n-back task (WM task). These experiments are aimed to 

reveal brain areas that may qualify as endophenotypic markers of impaired WM 

neurodevelopment in schizophrenia. Our results showed that anxiety and neuroticism do not 

fully explain their status as schizophrenia risk factors by their relationship with the 

schizophrenia biomarker ERPs (P50 sensory gating, MMN, P300 and P600). The meta-analysis 

strongly indicates that a dysfunction in the functional network that underlies salience and 

other executive functions related to incentive and goal-oriented processes may be central 

across cognitive paradigms in EOS. Longitudinally, functional connectivity and maturation 

impairments are prevalent in the WM functional substrate of adolescents with EOS as they 

undergo neurodevelopmental processes by transitioning into early adulthood.  

 



  

General introduction 
 

Schizophrenia is a psychiatric disorder with a lifetime prevalence of approximately 1%. 

It is expressed by positive and negative symptoms, whose continuous presence of over a 

six-month period is required for diagnosis according to the Diagnostic and Statistical 

Manual for Mental Disorders-5th edition (American Psychiatric Association, 2013). 

Positive symptoms include delusions, hallucinations and thought disorder, while 

negative symptoms consist of apathy, social withdrawal, avolition, alogia, anhedonia. 

Schizophrenia is also characterised by cognitive symptoms, which are not currently 

used as diagnostic criteria, but are prominent in clinical research. Cognitive 

abnormalities are primarily seen in executive processes such as attentional control, 

working memory, change detection, information filtering (Dima et al., 2012; Jansen et 

al., 2010; Lee & Park, 2006; Luck & Gold, 2008; Park & Gooding, 2014). Whereas 

antipsychotic medication is predominantly used to improve positive symptoms, 

cognitive and negative ones are less responsive to known antipsychotic treatments 

(Insel, 2010). Schizophrenia can cause a severe decline on day-to-day functioning; 

therefore, it is imperative to design efficient prognostic measures and biomarkers that 

assess the neural correlates relative to increased risk. This could be accomplished by 

assessing the relationship of cognitive function with neural signatures of (1) well-

established risk factors for schizophrenia in the unaffected population as well as (2) 

illness-related brain function and trajectory in patients with schizophrenia. 

Schizophrenia symptoms can manifest as early as early childhood (Gochman et 

al., 2011), but it typically gets diagnosed in young adulthood. Onset before 18 years of 

age is rare and accounts for approximately 5% of all patients diagnosed with the illness 

(Cannon et al., 1999). Childhood onset schizophrenia and adolescent onset 
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schizophrenia are subtypes that refer to different developmental stages of first onset, 

and sometimes are studied separately. More commonly, the term early onset 

schizophrenia (EOS) is used as an umbrella that encompasses any case in developing 

youths below 18 years old. EOS is neurobiologically continuous with its adult onset 

counterpart, however it is seen as a more severe form of the disorder often having worse 

prognosis, and more severe symptom expression  (Rapoport & Gogtay, 2011). 

Nevertheless, recent reports have challenged this view (Amminger et al., 2011). 

Research in EOS has implied that it may be more genetically loaded as it has higher 

prevalence of rare genetic structural variants than adult-onset schizophrenia (Walsh et 

al., 2008) while it is considered to be influenced by environmental factors to a lesser 

degree (Rapoport & Gogtay, 2011). Children and adolescents are less likely to have 

accumulated exposure to later life behaviours such as cannabis use, and life stressors or 

traumatic events that are believed to increase the occurrence of schizophrenia in 

vulnerable individuals. Nonetheless, if schizophrenia had been purely genetic the 

expected concordance rate among monozygotic twins would be 100%, whereas the 

observed congruence in developing schizophrenia is around 50% (Rapoport et al., 

2005). Environment-gene interactions can affect neurodevelopmental processes of brain 

maturation (Fatemi & Folsom, 2009). Indeed, many of the genetic variations that are 

observed in individuals with schizophrenia and other psychiatric syndromes, are 

implicated with signalling events of brain development and synaptic neurotransmission 

(Birnbaum & Weinberger, 2017; Walsh et al., 2008). 

It has been hypothesized that schizophrenia symptoms and associated cognitive 

deficits are the outcome of atypical brain development that disrupts the acquisition of 

typical cognitive abilities before the onset of the disorder. Cognitive abilities that are 

mostly affected in schizophrenia include working memory, inhibitory and cognitive 
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control; functions whose development coincides with the typical development of their 

cortical substrates (e.g., prefrontal, temporal, parietal, and cingulate cortices) and with 

schizophrenia onset in adolescence (Catts et al., 2013). These deficits can manifest as 

premorbid deviances in high-risk individuals and are more pronounced in those who 

will later convert into full-blown schizophrenia. Hence, a growing consensus among 

scientists and clinicians (Bora, 2015; Fatemi & Folsom, 2009; Rapoport et al., 2012) 

increasingly regards schizophrenia to be neurodevelopmental in origin. In this model, 

cognitive deficits are the result of neurodevelopmental delay (Reichenberg et al., 2010), 

rather than loss of function, that are displayed early (prior to official diagnosis) and 

remain stable without further deteriorating as the illness progresses (Birnbaum & 

Weinberger, 2017; Zanelli et al., 2019). Brain morphological changes are seen in those 

at risk, before the onset of the illness, and they progress as they convert to psychosis 

(Sugranyes et al., 2020). Accordingly, aberrant brain activation associated with 

cognitive function is also evident in those with subclinical psychotic symptoms, such as 

delusional beliefs and hallucinatory experiences, including in children (Jacobson et al., 

2010). Altered processes of brain development such as neuronal migration, synaptic 

pruning, axon myelination, dendritic arborisation are potential targets of genetic and 

environmental insults that can contribute to the neurodevelopment of the disorder, to the 

cognitive impairment that characterises it (Birnbaum & Weinberger, 2017; Bora, 2015) 

and to the progressive grey matter reduction in patients with EOS during adolescence 

(Sporn et al., 2003). 

Anxiety is often considered a premorbid characteristic of schizophrenia (Pallanti 

et al., 2013), while it is known to impair cognition (Eysenck et al., 2007) and its neural 

correlates (Ansari & Derakshan, 2011; Modi et al., 2018). Anxiety disorders are 

prevalent in individuals with at-risk mental state (Fusar-Poli et al., 2014) and may be a 
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core feature of psychopathology in adolescents at high risk for schizophrenia (Mazzoni 

et al., 2009; McAusland et al., 2017). At age 15, individuals who were later on 

diagnosed with schizophrenia were reported to show increased levels of anxiety by their 

teachers in a UK 1946 birth cohort (P. Jones et al., 1994). Therefore, anxiety can be a 

risk factor or a premorbid characteristic for psychosis. Furthermore, it has been 

proposed that anxiety may be a core symptom dimension in schizophrenia (Muller et al., 

2004) as more than 1/3 of schizophrenia patients have a comorbid anxiety disorder 

(Braga et al., 2013; Temmingh & Stein, 2015). Such high comorbidity rate suggests that 

there might exist a shared susceptibility between anxiety and psychosis (Muller et al., 

2004). Importantly, positive psychotic symptoms are associated with anxiety in 

individuals with schizophrenia and with worse disease prognosis (Hartley et al., 2013). 

This includes anxiety disorders (Huppert & Smith, 2005) and subclinical anxiety 

measures (Cowles & Hogg, 2019; Guillem et al., 2005) that have been found to affect 

the severity of paranoia, hallucinations, and delusions. While it is unclear whether 

transition of high-risk individuals to frank psychosis is mediated by their heightened 

anxiety levels (Addington et al., 2017; Fusar-Poli et al., 2014), anxiety is seen more 

commonly in first-episode than chronic patients (Temmingh & Stein, 2015). Notably, 

high genetic risk for schizophrenia is associated with anxiety disorders and negative 

symptoms, in adolescence, but not with psychotic experiences (H. J. Jones et al., 2016). 

It was argued that positive symptoms might occur later in those individuals who later 

convert to psychosis, whereas anxiety is a prodromal symptom. This is supported by a 

study that found increased anxiety in individuals that were both at familial and clinical 

high risk compared to those at only familial risk (Stowkowy & Addington, 2013). 

Hence conversion to psychosis may be exacerbated by anxiety and its association with 

positive symptoms and thought disorder (Temmingh & Stein, 2015). This increased 
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susceptibility could be mediated by anxiety through neurobiological mechanisms that 

affect salience processing, attention, and inhibition of irrelevant information 

(Braunstein-Bercovitz, 2000; Heinz & Schlagenhauf, 2010).  

Neuroticism, a stable personality trait that is characterised by vulnerability to 

stressors, is considered crucial for its role in the manifestation of psychopathology 

(Caspi et al., 2014). Similar to anxiety, it can shape cognitive processes, for example by 

focusing attention to irrelevant stimuli (Dhinakaran et al., 2014) and by altering the 

dynamics of the working memory network (Dima et al., 2015). Anxiety is a property of 

the neurotic personality trait. In the model of Costa and McCrae, neuroticism is 

consisted of six facets, namely anxiety, angry hostility, depression, self-consciousness, 

impulsiveness, and vulnerability (McCrae & Costa, 1992). Van Os & Jones (2001) 

found that higher neuroticism at age 15 predicted higher likelihood for the diagnosis of 

schizophrenia at a later age. This observed association was independent of anxiety and 

depressive symptoms (Van Os & Jones, 2001). More recently, a large meta-analysis on 

longitudinal studies found that neuroticism is a stable vulnerability factor that 

contributes to the development of psychopathology, including that of anxiety and 

schizophrenia (Jeronimus et al., 2016). Neuroticism was also consistently high for 

schizophrenia patients in a meta-analysis assessing 460 patients (Ohi et al., 2016). Thus, 

neuroticism – similar to anxiety – is both a risk factor and comorbid with schizophrenia. 

Moreover, neuroticism shares common genetic risk factors with schizophrenia and with 

anxiety, although these genetic correlations are medium (r ≃ 0.20) for schizophrenia 

and stronger for anxiety (≃ 0.85) (Nagel et al., 2018; Smith et al., 2016). Interference of 

neuroticism with cognitive processes that can link negative attention bias, dysfunctional 

coping attitude, rumination, anxiety sensitivity, heightened reactivity (Jeronimus et al., 
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2016) could be some of the mechanisms that explain neuroticism’s involvement in the 

vulnerability to schizophrenia.  

Owing to the widely distributed alterations in brain connectivity,  schizophrenia 

is broadly considered a disconnection syndrome (Friston et al., 2016). Changes in 

networks supported by brain areas located in frontal, temporal, parietal, and occipital 

lobes as well as subcortical structures are extensively implicated in cognitive 

dysfunction as well as in positive and negative symptoms. Neurobiologically, 

schizophrenia has been associated with dysregulation in neurotransmitter systems such 

as dopamine, glutamate and GABA, which can explain schizophrenia symptoms and 

functional changes, and these neurotransmitter systems can also explain anxiety. Three 

major networks that rely on those neurotransmitter pathways, have been identified 

through their roles in perception, emotion, and cognition, the central executive, salience, 

and default mode (DMN) networks. During the last decade, psychopathology has been 

described under the framework of this triple-network dysregulation that can explain 

dysfunction in schizophrenia and other psychiatric symptoms, such as anxiety (Menon, 

2011). Aberrant cross-network connectivity in schizophrenia patients is centred in the 

salience network and likely explains the challenges in shutting inner thought-related 

processes of the DMN and orient cognitive resources to goal-directed behaviour 

(Supekar et al., 2019). While salience network abnormality predicts psychotic 

symptoms in schizophrenia (Supekar et al., 2019), salience network disorganisation is 

featured in individuals with high trait anxiety (Massullo et al., 2020) and its nodes 

demonstrate aberrant function in neuroticism (Feinstein et al., 2006).  

So far, we have described schizophrenia as a collection of positive, negative, and 

cognitive symptoms with accumulating evidence pointing to a neurodevelopmental 

origin. This becomes more evident through the study of EOS and at-risk patients, who 
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demonstrate widespread functional brain changes during childhood and adolescence 

when the brain still matures. Moreover, cognitive brain function is influenced by 

subclinical anxiety levels, with anxiety seen as a risk factor for schizophrenia, as it 

associates with the genetic risk and with positive symptoms. High anxiety levels and/or 

high neuroticism can lead to a higher risk of developing schizophrenia with the correct 

combination of genetic and environmental factors. What is fascinating, is that the neural 

correlates of cognitive and sensory processes can be influenced by anxiety and 

neuroticism in non-clinical samples (Berggren et al., 2015; Bishop et al., 2004; Fucci et 

al., 2019; Huang et al., 2009; Modi et al., 2018; Wang et al., 2004), often in similar 

ways as in schizophrenia.  

Thesis overview 

The aims of this PhD thesis are threefold: First, to examine subclinical measures of 

anxiety and neuroticism in healthy individuals against known neurophysiological and 

cognitive/perceptual endophenotypes of schizophrenia by using the auditory roving 

oddball and hollow mask experiments. Using electroencephalography (EEG) the first 

two experimental chapters (Chapter 1 and Chapter 2) investigate how individual 

differences in neuroticism, state and trait anxiety, influence the generation of event-

related potentials (ERP) that are aberrant in schizophrenia. Second, to determine the 

regional convergence of brain areas with aberrant structure and function in EOS, across 

published studies (Chapter 3). In order to achieve this structural and functional imaging 

studies with EOS samples were gathered and coordinate-based meta-analytic techniques 

were used. Additionally, the core functional network that supports the aberrant brain 

regions in EOS was also explored. Our final aim was to directly address the longitudinal 

changes in the neural correlates of working memory in EOS. The next two experimental 

chapters (Chapter 4 and Chapter 5) follow up a patient cohort with EOS and healthy 
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individuals. In this cohort, a sample of typically developing (TD) adolescents and 

adolescents with EOS were scanned with functional magnetic resonance imaging 

(fMRI) during a working memory paradigm across two time points that spanned 4.5 

years (first time point mean age in years = 16.5, second time point mean age = 21). The 

fourth chapter (Chapter 4) examines the cross-sectional differences between EOS and 

typical developing individuals in working memory function and connectivity, whereas 

the fifth and last chapter (Chapter 5) explores the longitudinal functional trajectory 

relevant to working memory neurodevelopment in these adolescents.  

The auditory P50 and mismatch negativity (MMN) ERPs are indices of sensory 

gating and change detection, respectively (Turetsky et al., 2007). The P50 represents 

information filtering processes when two identical stimuli are presented one after the 

other. Typically, the amplitude of the second stimulus will be suppressed at around 50-

100ms post-stimulus presentation – inhibiting the response to the repeated, redundant, 

stimulus. Individuals with schizophrenia and anxiety disorders do not inhibit the 

response to the repeated stimulus showing attenuated sensory gating. In a train of 

repeated auditory tones with the same properties (e.g., frequency) the auditory response 

at around 150-250ms post-stimulus will increase in amplitude until it habituates, and the 

tone eventually becomes “standard”. When a tone of different frequency interrupts the 

stimulus train, this creates a mismatch between the current stimulus and the predicted 

model resulting in sharp drop in amplitude (around 150-250ms) after the “deviant” 

stimulus. Proposed underlying mechanisms of this response are adaptation, change 

detection, and error prediction. Patients with schizophrenia and patients with anxiety 

disorders show opposing effects, with the former usually exhibiting an attenuated 

response and the latter having a more negative MMN. Chapter 1 employs a well-

studied paradigm, the auditory roving oddball to study the function of P50 and MMN 
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responses relative to levels of state and trait anxiety in individuals free from mental 

health diagnoses. This study aims to assess the effects of subclinical levels of anxiety, 

which are known risk factors to schizophrenia and influence symptom expression, on 

neurophysiological biomarkers that associate with functional impairments in sensory 

inhibition and salience.  

The hollow mask experiment (Chapter 2) entails the presentation of concave 

faces that falsely appear as convex. This illusion originates from the prior expectation of 

human faces being convex, and it is driven by top-down signals that override the 

bottom-up stimulus characteristics (Gregory, 1997; Papathomas & Bono, 2004). Thus, 

there is a mismatch of the concave face percept and the stored memory representation 

for faces being convex, and this phenomenon could be explained under the predictive 

coding account (Adams et al., 2013; Friston, 2005; Keane et al., 2013). The hollow 

mask experiment is an important tool in the distinction of top-down versus bottom-up 

processing in psychiatry, as the illusory experience is more prevalent in individuals 

without any mental health diagnoses, whilst schizophrenia patients are less susceptible 

to experiencing the illusion (Schneider et al., 2002). This has led to the discovery that 

veridical perception of the concave faces in schizophrenia patients is accompanied by 

alterations in late perceptual electrophysiological signals and by impaired top-down 

network connectivity (Dima et al., 2010, 2011). Notably, increased veridical perception 

of the concave faces is associated with positive psychotic symptoms in individuals with 

schizophrenia (Keane et al., 2013), while it is considered a state-dependent effect 

(Adams et al., 2013; Schneider et al., 2002). Furthermore, similar effects as in 

schizophrenia are also observed in youth at psychosis high-risk (Gupta et al., 2016) and 

in anxiety patients (Passie et al., 2013). Alterations in top-down connectivity and 

simultaneous strengthening of the bottom-up signals could be relevant to the 
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dysregulation of the salience network leading up to increased salience processing of 

stimulus-driven characteristics. This could also point to a difficulty of schizophrenia 

patients’ brains to use previous experiences to model expectations about the world 

surrounding them (Adams et al., 2013). The second experimental chapter investigates 

the assumption that ERPs during the hollow mask illusion will be affected by different 

levels of neuroticism, state and trait anxiety in healthy participants, based on the 

evidence that risk factors can impact brain function in similar ways as in schizophrenia. 

Similar to Chapter 1, EEG is employed to study late perceptual ERPs that index 

memory processes, but this time in the visual modality. These ERPs have already been 

proposed as endophenotypes, together with the P50 and MMN ERPs, of impaired 

deviance detection in schizophrenia (Turetsky et al., 2007). Exploring the influence of 

these psychometric measures on experiments known to have behavioural and biological 

effects on schizophrenia can help with the discovery of new biomarkers that can 

improve the identification of vulnerable individuals.  

EOS is an extremely rare disorder. Neuroimaging research in EOS patients (with 

an onset < 18 years of age) is scarce and study samples are often small. This renders 

issues with low statistical power. One way to overcome this caveat lies in utilising a 

meta-analysis approach. Therefore, Chapter 3 unifies structural and functional 

neuroimaging studies in patients with EOS in the context of coordinate-based meta-

analysis. This method allows to locate clusters with convergent morphometric and 

functional brain changes. The functional meta-analysis looks for aberrant function 

separately in cognition and in working memory, which is the most studied executive 

function in EOS. For those brain clusters with convergent abnormalities, their 

functional associations and co-activations are meta-analytically assessed through a 

database of neuroimaging studies.  
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The final two chapters (Chapter 4 and Chapter 5) explore the cross-sectional 

and longitudinal changes in working memory function in developing adolescents with 

EOS. The same two samples of EOS and TD adolescents were scanned twice with fMRI 

in the same scanner and using the same n-back paradigm, which is extensively used to 

elicit working memory function. The baseline study, found that the adolescents with 

EOS had hypoactivation in the left dorsolateral prefrontal cortex (DLPFC) and frontal 

operculum, and in the anterior cingulate (ACC) gyrus (Kyriakopoulos et al., 2012). 

Furthermore, EOS adolescents had hypoconnectivity of the DLPFC with ACC 

(Kyriakopoulos et al., 2012), which can suggest an executive-salience network 

disruption. Chapter 4 examines the follow-up functional differences in EOS and TD 

individuals, as they transition into young adulthood, at age 21 years old. Similar to 

Kyriakopoulos and colleagues (2012), this chapter investigates the cross-sectional 

changes between groups in brain activation and connectivity with the DLPFC as they 

perform at the n-back task. Chapter 5, the last experimental chapter, explores the 

longitudinal trajectory of working memory function in these two groups. Brain activity 

relative to the n-back is assessed between the two time points for each group of 

developing adolescents, separately, and the trajectory of this change is also being 

compared. It is also of interest whether baseline clinical symptoms from the first time of 

scan can predict longitudinal functional changes in the brain of EOS patients. 

In the following sections, each experimental chapter is written in a journal 

article format, with its own abstract, introduction, methods, results, discussion, and 

references. Chapter 1 is being prepared for journal submission, Chapter 2 is published 

in Personality Neuroscience (see Appendix A), Chapter 3 is published in 

Schizophrenia Bulletin Open (see Appendix B), whereas Chapter 5 is also being 

prepared to be submitted for publication. Finally, the thesis ends with a general
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 discussion summarising and integrating the findings in Chapters 1 through 5, while 

considering its strengths and limitations. 
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Chapter 1:  Dissociating trait and state 

anxiety effects on mismatch negativity 

and sensory gating event-related 

potentials 

Abstract : We investigated whether individual differences in self-reported anxiety, associate 

with mismatch negativity (MMN) – a neural response to change detection – and the earlier P50 

component – a neural index of information filtering. The state-trait anxiety inventory 

questionnaire was used to assess the effects of anxiety on MMN amplitude and P50 ratio, by 

using EEG during the auditory roving oddball paradigm in healthy participants (N = 34). Trait 

anxiety exhibited a negative effect on the MMN amplitude at Fz electrode site (F(1,31) = 13.038, 

p = 0.001, ηp
2 = 0.296) while state anxiety positively affected P50 ratio (F(1,30) = 13.117, p = 0.001, 

ηp
2 = 0.304) at Cz electrode. This study provides evidence that (1) high trait-anxious participants 

demonstrate hypervigilant change detection to deviant tones that appear more salient and (2) 

increasing state anxiety associates with failure to filter out irrelevant stimuli.  

 

 

 

 

 

 

 

 



 Chapter 1: Oddball experiment 

 32 

1. Introduction  

Mismatch negativity (MMN) is an event-related potential (ERP) that is generated by the 

presentation of an unusual (deviant) stimulus preceded by a series of regular (standard) 

ones. It occurs at approximately 200ms post-stimulus, with frontocentral topography on 

the midline of the scalp (Garrido, Kilner, Stephan, et al., 2009). In this paper we are 

utilising a special version of the oddball, the roving paradigm, in which the physical 

properties of the auditory stimuli are unimportant in the MMN response, as the deviants 

and standards have identical characteristics and stimulus frequency (Garrido et al., 

2008; Haenschel et al., 2005). In the auditory modality, the MMN wave is said to reflect 

a pre-attentive mechanism of sensory memory trace formation (Näätänen et al., 2011). It 

is generated as a result of the brain’s failure to predict the auditory input, based on its 

mismatch with the encoded memory trace (Näätänen et al., 2011). For over 25 years 

research on the MNN has focused on schizophrenia after it was shown that 

schizophrenic patients exhibit attenuated MMN amplitude compared to 

controls(Salisbury et al., 2002; Shelley et al., 1991), as well as ultra-high risk and first-

episode patients (Nagai et al., 2013) and adolescents with early-onset psychosis 

(Rydkjær et al., 2017). In contrast, larger MMN responses have been found as a 

function of trait (Chen et al., 2017; Fucci et al., 2019), state (Schirmer & Escoffier, 

2010) or anticipatory anxiety (Cornwell et al., 2007) or in individuals with anxiety 

disorders, such as PTSD (Bangel et al., 2017; Ge et al., 2011; Morgan & Grillon, 1999) 

and panic disorder (Y. Chang et al., 2015).  

P50, an earlier ERP, is relevant to sensory gating processes. Sensory gating is a 

pre-attentive process that occurs as early as 50ms post-stimulus presentation and 

enables the brain to filter out redundant sensory information, such as repetitive auditory 
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stimuli. It can be tested with the presentation of identical tones as in the case of the 

paired click (Light et al., 2010) or the roving oddball paradigm, utilized in this study 

(Boutros et al., 1995; Haenschel et al., 2005). The brain response usually exhibits a 

strong potential to the first new tone (S1) at approximately 50ms, whereas the P50 

amplitude is inhibited in subsequent repetition of the same tone (S2), acting as a 

protective mechanism against sensory flooding of higher association areas (Boutros et 

al., 1995). Individuals with schizophrenia exhibit impairments in P50 suppression that 

can either be expressed as failure to gate in or gate out the auditory stimuli, by 

exhibiting smaller S1 amplitudes (Hazlett et al., 2015; B. H. Jansen et al., 2010) or 

larger S2 (J.-C. Shan et al., 2010), respectively; specifically  S2 amplitude-driven 

differences in P50 ratio, indicates an impairment driven by lack of inhibition to the 

repeating stimulus (W. P. Chang et al., 2011). P50 suppression abnormalities similar to 

those of schizophrenic patients are found in individuals with anxiety disorders such as 

panic disorder (Cheng et al., 2019; Ghisolfi et al., 2006), PTSD (Ghisolfi et al., 2004; 

Holstein et al., 2010; Neylan et al., 1999) and obsessive-compulsive disorder 

(Nakazawa et al., 2009). Additionally, P50 sensory gating is reduced in non-clinical 

populations under stressful or fearful conditions (Ermutlu et al., 2005; Kurayama et al., 

2012), as well as a function of psychometric schizotypy (Wang et al., 2004). 

Interestingly, P50 suppression deficits in infants predicted parent-reported difficulties in 

attention, anxiety and externalizing symptoms at the age of 40-months old (Hutchison et 

al., 2017).  

Trait anxiety is considered a stable personality characteristic, whereas state 

anxiety is more of a transitory response to a situation (Meijer, 2001). It has been argued 

that trait anxiety influences state anxiety levels, and state anxiety negatively associates 

with cognitive performance (Meijer, 2001). Under a neuroimaging perspective, state 
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and trait anxiety share commonalities and differences. Here we are interested about the 

effect of state and trait anxiety measures on change detection and sensory gating when 

performing the roving oddball during EEG under emotionally neutral conditions. In 

particular, we investigated whether individual differences in self-reported anxiety, using 

the state-trait anxiety inventory (STAI) questionnaire, associate with the MMN – a 

response to change detection – and the earlier P50 component – an index of information 

filtering – in a sample of healthy participants. Based on previous research in clinical and 

healthy populations, we expected to find associations of MMN and P50 suppression 

with either one measure of anxiety, while controlling for the other.   
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2. Methods 

2.1. Participants and self-report measures 

Data were collected from thirty-four healthy participants from 18 to 59 years of age (M 

= 32.59, SD = 12.54), of which sixteen were female and eighteen were male. Exclusion 

criteria consisted of: (1) lifetime history of mental disorder or substance use disorder, 

(2) reported head injury or medical disorder and (3) intake of prescribed psychiatric 

medication. Participants provided written informed consent prior to their inclusion in 

the study and the study was approved by the Psychology Department Ethics Committee 

of City, University of London (PSYETH (S_L) 16_17 06). 

Self-reported measures of anxiety were collected using the STAI (Spielberger et 

al., 1983) questionnaire (Table 1.1). The State-Trait Anxiety Inventory (STAI) is a 40-

item self-report devised by Spielberger et al. (1983). It is used to measure state and trait 

measures of anxiety in patients and in a healthy population, which result from its two 

forms, Y-1 and Y-2 respectively, each consisting of 20 items. The STAI has been 

previously shown to be a reliable psychometric scale with Cronbach’s alpha > 0.7 

(Marteau & Bekker, 1992; Vitasari, Wahab, Herawan, Othman, & Sinnadurai, 2011). 

Responses for each item have a four-point scale: “not at all”, “somewhat”, “moderately 

so” and “very much so”. The STAI was administered by a trained psychologist prior the 

roving oddball paradigm and EEG recording. 

2.2. Stimuli and design 

We recorded EEG activity during the same auditory roving oddball paradigm used in 

previous studies (Dima et al., 2012; Garrido et al., 2008). This paradigm consists of 

stimulus trains of changing (roving) sinusoidal tones that range in frequency from 

500Hz to 800Hz in random steps with integer multiples of 50Hz. Within each stimulus 
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train, all tones were of one frequency and were followed by a train of a different 

frequency. The first tone of a train was a deviant, which eventually became a standard 

after few repetitions. This means that deviants and standards have the same physical 

properties, differing only in the number of times they have been presented. The number 

of times a tone of the same frequency was presented varied pseudo-randomly between 

one and eleven. The probability that the same tone was presented once or twice was 

2.5%; for three and four times the probability was 3.75% and for five to eleven times it 

was 12.5%. Each tone was presented through a speaker positioned on the left-hand side 

next to the computer monitor for 70ms, with 5ms rise and fall times and an 

interstimulus interval (ISI) of 500ms. Repeated tones of a specific frequency are 

included within each stimulus train and are followed by a sequence of tones with 

different frequency. The first tone in a stimulus train is considered the deviant (about 

250 trials) and standard after six or more repetitions (aproximately 200 trials). Each 

subject adjusted the loudness of the tones to a comfortable level, which was maintained 

throughout the experiment. Figure 1.1 offers a schematic representation of the roving 

oddball stimuli. 

Concurrently with the oddball paradigm, participants performed a distracting 

visual task, a fixation cross changed colour from black to grey and vice versa. The 

instruction given to participants was to allocate their attention to the colour-changing 

cross presented in the middle of the screen and respond to it by pressing the ‘space’ 

button of the keyboard standing in front of them with their right index finger.  The use 

of the visual task was to keep participants active during EEG recording and eliminate 

alpha waves as much as possible. We were interested to examine MMN and P50 

suppression at the absence of active attentional allocation to the auditory roving oddball 

paradigm as per the literature (Fucci et al., 2019; Hsieh et al., 2019). Colour change 
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occurred in a pseudo-random ISI of 2 to 5s and did not overlap with the tone frequency 

changes. The duration of the entire paradigm was 15 minutes.  

 

2.3. EEG acquisition and pre-processing 

EEG was recorded with a 64-channel BrainVision BrainAmp series amplifier (Brain 

Products, Herrsching, Germany; 63 active electrodes in a ActiCAP 64Ch EEG cap) with 

a 1000 Hz sampling rate. Data were recorded with reference to FCz electrode and the 

ground electrode at AFz. Electrooculography (EOG) signal was recorded with an 

electrode placed below the left eye. All pre-processing steps were carried through in 

BrainVision Analyzer (Brain Products, Herrsching, Germany) and during pre-

processing EEG data were down sampled to 250Hz. We corrected for ocular 

movements with an automated independent component analysis procedure using the 

mean sloped algorithm Gratton et al. (1983), then re-referenced to TP9 and TP10 mastoid 

electrodes. Similar to Hsieh et al. (2019), and as suggested by Light et al. (2010), we 

applied different filter settings and artifact rejection to the stimuli providing the MMN 

(deviant and standard segments) and P50 suppression (S1-S2 segments). 

Figure 1.1. Schematic representation of the auditory roving oddball paradigm reproduced from Garrido et al. 

(2009) 



 Chapter 1: Oddball experiment 

 38 

 

For the MMN, data were segmented for (1) the first new tone in a stimulus train 

(deviant) that followed a stimulus train with six or more repetitions of the previous tone 

and (2) for the sixth repetition (standard) in a peristimulus window of 500ms spanning 

from -100ms pre- to 400ms. Deviant and standard segments were band-pass filtered 

(with infinite impulse response filters; IIR) at 0.5 - 30Hz, with a 12 dB/oct slope. Using 

automatic artifact rejection, we excluded segments with a slope of 50μV/ms, min-max 

difference of 200μV in a 200ms interval and low activity of 0.5μV in a 100ms interval. 

Before averaging data were baseline corrected at the 100ms interval preceding the 

stimulus. The MMN is considered the difference wave of the standard stimulus from the 

deviant one and was selected at Fz electrode in the time window from 110 – 220ms 

(Figure 1.2), to be in line with research using the same roving oddball paradigm 

(Garrido et al., 2008). There were approximately 190 standard and 190 deviant 

segments per participant after averaging. 

Figure 1.2. 64-channel ActiCAP and electrodes of interest for the 

MMN and P50 ERPs 
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For the P50 suppression, to mimic the paired-click paradigm (Light et al., 2010), 

following the re-referencing step mentioned above, we segmented the EEG data into a 

peristimulus window of 1050ms, from -100ms to 950ms post stimulus, containing the 

first (S1) and second (S2) tones of same frequency in a new stimulus train. Segments 

containing artifacts of -50μV to 50μV were automatically detected and rejected before 

being baseline corrected and averaged. An average of 200 artifact-free segments (min-

max range = 110-240) containing S1 and S2 were used for averaging, per participant. 

Finally, averaged segments were band-pass filtered from 10Hz to 50Hz (IIR) (12 dB/oct 

slope), to prevent aliasing (Hsieh et al., 2019; Light et al., 2010). The P50 peak was 

detected at the Cz electrode (Figure 1.2), according to the protocol of Light and 

colleagues (2010). Hence, it was defined as the most positive deflection occurring 

between 40 – 80ms and 540 – 580ms for S1 and S2, respectively. P50 amplitude was 

calculated by subtracting the highest preceding negativity between 30 – 60ms and 530 – 

560ms from the P50 peak at S1 and S2, respectively. The parameters for P50 

suppression were the S1 and S2 amplitude, P50 difference (S1-S2) and P50 ratio 

(S2/S1). To exclude outliers, we used a maximum ratio of 2 (Hsieh et al. 2019). We 

calculated the square root for the amplitudes of S1 and S2 and the P50 ratio to achieve a 

normal distribution in these variables for our analysis (Wang et al., 2004), but not for 

the P50 difference since it was already normally distributed and it contained negative 

values. There was one subject in our sample without a positive S1 amplitude (no 

preceding negativity at 30 – 60ms), which was excluded from the analysis. Participants 

without an obvious S2 P50 peak were assigned the value of 0.01μV (Light et al., 2010). 

2.4. Statistical analysis  

Statistical analysis of the mean amplitudes of the MMN and the P50 were conducted in 

SPSS (SPSS 25, Armonk, NY: IBM Corp). For the MMN, we first performed a paired-



 Chapter 1: Oddball experiment 

 40 

sample t-test for stimulus type (deviant/standard) to evaluate whether the roving oddball 

paradigm was successful in eliciting change detection in our experimental setup. We 

then performed partial correlations between state and trait anxiety with MMN, standard, 

and deviant stimulus amplitudes at the Fz electrode site, while controlling for trait and 

state anxiety, respectively. We further performed ANCOVA for the MMN amplitude at 

Fz with group (high-trait/low-trait anxiety OR high-state/low-state anxiety) as a fixed 

factor, while controlling for the other anxiety subtype (state anxiety OR trait anxiety as 

a covariate, respectively). The high and low state/ trait anxiety groups were created by 

median split of state (mdn = 32.5) and trait (mdn = 41) scores.  As is shown in Table 

1.1, subjects with scores above the median were included in the ‘high-’ group and those 

with scores below the median were in the ‘low-’ group, similar to previous studies (e.g., 

Bishop, Jenkins, & Lawrence, 2007). 

For P50 suppression, we performed partial correlations between state/trait 

anxiety measures and S1 and S2 amplitude, P50 difference and P50 ratio, controlling for 

trait/state anxiety measures respectively. For variables showing significant correlations, 

group level differences were assessed with ANCOVA, again while covarying for the 

other anxiety subtype. 
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3. Results 

3.1. Questionnaire data 

A total of thirty-four subjects were recruited and completed the STAI questionnaire and 

EEG during the oddball paradigm. Mean scores on the STAI measures, as well as 

demographics, are reported in Table 1.1. State and trait anxiety were positively 

correlated with each other (r = .537, p < .001). Age and sex did not associate 

significantly with either of the STAI measures (p > .243).  

3.2. MMN 

A paired-sample t-test indicated a strong effect of stimulus (t(33) = -6.945, p = 6.160*10-

8, Cohen’s d = -1.191), indicating change detection in our experimental setup. Figure 

1.3A shows the waveforms for deviant and standard stimuli and Figure 1.3B shows the 

MMN waveforms in the entire sample. 

Partial correlations for state anxiety while controlling for trait were not 

significant for neither standard (p = 0.345), deviant (p = 0.639) or MMN (p = 0.466) 

amplitudes.  

Figure 1.3. A) Deviant (continuous black line) and standard (dotted grey line) stimuli ERP waveforms in the entire 

sample (N = 34). B) MMN waveform (deviant minus standard) at Fz electrode site for all participants (dashed line) C) 

Scatterplot showing the negative relationship of MMN amplitude at Fz with the trait anxiety measure. Partial correlation 

coefficient and associated p-value show the strength of the correlation and the probability this is being observed due to 

chance. Abbreviations: μV: microvolt; MMN: mismatch negativity; p: p-value; rp: partial correlation coefficient 
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Trait anxiety did not correlate with standard (p = 0.359) or deviant (p = 0.593) 

amplitudes, covarying for state anxiety. MMN amplitude was negatively correlated with 

trait anxiety, when controlling for state anxiety at the Fz site (rp = -0.391, p = 0.024), 

demonstrating that higher trait anxiety levels associate with more negative MMN 

amplitude (Figure 1.3C). 

We followed up the significant partial correlations of MMN with trait anxiety 

using ANCOVA, with trait anxiety as group factor and state anxiety as a covariate. This 

revealed a significant main effect of the median-split trait anxiety group factor in the 

MMN at Fz (F(1,31) = 13.038, p = 0.001, ηp
2 = 0.296) (Figure 1.4). Thus, as is shown in 

Table 1.2, high trait-anxious individuals had significantly enhanced (negative) MMN 

amplitudes. 

To find out if the MMN difference in high- vs low-trait anxiety was driven by 

either the standard or deviant tones we followed up with a post-hoc 2 × 2 ANCOVA for 

stimulus × group. This analysis revealed a significant stimulus × trait-anxiety group 

Figure 1.4. A) MMN waveform (deviant minus standard) at Fz electrode site for HTA (continuous line) versus LTA 

(dotted line) groups. B) Bar graphs showing the MMN amplitude at Fz between HTA and LTA subjects following median 

split; * indicates significant differences; error bars represent standard error of the mean. Abbreviations: HTA: high-trait 

anxiety LTA: low-trait anxiety; μV: microvolt; MMN: mismatch negativity 
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interaction (F(2,62) = 12.801, p = 0.001, ηp
2 = 0.292). MMN differences between high- 

and low-trait anxiety groups were driven by increased amplitudes for standard and 

reduced amplitudes for deviant tones in high-trait anxiety, however they were not 

significantly different to those of low-trait anxious individuals (p > 0.204) (Table 1.2).  

3.3. P50 suppression 

P50 sensory gating was analysed at the Cz electrode. The identical repeated stimulus 

(S2) was successfully gated in our sample as a whole, as revealed by paired-sample t-

test that showed a significant reduction in P50 S2 amplitude compared to S1 (t(32) = 

2.520, p = 0.017, Cohen’s d = 0.439) in the entire sample, suggesting successful sensory 

gating in our experimental setup (Figure 1.5A).  

 

Significant partial correlations were detected with state anxiety and S2 

amplitude (rp = 0.545, p = 0.001), P50 difference (rp = -0.429, p = 0.014) and P50 ratio 

(rp = 0.503, p = 0.003), controlling for trait anxiety (Figure 1.5B). None of the P50 

suppression parameters correlated significantly with trait anxiety (p > 0.060), while 

controlling for state anxiety.  

Following up the significant correlations of the P50 parameters with state 

anxiety we median-split participants into groups of high- and low-state anxiety and 

Figure 1.5. A) Grand average waveforms for the S1 (black continuous line) and S2 (grey dotted line) stimuli at Cz 

superimposed onto each other for the entire sample. B) Scatterplots displaying the linear associations of the S2 amplitude, 

P50 difference, and P50 ratio with state anxiety on the left-hand side. Partial correlation coefficients and associated p-

values show the strength of these correlations and the probability these were observed due to chance. Abbreviations: μV: 

microvolt; p: p-value; rp: partial correlation coefficient; S1: stimulus S1; S2: stimulus S2 
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explored the groups’ differences using ANCOVA while controlling for trait anxiety. 

Sub-average ERP waveforms for S1 and S2 are shown in Figure 1.6A for high-state 

anxious participants and in Figure 1.6B for low-state anxious individuals. Low-state 

anxious participants had significantly lower S2 amplitude (F(1,30) = 9.102, p = 0.005, ηp
2 

= 0.233) compared to high-state anxious participants (Figure 1.6C). Additionally, P50 

suppression was significantly different between the groups in both P50 difference 

(F(1,30) = 10.642, p = 0.003, ηp
2 = 0.262) and P50 ratio (F(1,30) = 13.117, p = 0.001, ηp

2 = 

0.304) indicating inefficient suppression of the second stimulus at the Cz electrode in 

the high-state anxiety group (Table 1.3; Figure 1.6C). Accordingly, early auditory 

response to the S2 stimulus was not filtered in the high-state anxious individuals in our 

sample, whereas low-state anxious participants successfully gated the repeated S2 tone. 

Figure 1.6. Grand average waveforms for the S1 (black continuous line) and S2 (grey dotted line) stimuli at Cz 

superimposed onto each other A) for the subaverage of the high-state anxious, and B) low-state anxious participants. C) 

Bar plots for the four P50 suppression parameters (S1 and S2 amplitude, P50 difference and ratio) comparing the 
differences between HSA and LSA groups following median split; * indicates significant differences; error bars represent 

standard error of the mean. Abbreviations: HSA: high-state anxiety; LSA: low-state anxiety; μV: microvolt; S1: stimulus 

S1; S2: stimulus S2 
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4. Discussion 

We found that high-trait anxious participants had significantly increased MMN waves. 

High-trait anxious participants showed more negative responses to deviant tones 

compared to low-trait anxious participants. Under the predictive coding hypothesis, the 

failure of top-down connections to suppress prediction error causes strengthening of the 

bottom-up ones, resulting in strong error detection and MMN (Garrido et al., 2008). 

Hence, MMN is mediated by a complex interplay of top-down and bottom-up 

connection dynamics (Garrido et al., 2008), with frontal feedback signals mediating 

attentional reorienting and temporal feedforward connections regulating sensory 

memory encoding (Baldeweg et al., 2004; Garrido, Kilner, Kiebel, et al., 2009). This 

bidirectional modulation is affected in high-trait anxiety resulting in a hypervigilant 

response against the oddball stimulus.  

Diminished top-down modulation and bottom-up connectivity enhancement in 

anxiety (Cornwell et al., 2017), together with impaired prefrontal activity in high-trait 

anxious individuals (Bishop, 2009), potentially drive increased sensitivity and 

hyperarousal to deviant stimuli that are perceived as more salient. These mechanisms 

could then compromise attentional capture that affect attentional shifting and control, as 

bottom-up processes are prioritized over top-down ones to drive attention to the deviant 

stimulus (Eysenck et al., 2007); in our experiment, such impairment could be expressed 

as a heightened pre-attentive MMN response, as is also evidenced by clinical anxiety 

disorders (Y. Chang et al., 2015; Morgan & Grillon, 1999) and in pre-clinical anxiety 

states (Fucci et al., 2019; Schirmer & Escoffier, 2010).  

P50 suppression (sensory gating) has been shown to correlate with attentional 

control (Wan et al., 2008) manifested as increasing S1 and decreasing S2 amplitudes 
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when healthy participants are asked to allocate their attention to the stimuli (Dalecki et 

al., 2016). In addition, inhibitory processes govern the suppression of the repeated 

stimulus (Dalecki et al., 2015). Indeed, supporting evidence reveals associations of 

sensory gating and goal-directed attention, as P50 suppression correlates significantly 

with latent inhibition and sustained attention (Jones et al., 2016). Early sensory gating 

could reflect a combination of top-down and bottom-up processes allowing to identify 

stimulus irrelevance and orient selective attention towards the relevant ones (Jones et 

al., 2016). Such P50 inhibition was argued to be related with cognitive mechanisms 

(rather than sensory / motor ones) as its neural substrates are located in forebrain 

regions, (i.e., prefrontal, cingulate and parietal areas), revealed by electrophysiological 

recordings in epileptic patients (Boutros et al., 2013). Therefore, diminished P50 

suppression can be a cause of sensory overload due to insufficient filtering of irrelevant 

stimuli, as it increases attention to distraction (Yadon et al., 2009). Furthermore, by 

demonstrating an effect of state anxiety on sensory gating, we extend previous studies 

reporting that state anxiety only affected bottom-up attention processes (Pacheco-

Unguetti et al., 2010), since P50 gating is a process involving an interplay of top-down 

and bottom-up dynamics (Golubic et al., 2019).  

State anxiety is regarded as a transient state influenced by trait anxiety and 

environmental effects on mood (Bishop, 2009). Our results point out that individual 

differences in state anxiety are marked by increases in S2 amplitudes (similat to clinical 

populations such as in Ghisolfi et al., 2004; Holstein et al., 2010; J. C. Shan et al., 2013) 

and sensory gating failure is indexed by both measures of P50 ratio and P50 difference. 

S2 amplitude-driven sensory gating differences support the notion that the P50 

suppression impairment explains deficits in information filtering rather than 

registration. This effect has been shown to anti-correlate with benzodiazepine use in 
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panic disorder (Ghisolfi et al., 2006). Accordingly, anxiety-related sensory gating 

impairment could potentially be reversed with administration of anxiolytic drugs, 

supporting the idea that gating deficits could be generated by states of mental distress. 

Similar to our results, sensory gating reduction has been observed under 

physical stress-inducing conditions, an effect driven by enhanced S2 amplitude 

(Ermutlu et al., 2005). However, our study provides evidence that impaired inhibitory 

control, can arise under neutral conditions and without explicitly inducing stressful 

conditions. Thus, we showed that inhibitory processes of attentional control can be 

compromised under acute worrying states (heightened state anxiety) and we expand 

current knowledge regarding the same effects under threatening conditions (Roxburgh 

et al., 2019) or in relation to increased trait anxiety (Osinsky et al., 2012) only.  

Limitations on the comparability of the P50 suppression results across the 

literature are posed by the relative heterogeneity in preprocessing pipelines with regards 

to offline filter specifications and the detection of the P50 peak. Band-pass filter ranges 

can vary; from 10-45Hz (Dalecki et al., 2015), to 10-50Hz (Cadenhead et al., 2005; 

Hsieh et al., 2019; Light et al., 2010), or 10-75Hz (Yadon et al., 2009). Moreover, there 

is relative variability in the P50 peak detection strategies. There are papers that assess 

the P50 peak as the highest positive deflection in a preselected time-window either 

relative (1) to the baseline (Dalecki et al., 2015, 2016), (2) to its preceding negativity 

(Cadenhead et al., 2005; Ghisolfi et al., 2006; Hsieh et al., 2019; Jones et al., 2016; 

Light et al., 2010; Nagamoto et al., 1989; Olincy et al., 2010; J. C. Shan et al., 2013), or 

(3) the averaged amplitude over the selected time-window (Ermutlu et al., 2005). 

Despite the absence of absolute homogeneity in the methods sections of individual 

studies, the effect of P50 suppression has been repeatedly demonstrated, indicating that 

early sensory gating filters out redundant auditory stimuli. Such is the case in our study, 
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in which we additionally show that P50 suppression is reduced in high-state anxious 

participants under stressor-free conditions.     

We used an auditory roving oddball paradigm in healthy participants to explore 

change detection and sensory gating processes in relation to psychometric measures of 

anxiety. The former was assessed with the MMN response and the latter was 

determined by P50 suppression. There are two main findings in this study. First, the 

MMN response was enhanced (more negative) in high-trait anxious versus low-trait 

anxious participants at the Fz electrode site. Second, P50 suppression is compromised in 

high-state anxious participants which is shown by significant differences in both the 

P50 difference and ratio between high- and low-state anxiety groups at the Cz electrode 

site. The P50 suppression deficit in high-state anxious participants is driven by the S2 

amplitude (gating out) that is significantly increased in this group. Trait anxiety relates 

to hypervigilant attention shifting to deviant stimuli (MMN) as they become more 

salient, whereas state anxiety is responsible for diminished inhibitory control (P50) 

failing to suppress irrelevant information. We have also showed that heightened levels 

of state and trait anxiety in healthy individuals bear similarities with anxiety disorders at 

the level of MMN and sensory gating ERP measures. Both state and trait anxiety tap 

into attentional processing, however the former has an effect on inhibiting or gating 

redundant information, which could be a more transient effect, and the latter associates 

with hypervigilant detection of salient features, a change of potentially more stable 

nature. Hence, our study provides evidence of a dissociation between the two anxiety 

subtypes, whilst showing that both interfere with cognitive mechanisms involved in the 

same paradigm. 
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Tables 
 

Table 1.1. Demographics and questionnaire characteristics for all participants and anxiety subgroups 

 
All 

participants 
High-Trait 
Anxious  

Low-Trait 
Anxious 

High-State 
Anxious 

Low-State 
Anxious  

Statistics 

N 34 16 18 17 17  

Age (SD) 32.59 (12.54) 30.19 (11.77) 34.72 (13.14) 34.12 (14.47) 31.06 (10.48) 

HTA vs 
LTA: ns 
HSA vs 
LSA: ns 

Sex (F:M) 16:18 9:7 11:7 10:7 6:11 

HTA vs 
LTA: ns 
HSA vs 
LSA: ns 

STAI   

State 
anxiety 

32.62 (10.64) 38.00 (10.55) 27.83 (8.37) 41.29 (7.34) 23.94 (4.44)  

Trait 
anxiety 

41.94 (11.65) 51.56 (7.58) 33.39 (6.95) 47.52 (8.24) 36.35 (12.08)  

Abbreviations: F: female; HSA: high-State Anxious; HTA: high-Trait Anxious; LSA: low-State Anxious; 

LTA: low-Trait Anxious; M: male; N: sample size; ns: not significant; SD: standard deviation; STAI: State-

Trait Anxiety Inventory 
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Table 1.2. Trait anxiety group characteristics for MMN 

 Trait anxiety mean (SD) Statistics 

 High (N = 16) Low (N = 18) ηp
2 

Age 30.19 (11.77) 34.72 (13.14)  

Sex (F:M) (9:7) (11:7)  

Fz (μV)    

   MMN -1.30 (0.58) -0.52 (0.80) 0.296 

   Deviant -0.38 (1.15) 0.04 (1.12) 0.025 

   Standard 0.96 (0.95) 0.62 (1.23) 0.051 

Abbreviations: F: female; Fz: Fz electrode; M: male; μV: microvolt; MMN: mismatch negativity; N: sample 

size; ηp
2: partial eta-squared; SD: standard deviation  
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Table 1.3. State anxiety group characteristics for P50 suppression  

 State anxiety mean (SD) Statistics 

 High (N = 16) Low (N = 17) ηp
2 

Age 34.25 (14.93) 31.06 (10.48)  

Sex (F:M) 9:7 6:11  

P50 (Cz)    

   S1 amplitude 0.73 (0.21) 0.69 (0.26) 7.133*10-4 

   S2 amplitude 0.75 (0.27) 0.42 (0.25) 0.233 

   P50 difference -0.024 (0.31) 0.27 (0.17) 0.262 

   P50 ratio 1.03 (0.39) 0.61 (0.23) 0.304 

Abbreviations: Cz: Cz electrode; F: female; M: male; μV: microvolt; N: sample size; ηp
2: partial eta-

squared; SD: standard deviation 

 



  

Chapter 2:  State anxiety influences P300 

and P600 event-related potentials over 

parietal regions in the hollow mask 

illusion experiment* 

Abstract: The hollow mask illusion is an optical illusion where a concave face is perceived as 

convex. It has been demonstrated that individuals with schizophrenia and anxiety are less 

susceptible to the illusion than controls. Previous research has shown that the P300 and P600 

event-related potentials (ERPs) are affected in individuals with schizophrenia. Here, we 

examined whether individual differences in neuroticism and anxiety scores, traits that have been 

suggested to be risk factors for schizophrenia and anxiety disorders, affect ERPs of healthy 

participants while they view concave faces. Our results confirm that the participants were 

susceptible to the illusion, misperceiving concave faces as convex. We additionally demonstrate 

significant interactions of the concave condition with state anxiety in central and parietal 

electrodes for P300 and parietal areas for P600, but not with neuroticism and trait anxiety. The 

state anxiety interactions were driven by low-state anxiety participants, showing lower 

amplitudes for concave faces compared to convex. The P300 and P600 amplitudes were smaller 

when a concave face activated a convex face memory representation, since the stimulus did not 

match the active representation. The opposite pattern was evident in high-state anxiety 

participants in regard to state anxiety interaction and the hollow mask illusion, demonstrating 

larger P300 and P600 amplitudes to concave faces suggesting impaired late information 

processing in this group. This could be explained by impaired allocation of attentional resources 

in high state anxiety leading to hyperarousal to concave faces that are unexpected mismatches 

to standard memory representations, as opposed to expected convex faces.  

* Ioakeimidis Vasileios, Khachatoorian Nareg, Haenschel Corinna, Papathomas Thomas, Farkas 

Attila, Kyriakopoulos Marinos, and Dima Danai. (2020) State anxiety influences P300 and P600 

event related potentials over parietal regions in the hollow-mask illusion experiment. Personality 

Neuroscience. 4(e02), 1-10. doi.org/10.1017/pen.2020.16; See appendix  

https://doi.org/10.1017/pen.2020.16
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1. Introduction 

Visual illusions are primarily, for research, a great tool to understand human perception 

(Carbon, 2014) and they occur when the subjective percept does not match the real 

physical properties of the observed object. This mismatch can be a result of stimulus-

driven assumptions made by the visual system and other times they constitute an active 

recalibration of higher-level cognitive areas (Eagleman, 2001). They can be 

distinguished in two categories based on the brain networks which contribute to the 

illusory percept; illusions resulting from bottom-up signals are called physiological or 

low-level, whereas those occurring from top-down regulatory activity are cognitive 

illusions (Dima, Dillo, Bonnemann, Emrich, & Dietrich, 2011; King, Hodgekins, 

Chouinard, Chouinard, & Sperandio, 2017). 

An interesting class of cognitive illusions are the binocular depth-inversion 

illusions that result in objects perceived in reverse depth, with distant points perceived 

to be closer than near points; thus, concavities are perceived as convexities. The best-

known binocular depth-inversion illusion is the hollow mask illusion. One way to 

experience it is to swap the images of the left and right eyes of a stereoscopic pair; 

despite the strong stereoscopic cues that signal a concave mask, viewers report 

perceiving a normal convex face (Farkas et al., 2016; Georgeson, 1979; Van den Enden 

& Spekreijse, 1989). A similar experience can be perceived by using a physical hollow 

mask, prompting a misperception of the concave 3D surface as convex, despite visual 

depth cues suggesting the opposite (concave when a face is perceived as 3D going 

inwards and convex when it was going outwards, like a normal face) (Gregory, 1973; H. 

Hill & Bruce, 1993; Harold Hill & Johnston, 2007; Papathomas & Bono, 2004). 

Healthy controls from six-month of age (Corrow et al., 2011) throughout adulthood 
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incorrectly perceive concave faces as convex. Individuals with schizophrenia perceive 

the illusion to a much lesser degree than controls; instead, they have a veridical 

perception of the truthful concavity of the mask (Schneider et al., 2002). Schneider et al. 

(2002) argued that this incongruence is the result of disturbed top-down processes in 

individuals with schizophrenia, which can be reversed after the course of antipsychotic 

medication. This discrepancy in schizophrenia has been shown to be due to 

strengthened bottom-up and weakened top-down processing that allows schizophrenia 

patients to interpret the sensory cues of a hollow face that deviate from stored 

knowledge of faces being convex as concave (Danai Dima et al., 2009, 2010, 2011). 

Apart from schizophrenic patients, individuals with other psychosis-prone states are 

also less likely to perceive the hollow mask illusion, such as cannabis users (Leweke et 

al., 2000; Semple et al., 2003), alcohol withdrawal (Schneider et al., 1996), sleep 

deprivation (Sternemann et al., 1997), youth at ultra-high risk for psychosis (Gupta et 

al., 2016), and anxiety patients (Passie et al., 2013). Therefore, disposition of veridical 

perception of concaveness in faces in the psychotic and pro-psychotic states mentioned 

above, could be of use in research aiming to identify susceptibility to mental illness.  

In this study, we explore the electrophysiological signature of perception of the 

hollow mask illusion. We use the P300 and P600 event-related potentials (ERPs), 

occurring between 300 to 600 milliseconds and 600 to 800 milliseconds after stimulus 

onset, respectively, to explore the timeline of the hollow mask illusion. These ERPs 

have been previously shown to be significantly reduced in amplitude in schizophrenia 

patients who respond to the hollow mask illusion experiment compared to controls 

(Dima et al., 2011). The P300 occurrence involves attentional engagement responsible 

for memory functioning and stimulus evaluation, with familiar stimuli activating 

context- and familiarity-related temporo-parietal top-down control.  The P600 has been 
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traditionally thought to reflect any linguistic processes, however studies have also 

implicated it to similar processes as the P300, in that it is triggered when a subject 

encounters an “improbable” stimulus (Coulson et al., 1998). Since ungrammatical 

sentences are relatively rare in natural speech, a P600 may not be simply a linguistic 

response but rather an effect of the subject's "surprise" upon encountering an 

unexpected stimulus (Coulson et al., 1998). Higher amplitudes in P300 and P600 are 

believed to be associated with stimulus novelty and significance, which are modulated 

by late perceptual processes, such as remembering and attention (Stelmack et al., 1993), 

and lower amplitude in P300 and P600 during perceiving concave faces was assumed to 

be a result in late perceptual processing dysregulation in patients with schizophrenia 

(Dima et al., 2011). Electroencephalography (EEG) studies have associated these late 

positive event-related components with frontal, temporal and parietal scalp distribution 

(Polich, 2007). 

In this study, we investigate the P300 and P600 ERPs during the presentation of 

hollow mask stimuli in healthy participants in relation to their individual differences in 

neuroticism and anxiety self-report measures. Neuroticism, from the five-factor model 

(McCrae & Costa, 1992), is of particular interest in psychiatry, as it reflects 

dysregulation of the emotional equilibrium, anxiety proneness and susceptibility to 

stress (Hettema et al., 2006). As such, high scores in neuroticism are also associated 

with comorbidity of schizophrenia and anxiety disorders (Caspi et al., 2015; Khan et al., 

2005). A meta-analysis on the five-factor model has found that higher levels of 

neuroticism in individuals with schizophrenia come in conjunction with lower levels of 

extroversion, with large effect sizes, and lower openness, agreeableness and 

conscientiousness, but with more moderate effect sizes (Ohi et al., 2016). Additionally, 

there is evidence that schizophrenia appears to be co-occurring along with anxiety 
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disorders (Muller et al., 2004; Temmingh & Stein, 2015). There is a complex 

relationship between anxiety and positive symptom expression in psychotic states. Trait 

and state anxiety (STAI; Spielberger et al., 1983) can be seen as predictors of paranoia 

in psychosis spectrum disorders (Freeman and Fowler, 2009; Cowles and Hogg 2019), 

whereas state anxiety mediates intrusive thoughts in hallucinating schizophrenia 

patients (Bortolon and Raffard, 2015). Previous reports have shown that trait anxiety is 

significantly associated with positive psychotic symptoms and auditory hallucinations 

in schizophrenia patients, making it a potential causal factor for the disorder (Guillem et 

al., 2005). However, when the authors controlled for state anxiety, the correlation with 

hallucinations became non-significant whilst a significant relationship with bizarre 

delusions was revealed (Guillem et al., 2005). Hence, state anxiety concealed the 

delusion-trait anxiety relationship and revealed that delusions mediate the relationship 

between hallucinations and trait anxiety (Guillem et al., 2005). Accordingly, there is a 

complex relationship of self-reported neuroticism and anxiety self-reports with 

psychopathology, and particularly with psychosis which is known to be implicated with 

abnormal ERPs during the presentation of hollow mask stimuli.  

Given the predisposition of elevated neuroticism and anxiety levels with general 

psychopathology and psychosis, we hypothesised that self-reported neuroticism and 

anxiety levels will have an effect on the late positive ERPs that reflect high-order 

cognitive processes and are generated by hollow mask stimuli. Furthermore, based on 

the presented evidence, it is expected that our sample consisting of healthy participants 

will be susceptible to the illusion behaviourally and show no difference in P300 and 

P600 amplitude for the concave and convex face stimuli. However, we expect to find an 

effect of neuroticism and anxiety scores on the amplitude of the ERPs generated by the 

concave and convex faces. 
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2. Methods 

2.1. Participants 

Neuroticism data using the Neuroticism Extroversion Openness Personality Inventory-

Revised (NEO PI-R) (Costa & McCrae, 1992) were collected from ninety-four 

participants from 18 to 59 years of age (M = 26.21, SD = 11.67), of which 72 were 

female and 22 were male (Table 2.1). Exclusion criteria consisted of: (1) lifetime 

history of mental disorder or substance use, (2) reported head injury or medical disorder 

and (3) intake of prescribed psychiatric medication. Participants provided written 

informed consent prior to their inclusion and the study was approved by the Psychology 

Department Ethics Committee of City, University of London. Participants were self-

referred from study advertisements throughout the university and word-of-mouth 

recommendation. All participants completed the mini-international neuropsychiatric 

interview (MINI) (Sheehan et al., 1998). 

Upon analysis of the neuroticism trait, 20 out of the 94 subjects were invited to 

participate in the hollow mask illusion EEG paradigm. The selection was designed to 

include a normal distribution of neuroticism scores (Table 2.2). Those who took part in 

the EEG session first completed the State-Trait Anxiety Inventory (STAI) to assess state 

and trait measures of anxiety (Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983). 

Following this, they participated in the hollow mask illusion experiment while their 

brain activity was being recorded with EEG. 

2.2. The NEO PI-R and STAI self-report questionnaires 

The NEO PI-R is a 240 item self-report questionnaire, grouped in 5 meta-factors, each 

having six distinct facets. It is used to measure five broad dimensions of personality 

traits in adults, namely neuroticism, extroversion, openness, agreeableness and 
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conscientiousness resulting from the scores of their corresponding facets (McCrae & 

Costa, 1992). Responses for each item have a five-point scale ranging from strongly 

disagree to strongly agree. In our analysis, we only focus on neuroticism.  

The State-Trait Anxiety Inventory (STAI) is a 40-item self-report questionnaire 

and was devised by Spielberger et al. (1983). It is used to measure state and trait 

measures of anxiety, which result from its two forms, Y-1 and Y-2 respectively, each 

consisting of 20 items. Responses for each item have a four-point scale: “not at all”, 

“somewhat”, “moderately so” and “very much so”. 

2.3. Stimuli and Design 

Participants were included in the study only if their vision was normal or corrected to 

normal, had normal colour vision and had functional stereoscopic vision. Stereoscopic 

vision was tested using the TNO test, designed by the by the Institute for Perception, 

Netherlands Organisation for Applied Scientific Research (Lameris Ootech BV, 

Utrecht, Netherlands; (http://www.ootech.nl/). Furthermore, prior to the hollow mask 

illusion experiment, participants took a further test to evaluate if they have functional 

stereopsis. They viewed images of 15 geometric shapes of three possible surface 

curvatures (concave, convex and flat) and were asked to respond according to their 

perception. They were included in the study only if they got all 15 correct.  

Subsequently, the hollow mask illusion experiment was conducted to test the 

perception of binocular depth inversion (Dima et al., 2011). During this experiment, 

participants observed images of upright or upside-down faces (real faces) on a computer 

monitor with the aid of a Wheatstone mirror stereoscope (Wheatstone, 1838, 1852). 

They were told that the curvature (depth perception) of the faces will vary and were 

instructed to press one of three keys according to their perception of the depth of the 

image: ‘Concave’ when a face was perceived as 3D going inwards to the screen, 
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‘Convex’ when it was going outwards (like normal faces) and ‘Flat’ when they 

perceived the face as two-dimensional. 

 

In order to create the impression of three-dimensionality, each eye was 

presented with a photo of the same face taken from two angles that corresponded to the 

views of the left and right eyes (Figure 2.1). The participant was able to perceive a 3D 

face that was fused in the middle of the screen while looking through the stereoscope. 

The effect of binocular depth inversion was generated by swapping the images for the 

right and left eyes; this swapping has the effect of creating a stereo pair with opposite 

binocular disparities to those of the convex face and produce, a concave face. Flat (2D) 

Figure 2.1. Hollow mask stimulus generation. Using the 

stereoscope and by alternating Left and Right perspective 

images on the display we constructed concave, convex, and 

flat face stimuli. 
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faces were produced by presenting images from the same angle (i.e. the same photo) to 

both eyes, as seen in Figure 2.1.  

Participants performed twelve blocks, each containing 24 stimuli (12 upright 

and 12 upside-down), one third concave, one third convex and the other third flat, 

presented in a random order. This led to six different conditions (upright convex, 

upright concave, upright flat; upside-down convex, upside-down concave, upside-down 

flat), resulting in 288 images per participant during the course of a complete 

experimental session. Each stimulus was presented until participants responded. A tone 

was heard 1.2 seconds after stimulus onset that signalled to participants that they were 

free to make a response according to their depth perception of the stimulus. The inter-

stimulus interval, following response, was 0.5 seconds and the whole session lasted for 

an average of 45 minutes, including breaks. In all subsequent analyses, only upright 

faces are included. 

2.4. EEG acquisition and ERP analysis 

The EEG signal was recorded using a 64-channels (Figure 2.2), BrainVision BrainAmp 

series amplifier (Brain Products, Herrsching, Germany) with a 1000 Hz sampling rate. 

The data were recorded with respect to FCz electrode reference. Ocular activity was 

recorded with an electrode placed underneath the left eye. Pre-processing was 

conducted in BrainVision Analyzer (Brain Products, Herrsching, Germany) and the 

statistical analysis of the ERP was conducted in the Statistical Package for the Social 

Sciences software (SPSS 23, Armonk, NY: IBM Corp).  
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Pre-processing steps are described in their order of application. First, all EEG 

channels were individually inspected for high-frequency noise artefacts and slow drift. 

Those which were noisy throughout the whole EEG session, were topographically 

interpolated by spherical splines. Subsequently, EEG data were down-sampled to 250 

Hz and a high-pass filtered with a cut-off frequency of 0.5 Hz was applied. An 

automatic ocular correction was performed with the independent component analysis in 

BrainVision Analyzer. Following re-referencing to TP9 and TP10 electrodes, data were 

segmented from 200 ms prior to 1000 ms after stimulus presentation for each condition. 

A low-pass filter of 30 Hz was applied followed by automatic artefact rejection which 

excluded segments with a slope of 100 µV/ms, min-max difference of 200 µV in a 200 

ms interval and low activity of 0.5 μV in a 100 ms interval. Baseline correction was 

applied using the 200 ms interval preceding the stimulus and averaging was performed 

across each condition (convex, flat, concave). Averaging included all trials per 

Figure 2.2. 64-electrode ActiCAP layout and electrode regions-

of-interest 



 Chapter 2: Hollow mask experiment 

 68 

condition (≈ 48), as opposed to only focusing on accurate-only responses, since concave 

faces were almost impossible to identify correctly (Table 2.2). For illustration purposes, 

a high cut-off filter of 20 Hz was applied to the grand average ERPs in Figure 2.3 and 

Figure 2.4.  

2.5. Statistical analysis 

After pre-processing, the grand average data were extracted from BrainVision Analyzer 

and were taken into SPSS for statistical analysis. The mean amplitudes of the ERPs 

were separately analysed for the 300–600 ms (P300) and the 600–800 ms (P600) time 

windows after stimulus onset. The waveforms of the flat faces were used as a baseline 

to calculate the difference waves for the concave and convex faces. As discussed by 

Luck (2014), this process can be used to eliminate identical components between 

separate conditions and isolate those that differ. Difference waves of ‘concave minus 

flat’ and ‘convex minus flat’ were used to moderate for face processing-related activity 

and allow comparison of the different 3D features between depth-inverted and depth 

non-inverted conditions. This led to the creation of two new variables that were used in 

the analysis as the ‘condition’ factor with two levels: (1) the mean amplitude of the 

concave minus the flat (Concave) and (2) the mean amplitude of the convex minus flat 

(Convex).  

Electrodes from five separate regions-of-interest (ROIs) were included in the 

analyses: frontal (Fp1-Fp2-F7-F8-F3-F4-Fz), central (C3-C4-Cz), temporal (T7-T8-P7-

P8), parietal (P3-P4-Pz) and occipital (O1-O2-Oz) (Figure 2.2). The electrode ROIs 

were chosen to correspond with those used in Dima et al. (2011). Repeated measures 

analyses of variance (RM ANOVA) with factors electrode ROI × condition as well as 

repeated measures analyses of covariance (RM ANCOVA), with a 0.01 alpha-level (α) 

after Bonferroni correction (0.05/5: for the five electrode ROIs) were run in SPSS to 
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examine the main effects the condition factor (Concave vs Convex) and its interactions 

with neuroticism, state and trait anxiety scores as covariates. Additionally, Pearson’s 

correlations were used to test the associations of the anxiety and neuroticism measures.  
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3. Results 

3.1. Personality and anxiety scores 

Mean scores of neuroticism, state and trait anxiety and their standard deviations are 

shown in Table 2.2 for the twenty participants in the EEG session. Neuroticism, state, 

and trait anxiety scores were distributed normally based on Shapiro-Wilk tests (p > .05). 

Correlation analysis showed that neuroticism had a positive correlation with trait 

anxiety (r = 0.673, p = .001) and state anxiety (r = 0.480, p = .032). Also, state and trait 

anxiety were positively correlated with each other (r = 0.447, p = .048). Age or sex had 

no effect on neuroticism nor on state and trait anxiety (p ≥ .265). 

3.2. Behavioural data 

Table 2.2 shows the percentages of correct classification of the stimuli in the three 

conditions (concave, convex and flat), as well as their corresponding response times 

(RT). Correct responses for the concave faces, as expected, accounted only for 16% (SD 

= ±23%) of the trials, far below the convex (M = 87%; SD = ± 17%) and flat (M = 66%; 

SD = ±28%) faces. Correct responses for convex faces were significantly higher than 

for concave faces (t19 = 11.330, p < .001) but not for flat ones (t19 = 2.390, p = .270). 

Whereas correct responses for flat faces were significantly higher than the concave 

responses (t19 = 9.120, p < .001). Concave faces were misclassified equally as flat (M = 

47%, SD = 21%) or convex (M = 39%, SD = 21%), t19 = 1.000, p = .329. RT for 

concave faces were significantly longer than convex RT (t19 = 3.094, p = .006), but not 

for the flat ones (t19 = 1.939, p = .067). Also, flat RT was not significantly different 

from convex RT (t19 = 1.911, p = .071). 

RT and correct responses for the three types of stimuli (concave, convex and flat 

faces) did not significantly correlate with neuroticism or either measure of anxiety.  
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3.3. ERP results 

3.3.1. Main effects 

Figure 2.3 illustrates the grand average ERP waveforms for the concave, convex and 

flat stimuli trials in in all electrode ROIs. The difference waves for the two conditions 

(concave minus flat; convex minus flat) are illustrated in Figure 2.4.  

Repeated measures ANOVA revealed a significant main effect of condition 

(convex vs concave) in the mean amplitudes of the P300 difference wave in the 

temporal area (F1,19 = 6.267, p = .022), that did not survive Bonferroni correction. For 

the remaining four electrode groups, namely the frontal, central, parietal and occipital 

no significant main effects were detected in the P300 or P600 time windows (p > .05).  

3.3.2. Neuroticism 

Neuroticism did not interact significantly with condition (concave/convex) in either 

P300 or P600 time window in any of the five electrode-ROIs that were tested (p ≥.099).  

3.3.3. State Anxiety 

RM ANCOVA for the P300 ERP showed significant interactions for the condition × 

covariate in the central (F1,18 = 10.044, p = .005, ηp
2 = 0.358) and parietal (F1,18 = 9.243, 

p = .007, ηp
2 = 0.339) ROIs. A significant interaction was found in the frontal ROI (F1,18 

= 4.820, p =.041, ηp
2 = 0.211) that did not survive multiple correction. 
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Figure 2.3. Grand average ERP waveforms for 3D normal faces, 3D inverted faces and flat faces in the whole 

sample (N=20) in the twenty ROI electrodes. Y-axis represents the amplitude of the ERP with tick marks every 

1μV and X-axis represents the time before and after the stimulus presentation with tick marks every 100ms 
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In the P600, a condition × state anxiety interaction that was significant for 

multiple comparisons was observed in the parietal ROI (F1,18 = 13.270, p = .002, ηp
2 = 

0.424). For the temporal (F1,18 = 4.772, p = .042, ηp
2 = 0.210), central (F1,18 = 4.712, p = 

.044, ηp
2 = 0.207) and occipital (F1,18 = 5.023, p = .037, ηp

2 = 0.218) ROIs, significant 

interactions were found, however they did not survive Bonferroni correction.   

Subsequently, significant interactions of the continuous state anxiety covariate 

were explored by creating a categorical variable for state anxiety. Participants were 

separated according to their state anxiety scores by median split (Mdn = 33) into two 

groups of high-state and low-state anxiety (Bishop et al., 2007). Hence, nine 

participants were included in the high-state anxiety group and eleven in the low-state 

anxiety group. There was no significant difference for behavioural scores between the 

two groups, except for correct responses to convex faces with low-state anxiety 

participants identifying them more correctly (p = .031). Subsequently, the mean 

difference amplitudes and standard errors were calculated for each electrode ROI that 

showed a significant interaction with the 3D condition, namely the central and parietal 

for the P300 time window and the parietal for the P600 (Figure 2.5). Post-hoc 

independent t-tests showed high- vs low-state anxious participants had significantly 

higher amplitudes for concave faces in the parietal ROI for the P300 (t18 = 2.498, p = 

.022, Cohen’s d = 1.123) and P600 (t18 = 2.359, p = .030, Cohen’s d = 1.060), but not in 

the central P300 (t18 = 1.507, p = .149, Cohen’s d = 0.678). Concurrently, paired-sample 

t-tests revealed significant differences between the 3D conditions only in the low-state 

anxiety group participants. The difference amplitude in the concave condition was 

significantly lower in the central and parietal P300  
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Figure 2.4. Grand average ERP difference waves for 3D normal faces minus flat faces and 3D inverted faces 

minus flat faces in the whole sample (N=20) in the twenty ROI electrodes. Y-axis represents the amplitude of the 

ERP with tick marks every 1μV and X-axis represents the time before and after the stimulus presentation with tick 

marks every 100ms 
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(t10 = 3.810, p = .003, Cohen’s d = 1.149; t10 = 3.527, p = .005, Cohen’s d = 

1.064) and the parietal P600 (t10 = 2.818, p = .018, Cohen’s d = 0.850) (Figure 2.5). 

3.3.4. Trait Anxiety 

For the P300 time window, trait anxiety showed significant interactions with the 

condition factor at frontal (F1,18 = 5.310, p = .033, ηp
2 = 0.228) and central (F1,18 = 

5.879, p = .026, ηp
2 = 0.246) ROIs, not surviving Bonferroni correction. 

In the P600 time window, significant condition × trait anxiety interactions in 

frontal (F1,18 = 4.819, p = .042, ηp
2 = 0.211) and central (F1,18 = 6.732 and p = .018, ηp

2 

= 0.272) ROIs did not survive Bonferroni correction.  

 

Figure 2.5. Mean difference amplitude (μV) of 

concave and convex ERPs minus flat for high-

state anxiety and low-state anxiety groups by 

median split, in A) the P300 central, B) P300 

parietal and C) P600 parietal time windows; 

error bars represent standard error of the mean. 

* p < .05; ** p < .01 for between- and within-

group comparisons 
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4. Discussion 

To our knowledge, this is the first study to assess neuroticism, state, and trait anxiety in 

ERPs during the hollow-mask illusion. There are three key findings from our study. 

First, as expected, (1) controls rarely perceive concave 3D faces as they fail to correctly 

categorise them as such and (2) there were no main significant effects of condition 

(convex/concave) in the P300 and P600 time windows (Dima et al., 2011). Second, 

there was no interaction of neuroticism or trait anxiety and concave/convex condition in 

the P300 and P600 time windows while viewing the hollow mask illusion, not 

supporting our initial hypothesis. Third, there was a significant interaction of state 

anxiety with the condition (concave/convex) in the P300 time window at central and 

parietal electrodes, and in the P600 time window at parietal ones.  

The interaction effect between concave/convex faces and state anxiety revealed 

that the difference of amplitudes of the concave condition for the P300 ERP were 

significantly lower compared to the convex, only in the low-state anxiety group (Figure 

2.5). This was the case despite the absence of conscious perception of concave stimuli 

in both groups. The P300 component is traditionally associated with the detection of an 

expected but unpredictable target in a series of stimuli, like the oddball task. The P300 

is thought to be composed of two subcomponents, the ‘novelty’ component (P300a), a 

large fronto-central positive wave elicited by novel stimuli that mainly reflects 

involuntary attention shifts to changes in the environment and the ‘target’ component 

(P300b), more relevant to our study (Polich, 2007). The ‘target’ component is generated 

in posterior-parietal brain areas and reflects memory access processes that are activated 

by stimuli that require an evaluation or input (Giraudet et al., 2015).  



 Chapter 2: Hollow mask experiment 

 77 

In the low-state anxiety group the concave condition elicited significantly 

smaller P300 amplitude than the convex condition. Although participants rarely 

reported concave faces as concave and misclassified them as convex or flat, they were 

highly accurate in correctly reporting both convex and flat faces. A recent study that 

tested different types of expectations (target stimuli could either confirm or disconfirm 

passive or active expectations) has shown that expected stimuli like the convex faces 

used in our study, could be related to larger P300 amplitudes (Król & El-Deredy, 2015). 

The authors argued that conscious expectations can indirectly affect expectancy and 

thus have an opposite direction effect of automatically formed expectations. 

Additionally, Kok (1988) showed that the P300 tends to be smaller when the stimulus 

does not match the active representation (template mismatch). In line with this, the P300 

in our study was smaller when the concave face activated a convex face representation, 

compared to when a stimulus is less probable (probability mismatch) in the low-state 

anxiety group. There has also been evidence that the P300 is smaller for difficult tasks, 

especially when uncertainty is greater and a resolution much harder to reach (Polich, 

1987); this uncertainty becomes evident by the longer RTs for concave faces. Our 

results also question the prevailing theory that the P300 amplitude increases with 

greater mental resource allocation (Polich & Kok, 1995) and increased informational 

content of the stimulus, reflecting extraction and utilisation of information (Gratton et 

al., 1990). 

The high-state anxiety group compared to the low-state anxiety group showed a 

stronger P300 in response to the concave condition. Only a few studies have 

investigated the P300 in patients with anxiety disorders. In a study using the auditory 

oddball stimuli, the results showed not only clear differences between subjects who 

suffered from anxiety and controls but also showed opposite results between anxious 
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patients and anxious controls: while anxious patients compared to controls showed a 

decreased P300, the group of anxious controls compared to anxious patients showed an 

increase of the P300 (Boudarene & Timsit-Berthier, 1997). Anxious participants have 

also been shown to display higher emotional sensitivity and enhanced P300 peak 

amplitude to negative emotional words compared to non-anxious participants (De 

Pascalis et al., 2004; Naumann et al., 1992). An early P300 subcomponent (P315) was 

also larger in patients having an anxiety disorder alone when compared to depressed 

patients with or without an anxiety disorder and controls when performing an auditory 

oddball task; whereas a late P300 subcomponent (P400) was larger in patients having 

comorbidity of anxiety and depressive disorders than in the controls and depressed 

patients (Bruder et al., 2002). Another study looking at source characteristics of the 

P300b showed an anxiety-related pattern of hyperactive ventral attention networks for 

the anxiety group, indicating increased stimulus-driven attention to task-relevant stimuli 

(Li et al., 2015).  In a recent meta-analysis of ERPs in post-traumatic stress disorder, 

results demonstrated that seven studies (out of eight) showed increased P300 responses 

to trauma related or aversive stimuli in the post-traumatic stress disorder group 

compared to the control group (Javanbakht et al., 2011). In terms of P300, the present 

study disclosed a greater sensitivity to concave faces in anxious subjects, with a higher 

P300 amplitude indicating a greater effort investment for these subjects (Brocke et al., 

1997). There might be increased attentional resource allocation in anxious subjects to 

the concave faces showing sensitisation (sensitisation is a learning process in which 

repeated exposure of a stimulus results in the progressive amplification of a response) to 

stimuli that are not consciously correctly reported as concave. Our results therefore add 

support to the notion of impaired attentional resources in anxious participants leading to 
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shifting more resources - hyperarousal - to stimuli that are mismatches (concave faces) 

compared to stimuli that are expected (convex faces).  

The same pattern of interaction between state anxiety and condition can be seen 

in the P600 time window at parietal electrodes. The P600 is a centro-parietal late 

positive EPR that has been associated with syntactic operations such as successful 

retrieval and recollection (Kaan & Swaab, 2003). The P600 amplitude is known to 

increase with words being consciously remembered (Smith, 1993), as well as 

remembering not only the words but also the context of encoding (Wilding et al., 1995; 

Wilding & Rugg, 1996). Furthermore, it is larger for deeply encoded items implying 

sensitivity to the levels of processing manipulation (Rugg et al., 1998). The language 

specificity of the P600 has been challenged with studies showing salience and 

probability of stimulus occurrence affecting P600 amplitude  (Coulson et al., 1998; 

Gunter et al., 1997). In the Coulson et al. study (1998), both ungrammatical and 

improbable stimuli elicited larger P600 amplitude, while in the Gunter et al. (1997) 

study stimulus probability and sentence complexity had similar influence on the P600. 

Thus, it is not surprising that in the low-state anxiety group, convex faces elicit a strong 

P600 while the concave faces that are rarely correctly classified and are misrepresented 

as convex or flat faces elicit a much smaller P600. However, the opposite effect is seen 

in the high-state anxiety group implying the same mechanism we see in the P300 time 

window. Studies have demonstrated significantly higher amplitudes of the P600 in an 

obsessive–compulsive disorder patient group compared to controls in a working 

memory paradigm (Papageorgiou & Rabavilas, 2003) as well as in a selective attention 

task (Towey et al., 1994). Thus, the pattern of the results obtained in the current study 

suggests that the high-state anxiety group demonstrated impairments in the later stages 



 Chapter 2: Hollow mask experiment 

 80 

of information processing as they are reflected by the stronger P600 elicited while 

viewing the concave face that involve or affect parietal brain areas. 

Accordingly, it appears that the late perceptual ERPs of low-state anxiety 

participants are more like the group as a whole, i.e., the response to the convex stimuli 

is higher than the concave (when flat is subtracted). Increased sensitisation to novel 

stimuli (concave faces) at the higher end of the state anxiety levels interferes with the 

allocation of attention to the expected ones (convex faces). Fucci, Abdoun & Lutz 

(2019) have demonstrated increased amplitude in an earlier auditory component (P2) 

corresponding to standard stimuli compared to deviant ones under safe but not under 

threatening conditions (Fucci et al., 2019). Likewise, under anxiety-inducing conditions 

the authors observed increased frontal P2 response to the deviant stimuli (Fucci et al., 

2019). Similarly, increased P300 response was also observed in a sample of 

behaviourally inhibited adolescents with a history of an anxiety disorder compared to 

adolescents with no such history (Reeb-Sutherland et al., 2009). Our results suggest a 

dimensional effect of state anxiety on the attentional processes that underlie the hollow 

mask illusion, the low state-anxiety individuals do not need to allocate as much 

attention to mismatch stimuli (concave faces) while individuals experiencing high 

anxiety orient excessive attention to them.   

Even though the interaction between trait anxiety and neural correlates of the 

hollow mask stimulus did not survive Bonferroni correction, it showed the same pattern 

as state anxiety. Anxiety in general has been related to hypervigilance and attentional 

biases (in terms of intrinsic negativity by selecting threatening stimuli instead of neutral 

or positive stimuli) (Eysenck, 1997), however the effects of state versus trait on these 

processes are not well established. Trait anxiety influences state anxiety levels and is 

considered a stable personality characteristic, whereas state anxiety is more of a 
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transitory response to a situation (Meijer, 2001). There have been theories that posit that 

the two subtypes influence cognition differently; state anxiety decreases a person’s 

threshold for threat stimuli and this occurs more frequently in participants with a high 

score on trait anxiety (Mathews & Mackintosh, 1998; Williams et al., 1997). It seems 

that state anxiety is more sensitive to electrophysiological changes related to the hollow 

mask illusion paradigm compared to trait anxiety, although both subtypes influence it in 

similar ways. It is, however, important to acknowledge that, in our sample, state anxiety 

levels are moderate. Future studies should recruit participants representing a wider 

range of state anxiety scores to include anxiety measures at the higher end of the 

spectrum. This could be better addressed by incorporating a bigger sample size, despite 

our large effect sizes, which would ensure the inclusion of a more substantial number of 

individuals to capture the whole gamut of state and trait anxiety measures. Finally, it 

would be important that future studies should control for effects of physiological 

arousal by measuring heart rate and cortisol levels, although one previous study did not 

find these to correlate with state anxiety (Jansen et al., 2000). 

With this study we intended to explore the relationship between the 

electrophysiological response to hollow mask stimuli and traits of personality and 

anxiety states in controls, to indirectly inform us as to whether certain individuals are 

more vulnerable to psychopathology. We expected to find a relationship between 

neuroticism and the ERPs generated by the concave and convex faces due to 

neuroticism’s high occurrence in disorders that interact with the hollow mask illusion, 

though this was not the case. Neuroticism has been indicated as an important risk factor 

for psychiatric traits including anxiety disorders (Hettema et al., 2006) and 

schizophrenia (Hayes et al., 2017; Van Os & Jones, 2001). A recent meta-analysis has 

found that a neurotic personality remained a significant risk factor for common mental 
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disorders including anxiety, it was only identified as a vulnerability factor for psychotic 

disorders (Jeronimus et al., 2016). Research has yet to clarify whether the associations 

between neurotic traits and psychiatric disorders indicate whether neurotic personality 

characteristics are a causal factor or a consequence of psychiatric illnesses or both.  In 

our study, we did however find significant correlations between neuroticism and 

state/trait anxiety. Neuroticism, also known as emotional instability (McCrae & Costa, 

1997) and anxiety are closely related measures. This becomes apparent as anxiety itself 

makes up one of the six facets of neuroticism in the five-factor model of McCrae & 

Costa (1992). Trait anxiety positively correlated with neuroticism in a sample of 

patients with panic disorder (Foot & Koszycki, 2004). In a different study, high state 

anxiety was associated with higher neuroticism scores in a healthy sample (Bonsaksen 

et al., 2019). In turn, state and trait anxiety were found to intercorrelate in a sample of 

patients with schizophrenia (Guillem et al., 2005) and schizophrenia patients tend to 

score higher in STAI measures than controls (Jansen et al., 2000). While state anxiety is 

thought more of as an effect of psychosis (Guillem et al., 2005) and has been 

demonstrated to be a predictor of state-paranoia (Cowles & Hogg, 2019), trait and state 

anxiety were shown to be related with positive symptoms of schizophrenia, such as 

bizarre delusions and auditory hallucinations (Guillem et al., 2005). Importantly, both 

anxiety measures affect cognitive control and attentional processes in controls 

(Pacheco-Unguetti et al., 2010). Hence, the interaction of state anxiety with the hollow 

mask ERPs could explain an indirect relationship of self-report measures and proneness 

to mental illness. Our paper serves as a stepping-stone to understanding psychiatric 

disorders and future research should parse out whether high and low state anxiety in 

different disorders, and especially in schizophrenia, alters the results found here. 
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In summary, our study points to a potential relationship between ERPs in the 

hollow-mask illusion and state anxiety. The most robust findings include a significant 

interaction of state anxiety with 3D condition in the P300 time window at central and 

parietal electrodes, and in the P600 time window at parietal ones. The high-state anxiety 

group shows disproportionally big P300 and P600 amplitudes to concave faces 

implying impaired late information processing in this group. Finally, anxious 

participants have impaired attentional resources by transferring more resources to the 

concave faces that are stimuli mismatches to our memory representations compared to 

convex faces that are expected. 
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Tables 

 Table 2.1. Demographic and questionnaire data in the entire sample (N = 94) 

Demographic data 

   Gender (male: female) 22:72 

   Age in years, M (SD) 26.21 (11.67) 

   Age range 18 – 59 

NEO PI-R scores  

   Neuroticism, M (SD) 97.74 (22.76) 

   Neuroticism range 46 – 162 

NEO PI-R: Neuroticism Extroversion Openness Personality Inventory-Revised; STAI: State-Trait Anxiety 

Inventory  
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Table 2.2. Demographic, questionnaire, and behavioural data in the EEG sample (N = 20) 

Demographic data 

   Gender (male: female) 3:17 

   Age in years, M (SD) 25.70 (8.96) 

   Age range 18 – 59 

NEO PI-R scores  

   Neuroticism, M (SD)  103.60 (25.77) 

   Neuroticism range 46 – 142 

STAI scores  

   State anxiety, M (SD) 33.75 (9.42) 

   Trait anxiety, M (SD) 43.75 (9.95) 

Correct responses to face stimuli (% correct), M (SD)  

   Concave 16% (23%) 

   Convex 86% (18%) 

   Flat 69% (26%) 

Response time for face stimuli in milliseconds, M (SD)  

   Concave 4117.68 (2070.36) 

   Convex 3181.45 (1202.75) 

   Flat 3400.43 (1072.18) 

EEG: Electroencephalography; NEO PI-R: Neuroticism Extroversion Openness Personality Inventory-

Revised; STAI: State-Trait Anxiety Inventory   



  

Chapter 3:  A meta-analysis of structural 

and functional brain abnormalities in 

early-onset schizophrenia: Neuroimaging 

findings of early-onset schizophrenia* 

Abstract: Early-onset schizophrenia (EOS) patients demonstrate brain changes that are similar 

to severe cases of adult-onset schizophrenia. Neuroimaging research in EOS is limited due to 

the rarity of the disorder. The present meta-analysis aims to consolidate MRI and functional MRI 

findings in EOS. Seven voxel-based morphometry (VBM) and eight functional MRI studies met 

the inclusion criteria, reporting whole-brain analyses of EOS versus healthy controls. Activation 

likelihood estimation (ALE) was conducted to identify aberrant anatomical or functional clusters 

across the included studies. Separate ALE analyses were performed, first for all task-dependent 

studies (Cognition ALE) and then only for working memory ones (WM ALE). The VBM ALE 

revealed no significant clusters for grey matter volume reductions in EOS. Significant 

hypoactivations peaking in the right anterior cingulate cortex (rACC) and the right 

temporoparietal junction (rTPJ) were detected in the Cognition ALE. In the WM ALE, consistent 

hypoactivations were found in the left precuneus (lPreC), the right inferior parietal lobule (rIPL) 

and the rTPJ. These hypoactivated areas show strong associations with language, memory, 

attention, spatial and social cognition. The functional co-activated networks of each 

suprathreshold ALE cluster, identified using the BrainMap database, revealed a core co-activation 

network with similar topography to the salience network. Our results add support to posterior 

parietal, ACC and rTPJ dysfunction in EOS, areas implicated in the cognitive impairments 

characterizing EOS. The salience network lies at the core of these cognitive processes, co-

activating with the hypoactivating regions, and thus highlighting the importance of salience 

dysfunction in EOS. 

* Ioakeimidis Vasileios, Haenschel Corinna, Yarrow Kielan, Kyriakopoulos Marinos, Dima Danai 

(2020). A Meta-analysis of Structural and Functional Brain Abnormalities in Early-Onset 

Schizophrenia. Schizophrenia Bulletin Open, 1(1), 1–12. doi.org/10.1093/schizbullopen/sgaa016; 

See appendix  
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1. Introduction 

Early-onset schizophrenia (EOS) is a rare and severe form of schizophrenia which has 

its onset before early adulthood. Research usually distinguishes between childhood- and 

adolescent-onset cases; the former considering diagnoses up to 13 and the latter from 13 

to 18 years old (Kyriakopoulos & Frangou, 2007). In this paper, the term EOS 

encompasses both childhood- and adolescent-onset schizophrenia and is used as an 

umbrella term for all diagnosed cases of schizophrenia up to the 18th year of age. 

Schizophrenia is diagnosed in 1% of the worldwide population (Zwicker et al., 2018), 

but epidemiological findings for EOS suggest a rate of prevalence in less than 5% of all 

schizophrenia cases (Cannon et al., 1999), making the literature for the disorder scarce. 

EOS patients have higher premorbid developmental and social deficits, more 

hospitalizations and poorer psychosocial outcome compared to adult schizophrenia 

patients (Vyas et al., 2011). Like adult schizophrenia, EOS is characterized by diverse 

symptomatology which includes the presence of positive and negative symptoms, along 

with cognitive impairments. Cognitive processes that are affected include working 

memory (WM) (Park & Gooding, 2014), attention (Luck & Gold, 2008) and processing 

of salience (Kapur, 2003). 

Regional grey matter volume loss and cortical thinning in EOS, although 

inconsistent, has been reported in numerous brain areas; these are seen bilaterally in the 

ventral prefrontal cortex, dorsolateral prefrontal cortex, superior parietal cortex (SPL), 

middle temporal gyrus, inferior temporal gyrus, thalamus and the cerebellum; whereas 

left-sided reductions have been observed in the anterior cingulate cortex (ACC), 

paracingulate gyrus, cuneus, precuneus (PreC) and superior temporal gyrus (STG) 

(Kyriakopoulos & Frangou, 2007; Rapoport et al., 2005). EOS patients also 
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demonstrate decreased insular volumes (Moran et al., 2014). Other findings in EOS 

include sensorimotor areas, namely the right pre- and post-central gyri, the SMA and 

pre-SMA areas (Douaud et al., 2009). Juuhl-Langseth et al. (2012), found subcortical 

volume increases in the ventricles and bilaterally in the caudate, but no other differences 

were detected (2012).However, a recent meta-analysis on longitudinal volumetric 

changes in early-onset psychosis has identified only frontal grey matter loss (Fraguas et 

al., 2016), whereas only frontal lobe grey matter decreases were found in a different 

study (Janssen et al., 2014). Reduced grey matter thickness was found bilaterally in the 

anterior midcingulate gyrus and sulcus, the insula and the middle frontal sulci, as well 

as in the left hemisphere in superior temporal, the parietooccipital, the postcentral and 

superior frontal sulci (Palaniyappan et al., 2019). Right hemisphere cortical thickness 

reductions were observed in the posterior midcingulate gyrus and sulcus, subparietal 

sulcus, the STG and inferior frontal gyrus. Longitudinal studies have revealed that the 

cortical reductions observed in EOS are dynamically spreading during adolescence and 

follow a back to front and top-to-bottom pattern (Gogtay et al., 2006); the medial frontal 

wall is affected early, whereas the ACC volume decreases later on (Vidal et al., 2006). 

Thompson et al. (2001), reported that the accelerated pattern of grey mater loss in an 

EOS sample is not a medication-related side effect and begins in parietal and motor 

areas, with reductions in superior and dorsolateral frontal cortices and temporal regions 

following later in adolescence. 

Correspondingly, grey matter volume decreases in adult-onset schizophrenia that 

converge meta-analytically across studies include bilaterally the insula, the thalamus, 

the ACC (ventral, dorsal and subgenual), and the left parahippocampal gyrus, 

postcentral gyrus and middle frontal gyrus (Glahn et al., 2008). A more recent meta-

analysis of schizophrenia by the ENIGMA consortium also found bilateral decreases of 
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cortical thickness in the fusiform gyrus, the inferior temporal gyrus, the cingulate 

cortex, the STG and the superior temporal sulcus, and lateralized reductions included 

the right inferior frontal gyrus and right posterior cingulate cortex, whereas left-

hemisphere thickness decreases were found on the middle temporal gyrus and lateral 

orbitofrontal cortex (van Erp et al., 2018). van Erp et al. (2018), also found cortical 

thickness increases in the SPL, PreC and paracentral lobule bilaterally, and right-side 

increases in the inferior parietal lobule (IPL), the rostral ACC and precentral gyrus.  

Schizophrenia is characterized by cognitive deficits, especially in WM (Park & 

Gooding, 2014) and attentional processing (Luck & Gold, 2008), linked with aberrant 

activation of their neural substrates. EOS patients demonstrate impairments in change 

detection (Rydkjær et al., 2017) that are dependent on ACC and STG activity (Oknina 

et al., 2005) and are associated with positive symptoms (Rydkjær et al., 2017). 

Furthermore, WM-related dysfunction in schizophrenia is tied to reduced activity in the 

prefrontal cortex which is more specific to an encoding malfunction (Bittner et al., 

2015). However, there are inconsistent reports revealing cases of prefrontal 

(Thormodsen et al., 2011) and anterior cingulate (Glahn et al., 2005; White, 

Hongwanishkul, et al., 2011) hyperactivation in EOS and adult schizophrenia. 

Correspondingly, increasing WM load predicts suppression deficiency in the medial 

frontal and bilateral posterior parietal cortices in EOS (Fryer et al., 2013) and such 

suppression reduction is associated with WM capacity deficits (Van Snellenberg et al., 

2016). Reduced activity during WM performance is also shown in the temporoparietal 

junction (TPJ) (Bittner et al., 2015; Pauly et al., 2008) as well as the ACC 

(Kyriakopoulos et al., 2012; Pauly et al., 2008). WM encoding deficits are further 

associated with functional connectivity disruptions between the ACC and the temporal 

lobes (White, Schmidt, et al., 2011). ACC- and TPJ-related dysfunction in EOS has also 
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been observed during emotional (Seiferth et al., 2009), language processing (Borofsky 

et al., 2010), as well as change detection (Oknina et al., 2005) tasks.  

In the present study, we used the activation likelihood estimation (ALE) meta-

analysis method, a coordinate-based meta-analytic technique, using the available voxel-

based morphometry (VBM) and task-dependent fMRI literature in EOS. To our 

knowledge, this is the first coordinate-based meta-analysis for the VBM and fMRI 

literature in EOS and we sought to identify brain areas with grey matter volume 

abnormalities and aberrant activation that converge across studies. In addition, we 

conducted post-hoc analyses using meta-data from a large-scale neuroimaging database 

(BrainMap) to decode any cognitive correlates that associate with these brain areas and 

to identify functional networks which embed these areas in the healthy population. The 

overarching goal of the study was to draw inferences about the structural, functional 

cognitive and connectivity profiles of brain dysfunction that lies in EOS. 
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2. Methods 

2.1. Literature search and study selection 

We conducted a systematic PubMed search to identify all neuroimaging studies on EOS 

up to January 2020, using the PRISMA guidelines (Moher et al., 2009). The search was 

performed by two independent investigators using the following set of keywords:  

“(schizophrenia [Title/Abstract]) AND (early onset schizophrenia OR childhood 

onset schizophrenia OR adolescent onset schizophrenia) AND (VBM 

[Title/Abstract] OR fMRI [Title/Abstract] OR magnetic resonance imaging 

[Title/Abstract] OR MRI [Title/Abstract] OR voxel-based morphometry 

[Title/Abstract] OR cortical thickness [Title/Abstract])”  

This process returned a total of 530 abstracts that were initially screened for 

inclusion. Studies were included if they: 1) were conducted in an EOS sample with age 

of illness onset below 18 years old, 2) employed whole-brain analysis using VBM or 

fMRI, and 3) presented group comparisons of EOS and healthy controls (HC). Full-text 

review of the pre-selected studies was followed to determine eligibility. Studies were 

excluded if they: 1) did not report coordinate data on standard stereotactic space, 2) 

performed region-of-interest (ROI) or small-volume correction analyses, 3) did not 

report second-level analysis of case-control contrasts, 4) analysed samples reported by a 

previous study, 5) were longitudinal studies but did not report cross-sectional contrasts, 

6) were case-studies or 7) were resting-state fMRI studies. Whole-brain analyses were 

preferred over seed-based  
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ones, that were excluded to eliminate risk-of-bias (Müller et al., 2018; Tahmasian et al., 

2017). Figure 1 displays the flow-diagram of the search and selection process.  

2.2. Database construction 

The complete selection process yielded a total of 15 whole-brain analysis studies that 

met criteria and reached consensus by two researchers (Table 3.1). These were then 

divided into VBM and fMRI, with seven and eight studies, respectively (Figure 3.1). 

For each of the studies we extracted data on sample size, participants’ mean age and 

sex. For the patients, we also extracted age of illness onset and duration of illness, mean 

and standard deviation of symptom severity as well as chlorpromazine equivalents, 

where available (Table 3.1).  

We use the term ‘study’ to refer to each published article, and ‘experiment’ to 

reflect a single contrast or analysis. For all experiments, we recorded all foci with 

Figure 3.1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart shows the detailed 

selection process of the studies used in the VBM and fMRI meta-analyses. Abbreviations: AOS (adolescent-onset 

schizophrenia); COS (childhood-onset schizophrenia; EOS (early-onset schizophrenia); SVC (small-volume correction); 

ROI (region-of-interest analysis) 
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significant case-control differences and their respective p-values and peak coordinates, 

as well as the direction of the signal change compared to the control group. For each 

fMRI study, we also recorded the experimental design and type of task. Coordinates 

reported in the Talairach & Tournoux (Laitinen, 1989) space were transformed into 

MNI (Evans et al., 1993) space.  

Together the VBM studies included seven experiments (or contrasts), from 

which only the HC > EOS contrast yielded significant differences, which located 

around 37 anatomical foci. The fMRI studies revealed 147 foci obtained from 36 

cognitive experiments. These were then separated into HC > EOS contrasts (EOS 

hypoactivations; 22 experiments and 98 foci) and EOS > HC contrasts (EOS 

hyperactivations; 14 experiments and 49 foci). The fMRI studies were further organized 

into WM-only experiments which yielded 15 experiments and 55 foci for EOS 

hypoactivation and 10 experiments and 35 foci for EOS hyperactivations (Table 3.2). In 

the analysis, we only included coordinate data shown in case-control comparisons. To 

control for within-group effects, datasets were conservatively organized ‘per subject 

group’ instead of ‘per experiment’, to avoid inflating the contribution of studies with 

more than one experiments and retain more balanced distribution of contributing foci 

from each study (Turkeltaub et al., 2012).  

2.3. Activation likelihood estimation 

All statistical analyses were carried out separately for the VBM and fMRI experiments 

following the same procedure. We used the revised version of the activation likelihood 

estimation (ALE) algorithm (Eickhoff et al., 2012) implemented in GingerALE version 

2.3.6 (Eickhoff et al., 2009, 2012; Turkeltaub et al., 2012) (www.brainmap.org/ale) to 

identify clusters of convergent activation across experiments. The ALE algorithm tests 

whether peak coordinates from the primary studies with activation differences were 

http://www.brainmap.org/ale
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significantly higher than a random spatial null distribution (Eickhoff et al., 2009). For 

each experiment every coordinate was modelled as the centre of a random 3D Gaussian 

probability distribution, instead of being modelled as a single point, for which full width 

at half maximum is determined by the study’s sample size (Eickhoff et al., 2009). A 

modelled activation (MA) map was then created for a given experiment by combining the 

maximum across the Gaussian probability distributions of each focus (Turkeltaub et al., 

2012). Foci were organised by subject group instead of being organised by experiment, 

in order to prevent multiple foci from a single study influencing the MA values 

(Turkeltaub et al., 2012). Also, within the fMRI studies we performed separate ALE 

studies, one for all cognitive experiments (Cognition ALE) and the other including only 

the working memory (WM ALE) ones. The combination of each individual MA map 

across experiments resulted in a respective ALE map that represented the convergence of 

foci for each brain region. The ALE map was then compared against a null-distribution 

map using a random effects model of random association between experiments to find 

convergence of above-chance level (Eickhoff et al., 2009) (Eickhoff et al., 2009). To 

correct for multiple comparisons we applied a cluster-level FWE correction at p < 0.05 

with a cluster-forming threshold of p < 0.01 (Beissner et al., 2013; Rasgon et al., 2017). 

Anatomical labels and Brodmann areas (BA) were assigned to ALE suprathreshold peaks 

through the Talairach Daemon that is incorporated in GingerALE. 

2.4. Follow-up analyses for fMRI ALE 

2.4.1. Meta-analytic co-activation modelling 

Meta-analytic co-activation modelling (MACM) is a meta-analytic technique that 

investigates significant whole-brain task-dependent co-activation patterns of user-

specified ROI (Robinson et al., 2010, 2012). MACM allows one to make inferences 

about functional connectivity between the ROIs (seeds) and the rest of the brain (Laird 
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et al., 2013). The suprathreshold clusters of convergent activation from our ALE studies 

were used as seeds in the search criteria of the BrainMap database. In our study, this 

technique allowed the exploration of the networks which our ALE suprathreshold 

clusters (two resulting from the Cognitive ALE and three from the WM ALE) co-

activate, and subsequently could point to a network dysfunction.  

First, ROI images of the clusters were created in Mango 

(http://ric.uthscsa.edu/mango/) and then used as seeds separately in Sleuth 2.4 

(http://brainmap.org/sleuth) (Fox et al., 2005; Laird et al., 2005), to identify fMRI 

experiments in the BrainMap database reporting at least one focus of activation within 

the respective seed in healthy controls. The resulting co-activation foci from each seed-

search were exported into separate datasets and a single ALE analysis was performed 

for each dataset. A threshold of voxel-level FWE at 0.05 was applied, with a minimum 

cluster volume of 50 mm3 for all co-activation maps of each of our ROIs (Eickhoff et 

al., 2016).  

Secondly, the resultant voxel-level FWE thresholded functional connectivity 

(i.e. MACM) maps for each seed were used in conjunction analyses to find where these 

maps overlap using the minimum statistic method (Nichols et al., 2005). We explored 

the conjunction across significantly co-activating brain regions resulting from the 

cognition ALE and WM ALE separately. This method was chosen to locate the core 

network that was formed by the impaired ALE clusters in EOS. 

2.4.2. Cognitive associations 

Finally, we explored the cognitive associations of our significantly impaired clusters in 

EOS that resulted from our Cognition and WM ALE studies. This procedure helped 

elucidate the roles of these clusters in cognition in the healthy population. We explored 

these cognitive associations by using the BrainMap meta-data that provide information 

http://ric.uthscsa.edu/mango/
http://brainmap.org/sleuth
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on the behavioural domains of each neuroimaging experiment included in the database 

(Fox et al., 2005). Behavioural domains describe the mental processes presumed to be 

isolated by the statistical contrasts and comprise five main categories: action, cognition, 

emotion, interoception, and perception, as well as their subcategories (Fox et al., 2005).  

Each seed search in the Sleuth software additionally provides the counts of 

activations of each behavioural domain category and subcategory that appears in the 

BrainMap database and that are identified by the search criteria each time. We took 

advantage of this feature and used our significant ALE clusters as ROIs to filter our Sleuth 

searches to identify the counts of activations of each behavioural domain within each 

seed-ROI. We also performed one additional control search to explore the counts of 

activations within each behavioural domain in the whole brain of healthy controls.  

We used the contingency table approach to calculate the odds ratio of finding a 

behavioural domain given activation within a particular ROI relative to finding that same 

domain given activation elsewhere in the brain, similar to the reverse inference approach 

(Poldrack, 2006). Significance was assessed with the Fisher’s exact test in MATLAB 

(fishertest function) and was corrected for multiple comparison using FDR of 0.05 (mafdr 

function) with the linear step-up procedure (Benjamini & Hochberg, 1995). We were only 

interested in odds ratios when the odds of behavioural domains given ROI activation were 

higher than the odds of finding the behavioural domain given activation anywhere else in 

the brain. Hence as a final step, the FDR corrected p value was halved to reflect our 

directional hypothesis. The benefit of the reverse inference method is that it allows us to 

assign multiple mental processes to a certain ROI (Yarkoni et al., 2011) instead of 

associating only a single function to a brain region as in the classical forward inference 

method (Henson, 2006).  
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3. Results 

The initial search returned 530 articles of which 319 full-text articles were assessed for 

eligibility and 15 were retained for the quantitative meta-analysis, seven of them for the 

VBM meta-analysis and eight for the task-dependent fMRI (Figure 3.1).  

3.1. VBM 

3.1.1. Study sample and characteristics 

The VBM meta-analysis returned a sample of 194 EOS individuals (58% male) with 

range of sub-sample mean ages from 15.4 to 16.9 and range of mean age of illness onset 

(AIO) 14.9 – 16.5 (three studies had AIO < 18 but did not report the mean). The HC 

sample size was 254 (HC; 61% male) with range of mean ages 15.4 – 16.8 (Table 3.1). 

The HC > EOS study included contrasts from all seven experiments, however no studies 

reported EOS > HC contrasts (Castro-Fornieles et al., 2018; Douaud et al., 2007; 

Janssen et al., 2008; Tang et al., 2012; Yoshihara et al., 2008; C. Zhang et al., 2017; Y. 

Zhang et al., 2015). 

3.1.2. Anatomical likelihood estimation from VBM studies 

No significant clusters were found at p < 0.05 following cluster-level FWE correction 

for the contrasts HC > EOS in the VBM studies.  

3.2. fMRI 

3.2.1. Study sample and characteristics  

The analysis across all functional studies (Cognition ALE) yielded a sample consisting 

of 148 EOS (69% male) with range of mean age from 13.3 to 21.3 and AIO range 10 – 

16.5 (three studies did not mention the AIO but had ages of inclusion below 18 years). 
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The HC sample included 152 individuals (70% male) with range of mean age from 12.8 

to 20 years (Table 3.1).  

The studies with the WM experiments (WM ALE) returned a sample of 122 

individuals with EOS (66% male), with range of mean age from 15 to 21.3 years old 

and AIO range from 10 to 16.5. The HC sample included 126 individuals (67% male) 

with range of mean age from 15-20 years old.  

3.2.2. Activation likelihood estimation from fMRI studies 

3.2.2.1. Cognition ALE 

The analysis for all cognitive tasks yielded two significant clusters of reduced activation 

in EOS compared to HC (Table 3.3; Figure 3.2A). One cluster was located at the right 

anterior cingulate cortex (rACC; x = 6, y = 38, z = 14) and the second cluster was 

located at the right superior temporal gyrus/ temporoparietal junction (rTPJ) (x = 60, y 

= -46, z = 20). No clusters of hyperactivation in EOS survived cluster-level FWE 

correction.  

3.2.2.2. WM ALE  

ALE revealed three significant clusters, where EOS individuals showed hypoactivation 

when engaging in WM tasks. These clusters were found at parietal and temporoparietal 

areas, with the first peaking at the left SPL/precuneus (lPreC; x = -22, y = -66, z = 44). 

The second cluster was centred at the right inferior parietal lobule (rIPL; x = 38, y = -

50, z = 46) and the third at the right supramarginal gyrus/rTPJ (; x = 60, y = -46, z =22) 

(Table 3.3; Figure 3.2B). No FWE corrected clusters were significant for the EOS > HC 

contrasts, reflecting hyperactivations in the EOS group. Diagnostics for both the 

Cognitive and WM ALEs are show in Table 3.4. 



 Chapter 3: coordinate-based meta-analysis 

 105 

 

3.3. Follow-up: Meta-analytic co-activation modelling 

(MACM) 

As a first follow-up step to our ALE studies, we were interested to investigate whole-

brain task-dependent co-activations with the five seed-ROIs (Figure 3.2) identified with 

the Cognition and WM ALE.  

3.3.1. Seeds resulting from the Cognitive ALE study 

3.3.1.1. rACC 

At the time of the search (September 2019) the rACC seed resulted in 132 experiments 

consisting of 1909 foci in 1851 subjects for the rACC seed. This seed showed strong 

functional connectivity with the left claustrum, the right insula, the right inferior frontal 

gyrus, the right middle frontal gyrus, the right caudate body, the right and left medial 

dorsal nucleus and the cingulate gyrus (Table 3.5).  

Figure 3.2. Clusters of EOS hypoactivation in the Cognition ALE and WM ALE. A) Significant convergence across all 

cognitive experiments was found in the ACC and rTPJ for the HC > EOS contrasts. B) The WM ALE showed significant 

convergence at the lPreC, rIPL and rTPJ. Results are cluster-FWE corrected at 0.05 with cluster forming value at p < 

0.01. The same clusters were later used as seed-ROIs for the MACM and functional associations analyses. Abbreviations: 

rACC (right anterior cingulate cortex); rIPL (right inferior parietal lobule); lPrec (left precuneus); rTPJ (right 

temporoparietal junction) 
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3.3.1.2. rTPJ 

The rTPJ seed located 92 experiments consisting of 1762 foci in 1629 subjects. The left 

claustrum and right insula were found to be co-activated with the seed, along with the 

cingulate gyrus and medial frontal gyrus, the left STG, the right middle frontal gyrus, the 

thalamus (bilaterally), the right caudate body, the right superior frontal gyrus and a small 

area in the right STG (Table 3.5).   

3.3.2. Seeds resulting from the WM ALE study 

3.3.2.1. lPreC 

Our BrainMap search for the lPreC seed yielded 250 experiments consisting of 4321 foci 

in 3087 subjects. Analysis for this seed revealed functional connectivity with a large area 

around the left inferior frontal, middle frontal and precentral gyri, a cluster around the left 

SPL and PreC, the medial frontal and cingulate gyri, and the right inferior frontal gyrus. 

In addition, the lPreC seed was found to be co-activated bilaterally with the insula. Further 

areas co-activating with the lPreC seed were the right precentral gyrus, right middle 

Figure 3.3. Schematic representation of the relative positions of the suprathreshold Cognition 

ALE clusters in blue and WM ALE clusters in orange, with their respective associate 

behavioural domains. The core network resulting from the conjunction analysis of the respective 

MACM maps, in purple. Axial brain slice from Colin27_T1_MN1 at z = 15 
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frontal gyrus, left fusiform gyrus, left putamen of the lentiform nucleus and left superior 

frontal gyrus (Table 3.6). 

3.3.2.2. rIPL 

The rIPL seed resulted in 186 experiments consisting of 3231 foci coming from 2390 

subjects. Analysis revealed a large cluster co-activating with this seed was located in the 

left parietal lobe and included peaks in the IPL, SPL and PreC. The next three clusters 

showing strong functional connectivity with the rIPL seed were located around the medial 

frontal gyrus and cingulate gyrus, the right inferior frontal gyrus and middle frontal gyrus, 

and the left precentral gyrus, and a smaller cluster was found in the left middle frontal 

gyrus. The bilateral insular cortices were also functionally connected to the rIPL seed. 

The putamen (bilaterally) and the left caudate body, the left (ventral posterior medial 

nucleus) and right thalamus, the left middle temporal gyrus and a small region in the right 

precuneus were also functionally connected to the seed (Table 3.6).  

3.3.2.3. rTPJ 

The database search for experiments with at least one focus of activation in the rTPJ 

seed returned 76 experiments consisting of 1322 foci coming from 1205 subjects. 

Analysis revealed significant connectivity with the left claustrum, the right insula, the 

medial frontal gyrus, the left SMG, left and right STG as well as the left IPL and a 

cluster around the left PreC (Table 3.6). 

3.3.3. Core co-activation network 

Secondly, clusters forming a conjunction between the MACM maps for the two seed-

ROIs (rACC and rTPJ) of the Cognition ALE and the three seeds (lPreC, rIPL and 

rTPJ) from the WM ALE study are shown in Tables 3.5 and 3.6, respectively. The core 

co-activation networks for Cognition ALE and WM ALE resulting from the conjunction 
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analyses were almost identical, with conjunctions bilaterally in the insula and the area 

of the anterior midcingulate gyrus (aMCC)/medial frontal gyrus (Figure 3.3).  

3.4. Follow-up: Cognitive associations 

We were interested to explore the mental processes that show cognitive associations 

with the significant clusters from our ALE studies.  

The rACC ROI that resulted from the Cognition ALE was found to be 

significantly associated with positive emotion/reward, attention and broad cognition. 

The rTPJ ROI revealed a strong and significant association with social cognition and 

high associations with visual motion perception and action inhibition (Figure 3.4A).  

 

Our ROIs deriving from the WM ALE study showed prevalent cognitive 

associations with behavioural domains of cognition, perception and action (Figure 

Figure 3.4. Cognitive associations for the seed-ROIs resulting from (A) the Cognition ALE in blue and (B) WM ALE in 

orange. A 2-by-2 contingency table approach was used along with Fisher’s test as a method of reverse inference to 

determine the odds of detecting a behavioural domain given activation of a certain ROI relative to the odds of detecting it 

given activation elsewhere in the brain. Only significant (FDR corrected) behavioural domains are presented in bar 

graphs, with odds of activating the ROI higher than 1. * p < 0.05; ** p < 0.01; *** p < 0.001 
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3.4B). More specifically, the lPreC ROI was found to be predominantly associated with 

language processing (orthography, speech and phonology), memory and visual 

perception. The rIPL ROI was more strongly associated with spatial cognition. 

Additional cognitive associations were found for motion perception and WM, as well as 

the broad domain of action. The rTPJ ROI had a single, very strong and highly 

significant association with social cognition.  
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4. Discussion 

In the present study, we investigated structural and functional changes in EOS versus 

HC using ALE, a coordinate-based meta-analysis method. By doing so, we sought to 

outline all structural and functional findings in EOS and to establish whether a structural 

or functional biomarker exists for the disorder. Additionally, we were interested to 

define brain regions with abnormal function across cognition and during WM 

performance, in the developing brains of EOS patients compared to typically 

developing controls. We followed-up with post-hoc analyses that sought to explore 

task-wide co-activation brain patterns of our ALE-derived clusters within the healthy 

population and their cognitive associations with behavioural domains. These analyses 

allowed us to explore the behavioural profile of the affected brain regions and to 

pinpoint where the EOS dysfunction lies in terms of functional network connectivity. 

4.1. VBM 

The VBM meta-analysis for grey matter volume reductions returned no significantly 

convergent clusters between controls and EOS patients. This result is consistent with 

previous studies that failed to demonstrate EOS – HC grey matter differences (Pagsberg 

et al., 2007; Thormodsen et al., 2013). However, our result could be due to limited 

statistical power owing to the very small number of studies (n = 7) (Eickhoff et al., 

2016) that met our inclusion criteria, even though some individual studies have found 

brain-volume reductions in EOS (Douaud et al., 2007). Different brain areas follow 

different developmental trajectories in controls (Casey et al., 2011) and grey-matter 

volume loss in EOS is dynamic and follows a back-to-front pattern starting in parietal 

and progressing in temporal and prefrontal regions (Thompson et al., 2001). Thus, 

differences in age, duration of illness, AIO or medication in individual studies could be 
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some of the factors creating variability and contributing to the absence of structural 

convergence. Alternatively, lack of convergence in the VBM analysis could suggest the 

EOS brain volume reduction to be not specific to a particular brain region. 

4.2. fMRI 

4.2.1. ACC 

In the Cognition ALE, the ACC and rTPJ were the two clusters showing reduced 

activation in the EOS patients when compared with typically developing controls. 

Following the post-hoc cognitive association analysis we found the ACC cluster activity 

to be related with attentional and reward-related processes.  

The ACC shows sustained activity during WM delays (Petit et al., 1998), plays a 

role in conflict monitoring and avoidance learning (Botvinick, 2007), responds to errors 

(Polli et al., 2008) and drives the reallocation of attentional resources according to task-

demands and salience (Crottaz-Herbette & Menon, 2006). These processes have been 

shown to be affected in schizophrenia patients and coupled with reduced activation in 

areas of the ACC compared to HC (Kerns et al., 2005; Laurens et al., 2005; Polli et al., 

2008). Thus hypoactivation of the ACC in EOS is shared with the adult / chronic 

populations of the disorder (Kerns et al., 2005). One study has shown that the conflict- 

and error-monitoring related ACC activity reduction in schizophrenia relates to absence 

of behavioural adjustments to improve performance (Kerns et al., 2005). The ACC 

hypoactivation is believed to reflect impaired attribution of salience to errors which then 

leads to impaired performance (Polli et al., 2008). Hence, the ACC could serve as a 

neural substrate across a range of cognitive disturbances in EOS which are shared with 

adult schizophrenia patients.   
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4.2.2. rTPJ 

Our meta-analysis provides evidence that the rTPJ has significantly reduced activation 

in EOS patients across different cognitive tasks and this dysfunction persists also within 

WM only tasks. Even though the rTPJ clusters from both functional ALE analyses 

overlap to a high degree, our cognitive associations analyses revealed a slightly 

different pattern of behavioural domains coded by each cluster. The rTPJ cluster 

corresponding to the Cognition ALE was primarily involved in social cognition, visual 

perception, and action inhibition, whereas the one corresponding to WM was primarily 

involved in social cognition-related behaviours.  

Apart from attention reorienting to salient stimuli (Touroutoglou et al., 2012), 

the rTPJ also facilitates an individual’s sense of agency (Hughes, 2018) which is 

impaired in schizophrenia (Koreki et al., 2019). The rTPJ plays a domain-general role in 

social cognition (such as mental state attribution) through gating low-level attentional 

processes that generate internal predictions about external sensory events (Decety & 

Lamm, 2007). Attentional shifting mediated by the rTPJ is done by detecting 

unexpected events in the environment and the formation of spatial or social predictions 

that are held in WM (Krall et al., 2015). Thus, the cognitive associations’ findings of the 

Cognition ALE could be interpreted in light of the rTPJ sub-serving social cognitive 

processes through motor control (action inhibition) and the integration of sensory 

stimuli (visual perception). These processes could play a part in a wider cognitive 

framework that involves the detection of saliency, under any circumstances that require 

cognitive control (e.g. detection of performance errors) (Ham et al., 2013) and executive 

functioning, such as WM. Therefore, the hypoactivation we observed here could 

indicate inefficient salience processing of stimuli that are relevant for cognitive and 
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WM performance. The same dysfunctional processes could also explain impaired social 

cognition processes that are observed in the disorder. 

Additionally, in schizophrenia, TPJ hypoactivation has previously been shown 

during auditory distraction from a visual attention task (Smucny et al., 2013). This 

suggests that deficient processing for exogenous/bottom-up cues is mediated by 

impaired TPJ activation, as observed in an adult and chronically ill sample (Smucny et 

al., 2013). In a recent meta-analysis, Kim (2018) supported the existence of a 

frontoparietal network involving the rTPJ activated for subsequent forgetting after 

repetition enhancement. The author inferred that rTPJ activation results in the 

suppression of task-irrelevant mind wandering (Kim, 2018). Hence, rTPJ hypoactivity 

as observed in our meta-analysis could signal the inefficiency of EOS subjects to ‘shut 

down’ distracting thoughts and focus their attention on WM performance. Additionally, 

morphological examination of rTPJ in adult patients has shown that an abnormal sulcal 

pattern was associated with deficits in sense of agency and auditory hallucinations 

(Plaze et al., 2015). We suggest that the rTPJ is tied to the neurodevelopment of the 

disorder, an idea which is reinforced by the early insult in its sulcal development, as 

sulcal patterns are determined in utero (Plaze et al., 2015), and by reduced activity 

related to cognitive and WM processes in the EOS population, as our results suggest.  

4.2.3. Posterior parietal cortices: Attentional and executive 

dysfunction 

Focusing only on the WM experiments, our results not only showed hypoactivation in 

the rTPJ cluster but also bilaterally in the posterior parietal cortex (lPreC and rIPL). The 

paradigms in this meta-analysis included verbal and visuospatial WM. In our ALE 

results, the cluster with the highest ALE value was located in the lPreC. Our cognitive 
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association analysis of this cluster showed it was associated with cognitive functions of 

language and memory, as well as visual perception. On the right hemisphere, the 

hypoactivation peaked on the more inferior part of the parietal lobe (rIPL) with activity 

related to WM, spatial cognition, action and motion perception.   

Evidence from anatomical studies reveals parietal grey matter loss starting early 

in patients with childhood-onset schizophrenia, whereas bilateral SPL grey matter 

demonstrates the highest loss rate (Thompson et al., 2001). Early parietal abnormalities 

are a consistent finding in schizophrenia research (Burke et al., 2008; Zhao et al., 2018). 

There is supporting evidence that the lPreC volume is a successful classifier for EOS in 

a multivariate machine learning study (Greenstein et al., 2012), while rIPL and bilateral 

PreC resting state BOLD abnormalities accurately predicted adolescents with 

schizophrenia against typically developing controls (Liu et al., 2018). Yildiz et al. 

(2011) proposed the ‘parietal type’ of schizophrenia in which parietal, both anatomical 

and functional, impairments mark the second insult (the first insult being early in life 

before the overt manifestation of clinical symptoms in line with the neurodevelopmental 

model of the disorder including genetic, pregnancy and infancy factors) that triggers 

illness onset in some patients and is later progressing to frontal regions. This parietal 

impairment is first evidenced by WM impairment and sense of agency deficits (Yildiz et 

al., 2011) and hence could explain delusions of control seen in the disorder (Blakemore 

& Frith, 2003).  

Functional imaging suggests that the posterior parietal areas that cover the 

PreC/IPS (BA: 7/40) are responsible for the manipulation of information in WM 

(Champod & Petrides, 2010), such as binding verbal and spatial stimuli (Grot et al., 

2017) and for creating saliency maps for subsequent attentional selection (Bisley & 

Goldberg, 2010). Active binding in WM, which has been shown to be affected in 
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schizophrenia patients, is partially explained by insufficient allocation of attentional 

resources and has a neural substrate located in the lPreC and bilateral IPL (Grot et al., 

2017). Our lPreC and rIPL clusters of hypoactivation in EOS could indicate patients’ 

reduced ability to manipulate verbal and spatial information in WM, as the included 

tasks comprised of both modalities which our left and right parietal clusters were 

respectively functionally associated with. Additionally, reduced connectivity of the 

frontoparietal network has been observed in schizophrenia: Dysconnectivity of the 

lPreC and rIPL to dorsal cingulate cortex has been linked to lack of cognitive control 

(Fornito et al., 2011), while frontoparietal dysconnectivity during WM performance has 

been suggested as a potential biomarker of the disorder (Loeb et al., 2018). Andre et al. 

(2016) found evidence for decreased rIPL activation and lPreC activation increase with 

aging in healthy subjects. Developmentally, this could mean that EOS patients reach a 

posterior parietal activation plateau similar to adult levels before actually entering 

adulthood. The results in this meta-analysis together with previous studies in patients 

with schizophrenia highlight a parietal insult in multiple loci that extends from structure 

to activity.  

4.3. Meta-analytic co-activation modelling (MACM): 

Saliency dysfunction  

We followed up our ALE meta-analyses of cognition and WM in EOS by exploring the 

task-dependent co-activation patterns of our suprathreshold clusters with aberrant 

activation. EOS is marked with convergent hypoactivation in areas of the ACC and 

rTPJ across different cognitive processes. Using our clusters as seeds to explore their 

task-dependent functional connectivity we discovered they are all co-activated with a 

more posterior part of the ACC or aMCC/medial frontal gyrus and bilateral insular 

cortices. Similarly, the posterior parietal and rTPJ seeds that demonstrate reduced 
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activation during WM activate the same core network. This core network maps heavily 

on the salience network (Seeley et al., 2007). As the salience network co-activates with 

the ACC, rTPJ and posterior parietal cortices – areas responsible for attention 

(endogenous and exogenous), reward, WM and visual perception – it becomes clear that 

this system integrates all these processes for successful cognitive and WM performance.  

Decreased grey matter volume of the salience network (ACC/medial frontal 

gyrus and bilateral insula) has been a consistent finding across psychiatric conditions, 

and especially schizophrenia (Goodkind et al., 2015). In our meta-analysis, we did not 

detect consistent aberrant activity of the insular cortices in EOS, however, both our 

ALE results detected hypoactivation of the rTPJ. rTPJ is intimately linked to the ventral 

attentional network, responsible for reorienting attention to behaviourally relevant and 

salient stimuli (Corbetta et al., 2008). Kucyi and colleagues (2012) have previously 

argued that the ventral attention and salience networks are likely undifferentiated, 

owing to the high degree of functional and spatial overlap (Kucyi et al., 2012). 

Therefore, the rTPJ could be considered a node of the salience network, and together 

with the ACC they show hypoactivation in EOS which in turn could point to a central 

salience processing dysfunction relevant to general cognition.  

4.4. Conclusions 

This is the first coordinate-based meta-analysis of VBM and fMRI literature in EOS. 

The VBM meta-analysis did not reveal any reduction of grey matter volume in EOS 

patients. Our fMRI results highlight brain areas of consistently reduced activation 

across studies that are common for EOS. These areas include the ACC during general 

cognition, the bilateral posterior parietal cortices during WM and the rTPJ during 

cognition and WM. Furthermore, our post-hoc analysis showed that the salience 

network is functionally connected with these hypoactivating nodes identified here. 
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Evidence from previous studies supports the idea that a salience processing impairment 

is central to schizophrenia and patients demonstrate disruptions of within- and between- 

salience network connectivity with other functional networks. Thus, saliency 

dysfunction could play a central role in EOS and lead to cognitive symptoms in the 

disorder, such as poor WM and goal-directed attention.  
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Tables 

 

Table 3.1. Summary of the demographic and clinical variables for the 7 VBM studies and the 8 fMRI studies 

  
No 

 
Author 

 
Sample (M/F) 

Age 

Mean 

(SD/range) 

Age of illness onset 

(AIO) 

Duration of illness (DI) 

 

Symptom Scores 

Mean (SD) 
 Medication 

Mean mg/day (SD/Range) 

V
B

M
 s

tu
d

ie
s

 

1 Douaud et al 2007 EOS = 25 (18/7) M: 16.5 (1.3) AIO:  14.9 (1.6/11-16.8) CPZE: 340 (180) PANSS positive: 22 (5) 
   F: 15.9 (1.5)   PANSS negative: 16 (5) 
  HC = 25 (17/8) M: 16.2 (1.7) DI: 1.4 (0.7)   

   F: 15.6 (1.3)    

       

2 Janssen et al 2008 Patients = 70 (51/19)   CPZE: 329.7 (211.5/80 -920) PANSS positive: 25.7 (4.2) 
  EOS = 25 (19/6) 15.4 (1.8/12-18) AIO:  15 (1.8/11-17)  PANSS negative: 25.6 (6.8) 
    DI: 15.0 (9.3/0-65) weeks  PANSS general: 48.2 (8.0) 
    (0.29 years)   

  HC = 51 (35/16) 15.4 (1.6/11-18)    

       

3 Yoshihara et al 2008 EOS = 18 (9/9) 15.8 (1.8) DI: 1.2 (0.9) years Unspecified PANSS positive: 13.8 (4.4) 
      PANSS negative: 19.1 (10.0) 
  HC = 18 (9/9) 15.8 (1.3) AIO <18 yrs  PANSS global: 31.1 (10.7) 
       

4 Tang et al 2012 EOS = 29 (13/16) 16.5 (0.9) AIO: 15.7 (1.0) CPZE:  252.2 (189.2) PANSS Positive: 22.3 (2.8) 
      PANSS negative: 20.8 (3.0) 
  HC = 34 (16/18) 16.6 (0.8) DI: 9.3 (4.6) months  PANSS general: 34.5 (3.7) 
    (0.76 years)  PANSS total: 77.7 (5.7) 
       

5 Zhang Y et al 2015 EOS = 37 (17/20) 15.5 (1.8) DI: 16.0 (14.4) months Unspecified PANSS Positive: 20.42 (5.72) 
      PANSS negative:  20.91 (8.41) 
  HC = 30 (17/13) 15.3 (1.6)   PANSS general: 33.28 (6.69) 
      PANSS total: 74.62 (10.61) 
       

6 Zhang C et al 2017 EOS = 26 (13/13) 16.87 (1.05) AIO:  16.51 (1.01) N/A (treatment naïve) PANSS positive: 25.12 (4.92) 
      PANSS negative:  20.46 (8.19) 
  HC = 26 (13/13) 16.81 (0.75) DI: 3.61 (3.50) months  PANSS general: 47.85 (9.88) 
    (0.30 years)  PANSS total: 93.42 (16.43) 
      PANSS thought disturbance: 13.65 (3.74) 
      PANSS activation: 9.12 (2.86) 
      PANSS paranoid: 10.62 (2.00) 
      PANSS impulsive aggression:  16.85 (5.14) 
      PANSS anergia: 9.77 (4.88) 
      PANSS depression:  9.15 (3.94) 
       

7 Castro-Fornieles et al 2018 EOS = 34 (24/10) 15.2 (1.7) * Not specified** Cumulative CPZE: 215375.97 

(267730.54) 

PANSS positive: 14.7 (7.2) *** 
     PANSS negative: 18.1 (8.1) 
  HC = 70 (48/22) 15.3(1.5)   PANSS general: 31.1 (9.9) 
      PANSS total: 63.5 (22.3) 
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1 Pauly et al 2008 EOS = 12 (12/0) 17.5 (0.70) AIO:  16.10 (0.88/15-17) Unspecified PANSS positive: 17.50 (9.19) 
      PANSS negative:  12.70 (5.17) 
  HC = 12 (12/0) 17.5 (1.76)   PANSS general: 25.30 (5.68) 
      GAF:  60.91 (11.36) 
       

2 Seiferth et al 2009 EOS = 12 (12/0) 17.8 (1.4) DI: 38 weeks (4-109) CPZE: 231 (111) PANSS positive: 16.2 (8.1) 
    (0.73 years)  PANSS negative: 13.3 (6.9) 
  HC = 12 (12/0) 17.9 (1.5)   PANSS global: 56.3 (22.2) 
      GAS: 57.0 (15.8) 
       

3 Borofsky et al 2010 EOS = 14 (7/7) 13.34 (2.14) Unspecified Unspecified Thought cohesion:  0.48 (0.206) 
    (<13 years old)  Repair of the organization of thoughts: 0.49 (0.181) 
  HC = 14 (6/8) 12.37 (2.39)   Revision of linguistic errors: 0.50 (0.081) 
      Formal thought disorder: 0.41 (0.191) 
       

4 White et al 2011a EOS = 22 (15/7) 15.0 (2.8) AIO: 12.5 (2.4) CPZE (Woods):  313.89 (153.78) SANS: 2.8 (0.8) 

  Schizophrenia paranoid 
= 10 

    
SAPS (psychotic symptoms): 2.6 (1.1) 

  Schizophrenia 
disorganised = 1 

  
DI: 1.6 (1.3) 

  
Disorganised symptoms:  1.9 (1.0) 

  Schizophrenia 
undifferentiated = 8 

    

  Schizoaffective disorder = 
2 

    

  Schizophreniform 
disorder = 1 

    

  HC = 24 (16/8) 15.0 (3.0)    

       

5 White et al 2011b EOS = 14 (12/2) 15.1 (2.6) Unspecified CPZE (Woods):  184.33 (unspecified) SANS: 2.6 (0.8) 
  Schizophrenia = 11    SAPS (psychotic symptoms): 2.5 (1.2) 

  Schizoaffective disorder = 
2 

    
Disorganised symptoms:  2.0 (1.2) 

  Schizophreniform 
disorder = 1 

    

  HC = 14 (12/2) 15.0 (2.8)    

       

6 Kyriakopoulos et al 2012 EOS = 25 (14/11) 16.1 (1.5) AIO: 14.8 (1.6) CPZE: 285.9 (50 - 1200) PANSS positive: 8.9 (2.1) 
      PANSS negative: 12.4 (3.4) 
  HC = 20 (12/8) 16.3 (2.1)   PANSS total: 44 (5.6) 
       

7 Bittner et al 2015 EOS = 17 (11/6) 17.9 (15.2 - 20.4) AIO: 16.5 (1.2) CPZE: 188.7 (166) PANSS total: 44.92 (18.38) 
       

  HC = 17 (11/6) 17.5 (15.1 - 19.9)    
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 8 Loeb et al 2018 EOS = 32 (16/16) 21.3 (1.1) AIO: 10.0 (1.7) CPZE: 943 (113) SAPS: 9.8 (6.2) 
    DI: 11.3 (1.1) years  SANS: 13.3 (7.6) 
  HC = 39 (21/18) 20.0 (0.7)    

       

CPZE: Chlorpromazine equivalent, EOS: early-onset schizophrenia, GAF: Global Assessment of Functioning, GAS: Global Assessment Scale, HC: healthy controls, 

PANSS: positive and negative schizophrenia symptoms, SANS: Scale for the Assessment of Negative Symptoms, SAPS: Scale for the Assessment of Positive Symptoms 

* Ages in this sample are given in the baseline study, but cross-sectional EOS-HC differences only reported in the follow up, which was on average 26 months (EOS: M = 26, 

SD = 3.1; HC: M = 25.8, SD = 2.6) 

** Study does not specify AIO, but age range of sample (11-17) presumes onset of illness < 18 years of age 

*** PANSS scores are reported at the follow-up scanning time 
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Table 3.2. Paradigm and coordinate data for the experiments (and contrasts) within the 7 VBM studies followed by the 8 fMRI studies  

 

First author 
 

Year 

Subjects 
Imaging 

modality 

Brain 

template 

Behavioural 

task(s) 

 

Design / Software 
Subject-Level 

Analysis 

 

Group-Level Analysis 
 

p threshold 
 

Anatomic labels 

Coordinates 

EOS HC x y z 

Douaud 2007 25 25 VBM MNI (FSL) N/A FSL & SPM2 N/A HC > EOS 0.01 FWE corrected L-Heschl Gyrus -48 -18 10 

          cluster-forming 

threshold 0.05 
L-Parietal Operculum -38 -16 24 

           R-Parietal Operculum 50 -24 20 
           R-Heschl Gyrus 50 -22 8 
           L-Pars Opercularis -46 18 12 
           L-Pars Opercularis -50 8 20 
           L/R-SMA 1 0 52 
           L-Poste-Central Gyrus -40 -36 46 
           R-Pre-Central Gyrus 51 -10 41 
           R-Post Central Gyrus 60 -16 44 
           R-Pre-Central Gyrus 38 10 38 
           L-FEF -22 18 48 

           
R-Anterior Cingulate Gyrus 14 8 34 

           
R-Anterior Cingulate Gyrus 14 40 30 

           
R-Anterior Cingulate Gyrus 10 22 25 

           R-Dorsolateral Prefrontal 

Cortex 
20 44 20 

           R-Dorsolateral Prefrontal 

Cortex 
20 44 32 

           R-Precuneus 24 -70 32 

           
R-Parieto-Occipital Fissure 20 -60 14 

           L-Precuneus -12 -61 49 
           L-Calcarine Fissure -12 -90 6 
           L-Inferior Temporal Gyrus -50 -16 -22 
           R-Middle Temporal Gyrus 58 -11 -16 

Janssen 2008 25 51 VBM MNI152 N/A SPM2 N/A HC > EOS 
cluster-level 

correction 0.05 
L-Middle Frontal Gyrus -39 10 51 

           L-Medial Frontal Gyrus -3 54 16 

 
Yoshihara 

 
2008 

 
18 

 
18 

 
VBM 

 
T & T 

 
N/A 

BAMM (Brain Analysis 

Morphological Mapping) 

 
N/A 

 
HC > EOS 

 
0.05 FWE corrected 

 
L-Parahippocampal Gyrus 

 
-57 

 
2 

 
-4 

Tang 2012 29 34 VBM MNI N/A SPM5 N/A HC > EOS FDR 0.05 
L-Middle & Superior 

Temporal Gyrus 
-54 -22 -11 

Zhang Y 2015 37 30 VBM MNI N/A SPM8 N/A HC > EOS 
0.05 corrected, 

cluster-forming 

p < 0.005, k > 1115 

R-Middle & Superior 

Temporal Gyrus 
48 -9 -17 

              

               

Zhang C 2017 26 26 VBM MNI N/A SPM8 N/A HC > EOS 
cluster-level FWE 

0.05 

L-Parietal Postcentral 

Gyrus 
-10 -38 70 

          
voxel-wise t >3.12 L-Parahippocampal Gyrus -31 -44 -7 
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           R-Cerebellum Posterior 

Pyramis 
4 -70 -29 

Castro- 

Fornieles 
2018 34 70 VBM MNI N/A SPM8 N/A HC > EOS 

p < 0.0001 

uncorrected 
R-Thalamus 8 -11 9 

           L/R-Medial Frontal Gyrus -2 42 37 
           L/R-Medial Frontal Gyrus -1 51 13 
           R-Rectus 1 38 -20 

Pauly 2008 12 12 fMRI MNI verbal n-back Block / SPM2 2-back > 0-back HC > EOS 0.001 uncorrected R-Middle Frontal Gyrus 50 16 40 
          k > 15 voxels R-Middle Frontal Gyrus 48 28 28 
           L-Cuneus/Precuneus -16 -74 32 
           L-Middle Frontal Gyrus -22 28 40 
           R-Angular Gyrus 60 -56 26 

           L-Anterior Cingulate 

Cortex 
-2 36 26 

           L-Inferior Parietal Lobe -62 -56 24 
      verbal n-back  2-back > 0-back HC < EOS  R-Middle Occipital Lobe 44 -86 2 
           R-Postcentral Gyrus 56 -14 50 

           
R-Superior Temporal Pole 42 12 -22 

      negative 

emotion 

induction 

 
negative odour > 

neutral odour 

 
HC > EOS 

 
L-Anterior Orbitofrontal 

Cortex 

 
-36 

 
56 

 
-14 

      negative 

emotion 

induction 

 
negative odour > 

neutral odour 

 
HC < EOS 

  
L-Middle Cingulate Gyrus 

 
-4 

 
-16 

 
44 

           L-Lateral Orbitofrontal 

Cortex 
-50 40 -6 

           R-Precuneus 2 -52 32 

           R-Precentral/Postcentral 

Gyrus 
52 0 24 

           R-Posterior Cingulum 6 -44 14 
           R-Angular Gyrus 42 -70 36 
           L-Middle Frontal Gyrus -30 18 44 
           L-Medial Prefrontal Gyrus -20 40 18 

 
Seiferth 

 
2009 

 
12 

 
12 

 
fMRI 

 
MNI 

facial emotion 

discrimination 

 
Event-related / SMP2 

Happy faces > 

neutral faces & blank 

screen 

 
HC > EOS 

 
0.05 FWE corrected 

 
L-Inferior Occipital Gyrus 

 
-36 

 
-70 

 
-10 

          k > 5 voxels R-Fusiform Gyrus 32 -78 -6 
           Thalamus 0 -16 2 

        
Sad faces > neutral 

faces & blank screen 

   
L-Inferior Occipital Gyrus 

 
-34 

 
-72 

 
-8 

           
L-Parahippocampal Gyrus -2 -22 -18 

           L-Caudate -14 -14 22 

           R-Superior Temporal 

Gyrus 
60 -44 20 

           Posterior Cingulum 0 -36 24 
           R-Thalamus 16 -34 16 
           R-Middle Occipital Gyrus 48 -78 18 
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R-Superior Occipital Gyrus 22 -80 30 

           R-Middle Temporal Gyrus 44 -62 14 
           R-Rolandic Operculum 60 -20 16 
           R-Hippocampus 40 -8 -14 
           R-Insula 30 -18 20 
           L-Cerebellum -16 -40 -20 

           
L-Superior Temporal Gyrus -38 -38 12 

           R-Middle Temporal Gyrus 66 -22 -4 
           R-Cerebellum 20 -36 -20 
           R-Supramarginal Gyrus 62 -48 40 
           R-Inferior Parietal Cortex 50 -24 -6 

        
Angry > neutral faces 

& blank screen 

   
L-Inferior Occipital Gyrus 

 
-36 

 
-70 

 
-10 

           R-Fusiform Gyrus 32 -78 -6 
           L-Thalamus -2 -18 2 

        Fearful faces > 

neutral faces & blank 

screen 

   
L-Fusiform Gyrus 

 
-26 

 
-78 

 
-8 

           R-Fusiform Gyrus 32 -78 -8 

           R-Superior Temporal 

Gyrus 
46 -38 6 

        Happy faces > 

neutral faces & blank 

screen 

 
HC < EOS 

  
R-Cuneus 

 
8 

 
-82 

 
18 

        
Angry > neutral faces 

& blank screen 

   
R-Cuneus 

 
8 

 
-82 

 
18 

           L-Precuneus -4 -54 8 

           L-Precentral/Inferior 

Frontal Gyrus 
-56 10 32 

           L-Cuneus -8 -66 22 

        Fearful faces > 

neutral faces & blank 

screen 

  
R-Calcarine 

Sulcus/Cuneus 

 
8 

 
-82 

 
14 

 
Borofsky 

 
2010 

 
14 

 
14 

 
fMRI 

 
T & T 

semantic and 

syntactic 

processing 

Block / AIR within LONI; 

SPM2 

Semantic condition > 

baseline 

 
HC > EOS 

0.05 cluster-level 

FWE 

 
R-Inferior Frontal Gyrus 

 
46 

 
22 

 
12 

          cluster-forming 

threshold 0.001 

 
32 30 -6 

           R-Dorsal Medial Prefrontal 

Cortex 
6 28 36 

           R-Anterior Cingulate 

Cortex 
10 30 28 

           
L-Superior Temporal Gyrus -56 -54 14 

           L-Middle Temporal Gyrus -56 -50 6 
           L-Putamen -30 2 10 
           R-Cerebellum 30 -68 -28 
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        Syntactic condition > 

baseline 

  
L-Inferior Frontal Gyrus -48 10 30 

           L-Premotor Cortex -38 2 44 

           L-Dorsal Medial Prefrontal 

Cortex 
-2 42 36 

            2 26 46 

           R-Presupplementary Motor 

Area 
2 16 54 

           R-Caudate Nucleus 12 14 10 
           L-Putamen -24 2 8 

White 2011a 22 24 fMRI MNI 
visuospatial 

SIRP 

Block / AFNI & FSL, 

FMRIB 
Encode load 3 HC > EOS 0.05 corrected R-Parietal Lobe/Precuneus 6 -58 50 

           R-Superior Parietal Lobe 38 -52 46 
           L-Lateral Occipital Cortex -22 -68 44 

        
Encode load 2 HC < EOS 

 
L-Anterior Cingulate Gyrus -12 36 -4 

           L-Planum Polare/Heschl's 

Gyrus/Superior Temporal 

Gyrus 

 
-50 

 
-14 

 
-2 

           L-Temporal Pole -32 12 -42 
           L-Cerebellum/Brainstem -10 -16 -40 

           L-Posterior Cingulate 

Gyrus 
-6 -54 22 

           L-Anterior Cerebellum -2 -52 -6 
           L-Hippocampus -26 -10 -20 
           R-Middle Temporal Gyrus 58 4 -22 
           R-Orbital Frontal Cortex 26 14 -20 

           
R-Hippocampus/Amygdala 24 -6 -22 

        Retrieval probe load 

2 

  
L-Temporal Pole -28 10 -38 

           L-Middle Temporal Gyrus -56 -8 -24 

           L- 

Hippocampus/Parahippoc 

ampal Gyrus 

 
-20 

 
-8 

 
-28 

           L-Paracingulate Gyrus -14 42 -6 

        Retrieval probe load 

3 

  
L-Middle Temporal Gyrus -60 -2 -18 

           L-Temporal Pole -46 10 -24 

           
L-Parahippocampal Gyrus -16 -14 -22 

           
L-Hippocampus/Amygdala -16 -10 -16 

White 2011b 14 14 fMRI T & T verbal SIRP 
Block / AFNI & FSL, 

FMRIB 
retrieval HC > EOS 0.05 corrected L-Occipital Lobe -22 -98 -14 

Kyriakopoulos 2012 25 20 fMRI T & T verbal n-back Block / SPM8 2-back > 0-back HC > EOS 0.05 FWE corrected L-Middle Frontal Gyrus -28 32 33 

           L-Left Anterior Cingulate 

Gyrus 
-2 30 19 

           R-Right Anterior Cingulate 

Gyrus 
4 32 20 

           L-Inferior Frontal Gyrus -52 9 16 
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Bittner 2015 17 17 fMRI T & T 
delayed visual 

discrimination 

Event-related / 

BrainVoyager 
encoding load 1, 2, 3 HC > EOS 0.05 corrected 

L-Ventrolateral Prefrontal 

Cortex 
-48 25 12 

           L-Inferior Parietal Lobule -54 -43 26 

        
encoding load 2, 3 

  L-Ventrolateral Prefrontal 

Cortex 
-48 11 12 

           L-Middle Temporal Gyrus -50 -55 7 
        encoding load 3   L-Precuneus -6 -68 27 
           L-Insula -34 4 6 
           R-Inferior Parietal Lobule 57 -41 26 
        encoding load 2   R-Lingual Gyrus 18 -56 4 

        early maintenance 

load 1, 2, 3 

  
R-Posterior Cingulate 12 -30 41 

           L-Posterior Cingulate -10 -33 38 
           R-Precuneus 7 -65 25 
           L-Precuneus -5 -68 23 
           R-Middle Occipital Gyrus 24 -80 16 
           L- Middle Occipital Gyrus -24 -81 14 
           L-Insula -40 -26 17 
           R-Central Sulcus 19 -32 58 
           R-Supramarginal Gyrus 51 -25 24 

           R-Superior Temporal 

Gyrus 
51 -29 16 

           R-Lingual Gyrus 8 -76 -11 

        early maintenance 

load 2, 3 

  
L-Intraparietal Sulcus -30 -62 37 

           L-Middle Temporal Gyrus -45 -63 13 

        early maintenance 

load 3 

  
R-Superior Parietal Lobe 31 -49 42 

           L-Dorsolateral Prefrontal 

Cortex 
-37 10 38 

           L-Intraparietal Sulcus -23 -67 35 

        late maintenance 

load 2, 3 

  
L-Superior Temporal Gyrus -45 -54 20 

        late maintenance 

load 2 

  L-Posterior Cingulate 

Cortex 
-5 -41 29 

        retrieval load 1   L-Fusiform Gyrus -30 -38 -11 

           R-Anterior Cingulate 

Cortex 
5 22 28 

        encoding load 1 HC < EOS  L-Insula -34 4 6 
           R-Inferior Parietal Lobule 57 -41 26 
           R-Lingual Gyrus 18 -56 4 

        early maintenance 

load 2 

  
L-Intraparietal Sulcus -30 -62 37 

        late maintenance 

load 1, 2, 3 

  
L-Superior Frontal Gyrus -16 -14 62 

        
retrieval load 2, 3 

  L-Anterior Cingulate 

Cortex 
-8 27 26 

           R-Ventrolateral Prefrontal 

Cortex 
28 19 2 

           L-Ventrolateral Prefrontal 

Cortex 
-27 20 -3 
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           L-Prefrontal Cortex -33 48 18 
           R-Lingual Gyrus 11 -86 -7 
        retrieval load 1, 2, 3   R-Inferior Parietal Lobule 38 -30 41 
           L-Inferior Parietal Lobule -49 -25 35 
           L-Inferior Parietal Lobule -37 -48 37 

        
retrieval load 2 

  R-Anterior Cingulate 

Cortex 
5 22 28 

Loeb 2018 32 39 fMRI MNI n-back Block / SPM12 
2- and 1-back > 0- 

back 
HC > EOS 0.05 FWE corrected L-Precuneus -9 -67 45 

           
R-Lateral Posterior Parietal 36 -52 36 

           R-Caudate 18 5 18 

           
L-Lateral Posterior Parietal -27 -55 33 

           R-Dorsolateral Prefrontal 

Cortex 
36 29 30 

           R-Lateral Posterior 

Temporal 
60 -46 21 

           L-Dorsolateral Prefrontal 

Cortex 
-27 -7 48 

           R-Premotor 30 2 48 
           L-Premotor -48 -1 39 
           L-Caudate -15 5 12 
           L-Middle Occipital -30 -76 27 
           R-Cerebellum Crus 6 -85 -27 

SIRP: Stenberg Item Recognition Paradigm
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Table 3.3. Clusters showing significant convergence of hypoactivation in EOS 

 Local extrema  

Cluster 
Volume 

Location BA L/R x y z 

ALE 
value 

(mm3) (10-3) 

Cognition ALE 

Healthy controls > Early-onset schizophrenia 

                 

1 1752 Anterior cingulate 32 R 6 38 14 9.78 

    Cingulate gyrus 32 R 6 28 24 9.53 

    Cingulate gyrus 32 R 12 36 22 9.23 

    Anterior cingulate 24 L 0 36 14 9.16 

    Medial frontal gyrus 6 R 8 34 32 9.06 

    Cingulate gyrus 32 L -2 36 26 8.94 

2 1520 Superior temporal gyrus 13 R 60 -46 20 17.76 

    Superior temporal gyrus 39 R 60 -56 26 8.90 

                  

Working memory ALE 

Healthy controls > Early-onset schizophrenia  

                  

1 2488 Precuneus 7 L -22 -66 44 16.06 

    Middle temporal gyrus 39 L -28 -56 34 9.31 

    Precuneus 7 L -10 -68 44 9.24 

    Angular gyrus 39 L -30 -60 44 9.19 

2 1640 Inferior parietal lobule 40 R 38 -50 46 13.52 

    Superior temporal gyrus 39 R 36 -52 36 10.43 

3 1448 Supramarginal gyrus 40 R 60 -46 22 10.53 

    Inferior parietal lobule 40 R 62 -40 26 9.14 

    Superior temporal gyrus 39 R 60 -56 26 8.88 

MNI coordinates, p < 0.05 cluster-level FWE, BA: Brodmann area, HC: healthy controls, EOS: early-onset 

schizophrenia   
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*Studies did not qualify to be included in the WM ALE

Table 3.4. Foci contribution from each fMRI study to the resultant ALE clusters of hypoactivation in EOS 

Study 

 

cluster 

Pauly 

2008 

Seiferth 

2009 

Borofsky 

2010 

White 

2011a 

White 

2011b 

Kyriakop 

oulos 

2012 

Bittner 

2015 

Loeb 

2018 

Cognitive ALE 

rACC 1 focus - 2 foci - - 2 foci 1 focus - 

rTPJ 1 focus 1 focus - - - - 1 focus 1 focus 

WM ALE 

lPreC - n/a
*
 n/a 1 focus - - 2 foci 2 foci 

rIPL - n/a n/a 1 focus - - 1 focus 1 focus 

rTPJ 1 focus n/a n/a - - - 1 focus 1 focus 
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Table 3.5. Functional connectivity for the Cognitive ALE-derived seeds and conjunctions between each using the minimum statistic 

      MNI coordinates  

Seed 

region 

 
Cluster Volume 

(mm3) 

 
Location 

 
BA 

 
L/R 

 
x 

 
y 

 
z 

ALE 

value 

(10^3) 

rACC 1 11608 
Anterior cingulate 

Gyrus 
32 R 8 32 26 238.783 

   Medial Frontal Gyrus 8 L 2 32 44 55.954 

 2 2488 Insula  L -32 22 -4 70.867 

 3 1984 Insula  R 38 20 -2 77.388 

 4 592 Inferior Frontal Gyrus 9 R 52 16 26 51.014 

 5 352 Middle Frontal Gyrus 9 R 44 36 28 55.677 

 
6 288 Caudate 

Caudate 

Body 
R 12 8 2 51.719 

  
7 

 
168 

 
Thalamus 

Medial 

Dorsal 

Nucleus 

 
R 

 
8 

 
-14 

 
6 

 
49.318 

 8 168 Cingulate Gyrus 24 L 0 6 48 46.190 

 9 160 Cingulate Gyrus 32 R 6 18 38 47.236 

 10 128 Cingulate Gyrus 31 L 2 -28 34 47.718 

  
11 

 
88 

 
Thalamus 

Medial 

Dorsal 

Nucleus 

 
L 

 
-10 

 
-16 

 
10 

 
45.817 

rTPJ 1 5816 
Superior Temporal 

Gyrus 
13 R 60 -44 22 208.639 

 2 1536 Claustrum  L -34 18 2 69.585 
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 3 1224 Insula  R 40 18 -2 60.965 

   Insula 13 R 48 14 -2 49.711 

 4 1144 Cingulate Gyrus 24 R 4 10 46 52.941 

   Medial Frontal Gyrus 6 L 2 4 52 50.162 

 
5 272 

Superior Temporal 

Gyrus 
22 L -60 -38 26 47.076 

 6 248 Middle Frontal Gyrus 6 R 48 4 46 44.917 

   Middle Frontal Gyrus 6 R 40 0 52 43.762 

  
7 

 
216 

 
Thalamus 

Medial 

Dorsal 

Nucleus 

 
R 

 
10 

 
-14 

 
6 

 
49.205 

 
8 136 Caudate 

Caudate 

Body 
R 16 2 8 46.025 

 
9 136 Superior Frontal Gyrus 6 R 12 2 66 48.640 

 10 88 Thalamus  L -10 -16 4 42.972 

 
11 80 

Superior Temporal 

Gyrus 
22 R 50 -32 -4 44.614 

rACC ∩ rTPJ 1 920 Insula 13 L -36 18 0 63.560 

 2 752 Insula 13 R 40 18 0 60.965 

 3 128 Cingulate Gyrus 32 R 2 8 46 45.006 

  
4 

 
64 

 
Thalamus 

Medial 

Dorsal 

Nucleus 

 
R 

 
10 

 
-14 

 
6 

 
46.424 

ALE: activation likelihood estimation, rACC: Right anterior cingulate cortex, rTPJ: right temporoparietal junction 
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Table 3.6. Functional connectivity for the WM ALE-derived seeds and conjunctions between each seed using the minimum statistic 

      MNI coordinates  

Seed 

region 

 
Cluster Volume 

(mm3) 

 
Location 

 
BA 

 
L/R 

 
x 

 
y 

 
z 

ALE 

value 

(10^3) 

lPreC 1 15792 Precuneus 7 L -24 -66 44 393.765 

   Inferior Parietal Lobule 40 L -44 -40 44 103.293 

 2 11136 Inferior Frontal Gyrus 6 L -46 6 32 143.849 

   Middle Frontal Gyrus 6 L -26 -4 54 96.743 

   Precentral Gyrus 6 L -44 -2 48 90.827 

 3 9504 Superior Parietal Lobule 7 R 32 -60 46 149.588 

   Precuneus 31 R 30 -74 34 86.114 

 4 8120 Medial Frontal Gyrus 32 L -2 16 48 165.478 

   Cingulate Gyrus 32 R 4 24 38 100.191 

 5 3440 Insula 13 R 36 22 0 164.074 

 6 2808 Insula 13 L -34 22 0 144.915 

 7 1800 Inferior Frontal Gyrus 9 R 48 8 30 125.814 

 8 920 Precentral Gyrus 6 R 34 0 50 78.141 

 9 424 Middle Frontal Gyrus 9 R 44 34 30 72.719 

 10 408 Fusiform Gyrus 37 L -42 -66 -10 74.036 

 11 112 Lentiform Nucleus Putamen L -18 6 4 66.586 

 12 80 Superior Frontal Gyrus 9 L 38 44 26 66.627 

rIPL 1 9504 Inferior Parietal Lobule 40 R 36 -48 46 377.322 

 2 9488 Inferior Parietal Lobule 40 L -34 -50 46 142.905 

   Superior Parietal Lobule 7 L -26 -60 48 103.884 

   Precuneus 7 L -14 -64 56 65.156 

 3 9272 Medial Frontal Gyrus 6 R 2 20 46 128.635 

   Cingulate Gyrus 32 R 8 26 36 95.367 

 4 6808 Inferior Frontal Gyrus 9 R 46 10 30 115.976 

   Middle Frontal Gyrus 9 R 48 28 28 71.347 

   Middle Frontal Gyrus 9 R 40 40 28 67.955 

   Middle Frontal Gyrus 6 R 28 -4 54 66.220 

   Middle Frontal Gyrus 46 R 44 36 14 58.934 
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 5 6496 Precentral Gyrus 6 L -42 6 32 132.128 

 6 3784 Insula 13 R 34 24 0 157.487 

 7 2872 Insula 13 L -34 22 2 123.725 

 8 1024 Middle Frontal Gyrus 6 L -26 -4 54 72.954 

 9 344 Lentiform Nucleus Putamen L -20 0 6 61.601 

   Caudate Caudate Body L -12 2 14 57.092 

 10 328 Thalamus  R 10 -14 -2 65.608 

 11 184 Middle Temporal Gyrus 22 L -52 -46 6 64.287 

  

12 

 

184 

 

Thalamus 
Ventral Posterior Medial 

Nucleus 

 

L 

 

-14 

 

-20 

 

6 

 

62.552 

 13 152 Lentiform Nucleus Putamen R 24 4 2 64.917 

 14 56 Precuneus 7 R 14 -66 54 58.418 

 

rTPJ 

 

1 

 

4952 

 

Superior Temporal Gyrus 

 

13 

 

R 

 

60 

 

-44 

 

22 

 

157.309 

 2 1240 Insula  L -34 18 -2 61.482 

 3 872 Insula 13 R 38 18 -4 51.795 

   Insula 13 R 34 24 4 44.963 

 4 424 Medial Frontal Gyrus 32 R 4 12 44 43.783 

   Cingulate Gyrus 24 R 2 4 48 38.113 

 5 304 Supramarginal Gyrus 40 L -56 -50 32 41.484 

    

Superior Temporal Gyrus 

 

39 

 

L 

 

-52 

 

-56 

 

30 

 

40.259 

 6 200 Inferior Parietal Lobule 40 L -58 -38 26 43.058 

  

7 

 

120 

 

Superior Temporal Gyrus 

 

22 

 

R 

 

50 

 

-32 

 

-4 

 

41.815 

 8 80 Precuneus 7 L -2 -56 36 41.585 

lPreC ∩ rIPL 1 6968 Superior Frontal Gyrus 6 R 2 18 48 126.574 

   Cingulate Gyrus 32 R 6 26 36 90.369 

 2 6968 Inferior Parietal Lobule 40 L -34 -52 46 134.438 

   Superior Parietal Lobule 7 L -26 -60 48 103.884 

   Precuneus 7 L -14 -64 54 62.009 

 3 5776 Precentral Gyrus 6 L -42 6 32 131.649 

 4 5184 Superior Parietal Lobule 7 R 32 -56 46 138.810 
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 5 2720 Insula 13 R 36 22 0 153.704 

 6 2304 Insula 13 L -34 22 2 123.725 

 7 1704 Inferior Frontal Gyrus 9 R 48 10 30 115.206 

 8 896 Middle Frontal Gyrus 6 L -26 -4 54 72.954 

 9 392 Middle Frontal Gyrus 9 R 46 32 28 69.102 

   Middle Frontal Gyrus 46 R 44 38 18 56.884 

 10 296 Middle Frontal Gyrus 6 R 30 -2 52 63.133 

   Middle Frontal Gyrus 6 R 40 0 46 55.712 

 11 32 Precuneus 7 R 14 -66 52 57.436 

 12 24 Lentiform Nucleus Putamen L -20 2 4 61.076 

 13 24 Superior Frontal Gyrus 9 R 38 42 26 62.276 

rIPL ∩ rTPJ 1 1104 Insula  L -34 18 -2 61.482 

 2 832 Insula 13 R 38 18 -4 51.795 

   Insula 13 R 34 24 4 44.963 

 3 344 Medial Frontal Gyrus 32 R 4 12 44 43.783 

   Cingulate Gyrus 24 R 2 4 48 38.113 

lPreC ∩ rTPJ 1 1160 Insula  L -34 18 -2 61.482 

 2 696 Insula 13 R 38 18 -4 51.795 

   Insula 13 R 34 24 4 44.963 

 3 280 Medial Frontal Gyrus 32 R 4 12 44 43.783 

 4 8 Cingulate Gyrus 32 R 8 16 40 36.119 

 5 8 Cingulate Gyrus 24 R 2 6 48 36.546 

lPreC ∩ rIPL ∩ rTPJ 1 1160 Insula  L -34 18 -2 61.482 

 2 696 Insula 13 R 38 18 -4 51.795 

 3 280 Medial Frontal Gyrus 32 R 4 12 44 43.783 

ALE: activation likelihood estimation, WM: working memory, lPreC: left precuneus, rIPL: right inferior parietal lobule, rTPJ: right temporoparietal junction 

  



  

Chapter 4:  Dorsolateral prefrontal cortex 

and default mode network 

dysconnectivity underlies working 

memory performance in young adults 

with early-onset schizophrenia: an fMRI 

follow-up study 

Abstract: Cognitive dysfunction in schizophrenia is increasingly regarded to be 

neurodevelopmental in origin. This is due to the cognitive impairment in executive function that 

starts in adolescence; a critical period for working memory processes and its neural substrates, 

i.e., the dorsolateral prefrontal cortex (DLPFC). Following the first episode, working memory 

brain activity is frequently shown to normalise in patients. Meanwhile, schizophrenia is believed 

to be a disorder of dysconnectivity with prevalent dysregulation in connectivity between major 

cognitive networks. Follow-ups of functional magnetic resonance imaging (fMRI) studies in 

patients with an early onset (EOS) can help determine the neural correlates of working memory 

activity and connectivity concurrently with associated brain maturation. This study follows up 

the EOS patients and age- and gender-matched controls from Kyriakopoulos et al. (2012) 4 

years after the initial scan. The participants were scanned with fMRI during the n-back to 

examine cross-sectional differences in brain activity and connectivity of the DLPFC. Performance 

in the n-back was similar across groups, while general linear model analysis showed comparable 

brain activation between the groups. Nevertheless, functional connectivity between the DLPFC 

and the default mode network was affected in EOS. Patients had reduced negative connectivity 

of the executive DLPFC node with the posterior cingulate, medial prefrontal and right angular 

gyrus. These results confirm that functional brain activity normalises in the years following the 

first episode while also points to disconnection that is relevant with EOS and was not detected 

in the four years before the second scan, therefore suggesting potential destabilisation in 

internetwork connectivity. 
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1. Introduction 

Schizophrenia is a clinical syndrome with pronounced cognitive and functional brain 

disturbances, and it usually manifests in early adulthood. There is a small fraction of 

patients with an earlier onset that occurs in childhood or adolescence, referred here as 

early-onset schizophrenia (EOS). The existence of schizophrenia patients with this 

earlier onset-age agrees with the increasingly discussed neurodevelopmental model of 

schizophrenia, which sees the disorder as the end state of abnormal neurodevelopmental 

processes (Rapoport et al., 2012). It has been shown that neurocognitive abnormalities 

precede clinical symptom expression of schizophrenia (Bora, 2015) and in accordance, 

regional grey matter and functional abnormalities are more prominent following the first 

episode than in any other stage of the disease, like in individuals with genetic risk, ultra-

high risk or chronic patients (Zhao et al., 2018). There are however variations in the 

trajectories of functional brain impairments in schizophrenia (Bora, 2015) and while 

patients are marked by a global cognitive deficit relative to controls in broad range of 

domains that includes working memory (Schaefer et al., 2013), it is not unusual that 

schizophrenia patients maintain their cognitive functioning or even improve following 

illness-onset (Bora & Murray, 2014). 

Working memory (WM) is supported by a central executive network, frequently 

dependent on the activation of the dorsolateral prefrontal (DLPFC) (BAs 9, 46), anterior 

cingulate (BA 32), superior and inferior parietal (BAs 7, 40), occipital (BA 19), and 

temporal (BAs 13, 22, 37) cortices (Niendam et al., 2012) and function in these areas is 

often found to be compromised in schizophrenia (Minzenberg et al., 2009). In 

developmental as well as in schizophrenia research, the prefrontal cortex attracts a lot of 

attention as it is a central node of the cognitive control that is exerted upon other 
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performance guiding systems, while still being subjected to maturational processes 

throughout adolescence (Constantinidis & Luna, 2019).While the DLPFC is critical for 

the maintenance of information (Bittner et al., 2015) and inhibitory control (Hwang et 

al., 2010), schizophrenia patients are shown to have aberrant WM-related function 

(Bittner et al., 2015; Glahn et al., 2005; Karlsgodt et al., 2009) and connectivity profiles 

of this node with other areas(Loeb et al., 2018; Nielsen et al., 2017; Wu et al., 2017). 

Aberrant activation of the DLPFC, however, is not a consistent finding in the 

neuroimaging literature in EOS (Ioakeimidis et al., 2020), as the extent of DLFPC 

activation is often modulated by task performance in patients with schizophrenia 

(Karlsgodt et al., 2009; Wu et al., 2017) and is dependent on task demands and resource 

allocation (Burzynska et al., 2011). Consequently, studying the DLPFC connectivity 

profiles during WM tasks in schizophrenia might be a more reliable marker of the 

disease (Wu et al., 2017). 

The present study is a follow-up to a baseline first reported in Kyriakopoulos et 

al. (2012) which consisted of adolescents with EOS with an age of illness onset at 14.4 

years. In the baseline study, 25 adolescents with EOS and 20 healthy controls matched 

for age, gender, and hand dominance performed a verbal version of the n-back task 

while their BOLD activity was being recorded with fMRI at the Maudsley Hospital in 

South London. Four years later, the majority of the same adolescents returned to be 

assessed in the same n-back paradigm and in the same scanner. This study explores 

cross-sectional WM activation and de-activation during the n-back and functional 

connectivity of the DLPFC using psychophysiological interactions (PPI).  
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2. Methods 

2.1. Participants 

In this follow-up, seventeen youths with EOS aged 20.82 (±1.71) and seventeen healthy 

controls (HC), who were matched for age and gender, aged 21.00 (±2.11) years, 

returned to participate in the study (Table 4.1). At baseline (Kyriakopoulos et al., 2012), 

patients were recruited from the South London and Maudsley NHS Foundation Trust 

Child and Adolescent mental health services based on the following criteria: (a) 

fulfilling Diagnostic and Statistical Manual of Mental Disorders - Fourth Edition 

(DSM-IV) criteria for schizophrenia; (b) aged 12-19 years; (c) onset of schizophrenia 

before the 18th birthday; (d) no co-morbid Axis I diagnosis; and (e) IQ>70. 

Psychopathology was assessed in patients with the Positive and Negative Syndrome 

Scale (PANSS) (Kay et al 1987). Total antipsychotic exposure was calculated in 

cumulative chlorpromazine equivalents (CPZE). The demographic, clinical and 

medication status of patients in the 4-year follow-up (M = 4.35, SD = .79) is 

summarized in Table 4.1. Seventeen healthy individuals who had no personal history of 

psychiatric disorder and no family history of psychosis in their first-degree relatives, 

were recruited from the same geographic area via advertisements and participated in the 

follow-up study. Exclusion criteria for all participants were: (a) history of head injury; 

(b) lifetime history of substance dependence as defined by the DSM-IV; (c) substance 

abuse as defined by the DSM-IV within the 6 months preceding study entry; (d) any 

concomitant medical condition; and (e) history of hereditary neurological disorders. All 

participants were assessed by qualified child psychiatrists using the Structured Clinical 

Interview for DSM-IV Axis I Disorders (First et al 2002a, b). In all participants, the 

National Adult Reading Test (NART) (Nelson & Willison, 1991) was used to obtain an 
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estimate of general intellectual ability (IQ) and the Annette handedness scale to assess 

hand dominance. Patients were monitored to ensure that they were tested when 

clinically stable defined as scoring ≤3 on each item of the PANSS positive syndrome 

subscale for two consecutive weeks prior to scanning.    

2.2. N-back task 

The n-back task was administered as a block design, incorporating alternating active 

and control conditions (Figure 4.1). Prior to each block, participants were explicitly 

prompted to respond by button press to the target letter. In the control condition (X-

back) the designated target letter was “X”. In the active conditions (one-, two-, and 

three-back), the target letter was defined as any letter that was identical to the one 

presented one, two or three trials back, respectively. In each condition, a series of 14 

letters were presented visually, with each letter displayed for 2 seconds. The ratio of 

target to non-target letters presented per block ranged from 2:12 to 3:11. Responses 

were monitored via an MRI-compatible button box held in the subject’s dominant hand. 

There were 18 epochs in all, each lasting 30 seconds, with total experiment duration of 

9 minutes. The number of correct responses (accuracy) and reaction time (RT; s) were 

recorded. All participants received training before scanning to ensure they understood 

the task instructions. 

Group differences in task performance (% correct accuracy) were examined 

using Mann-Whitney U and differences in RT (s) were tested with independent sample 

t-tests, following inspection if data were parametric with the Shapiro-Wilk test of 

normality. Participants scoring lower than 50% correct in the X-back or one-back 

blocks were excluded from the analysis to ensure that participants were cognitively 



 Chapter 4: working memory fMRI follow-up 

 149 

engaged at the task. Consequently, two EOS participants with accuracy of 37% and 

42% on the X-back were excluded from the initial sample of 17 patients.  

 

2.3. Image acquisition 

fMRI and anatomical data were acquired during the same session on a 1.5-T imaging 

system (Signa; GE Medical Systems, Milwaukee, Wisconsin) using a gradient-echo 

echoplanar imaging sequence and a 3D T1-weighted Inversion Recovery prepared 

Spoiled GRASS sequence respectively. A total of 270 T2*-weighted EPI brain volumes 

depicting blood-oxygenation level-dependent (BOLD) contrast were acquired at each of 

16 axial planes (echo time = 40ms, repetition time = 2s, voxel dimensions = 3.75 x 3.75 

x 7mm3, interslice gap = 0.7mm, matrix size = 64 x 64, flip angle = 70o). Structural 

images were acquired using a 3D axial T1-weighted Inversion Recovery prepared 

Spoiled GRASS sequence from 128 slices (echo time = 5.1ms, repetition time = 2s, 

Figure 4.1. Schematic representation of the letter n-back paradigm that was used during fMRI scanning. 
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inversion time = 450ms, voxel dimensions = 0.9375 × 0.9375 x 1.5 mm3, matrix size = 

256 x 192, field of view = 240 x 180 mm2, flip angle = 20°, number of excitations = 1). 

2.4. Image analysis 

2.4.1. Pre-processing 

Image processing and analysis were implemented using Statistical Parametric Mapping 

(SPM12) software (www.fil.ion.ucl.ac.uk/spm/). Pre-processing involved realignment 

(slice timing and motion correction) of the functional images, co-registration of the 

mean functional image to each participant’s structural one, normalisation into standard 

stereotactic space to the Montreal Neurological Institute (MNI) template and smoothing 

with an isotropic Gaussian kernel of 8 mm full-width-at-half-maximum. No subjects 

were excluded due to excessive inter-scan motion (defined as >4 mm translation, >4° 

rotation).  

2.4.2. First- and second-level analysis  

fMRI responses were modelled using a canonical haemodynamic response function 

(hrf) convolved with the vectors of interest. We were only interested in the two-back 

blocks versus the implicit baseline (X-back), as this load is suggested to reflect higher 

WM demands (Luo et al., 2020; Meule, 2017) and it was also used in the baseline study 

(Kyriakopoulos et al., 2012). Movement parameters were entered as nuisance 

covariates.  

At the second level, a general-linear model random effects analysis was 

conducted using a flexible factorial model with diagnosis status as between-subjects 

factor and two-back contrasts as dependent variable. We identified the neural signature 

of WM-related brain activations and deactivations for the two-back blocks within each 
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group separately, and we were also interested in group-level differences at two-back 

activation. Peak maxima are reported at FWE p < .05. 

Post-hoc multiple regression analyses were employed to explore whether 

variance in two-back brain activation in EOS can be explained by accuracy, IQ, or 

clinical characteristics (age of illness onset, duration of illness, PANSS scores), with 

gender as covariate of no interest. Significance is reported at FWE p < 0.05. 

2.4.3. Psychophysiological Interaction analysis 

The aim of the PPI analysis was to examine functional connectivity of the dorsolateral 

prefrontal cortex (DLPFC) during the n-back task. The PPI analysis consists of a design 

matrix with three regressors: the “psychological variable”, representing the 

experimental task (here, the two-back blocks); the “physiological variable”, 

representing the neural response in the seed region (here the DLPFC); and a third 

variable representing the interaction between the first and the second variables. First, to 

select the volumes-of-interest (VOIs) we performed a ROI analysis using the left and 

right DLPFC (BAs 9 & 46) (Karlsgodt et al., 2009) with the WFU pickatlas to create 

the masks. We located the peak coordinates in the within-group analysis of the two-

back contrast, thresholded to an uncorrected p < .01, k > 30 to ensure BOLD activity in 

all subjects. For each individual, the first eigenvariate time was extracted from a sphere 

of 5mm radius centred on the peak height coordinates for the left and right DLPFC 

VOIs for each group. A variable representing the interaction between each time series 

and the psychological variable was constructed for each subject. To directly compare 

group differences in functional connectivity at a second level a flexible factorial model 

with the between-factor for group was constructed for VOIs from each hemisphere, 

separately for each hemisphere. To identify positive and negative PPIs within groups we 
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represented contrasts with a weight of [1] and [-1], respectively. All PPI analyses were 

thresholded at cluster-FWE 0.05 with an uncorrected p < 0.001. 

For both fMRI and PPI analyses, labels for the peak maxima were determined 

using the automated anatomical labelling (AAL3) atlas (Rolls et al., 2020). Brodmann 

areas were identified with the Talairach Daemon Client (www.talairach.org), after 

converting stereotactic coordinates from MNI to Talairach and Tournoux (www.mrc-

cbu.cam.ac.uk/Imaging/mnispace.html). 
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3. Results 

3.1. Participants 

There were no between-group differences in age, gender, hand dominance (p > .621). 

Unlike the baseline study (Kyriakopoulos et al., 2012), NART scores were different 

between the groups (p < .001). Neither accuracy scores nor RT differ significantly 

between the groups in neither of the three n-back loads (p > .085) suggesting 

comparable task performance between patients and controls (Table 4.1). 

3.2. GLM analysis  

Within-group analysis revealed task-positive activation in the frontoparietal executive 

network (Rottschy et al., 2012) at two-back in both the HC and EOS groups (Figure 

4.2). Specifically, controls had BOLD activations in the left inferior parietal lobule, the 

right angular gyrus, the right superior frontal gyrus, the left precentral gyrus, the left 

superior frontal gyrus/supplementary motor area, the bilateral inferior frontal gyrus, the 

left insula and bilateral middle frontal gyrus (Table 4.2; Figure 4.2).  Patients with EOS 

had BOLD activations relative to WM in the right angular gyrus, the right insula, the 

left inferior frontal gyrus extending to the superior gyrus, the left inferior parietal 

lobule, the right middle frontal gyrus, and the right inferior frontal extending to the 

superior frontal gyrus (Table 4.2; Figure 4.2). There were no significant interactions for 

group × task at cluster-FWE corrected threshold.  

Deactivations in healthy controls were observed at posterior midline areas in the 

posterior cingulate, middle cingulate gyrus, the precuneus and anteriorly in the medial 
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superior frontal gyrus. Patients with EOS showed deactivations in the right precuneus, 

the left medial superior frontal gyrus, the left cuneus, the left parahippocampal gyrus, 

the left precuneus, the right medial superior frontal gyrus and the right middle occipital 

gyrus (Table 4.3; Figure 4.3).  

Figure 4.2. Axial layout of brain areas with main effects of two-back activations (2-back > 0-back) in controls (red 

overlay) and EOS patients (blue overlay). Colour bars represent the T-values of the overlain clusters. Brain template is 

Colin27_T1_MN1overalyed with thresholded SPM corrected for multiple comparisons correction at FWE p < 0.05 

Figure 4.3. Sagittal layout of brain areas with main effects of two-back deactivations (0-back > 2-back) in controls (red 

overlay) and EOS patients (blue overlay). Colour bars represent the T-values of the overlain clusters. Brain template is 

Colin27_T1_MN1overalyed with thresholded SPM corrected for multiple comparisons correction at FWE p < 0.05 
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No effects were observed at FWE in EOS brain activation with multiple 

regressions for WM accuracy, IQ, age of illness onset, illness duration or PANSS (total, 

positive, negative) as regressors.  

 

3.3. Psychophysiological Interactions  

The MNI coordinates for the left DLPFC seed were x = -42, y = 2, z = 32 (z-value = 

5.74) in HC and x = -45, y = 11, z = 29 (z-value = 5.57) in patients with EOS. The MNI 

coordinates for the right DLPFC seed were x = 42, y = 29, z = 35 (z-value = 4.35) in HC 

and x = 39, y = 5, z = 38 (z-value = 5.41) in EOS patients. 

In healthy controls, PPI analysis showed that the left and right DLPFC seeds 

were negatively coupled with the right angular gyrus. The right DLPFC was further 

functionally connected to the middle cingulate, the right supplementary motor area, the 

precuneus and left superior parietal lobule (Table 4.4; Figure 4.4). Patients with EOS 

showed no brain areas significantly connected with neither the right nor the left DLPFC 

seed, nor any group differences were detected at FWE correction. Using a more lenient 

threshold (p < 0.001 uncorrected, ke > 10), controls had increased right DLPFC negative 

Figure 4.4. Axial layout of brain areas that display negative psychophysiological interactions (PPI) with the right 

DLPFC seed in control subjects. EOS patients had no significant clusters for neither positive nor negative PPI, in neither 

the left nor right DLPFC. Brain template is Colin27_T1_MN1overalyed with thresholded SPM corrected for multiple 

comparisons correction at FWE p < 0.05 
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connectivity compared to patients with EOS in the posterior cingulate gyrus, the right 

angular gyrus and the medial superior frontal gyrus (Table 4.4; Figure 4.5). 

 

  

Figure 4.5. Sagittal slice showing at x = 0 showing the medial prefrontal cortex and posterior 

cingulate cortex, areas where controls displayed increased negative PPI of the right DLPFC compared 

to EOS. Brain template is Colin27_T1_MN1overalyed with thresholded SPM p < 0.001 uncorrected, ke 

> 10 
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4. Discussion 

Here we examine the 4-year follow-up of a longitudinal cohort consisting of patients 

with EOS and age- and gender-matched healthy controls. Participants were scanned 

during a version of the n-back paradigm that taps into verbal WM activity. Controls and 

patients performed with similar accuracy and processing speed (reaction times) at the n-

back paradigm in all levels of the task. WM performance at two-back engaged 

executive frontoparietal activity in both healthy controls and in patients with EOS, 

whereas posterior and anterior midline areas were deactivated. WM activity was 

comparable in patients and controls, suggesting normalisation of WM function and no 

detectable signs of further functional decline, in support of the neurodevelopmental 

model of schizophrenia. Finally, functional connectivity of the DLPFC was prominent 

in posterior and medial areas of the default mode network in healthy controls but not in 

individuals with schizophrenia.  

At baseline, patients with EOS and controls, being matched for IQ (measured by 

NART score) and WM accuracy, activated areas of the frontoparietal WM network 

(Kyriakopoulos et al., 2012), whilst EOS patients manifested hypoactivation in the left 

DLPFC, left inferior frontal gyrus and bilateral ACC (Kyriakopoulos et al., 2012). Here, 

in a 4-year follow-up period, patients with EOS still successfully activate the executive 

WM network (Rottschy et al., 2012), while concurrently performing the two-back task 

with analogous accuracy, however, they did not differ from controls in their WM 

activation profiles. Difference in IQ scores between the groups was caused by an IQ 

increase in controls rather than worsening in EOS, from the time of the first to the 

second scan, as it will be shown in the longitudinal analysis in the next chapter. Hence, 

we examined potentially confounding effects of current IQ levels on WM function 
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using post-hoc multiple regression and found that IQ did not explain any variance in 

brain activation at two-back. Thus, absence of group differences in WM performance 

and function lends further support to the neurodevelopmental origin of schizophrenia 

(Bora, 2015). Neurodevelopmental accounts of schizophrenia posit that the cognitive 

dysfunction is expressed as a slower acquisition of cognitive skills instead of a loss of 

already acquired skills; something that is further reinforced by a meta-analysis of 

longitudinal studies with first-episode and ultra-high risk subjects (Bora & Murray, 

2014). Bora & Murray found cognitive performance in various skills to remain stable or 

to even improve, at varied follow-up periods of 6 months to 7 years (Bora & Murray, 

2014). Similarly, our EOS sample showed no evidence of IQ decline or WM 

performance differences relative to controls. It is likely that patients also benefitted by 

normalisation of the WM brain dysfunction that was initially observed 4 years earlier, 

as they show no evidence of progressive functional neurodegeneration, concurrently 

with stabilised WM accuracy and reaction times.  

This is not the first study that fails to detect WM activation changes in 

schizophrenia patients relative to healthy controls during a two-back task (Nielsen et al., 

2017). However, other studies have found whole-brain functional abnormalities in 

schizophrenia during the two-back task, including the baseline study in this sample 

(Kyriakopoulos et al., 2012). A study similar to ours, that included an EOS sample and 

employed the n-back to explore WM brain function in 21 year old patients with EOS, 

did report significant BOLD reductions (Loeb et al., 2018) unlike our study. The 

authors found hypoactivation in areas of the posterior parietal lobules, temporoparietal 

junction and bilateral prefrontal cortex; discrepancy in this study and ours could be due 

to behavioural, clinical, or methodological differences. In Loeb et al. (2018), the authors 

used both two-back & one-back blocks to compare group level differences. Adding 



 Chapter 4: working memory fMRI follow-up 

 159 

more scans for analysis could increase the likelihood of observing significant group-

level activation abnormalities. Furthermore, the EOS sample in Loeb et al. (2018) was 

more severely impaired having significantly lower accuracy at one- and two-back 

compared to the control sample. Additionally, mean onset-age and duration of illness 

were 10 and 11 years, respectively, whereas our patients had on average a higher age of 

onset and lower illness duration, while being only mildly impaired, which was 

controlled by scanning patients while they had low and stable PANSS scores. Another 

study that used the two-back but recruited patients with more severe psychotic 

symptoms (PANSS total > 60) also reported extensive group effects in brain activation 

in WM that also interacted with performance (Wu et al., 2017). Hence, it cannot be 

ruled out that discrepant findings of WM function in schizophrenia could stem from 

differences in behaviour or secondary clinical characteristics. Again, exploratory 

multiple regression analyses for either accuracy at two-back, age of onset, illness 

duration, or PANSS scores as regressors did not significantly explain any variance in 

brain activity during two-back performance. Accordingly, it has been reported that 

illness duration does not affect cognitive impairment (Schaefer et al., 2013), and brain 

activity is not reduced with younger age of illness onset (Niendam et al., 2018) or 

symptom severity (Grot et al., 2017). Consequently, the source of discrepancy (absence 

or presence of group effects) in this and various other WM studies of brain activation in 

schizophrenia remains inconclusive, as the initial differences in WM function that were 

observed in this sample at baseline are now normalised and WM activation is not 

explained by WM performance, current PANSS symptoms scores, onset-age, or illness 

duration. 

We have also shown that haemodynamic activity in the DLPFC in controls was 

functionally negatively coupled with the posterior cingulate, medial frontal, and 
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bilateral posterior parietal cortices; areas associated with the task-negative or the default 

mode network (Buckner et al., 2008). Furthermore, negative interactions were more 

prominent than positive, signifying anticorrelated activities in the central executive and 

in the DMN which could be relevant to an inhibitory role of the seed exerted upon the 

task-negative system. The right DLPFC seed interacted negatively with nodes that are 

traditionally discussed as part of the task-negative network (some of those are reported 

here as two-back deactivations) and EOS patients failed to show such negative 

connectivity of the DLPFC. In accordance with our results, Fryer and colleagues (2013) 

have previously shown that the default mode network is insufficiently suppressed 

during a WM task in young patients and at-risk individuals with psychosis (Fryer et al., 

2013) dysconnectivity of the DLPFC and the default mode network is already apparent 

in early-course unmedicated patients (Anticevic et al., 2015). Even though we failed to 

replicate activation differences, we hypothesise that diminished DMN suppression 

could result from poor functional connectivity between the central executive network 

and brain regions with task-negative related activity. The negative interactions of the 

DLPFC node with the default mode system may be relevant to DLPFC’s role in 

exerting inhibitory control signals (Soltaninejad et al., 2019) that suppress task-negative 

activity (including self-referential processes of the DMN). EOS patients fail to make use 

of such inhibitory control through their DLPFC. Similarly, during a cognitive control 

paradigm functional brain activation did not differ between patients with schizophrenia 

and healthy controls, but negative PPI connectivity from the left and right DLPFC was 

prominent with nodes of the default mode network only in the controls while it was 

decreased in patients (Barbalat & Franck, 2020). Therefore, DLPFC activity that is 

modulated by WM or more general cognitive control processes, may in turn modulate 

inhibitory functional interactions with the default mode network. While DMN 
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connectivity with the cognitive control network increases to reach maturity and such 

greater connectivity associates with better cognitive performance (Gu et al., 2015), 

adolescents with increased psychiatric symptoms experience destabilisation and delayed 

maturation of these two networks (Kaufmann et al., 2017). Therefore, our results 

suggest that despite normalised WM activation and accuracy, our chronic patient 

sample with EOS is characterised by aberrant functional connectivity. Our results 

contribute to the accumulating literature in support of schizophrenia being a disorder of 

dysconnectivity (Friston, 1999) as well as the view that aberrant interactions between 

discrete networks (such as the executive control and the default mode) are central to 

psychopathology (Menon, 2011). 

Overall, we report comparable WM performance and brain activity in patients 

with EOS and controls in a 4-year follow-up of the n-back task, a finding that provides 

further evidence for the neurodevelopmental model of schizophrenia. This states that 

cognitive abnormalities do not progress further with disease chronicity and that 

functional efficiency can be optimised by using alternative cognitive strategies (Bora, 

2015), which in the case of our sample may be expressed as differential functional 

connectivity dynamics. Similar with injury in other parts of the body and recovery from 

it in developing individuals, it is likely that brain deficits in EOS patients, who manifest 

schizophrenia symptoms during a sensitive period in brain development, benefit from 

neuroprotective factors that promote neuroplasticity and facilitate normalisation of WM 

or other cognitive functions (Lee et al., 2012). We also reported dysconnectivity of the 

DLPFC and areas associated with the default mode network of mentalising processing 

to be prominent in the EOS sample. It is likely that destabilisation of functional network 

dynamics is a more sensitive marker of the psychopathology of schizophrenia, as 

abnormal default mode network connectivity is common finding in EOS (Tang et al., 
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2013; S. Zhang et al., 2019) and dysconnectivity between the default mode and central 

executive networks may be related to the emergence of psychotic syndromes (Mennigen 

et al., 2019). Therefore, our study supports a neurodevelopmental account of 

schizophrenia and the influential theory that schizophrenia is increasingly considered as 

a dysconnectivity syndrome (Friston et al., 2016; Keshavan & Paus, 2015). 
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Tables 

Table 4.1. Demographic, clinical, and behavioural characteristics for the EOS and HC groups 

 EOS HC  

 
n = 15 n = 17 statistic p value 

Demographic data     

   Age (years) 20.82 (1.71) 21.00 (2.11) t = 0.275 .786 

    Range (years) 18.08 – 23.92 17.33 - 25.83   

   Gender (M/F) 10/5 11/6 χ2 = 0.014 .907 

   Handedness (L/R) 14/1 15/2 χ2 = 0.621 .621 

   IQ (NART) 100.33 (7.87) 111.41 (4.35) t = 5.009 < 0.001 
     

Clinical data     

   AIO (years) 14.39 (2.25) -   

    Range (years) 7.58 – 17.14 -   

   Illness-duration (years) 6.10 (1.84) -   

    Range (years) 3.48 – 10.50 -   

  Symptoms     

   PANSS positive 10.53 (3.38) -   

   PANSS negative 12.07 (4.53) -   

   PANSS total 47.27 (9.95) -   

  Medication (mg)     

   Cumulative CPZE 26,174 (31,1109) -   
     

n-back     

  Accuracy, % correct; Median (IQR)     

   one-back 100% (25%) 100% (13%) U = 101.00 .254 

   two-back 87.5% (75%) 100% (13%) U = 86.50 .085 

   three-back 75% (63%) 87.5% (25%) U = 99.00 .265 

  Reaction time, s; Mean (SD)     

   one-back 0.57 (0.12) 0.51 (0.08) t = -1.654 .109 

   two-back 0.55 (0.27) 0.57 (0.10) t = 0.247 .808 

   three-back 0.67 (0.31) 0.62 (0.15) t = -0.498 .624 

Abbreviations: AIO: Age of illness onset; CPZE: Chlorpromazine equivalents; EOS: Early-onset 

schizophrenia; F: Female; HC: Healthy controls; IQR: interquartile range; L: Left; M: Male; NART: National 

adult reading test; PANSS: Positive and negative symptoms scale; R: Right; SD: Standard deviation 
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Table 4.2. BOLD activations at two-back in healthy controls and patients with EOS  

     Peak coordinates  

# k Regions BA L/R x y z Z-value 
 

Healthy controls 

 

 

    

1 536 Inferior parietal lobule 40 L -36 -46 32 7.26 

  Inferior parietal lobule 40 L -42 -43 38 7.15 

  Superior parietal lobule 7 L -21 -67 59 5.46 

2 607 Angular gyrus 40 R 36 -43 32 6.65 

  Angular gyrus 40 R 33 -55 38 6.13 

  Supramarginal gyrus 40 R 48 -40 44 5.70 

3 169 Superior frontal gyrus 6 R 27 5 53 6.27 

  Superior frontal gyrus 6 R 15 14 53 4.71 

4 241 Precentral gyrus 6 L -42 -1 35 5.81 

  Middle frontal gyrus 6 L -30 -1 53 5.58 

5 85 Superior frontal gyrus 6 L -12 8 53 5.07 

  Supplementary motor area 32 L/R -3 17 47 4.99 

6 39 Inferior frontal gyrus, triangular 46 R 39 32 26 4.89 

7 32 Inferior frontal gyrus, triangular 46 L -45 32 23 4.77 

  Inferior frontal gyrus, triangular 46 L -39 26 20 4.76 

8 8 Insula 47 L -33 26 -1 4.58 

9 2 Middle frontal gyrus 10 L -36 47 17 4.46 

10 2 Middle frontal gyrus 10 R 36 50 11 4.41 

 Patients with EOS       

1 394 Angular gyrus 40 R 33 -52 41 6.28 

2 103 Insula 13 R 33 23 5 5.83 

3 144 Inferior frontal gyrus, operculum 9 L -45 8 26 5.76 

  Precentral gyrus 6 L -33 2 41 5.08 

  Superior frontal gyrus 6 L -24 -1 50 4.72 

4 236 Inferior parietal lobule 40 L -39 -46 41 5.67 

  Inferior parietal lobule 7 L -30 -58 47 5.51 

5 32 Middle frontal gyrus 10 R 36 50 -4 5.66 

6 322 Inferior frontal gyrus, operculum  9 R 42 8 29 5.59 

  Superior frontal gyrus 6 R 27 8 50 5.20 

  Middle cingulate gyrus 24 R 21 5 38 5.11 

7 42 Inferior frontal gyrus, triangular 46 R 39 29 26 5.10 

8 4 Inferior frontal gyrus, triangular 46 L -39 26 26 4.80 

9 1 Insula 13 L -30 17 8 4.66 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 
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Table 4.3. BOLD deactivations at two-back in healthy controls and patients with EOS  

     Peak coordinates  

# k Regions BA L/R x y z Z-value 

 Healthy controls  

 

     

1 78 Posterior cingulate gyrus 31 L -6 -52 26 5.03 

2 21 Precuneus 31 L -9 -43 44 4.89 

3 30 Medial superior frontal gyrus 10 L/R 0 59 20 4.78 

4 5 Middle cingulate gyrus 31 L -6 -25 41 4.48 

 Patients with EOS       

1 66 Precuneus 30 R 12 -55 11 5.71 

2 49 Medial superior frontal gyrus 10 L -12 62 26 5.39 

3 96 Cuneus 31 L -12 -58 20 5.21 

  Precuneus 31 L -6 -55 26 5.01 

4 4 Parahippocampal gyrus 37 L -27 -43 -10 4.65 

5 10 Precuneus 7 L -6 -46 47 4.59 

6 2 Parahippocampal gyrus 36 L -24 -31 -13 4.42 

7 1 Medial superior frontal gyrus 10 R 6 65 20 4.39 

8 1 Middle occipital gyrus 39 R 45 -76 11 4.38 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 

  



 Chapter 4: working memory fMRI follow-up 

 170 

Table 4.4. Peak coordinates of within- and between-group PPI for left and right DLPFC seed 

     Peak coordinates  

# k Regions BA L/R x y z Z-value 

 Healthy controls       

 Negative PPI – R-DLPFC       

1 462 Angular gyrus 7 R 36 -64 44 4.99 

2 213 Middle cingulate gyrus 23 L/R 0 -31 32 4.85 

3 390 Supplementary motor area 8 R 3 23 56 4.77 

4 161 Superior parietal lobule 7 L -24 -64 41 4.21 

5 95 Precuneus 7 L/R 6 -76 38 3.82 

 Negative PPI – L-DLPFC       

1 204 Angular gyrus 40 R 39 -61 41 4.09 

 Controls > EOS       

 Negative PPI R-DLPFC       

1 52 Posterior cingulate gyrus 31 L/R 0 -34 32 4.26 

2 11 Angular gyrus 40 R 45 -61 41 3.55 

3 13 Medial superior frontal gyrus 9 L/R 0 35 35 3.40 

Coordinates reported in MNI space and reported at FWE 0.05, p < 0.001 for within-group PPI and at an 

uncorrected p < 0.001 for between-group PPI 

 

 

 



  

Chapter 5:  Functional neurodevelopment 

of working memory in early-onset 

schizophrenia: a longitudinal fMRI study 

from adolescence to early adulthood 

Abstract : Schizophrenia, a debilitating disorder with typical manifestation of clinical 

symptoms in early adulthood, is characterised by widespread cognitive impairments in 

executive processes such as in working memory (WM). However, there is a rare case of 

individuals with early-onset schizophrenia (EOS) starting before their 18th birthday, while WM 

and its neural substrates are still undergoing maturational processes. Using the WM-inducing 

n-back task concurrently with functional magnetic resonance imaging, we assessed the 

functional neurodevelopment of WM in adolescents with EOS and age- and gender-matched 

typically developing controls. Participants underwent neuroimaging in the same scanner twice, 

once at age 17 and at 21 (mean interscan interval = 4.3 years). General linear model analysis 

was performed to explore WM neurodevelopmental changes within and between groups. 

Psychopathological scores were entered in multiple regressions to detect brain regions whose 

longitudinal functional change was predicted by baseline symptoms in EOS. WM 

neurodevelopment was characterised by widespread functional reductions in frontotemporal 

and cingulate brain areas in patients and controls, but we found no between-group differences 

in the trajectory of WM change. Finally, baseline symptom scores predicted functional 

neurodevelopmental changes in frontal, cingulate, parietal, occipital, and cerebellar areas. The 

adolescent brain undergoes developmental processes such as synaptic pruning, which may 

underly the refinement WM of network. Prefrontal and parietooccipital activity reduction may 

be specific to WM neurodevelopment in EOS and affected by clinical presentation of 

symptoms. Using longitudinal neuroimaging methods in a rare diagnostic sample of patients 

with EOS may help the advancement of neurodevelopmental biomarkers intended as 

pharmacological targets to tackle WM impairment. 
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1. Introduction 

Early-onset schizophrenia (EOS) patients are diagnosed with the disorder earlier than 

their 18th birthday and constitute around 5% of all schizophrenia cases (Cannon et al., 

1999). EOS is rarer and often more debilitating than its adult onset counterpart, as 

manifested by more severe premorbid educational, social, and cognitive deficits 

(Jacobsen & Rapoport, 1998). The neurodevelopmental model suggests that 

schizophrenia is associated with disrupted brain maturation stemming from genetic, 

perinatal, and environmental factors (Mané et al., 2009). Individuals who develop 

schizophrenia experience premorbid neurocognitive deficits by early childhood. These 

are expressed as a neurodevelopmental delay in the acquisition of cognitive skills 

(neurodevelopmental model), rather than cognitive decline of skills that have already 

been acquired (neurodegenerative model) (Bora, 2015). Evidence that further reinforce 

the neurodevelopmental basis of schizophrenia include structural and functional brain 

changes in patients with first-episode psychosis (Farrow et al., 2005; Li et al., 2018), in 

individuals at clinical high risk for developing schizophrenia (Chung et al., 2017; Fryer 

et al., 2013), healthy siblings of schizophrenia patients (Gogtay et al., 2007; Loeb et al., 

2018) as well as in adolescent cases with the disorder (Haenschel et al., 2007; Voets et 

al., 2008).  

The study of typical development is useful in informing neurodevelopmental 

accounts of schizophrenia, as it allows the detection of deviant cognitive function or 

brain structure by case-control comparisons (Dima et al., 2021; Frangou et al., 2021). 

Adolescence is an especially critical period for the developmental maturation of 

executive function and its relevant processes that include for instance cognitive control, 

working memory (WM) and error monitoring. These processes together with their 
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neural substrates continue to develop up to the third decade of life (Crone & Steinbeis, 

2017; Tamnes et al., 2013). Cortical and subcortical grey matter volume decreases from 

childhood to adulthood, while white matter increases, following normative maturation 

processes that include synaptic pruning and myelination, respectively (Marsh et al., 

2008). Grey matter volume reduction from childhood to adolescence starts from 

sensorimotor areas and progresses to higher association areas, such as the dorsolateral 

prefrontal cortex, posterior parietal, superior and inferior temporal cortices (Gogtay et 

al., 2004). During adolescence the brain  is marked by accelerated cortical thinning 

relative to childhood and adulthood (Zhou et al., 2015). For instance, cortical thickness 

in the cingulate cortex at the frontal lobe and the temporal poles are last to reach peak 

thickness around age 13 and then follow complex quadratic and cubic thinning 

trajectories (Shaw et al., 2008). Cortical development agrees with cognitive 

performance; visual WM capacity (Isbell et al., 2015) and WM accuracy at the n-back 

have been shown to increase throughout childhood to adulthood (Satterthwaite et al., 

2013), while thinning in the frontal lobe is further associated with better verbal WM 

performance during development (Sowell et al., 2001). As grey matter volume reduces 

in areas of the cognitive control network, performance in executive function, and 

emotion discrimination further matures (Breukelaar et al., 2017).  

Longitudinal functional brain changes that occur in typical development and 

associate with WM encoding, maintenance, and retrieval activity were found to 

fluctuate in typically developing (TD) participants from 8 to 30 years in sensorimotor 

and executive brain regions (Simmonds et al., 2017). From adolescence to early 

adulthood (ages 16-23 years), functional WM development involves progressively 

reduced recruitment in the anterior cingulate, the insula and inferior parietal lobule, 
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while the dorsolateral prefrontal cortex (DLPFC) is not engaged by adulthood at the 

same rate as it is during childhood (Simmonds et al., 2017). 

Cognitive brain function in EOS is manifested, at large, as hypoactivation 

relative to age-matched TD adolescents in key executive areas that include the anterior 

cingulate cortex and posterior parietal cortices (Ioakeimidis et al., 2020). WM function 

is further associated with aberrant brain activity and connectivity in occipital, temporal, 

anterior cingulate regions (White, Hongwanishkul, et al., 2011), and in bilateral middle 

frontal gyri (DLFPC) (Bittner et al., 2015; Kyriakopoulos et al., 2012; Pauly et al., 

2008), and between bilateral temporal and anterior cingulate areas (White, Schmidt, et 

al., 2011), similar to adult-onset cases (Glahn et al., 2005). In addition to functional 

studies, structural cingulate deficits are also shown in EOS. Cortical volume (Marquardt 

et al., 2005) and neuronal density in the anterior cingulate decrease with age (Brüne et 

al., 2010), while aberrant cingulate white matter integrity is associated with psychotic 

symptoms (Paillère-Martinot et al., 2001; Tang et al., 2010) in EOS. 

Longitudinally, cortical development in EOS is characterised by altered 

maturational trajectories of cortical thickness in the inferior frontal, superior temporal 

and cingulate gyri (Alexander-Bloch et al., 2014). Grey matter volume loss is prominent 

in frontotemporal and anterior cingulate regions in a 2-year between-scan interval in a 

group of adolescents and young adults with first episode schizophrenia (Farrow et al., 

2005). A 5-year follow-up study found grey matter loss starting in the parietal cortices 

progressing anteriorly to the frontal and temporal lobes, with the DLFC and superior 

temporal gyri being affected last, in a sample of adolescents with EOS (Thompson et 

al., 2001). Another study of the same sample found volume loss in the medial frontal 

and parietal wall to be affected early in the disease and later progressing to the cingulate 

gyrus (Vidal et al., 2006). While there is a considerable body of literature concerned 
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with long-term longitudinal structural neurodevelopment of EOS, there are no studies, 

to date, to investigate the longitudinal functional neurodevelopmental course of patients 

with onset-age strictly below 18 years. In fact, majority of longitudinal functional 

imaging studies in schizophrenia include samples mixed with post-adolescent patients 

and are primarily focused on the effects of short pharmacological interventions in 

longitudinal brain function rather than the neurodevelopmental course of the illness. 

Short-term longitudinal studies exploring task-dependent BOLD changes relative to 

pharmacological interventions and symptomatic recovery predominantly report 

increases in activation in patients after interventions that last 2-14 weeks (and up to 2 

years in one study); these are found in frontal (dorsolateral, ventrolateral, medial, 

precentral, postcentral), cingulate (ACC), temporal (inferior, middle, superior), insular, 

parietal (inferior, precuneus), occipital (fusiform, cuneus, lingual), as well as subcortical 

areas (striatum, cerebellum) (Aasen et al., 2005; Ballmaier et al., 2004; Brewer et al., 

2007; Cadena et al., 2018; Gurler et al., 2020; Honey et al., 1999; Keshavan et al., 2017; 

Kumari et al., 2015; Meisenzahl et al., 2006; Reske et al., 2007; Schlagenhauf et al., 

2008, 2010; Smee et al., 2011; Snitz et al., 2005; Wolf et al., 2007). These intervention-

related increases have been reported in fMRI studies focusing on WM (Honey et al., 

1999; Meisenzahl et al., 2006; Schlagenhauf et al., 2008, 2010; Wolf et al., 2007), 

verbal fluency (Smee et al., 2011), procedural learning (Kumari et al., 2015), cognitive 

control (Brewer et al., 2007; Cadena et al., 2018; Keshavan et al., 2017; Snitz et al., 

2005), sustained attention (Aasen et al., 2005) and memory encoding (Gurler et al., 

2020), as well as social cognition (Lee et al., 2006; Reske et al., 2007). Even though 

such studies are extremely helpful to elucidate functional brain changes associated with 

changes in medication intake and recovery from acute episodes, they do not provide any 

insight on the functional neurodevelopment of patients with schizophrenia.  



 Chapter 5: longitudinal fMRI in working memory 

 176 

Here we studied longitudinal functional brain changes during WM performance 

in adolescents with EOS and age- and gender-matched TD controls into early 

adulthood. Research in adolescents with EOS is important because it allows to examine 

disorder-specific brain changes during a developmentally sensitive period wherein 

cognitive functions and their neural substrates still mature. It also removed variance 

introduced by confounding characteristics of the illness such as age-of-illness onset and 

cumulative exposure to antipsychotic medication. We examined differences in WM 

functional maturation by employing a longitudinal fMRI design that allowed us to scan 

EOS and controls twice with a 4.3-year inter-scan interval (mean age at first scan 17 

years old and at second 21) using the same scanner and the same n-back paradigm. This 

aimed to identify longitudinal BOLD activity change from adolescence to early 

adulthood associated with WM. To our knowledge, this is the first longitudinal task-

dependent fMRI investigation of whole-brain changes in functional brain recruitment in 

a developing sample of patients with schizophrenia onset before their 18th year of age. 
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2. Methods 

2.1. Participants 

The baseline sample included 45 EOS and control participants aged 16.2 (±1.8) years 

(Kyriakopoulos et al., 2012) at the time of recruitment. Thirty-four participants returned 

for the follow-up session, with twenty-nine (age 21.08±1.78) being fully eligible for 

image analysis (Table 5.1). Patients were recruited from the South London and 

Maudsley NHS Foundation Trust Child and Adolescent mental health services based on 

the following criteria: (a) fulfilling Diagnostic and Statistical Manual of Mental 

Disorders - Fourth Edition (DSM-IV) criteria for schizophrenia; (b) aged 12-19 years; 

(c) age-of-illness onset (AIO) before the 18th birthday; (d) no co-morbid Axis I 

diagnosis; and (e) IQ>70. Psychopathology was assessed in patients with the Positive 

and Negative Syndrome Scale (PANSS) (Kay et al., 1987). Total cumulative 

antipsychotic exposure was calculated in chlorpromazine equivalents (CPZE). The 

demographic, clinical and medication status of patients that were present in both 

baseline and follow-up scanning sessions are summarized in Table 5.1. Seventeen 

healthy individuals who were recruited from the same geographic area and had no 

personal history of psychiatric disorder and no family history of psychosis in their first-

degree relatives, returned for the follow-up study. Exclusion criteria for all participants 

were: (a) history of head injury; (b) lifetime history of substance dependence as defined 

by the DSM-IV; (c) substance abuse as defined by the DSM-IV within the 6 months 

preceding study entry; (d) any concomitant medical condition; and (e) history of 

hereditary neurological disorders. All participants were assessed by qualified child 

psychiatrists using the Structured Clinical Interview for DSM-IV Axis I Disorders (First 

et al 2002a, b). In all participants, the National Adult Reading Test (NART) (Nelson & 
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Willison, 1991) was used to obtain an estimate of general intellectual ability and the 

Annett handedness scale to assess hand dominance (Annett, 1970). Patients filled in the 

PANSS positive syndrome sub-scale for two consecutive weeks prior to scanning to 

ensure that they were clinically stable defined as scoring ≤ 3 on each item.  

2.2. N-back task 

The n-back task was administered as a block design, incorporating alternating active 

and control conditions. At the beginning of each condition, participants were explicitly 

instructed to respond by button press to the target letter. In the control condition (X-

back) the designated target letter was “X”. In the active conditions (one-, two-, and 

three-back), the target letter was defined as any letter that was identical to the one 

presented one, two or three trials back, respectively. In each condition, a series of 14 

letters were presented visually, with each letter displayed for 2 seconds. Responses were 

monitored via an MRI-compatible button box held in the subject’s dominant hand. 

There were 18 epochs in all, each lasting 30 seconds, with total experiment duration of 

9 minutes. Performance of the n-back was recorded as the number of correct responses 

(accuracy) and reaction time. Participants were excluded for scoring < 50% accurate 

trials at the low-load conditions (X- and one-back) at baseline or follow-up, leading to 

the exclusion of three EOS patients from analysis. This resulted in a longitudinal sample 

of 14 EOS patients. 

All participants received training before scanning to ensure they understood the 

task instructions. Within group longitudinal differences for n-back accuracy were 

assessed with the Wilcoxon test due to non-normal distribution of performance 

accuracy. 
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2.3. Image acquisition 

The same scanner and image acquisition parameters were used at baseline and at 

follow-up. fMRI and anatomical data were acquired during the same session on a 1.5-T 

imaging system (Signa; GE Medical Systems, Milwaukee, Wisconsin) using a gradient-

echo echo-planar imaging sequence and a 3D T1-weighted Inversion Recovery prepared 

Spoiled GRASS sequence respectively. A total of 270 T2*-weighted gradient echo-

planar imaging (EPI) brain volumes depicting blood-oxygenation level-dependent 

(BOLD) contrasts were acquired at each of 16 axial planes (echo time = 40ms, 

repetition time = 2s, voxel dimensions = 3.75 x 3.75 x 7mm3, interslice gap = 0.7mm, 

matrix size = 64 x 64, flip angle = 70o). Structural images were acquired using a 3D 

axial T1-weighted Inversion Recovery prepared Spoiled GRASS sequence from 128 

slices (echo time = 5.1ms, repetition time = 2s, inversion time = 450ms, voxel 

dimensions = 0.9375 × 0.9375 x 1.5 mm3, matrix size = 256 x 192, field of view = 240 

x 180 mm2, flip angle = 20°, number of excitations = 1). 

2.4. Image analysis  

2.4.1. Pre-processing 

Image processing and analysis were implemented using the Statistical Parametric 

Mapping (SPM12) software (www.fil.ion.ucl.ac.uk/spm/). Pre-processing involved 

realignment (slice timing and motion correction) of the functional images, co-

registration of the mean functional image to each participant’s structural one, 

normalisation into standard stereotactic space to the Montreal Neurological Institute 

(MNI) template and smoothing with an isotropic Gaussian kernel of 8 mm full-width-at-

half-maximum. No subjects were excluded due to excessive inter-scan motion (defined 

as >4 mm translation, >4° rotation). 
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2.4.2. First-level image analysis 

fMRI responses were high-pass filtered (128s) and modelled using a canonical 

haemodynamic response function (hrf) convolved with the vectors of interest, namely 

the one-, two-, and three-back blocks. First-level models were constructed for each 

subject whereby scans from both time points were modelled as different sessions with 

their respective motion parameters as nuisance regressors in the fMRI model 

specification module on SPM12. Therefore, longitudinal first-level images were 

constructed to examine baseline (t1) to follow-up (t2) BOLD activity changes (ΔBOLD) 

for each different load of n-back blocks (one-, two-, three-back), and these images were 

used as the dependent variable in all subsequent second-level analysis.  

At the time of the longitudinal analysis the baseline scans from two control 

subjects were irretrievable, which led a final sample of fifteen TD adolescents available 

for analysis. 

2.4.3. Second-level statistical analysis  

2.4.3.1. GLM 

Longitudinal first-level images (ΔBOLD) for the three n-back loads were entered in a 3 × 

2 flexible factorial model with task (one-, two-, three-back) and group (TD adolescents, 

adolescents with EOS) as within- and between-subject factors, respectively. We were 

interested in within-, and between-group differences in longitudinal ΔBOLD, expressed as 

reduction or increase across the two time points for the three n-back loads separately 

(one-, two-, three-back) and together (one-, two-, three-back combined; process-general 

contrast). We examined ΔBOLD with the following main effects and interactions: main 

effects of task, main effects of group, and the interactions of task × group. Therefore, 

we assessed the main effects of task on ΔBOLD in all n-back levels (process-general) as 
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well as in each level individually, across diagnosis status. Additionally, we were 

interested in the main effects of group on ΔBOLD in process-general and in individual 

loads of the n-back, for within- and between-groups contrasts. Gender and age at 

follow-up were used as covariates of no interest. Results are reported at FWE p < 0.05.  

2.4.3.2. Multiple regressions 

First-level images of ΔBOLD at two- and three-back for our entire sample (controls and 

patients) were entered into multiple regression models in SPM12, with Δaccuracy at two-, 

and three-back as covariates of interest, respectively, while diagnosis and gender were 

entered as covariates of no interest. Additionally, multiple regressions for Δaccuracy and 

ΔBOLD were ran in separate models for each group. One-back blocks were skipped from 

this analysis because median accuracy was 100% in both groups in both scanning 

sessions. 

Regression models with baseline PANSS symptoms scores were further 

analysed to explore whether symptoms could predict ΔBOLD in patients. Additionally, 

we performed multiple regression analyses to explore whether ΔBOLD would be 

predicted by age-of-onset or cumulative medication intake. Gender was used as a 

covariate of no interest in all analyses. Reported results are thresholded at FWE of p < 

0.05.  

Peak coordinates were labelled with the AAL SPM extension (Rolls et al., 2020) 

and most proximal Brodmann areas (BA) were identified through the Talairach client 

(Lancaster et al., 2000). For visualisation, SPMs were thresholded at an uncorrected p < 

0.001 with ke greater than the minimum number of voxels with FWE < 0.05 and were 

overlaid on the Colin27_T1_seg_MNI template in Mango 

(http://rii.uthscsa.edu/mango/).  

http://rii.uthscsa.edu/mango/
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3. Results 

For the baseline study, cross-sectional analyses for demographic, clinical, behavioural, 

and functional brain differences are reported in detail in Kyriakopoulos et al. (2012) and 

for the follow-up session in the supplementary material. The results presented in the 

following sections only concern the longitudinal cohort that participated in both 

scanning sessions. 

3.1. Participants 

The longitudinal sample consisted of twenty-nine individuals (fifteen TD adolescents 

and fourteen adolescents with EOS (Table 5.1). Figure 5.1 shows the distribution of 

ages in both time points. The interscan interval between baseline and follow-up was 4.3 

(±0.82) years for all participants. 

Mean age of schizophrenia onset was 14.87 years (±1.28) (age range 11.70 – 

17.14) (Table 5.1; Figure 5.1), while illness duration at baseline was 2.20 years (±1.44) 

and 6.14 (±1.62) years at follow-up. PANSS scores (positive, negative and total) 

remained stable through the 4-year course of the longitudinal study (p > .271). 

Cumulative antipsychotic exposure (in chlorpromazine equivalents) increased 

significantly across the 4-year follow-up (ΔCPZE-t1>t2 = 16,716 mg, p < .001) (Table 5.1).  

NART scores increased, yet not significantly, in patients with EOS (ΔNART-t1>t2 = 

-2.76, p = 0.149; Table 5.1) but were significantly improved in TD adolescents from 

baseline to follow-up (ΔNART-t1>t2 = -10.70, p < .001; Table 5.1). Accuracy in one- and 

two-back blocks did not change significantly from baseline to follow-up, in neither of 

the groups. Three-back accuracy was significantly improved in individuals with EOS (Z 

= -2.157, p = 0.031), whereas TD adolescents showed a trend of accuracy improvement 
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(Z = -1.949, p = 0.051) (Table 5.1). RT was not statistically different from baseline to 

follow-up in all n-back levels (p > .413) 

 

3.2. Longitudinal BOLD activity change in the entire 

sample  

Main effects of task (one-, two-, three-back) in the entire sample showed that there were 

only longitudinal reductions (ΔBOLD(t1>t2)); these were located in the right superior 

frontal gyrus (SFG), bilaterally in the middle frontal gyri (MFG), the right fusiform 

gyrus, bilateral in the superior temporal poles, and from middle to posterior cingulate 

Figure 5.1. The graph shows the age distribution (in years) of the participants (Y axis) from 

baseline and follow-up scans. Age of illness-onset for EOS patients is also shown. It also shows the 

interscan interval for each participant (follow-up age minus baseline age) as well as the duration of 

illness for EOS patients at each scan (age minus illness-onset) 
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gyrus, for the process-general contrast (Table 5.2; Figure 5.2A). There were significant 

ΔBOLD(t1>t2) changes at the highest n-back load (three-back) which was observed in a 

cluster expanding from the right superior frontal gyrus to the anterior cingulate gyrus 

and supplementary motor area (SMA). One- and two-back blocks did not show 

significant longitudinal main effects of task.  

 

3.3. Longitudinal BOLD activity change within and 

between groups 

Task main effects for healthy adolescents showed significant longitudinal process-

general reduction of brain activity (ΔBOLD(t1>t2)) in medial areas bilaterally in the 

Figure 5.2. A) Brain areas with main effects of task on process-general ΔBOLD(t1>t2) from baseline to follow-up in the entire 

sample of developing adolescents; B) Brain areas with process-general ΔBOLD(t1>t2) in typically developing adolescents 

(red) and in adolescents with EOS (blue) and C) Sagittal layout of ΔBOLD(t1>t2) in typical adolescents (red) and adolescents 

with EOS (blue), showing the non-overlapping reductions in ACC (red) and SMA (blue) areas at three-back trials. The 

EOS threshold SPM was extracted from the model with the additional covariates, i.e., onset-age, cumulative antipsychotic 

medication, and interscan interval, but it is not showing the left middle/superior temporal cluster because we wanted to 

show the absence of overlap in the two midline areas. Colour bars represent the T-values of the overlain clusters. 

Multiple comparisons correction at FWE p < 0.05 
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precuneus and the anterior cingulate gyrus expanding posteriorly to the posterior 

cingulate portion (Table 5.3; Figure 5.2B). Significant changes ΔBOLD(t1>t2) were also 

apparent for the three-back in the anterior cingulate gyrus.  

Adolescents with EOS had significant process-general changes ΔBOLD(t1>t2) in 

more lateral regions in the cortex; these were observed in the right middle occipital and 

the superior frontal gyri, and the left middle frontal gyrus (DLPFC) and the precuneus 

expanding to the superior parieto-occipital gyri (Table 5.3; Figure 5.2B). Additionally, 

patients with EOS showed significant changes ΔBOLD(t1>t2) at the right putamen/insula 

(BA 13) during the one-back (Table 5.3). 

In addition to the previous analyses, we performed an exploratory GLM in the 

EOS group only, where we added the clinical covariates of age of illness-onset, 

cumulative CPZE and the interscan interval. This was done to identify changes in 

longitudinal brain activity after ruling out variance caused by confounding factors that 

are secondary to the illness (Karlsgodt et al., 2008). Duration of illness was not included 

as a covariate to this model because it is strongly correlated with age at follow-up (r = 

0.682, p = 0.007) which would violate the collinearity assumption of ANCOVA. 

Clusters of significant changes ΔBOLD(t1>t2) for process-general are shown in Figure 5.2C 

and reported in Table 5.4. Significant clusters were located at the right middle occipital 

gyrus and left parieto-occipital regions, similar to the original analysis without the 

clinical covariates, but the effect in left middle frontal gyrus (x = -30, y = 38, z = 38, ke 

= 34, Z = 4.35) was now at trend level (peak-FWE p = 0.063). Furthermore, significant 

process-general ΔBOLD(t1>t2) was seen in the supplementary motor area, the right insula 

and parietooccipital region (Table 5.4; Figure 5.2C). Unlike the model without the 

clinical covariates, there were no voxels surviving correction for multiple comparisons 

for the EOS × one-back interaction. In contrast, ΔBOLD(t1>t2) changes in the 
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supplementary motor area and the left superior temporal gyrus were found during three-

back (Table 5.4). 

No between-group effects that survived FWE correction were found for ΔBOLD. 

Therefore, longitudinal changes were not significantly different between the two 

groups. 

 

3.4. Prediction of longitudinal BOLD activity change by 

clinical characteristics of EOS  

PANSS total, PANSS positive, and PANSS negative scores at t1 were entered in 

multiple regression models to examine if baseline psychotic symptoms could predict 

ΔBOLD(t1>t2) changes in EOS at one-, two-, three-back, and process-general contrasts. At 

one-back, total PANSS symptoms scores at baseline predicted increased reduction 

inΔBOLD(t1>t2) changes in the left inferior frontal gyrus and right middle frontal gyrus, 

whereas baseline positive PANSS symptoms predicted increased reduction in 

ΔBOLD(t1>t2) changes in the right portions of middle frontal, lingual, and angular gyri, as 

well as in the left inferior frontal gyrus (Table 5.5; Figure 5.3A). For the two-back n-

Figure 5.3. A) PANSS total symptoms at baseline negatively 

predicted ΔBOLD(t1>t2) in the middle cingulate gyrus during two-

back blocks. Higher initial symptoms predicted lower 

longitudinal reduction. B), C) PANSS total and positive 

positively predicted ΔBOLD(t1>t2) in the left inferior frontal and 

the right middle frontal gyri during one-back blocks. Higher 

initial symptoms predicted increased longitudinal reduction. 

Negative and positive ΔBOLD(t1>t2) values represent increased 

and decreased BOLD at t2, respectively. Multiple comparisons 

correction at FWE p < 0.05 
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back, higher baseline scores in PANSS positive and total scales predicted lower 

reduction in ΔBOLD(t1>t2) changes around the ACC and supplementary motor area, while 

more severe negative symptoms predicted lower reduction in ΔBOLD(t1>t2) changes in the 

cerebellum (Table 5.5; Figure 5.3B).  

Age of illness-onset and cumulative CPZE did not account for significant 

prediction of ΔBOLD(t1>t2) changes.  
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4. Discussion  

To our knowledge, this is the first longitudinal fMRI study to investigate the functional 

development of WM in patients with EOS and age-matched controls from adolescence 

to early adulthood. We found that (1) functional brain changes associated with WM did 

not differ between patients with EOS and typically developing participants in a 4-year 

period, while (2) WM development is associated with widespread functional reductions 

in frontotemporal and cingulate regions in the entire sample. Finally, (3) severity of 

schizophrenia symptoms at baseline was associated with functional longitudinal 

changes mostly in frontal and cingulate areas.  

EOS patients displayed stable WM performance and did not show any 

deterioration in their positive and negative symptoms at the time of testing, which is in 

line with the neurodevelopmental model (Zipursky et al., 2013). Accuracy was already 

developed at adult levels for the one-back and two-back in both groups, since there were 

no differences from baseline-to-follow-up. However, the ability to perform accurately 

the three-back continued to increase into early adulthood in both groups of developing 

adolescents. In the 4-year period spanning from adolescence to early adulthood, WM-

related brain activation did not differ between EOS patients and typically developing 

participants. Similar neuroimaging findings were reported in a longitudinal study 

exploring cognitive control in young patients (12-28 years) with recent-onset 

schizophrenia which identified stable activation in DLPFC over a 1.5-year period in 

both schizophrenia and healthy controls (Niendam et al., 2018).  

Even though longitudinal functional change between the groups was statistically 

comparable, when visually inspecting Figure 5.2 it becomes apparent that the functional 

reductions in TD controls and those in EOS patients do not overlap. Instead, adolescents 
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with EOS had reduced recruitment of brain areas located more laterally, i.e., prefrontal 

and parieto-occipital areas. These reductions were seen despite the patients’ longitudinal 

cognitive performance and symptom status that remained stable across the 4-year 

follow-up period. Hence, WM functional neurodevelopment in EOS is manifested by 

reduced recruitment in executive brain regions that do not overlap with the 

developmental reductions in controls. Longitudinally, activity reductions in brain areas 

of the posterior parietal and occipital cortex together with prefrontal areas may be 

specific to schizophrenia dysfunction as the disease progresses (Hahn et al., 2018; 

Huang et al., 2019). Such dysfunction may result from altered brain maturation 

mechanisms in EOS, such as synaptic pruning. It is possible that EOS is characterised 

by additional factors, like social adversity and stress, during this later maturational 

period that affect the refinement of the executive circuitry and the elimination of 

extraneous synapses that normally occur in typical development (Karlsgodt et al., 2008; 

Thormodsen et al., 2013) to the degree of observable reduction in function over time. 

This could then translate into progressively different functional reorganisation of WM 

in EOS adolescents and TD ones during transition into adulthood.   

Irrespective of group membership, WM maturation was associated with reduced 

recruitment in bilateral prefrontal cortex (right superior and left middle frontal), 

bilateral superior temporal poles, right fusiform gyrus, and posterior cingulate gyrus, 

irrespective of n-back load. Reductions were also seen in ACC, superior frontal gyrus, 

and supplementary motor area were found at three-back; as adolescents matured to 

adulthood, they relied less in the aforementioned regions to complete the n-back task. 

Similarly, Simmonds and colleagues (2017) found reductions in executive regions 

during typical development of WM function from childhood to adulthood. Hence, 

decreasing WM function in development consists of a normal process that is seen in 
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both EOS and TD adolescents in executive brain areas and it parallels normative 

structural developmental trajectories (Gogtay et al., 2004).  

Our results indicate that typical WM maturation in the transition to adulthood is 

associated with decreased activation in regions in the medial wall that spanned from the 

anterior to the posterior cingulate and to the precuneus. Activation of the 

ACC/midcingulate cortex is relevant to conflict and error monitoring, redirection of 

attention and action whereas the posterior cingulate and precuneus are more related to 

self-referential activity (Rolls, 2019). Decreased activation in these areas could be 

related to performing the n-back by doing less errors, while also relying less on 

internalised thinking processes in early adulthood. It could also highlight the refinement 

of error monitoring to guide action towards more successful trials, which is suggested 

by the trend improvement in the three-back performance which is paralleled by the 

significant reduction on the activation in ACC and supplementary motor area during 

these high-load and error-prone blocks. Functional activity reduction in the ACC was 

not only significant in the whole n-back process-general and the three-back contrasts, 

but it was also predicted by improving accuracy at the two-back. Taken together these 

results indicate a central role of the ACC in WM development during late adolescence.  

Positive, negative, and total schizophrenia psychopathology at baseline was 

associated with functional longitudinal changes in a widespread brain network including 

midline cingulate, frontal, parietal, and occipital areas, as well as the cerebellum. More 

severe initial total and positive PANSS scores predicted greater degree of 

hypoactivation in middle and inferior frontal areas located in the DLPFC in adulthood 

in EOS patients. Reduced DLPFC activation in EOS patients when tested in 

adolescence has been consistently reported (Kyriakopoulos et al., 2012; Pauly et al., 

2008). Although, Simmonds et al. (2017) found that in TD participants from 16 to 23 
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years old, while functional WM development does not engage the DLPFC at the same 

rate as it does during childhood, it is still playing an integral role in WM. In our study, 

EOS patients with more severe adolescent psychopathology at age 17 activated their 

DLPFC less in early adulthood at age 21. This hypoactivity is consistent with findings 

from previous adult schizophrenia studies in WM (for meta-analysis see Wu & Jiang, 

2019). On the other hand, more severe initial positive and total symptoms predicted 

linearly reduced functional change in the ACC. This means that EOS patients that 

scored higher at PANSS total scales had lesser functional reductions in the ACC. These 

results are consistent with previous meta-analyses on schizophrenia and WM memory 

(Wu & Jiang, 2019).The hypo-activation of the DLPFC and the hyper-activation of the 

dorsal ACC appear  to be intrinsically linked; the DLPFC provides top-down cognitive 

control (Miller & Cohen, 2001) and the ACC is responsible for conflict monitoring 

(Kerns et al., 2004). Within this framework, the hyper-activation of the ACC could 

occur if the hypo-activation of the DLPFC leads to impaired cognitive control and 

demands increased conflict monitoring and adjustments in control from the ACC 

(Carter et al., 2001). Our results strengthen the case for DLPFC and ACC pathology in 

the pathogenesis of schizophrenia and at the same time highlight the importance of time 

of scanning in brain development.  

Several methodological issues require further consideration. First, possible 

medication effects on the study results cannot be conclusively refuted. However, we 

found no significant relationship between medication and measures of regional 

activation. Second, our study’s sample size may be small, although it is similar to the 

sample size of recent longitudinal studies that include neuroimaging and EOS patients 

(Epstein & Kumra, 2015; Palaniyappan et al., 2013; Sun et al., 2016). EOS is a rare 

disorder, which makes enrolment and retention of participants more difficult. However, 
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we improved our power by acquiring a homogeneous diagnostic sample that is matched 

to the HC group. Finally, potential signal drifts of MRI scanners are a common problem 

in longitudinal studies. Nevertheless, the same MRI scanner was used for baseline and 

follow-up investigations and was frequently tested for signal stability.   
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Tables 

Table 5.1. Demographic, clinical, and behavioural characteristics for adolescents with EOS and TD 
adolescent groups at baseline and follow-up with respective p-values for longitudinal within-group change 

 
Baseline (t1) Follow-up (t2) 

Within-group 
Δlongitudinal 

(p-value) 

 EOS TD  EOS TD  

 
n = 14 n = 15 n = 14 n = 15 EOS TD 

Demographic data 

   Age (years) 17.03 (1.42) 16.51 (2.22) 21.01 (1.60) 21.15 (1.99)   

    Range (years) 14.75 – 19.75 13.00 – 20.83 18.08 – 23.92 18.08 - 25.83   

   Gender (M/F) 9/5 10/5     

   Handedness 
(L/R) 

13/1 13/2     

   NART 97.57 (10.65) 100.71 (8.02) 100.33 (7.87) 111.41 (4.35) .149 <.001 

Clinical data 

  Symptoms 

   PANSS positive 9.21 (1.81) - 10.36 (3.43) - .271 - 

   PANSS negative 14.00 (1.80) - 12.21 (4.66) - .229 - 

   PANSS total 47.21 (4.19) - 47.64 (10.21) - .879 - 

  Medication (mg) 

   Cumulative 
CPZE 

10,967.86 
(16,292.93) 

- 
27,683.57 

(31,708.83) 
- .001 - 

Behavioural data 

  Accuracy (% correct); Median (IQR) 

   one-back 100% (19%) 100% (0%) 100% (25%) 100% (13%) .739 .705 

   two-back 
81.25% 
(44%) 

100% (13%) 93.75% (56%) 100% (13%) .506 .234 

   three-back 
56.25% 
(44%) 

62.5 (50%) 81.25% (53%) 87.5% (25%) .031 .051 

  Reaction time (s); Mean (SD) 

   one-back 0.58 (0.12) 0.51 (0.08) 0.58 (0.12) 0.53 (0.08) .924 .716 

   two-back 0.62 (0.12) 0.57 (0.11) 0.58 (0.25) 0.56 (0.11) .587 .994 

   three-back 0.66 (0.14) 0.65 (0.14) 0.71 (0.29) 0.62 (0.13) .413 .450 

Abbreviations: CPZE: chlorpromazine equivalents; EOS: early-onset schizophrenia; F: female; IQR: 

interquartile range; L: left; M: male; mg: milligrams; NART: national adult reading test; PANSS: positive 

and negative syndrome scale; R: right; TD: typically developing controls 
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Table 5.2. Main effects of task on ΔBOLD while controlling for gender and age at follow-up 

     
Peak 

coordinates 
 

# k Regions BA L/R x y z Z-value 

 Main effects of task (t1>t2) 

 Process-general (one-, two, three-back)  

1 568 Superior frontal gyrus 6 R 24 5 59 4.91 

  Superior frontal gyrus 6 R 27 -7 62 4.36 

2 66 Superior temporal pole 38 L -36 5 -22 4.50 

3 202 Fusiform gyrus 37 R 45 -37 -19 4.47 

4 66 Middle frontal gyrus 9 L -33 35 38 4.38 

5 88 Superior temporal pole 22 R 54 11 -7 4.32 

6 135 Middle frontal gyrus 10 R 30 47 29 4.14 

7 380 Posterior cingulate gyrus 31 L/R -3 -37 41 4.03 

 Three-back 

1 778 Superior frontal gyrus 6 R 24 5 59 4.67 

  Supplementary motor area 6 R 9 5 59 4.60 

  Anterior cingulate gyrus 32 R 9 14 38 4.28 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 
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Table 5.3. Main effects of group (× task) on ΔBOLD while controlling for gender and age at follow-
up 

     
Peak 

coordinates 
 

# k Regions BA L/R x y z Z-value 

 Typically developing adolescents (t1>t2) 

 Process-general (one-, two, three-back)      

1 146 Precuneus 7 L/R 6 -61 56 4.26 

2 755 Anterior/Middle cingulate gyrus 32 L/R 3 35 26 4.02 

 Three-back 

1 345 Anterior cingulate gyrus 24 L/R 9 29 20 4.26 

         

 Adolescents with early onset schizophrenia (t1>t2) 

 Process-general (one-, two, three-back) 

1 75 Middle occipital gyrus 19 R 39 -76 23 4.73 

2 77 Superior frontal gyrus 6 R 30 -1 59 4.35 

3 34 Middle frontal gyrus 9 L -33 35 38 4.30 

4 205 Precuneus/Superior occipital gyrus 7 L -12 -76 44 4.09 

 One-back 

1 68 Putamen/Insula 13 R 30 8 20 4.32 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 
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Table 5.4. Main effects of task on ΔBOLD(t1>t2) for EOS patients while controlling for gender, age at 
follow-up, age-of-illness onset, cumulative antipsychotic medication, and interscan interval 

     
Peak 

coordinates 
 

# k Regions BA L/R x y z Z-value 

 Process-general (one-, two, three-back) 

1 267 Middle occipital gyrus 19 R 39 -76 20 5.06 

2 81 Insula 22 R 51 11 -4 4.48 

3 183 Supplementary motor area 6 L/R 0 5 59 4.32 

3 279 Superior occipital gyrus 7 L -18 -73 38 4.07 

4 130 Cuneus 7 R 15 -70 35 4.01 

 Three-back 

1 179 Supplementary motor area 6 L/R 6 8 59 4.40 

2 147 Superior temporal gyrus 21 L -57 -1 -13 4.00 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 
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Table 5.5. Brain areas with ΔBOLD (t1>t2) predicted by baseline PANSS (total, positive, negative) 
scores in developing adolescents with EOS 

     
Peak 

coordinates 
 

# k Regions BA L/R x y z Z-value 

 One-back 

 Total symptoms: positive regression 

1 174 Inferior frontal gyrus, opercular 13 L -36 11 23 4.26 

2 88 Middle frontal gyrus 9 R 30 23 35 4.14 

 Positive symptoms: positive regression 

1 219 Middle frontal gyrus 9 R 27 20 32 4.87 

2 131 Lingual gyrus 19 R 27 -61 -1 4.70 

3 78 Angular gyrus 39 R 33 -61 35 4.38 

4 92 Inferior frontal gyrus, opercular 9 L -45 11 23 4.12 

         

 Two-back      

 Total symptoms: negative regression 

1 177 Anterior Cingulate gyrus 32 L/R 9 5 44 4.56 

 Positive symptoms: negative regression 

1 136 Supplementary motor area 23 L/R -6 -1 50 4.45 

 Negative symptoms: negative regression 

1 79 Cerebellum, Vermis, 3  L 0 -34 -13 5.22 

Coordinates reported in MNI space and corrected for multiple comparisons at FWE 0.05 

 

 



  

General discussion 

Summary of main goals and findings 

In this thesis we aimed to address the following: (1) to evaluate the expression of 

neurophysiological schizophrenia biomarkers within factors that increase the risk and 

vulnerability for developing schizophrenia; (2) to appraise the regional convergence of 

structural and functional brain differences within the imaging literature of patients with 

early onset schizophrenia (EOS), and (3) to assess changes in brain function, 

connectivity and longitudinal neurodevelopment connected with working memory 

(WM) performance in developing patients with EOS and typically developing 

individuals.  

First, using EEG during the auditory roving oddball paradigm, we extracted the 

P50 sensory gating and MMN change detection ERPs and investigated their relation to 

state and trait anxiety. We then used the hollow mask illusion (HMI) experiment, to 

explore the influence of state and trait anxiety, and neuroticism with the P300/P600 

ERPs that hint allocation of attentional resources. We assessed the second goal with the 

use of coordinate-based meta-analysis. We performed a database literature search of 

peer-reviewed studies using morphometric and task-based functional imaging 

techniques in the EOS population that reported their results in standard stereotactic 

coordinate space. The meta-analytically derived clusters of brain changes in EOS were 

entered in a further database search that this time was carried out to detect the normative 

core coactivation network of the aberrant brain regions in EOS, as well as their 

functional associations profile. Finally, the third goal was assessed by investigating the 

longitudinal 4.3-year follow-up of an EOS and typically developing cohort. The 

developing adolescents performed the n-back task twice while acquiring their fMRI 
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scans, first at 17 years old (Kyriakopoulos et al., 2012) and at 21. The follow-up scans 

were analysed to decipher cross-sectional brain activation in the WM network within 

and between the two groups, as well as functional connectivity of the dorsolateral 

prefrontal cortex (DLPFC) modulated by WM performance, as is shown by 

psychophysiological interactions analysis. Then, the baseline and follow-up scans were 

compared to examine the developmental changes from baseline to follow-up while 

performing the WM task, and finally functional neurodevelopmental brain changes were 

predicted by initial EOS symptom severity.  

In Chapter 1 we showed that during the oddball paradigm, high state anxiety 

participants did not inhibit their P50 response to the second repeating tone in a new 

stimulus train, displaying reduced capability to gate out redundant information. 

Meanwhile, trait anxiety influenced the detection of a new deviant tone which was 

expressed by enhanced MMN amplitude. This was pertinent with hypervigilant change 

detection, where the new tone in the stimulus train was perceived as more salient for 

those who were more trait anxious. Following with Chapter 2, in the visual modality, 

those with high state anxiety showed sensitisation to concave faces, stimuli that are 

mismatches to the convex face representation, by allocating more attentional resources 

to them. These results confirm the hindering role of anxiety in the cognitive control of 

attention (Eysenck et al., 2007). In Chapter 3, we discovered that the study-wide, task-

based cognitive hypoactivation in patients with EOS converges in regions of the 

anterior cingulate cortex (ACC) and right temporoparietal junction (TPJ), while the 

WM dysfunction lies in posterior parietal cortices (precuneus, inferior parietal lobule) 

and the TPJ. These areas co-activate with a core network that is formed by the anterior 

midcingulate cortex and bilateral insulae, known as the salience network whose role is 

to attribute salience to internal and external events, while serving as the switch between 
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the default mode (DMN) and central executive networks (Sridharan et al., 2008). Next, 

WM accuracy and brain function in EOS individuals did not differ significantly from 

healthy controls in Chapter 4. There was, however, a reduction in negative modulatory 

connectivity from the DLPFC to nodes of the DMN, which suggests that WM 

dysfunction is more pronounced in connectivity measures rather than in brain activation 

in patients with EOS. This may be relevant with disease chronicity, as the EOS patients 

had been chronically ill for approximately 9 year at the time of the second scan. It also 

confirms the dysconnectivity hypothesis that describes schizophrenia as a disconnection 

syndrome between and within distinct functional systems (Friston, 1999). The final set 

of analyses of the thesis in Chapter 5 revealed that longitudinally, WM brain function 

is reduced in frontotemporal and cingulate regions in EOS and typical development. 

However, whilst the longitudinal reduction between the groups it was not statistically 

different, qualitatively typically developing adolescents had reductions in the midline of 

the brain expanding from the ACC to the PCC and precuneus, whereas the EOS 

adolescents showed decreases in prefrontal, insular and parietooccipital regions. 

Notably, lack of maturation (lower BOLD signal reduction) in the cingulate cortex and 

exaggerated frontal and parietooccipital functional reduction were predicted by more 

severe psychotic and PANSS total symptoms at the first scan, thus highlighting again 

the central role of the prefrontal and cingulate cortices in cognitive function and 

development in EOS.  

The following sections will attempt to critically review the implications of our 

findings in psychology and cognitive neuroscience research by putting together a short 

integrative discussion linking the central concepts that are dealt with in this thesis. 

Finally, we will examine the strengths, limitations, and future directions that result from 

this piece of work. 
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Is anxiety a risk factor for schizophrenia? 

We established that anxiety levels, measured by the state-trait anxiety inventory (STAI) 

(Spielberger, 1983), influenced the ERPs in the oddball and HMI experiments which tap 

into bottom-up and top-down processes of attentional control. Increased anxiety levels 

are characterised by failure to inhibit an early EEG response to a repeating auditory 

stimulus, as shown by reduced P50 sensory gating, and by hypervigilant allocation of 

attentional resources to mismatches of memory representations (as seen jointly by the 

deviant oddball and the concave face stimuli). The sensory gating deficit in state anxiety 

that we observed in Chapter 1 is in line with schizophrenia patients who normally do 

not inhibit the response to the second tone (Shan et al., 2010), as well as in those with 

familial or at clinical risk for psychosis. However, while anxiety drives hypervigilant 

change detection (Fucci et al., 2019) that is also supported by our findings, the opposite 

pattern is obvious in schizophrenia; MMN in schizophrenia and high-risk states is 

almost uniformly reduced (Näätänen et al., 2015) and so are the P300 and P600 ERPs 

for concave faces (Dima et al., 2011). Higher anxiety levels produced enhanced 

detection of mismatch stimuli (including the deviant tones and concave faces in 

Chapters 1 & 2, respectively) that were (subconsciously) perceived as more salient – 

which may serve as a safety mechanism against potential threats. In schizophrenia on 

the other hand, reduced change detection may represent a difficulty to distinguish 

potential bottom-up, stimulus-driven salience or a challenge to apply top-down control 

from prior knowledge to model expectations about the surrounding environment (Javitt, 

2009).  

Individual differences in anxiety in healthy participants impair goal directed 

attention (Eysenck & Derakshan, 2011), which is confirmed by other ERP studies 

(Ansari & Derakshan, 2011; Osinsky et al., 2012) as well as by Chapters 1 & 2. At the 
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same time, increased anxiety is associated with poor self-reported attentional control 

(including attention shifting, focusing and divided attention), enhanced cognitive biases 

and psychotic like experiences, in otherwise healthy individuals (Prochwicz & 

Kłosowska, 2018). Increased arousal to mismatch or redundant stimuli may negatively 

impact the interpretation of threat through cognitive, attributional and attentional biases 

that inform delusional and paranoid beliefs (Underwood et al., 2016). In addition, 

anxiety disrupts the equilibrium of feedforward and feedback control by favouring 

stimulus-driven connections, which can then be reversed by administering 

benzodiazepine anxiolytic drugs that enhance inhibitory GABAergic receptor activity 

(Cornwell et al., 2017). Dysregulation in prefrontal interneuron GABAergic activity is 

also a characteristic of schizophrenia (Adams et al., 2013). Assumably, the deleterious 

effects of anxiety on attentional control (Eysenck & Derakshan, 2011) and regulation of 

neurotransmitter activity may explain the role of anxiety in the formation of psychotic 

symptoms (Freeman et al., 2002; Freeman & Fowler, 2009), since anxiety is viewed as 

a major component in schizophrenia (Pallanti et al., 2013).  

Another interesting set of findings concerns the interdependent effects of 

nicotine smoking, anxiety, ERPs, and schizophrenia. Smoking nicotine is reported to 

mitigate self-reported anxiety and to reduce arousal in late positive ERPs (Choi et al., 

2015). Additionally, it reverses attentional impairments that are related to schizotypy 

(Wan et al., 2006). There may be a link in the increased prevalence of tobacco use in 

schizophrenia (Kelly & McCreadie, 2000), possibly as self-medication (either 

consciously or subconsciously) to alleviate stress or improve attentional performance. 

Opposing views however regarding nicotine and which are similar to cannabis, point to 

it being potentially causally related to psychosis (Quigley & MacCabe, 2019). Thus, the 
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plausible interconnectedness between nicotine use in schizophrenia for anxious 

symptoms relief and attentional improvement need further investigation. 

Self-reported anxiety levels in patients with schizophrenia correlate with 

delusions, hallucinations (Guillem, Pampoulova, Stip, Lalonde, et al., 2005), and 

paranoid symptoms (Cowles & Hogg, 2019). Anxiety may mediate psychotic symptom 

severity through its effects on cognitive and attentional control processing, as described 

by our results of impaired P50 sensory gating at increasing anxiety and emphasised 

further by findings that underline a relationship of severe auditory verbal hallucinations 

with sensory gating impairment in schizophrenia patients (Thoma et al., 2017). 

Worsened attentional performance and enhanced distractibility by irrelevant stimuli is 

also expressed with increased anxiety in individuals with high schizotypal traits 

(Braunstein-Bercovitz, 2000). Moreover, high trait anxiety in schizophrenia patients 

leads to increased P600 amplitude (as in Chapter 2), which is assumed to represent 

mnemonic binding processes, suggesting improper binding or attributional biases while 

viewing old versus new faces (Guillem, Pampoulova, Stip, Todorov, et al., 2005).  

Anxiety also mediates task-dependent brain function measured by fMRI in the 

psychosis spectrum. Higher state anxiety in schizophrenia patients correlates with 

hyperactivation in the orbitofrontal cortex during scenes of social rejection (Lee et al., 

2014) whereas reduced activation in patients’ left supramarginal, left postcentral and 

right middle occipital gyri is moderated by their anxiety levels during object perception 

(Stephan-Otto et al., 2016). Anterior insula activation relative to fear conditioning is 

reduced with increasing trait anxiety in individuals at clinical-high risk and with overt 

schizophrenia (Quarmley et al., 2019), while individuals with familial risk for psychosis 

(first-degree relatives of patients) have inversely correlated trait anxiety levels with 

decreased connectivity in a network comprising limbic and visual cortical areas during 
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emotional face perception (Cao et al., 2016). Additionally, anxiety modulates the 

expression of brain network dynamics in populations with genetic and chromosomal 

mutations that are considered high risk for schizophrenia. For example, being a carrier 

of the Disrupted-In-Schizophrenia (DISC1) gene alters activation profiles in the anterior 

cingulate cortex in anxiety patients, causing hyperactivation during a visuospatial 

planning paradigm (Opmeer et al., 2015). Similarly, anxiety levels in individuals with 

22q11.2 deletion syndrome underly modulatory changes of the amygdala/hippocampus 

complex from language and DLPFC networks (Zöller et al., 2019).  

Neuroticism on the other hand, did not show any significant effects in the 

neurophysiological indices of attentional and cognitive control. In a general population 

cohort, high neuroticism in childhood predicted later anxiety and depression (Rodgers, 

1990) as well as schizophrenia. This led to the suggestion that there is “an area of 

shared liability” between neuroticism, non-affective schizophrenia and affective 

disorders (Van Os & Jones, 2001). Neuroticism may constitute an overlapping 

vulnerability that is shared between different psychopathologies which will later 

manifest as distinct diagnoses, i.e., schizophrenia or anxiety, potentially due to separate 

underlying mechanisms (Van Os & Jones, 2001). Neuroticism perhaps is a more 

complex concept than anxiety that can conceal functional brain activity changes since it 

can contribute to conditions (anxiety or schizophrenia) that have mixed cognitive brain 

activation profiles in the paradigms and ERPs tested in this thesis. 

Addressing the overarching question “is anxiety a risk factor for schizophrenia?” 

is not a straight-forward answer. While epidemiological evidence suggests that anxiety 

is highly prevalent prior to the emergence of schizophrenia and is comorbid with the 

disorder, our results offer a mixed landscape. We expected that the effects of anxiety 

and schizophrenia on the ERPs would demonstrate continuity considering the status of 
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anxiety as a risk factor. This view however might be oversimplistic. Seeing 

psychopathology as a continuum in a broad spectrum of deficits may help us better 

understand how different factors affect neurophysiological indices of impaired 

cognition. Evidence showing genetic risk for schizophrenia to be associated with 

anxiety symptoms in unaffected adolescents (Jones et al., 2016) might suggest that 

anxiety predates the manifestation of psychotic symptoms. It also points to anxiety 

being a trait marker for schizophrenia, potentially increasing vulnerability to express an 

overt psychotic state. Perhaps anxiety with its detrimental role on attentional control, 

taps on systems that underly cognitive impairments in those with a genetic vulnerability 

for schizophrenia. Such impairments could include misdirecting attentional resources to 

threat, or misattributing saliency and threatening status to a stimulus, which could act as 

an “on” switch that signals hyperarousal to novel and otherwise harmless or irrelevant 

events. This switch could give rise to delusional beliefs and hallucinatory percepts to 

individuals who are placed at the furthest end of the psychopathological spectrum when 

also triggered by a ‘secondary hit’ (Maynard et al., 2001), such as anxiety.  

Is salience network dysfunction the connective link across 

paradigms and diagnoses? 

Schizophrenia is broadly considered a disorder of aberrant salience processing (Kapur, 

2003). Salience is a multifaceted system allowing prioritisation of stimuli that are goal-

relevant (Winton-Brown et al., 2014). Dysfunction in this system can mean impaired 

salience attribution to goal-relevant exogenous or endogenous stimuli and thoughts, or 

deficits in novelty detection. The idea of aberrant salience in psychosis and psychosis 

proneness is tied to dysregulated dopaminergic signalling through assignment of 

maladaptive reward-driven salience on otherwise harmless stimuli (Howes & Kapur, 

2009) which is related to prediction errors for punishments and rewards (Heinz & 
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Schlagenhauf, 2010) or simply novelty (Winton-Brown et al., 2014). Aberrations in 

systems that underly salience processing interfere with attentional and action selection, 

which in individuals with prodromal symptoms could induce delusions through 

directing importance to irrelevant internal or external events (Winton-Brown et al., 

2014). Such disturbances are present even in ultra-high risk subjects who attribute 

salience to irrelevant features and are longitudinally associated with a reduction of 

activation in middle and anterior cingulate, insular, and inferior frontal areas (Schmidt 

et al., 2017). Increased severity of delusional symptoms in schizophrenia patients 

associate with higher degree of impairment in salience processing (Roiser et al., 2009) 

and abnormal beliefs are associated with brain activation changes in areas subserving 

salience (Schmidt et al., 2017). In Chapter 3 we reported a coactivation network 

located in the anterior midcingulate and bilateral insulae, which are nodes of the 

salience network (Seeley et al., 2007), to form the core of the clusters with convergent 

hypoactivation across the EOS neuroimaging studies. Anatomically these regions 

correspond closely to the cingulo-opercular network, which is considered as a second 

executive network (in addition to the frontoparietal) (Petersen & Posner, 2012), and it 

additionally forms a core system that displays sustained activity across various 

cognitive tasks (Dosenbach et al., 2006), and it monitors performance (Becerril & 

Barch, 2013). Interestingly, the right TPJ, which in Chapter 3 converged as a common 

area of hypoactivation across cognitive and WM paradigms in EOS, and is anchored in 

the ventral-attention network (Petersen & Posner, 2012), is also considered to be part of 

the salience network (Kucyi et al., 2012). Therefore, there is a regional overlap across 

systems that were originally believed to be different, namely the salience, cingulo-

opercular, and ventral-attention networks. This confirms the multifaced nature in 

functional relevance of the cingulate-insular-temporoparietal regions which have a 
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central role in the psychopathology of schizophrenia. Furthermore, disruptions in these 

overlapping systems are common across many psychiatric disorders during cognitive 

and emotion discrimination tasks (McTeague et al., 2017, 2020), therefore being a 

candidate as a transdiagnostic marker for psychopathology that requires more attention. 

In addition to salience network disruption, in Chapter 4, EOS patients showed 

dysconnectivity between the DLPFC and regions of the DMN that were additionally 

deactivated when performing the WM task. These results combined with those in 

Chapter 3 can be unified by three influential theories of schizophrenia neuropathology; 

the dopaminergic state-driven salience dysregulation that characterises psychosis 

(Kapur, 2003), the disconnection hypothesis (Friston, 1999; Friston et al., 2016), and 

the triple network model (Menon, 2011). The triple network model places three 

intrinsically organised networks, the central executive (commonly referred as 

frontoparietal network), the DMN (midline brain task-negative areas), and the salience 

network in the centre of psychopathology (Menon, 2011), tapping into the first two 

theories, i.e., dopamine and disconnection. According to this model, the salience 

network mediates switching between the central executive and DMN, when 

behaviourally relevant salience is detected in the internal or external environments. In 

the case of schizophrenia, deficits in the salience network can manifest as resting-state 

or task-dependent functional deficits. For example, there have been reports to show 

disconnection between the salience network and the DLPFC to characterise 

schizophrenic patients at resting state (Palaniyappan et al., 2013), as well as 

dysconnectivity within the salience network to be associated with difficulty in 

disengaging the DMN during cognitive task performance (Luo et al., 2020). 

Furthermore, abnormal functional activation in central executive, salience, and DMN 

nodes is reported in a meta-analysis of WM studies in schizophrenia (Wu & Jiang, 
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2019), whilst hypoactivation in DMN/self-referential processing areas is associated to 

impaired salience processing in patients (Pankow et al., 2016). Crucially, in addition to 

the functional deficits, the ACC and bilateral insulae demonstrate decreased grey matter 

volume across psychiatric disorders (including anxiety, bipolar, schizophrenia, and 

depression disorders) (Goodkind et al., 2015), pointing to salience network abnormality 

also being structurally prevalent. Finally, increased psychotic experiences in non-

schizophrenic children are associated with reduced resting-state functional connectivity 

in the salience network and DMN (Karcher et al., 2019), suggesting that disturbances in 

functional systems of the triple network may be endophenotypic.  

Working memory neurodevelopment as an endophenotypic 

marker for EOS  

An endophenotype is a quantifiable, heritable trait that lies between genotype and 

phenotype and is considered to be reliably informative as index for illness liability (Park 

& Gooding, 2014). WM deficit is a fundamental cognitive impairment and consistently 

indicated as endophenotypic in schizophrenia; such impairment is obvious from 

prodromal to chronic patients as well as their first-degree relatives (Park & Gooding, 

2014), and thus fitting the heritability requirement. Importantly, EOS is considered 

more genetically loaded than the adult-onset form, therefore core impairments that are 

observed in EOS may be more easily categorizable as endophenotypic. WM was 

indicated to have the highest genetic influence amongst other neurocognitive measures 

including IQ, verbal comprehension, perceptual disorganisation, and processing speed 

based on a twin study in schizophrenia probands and their unaffected monozygotic or 

dizygotic twins (Toulopoulou et al., 2007). In addition relatives of schizophrenia 

patients demonstrate abnormalities in WM-related activation and functional 

connectivity (Bakshi et al., 2011; Meda et al., 2008; Repovš & Barch, 2012; Thermenos 
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et al., 2004; Zhang et al., 2016). Therefore, apart from behavioural WM deficits, 

activation and functional profiles related to WM activity are candidate endophenotypes 

for the cognitive impairment in schizophrenia and trait markers that are not solely 

attributable to psychotic symptoms.  

Functional hypoactivation of the posterior parietal cortices during WM 

performance in EOS may be as good an endophenotypic marker as the DLPFC. 

However WM studies in schizophrenia relatives often employ biased a priori DLPFC 

region-of-interest analyses (Delawalla et al., 2008). Bilateral DLPFC and posterior 

parietal cortex function shows an intermediate activation profile during WM in relatives 

of schizophrenia (Karlsgodt et al., 2007; Loeb et al., 2018), that is significantly different 

from healthy controls (Meda et al., 2008) and this has been also shown meta-

analytically (Zhang et al., 2016). Similarly, developing offspring of schizophrenia 

patients show hypoactivation in the left superior parietal cortex during WM activity in 

the n-back (Bakshi et al., 2011). These studies suggest that functional WM 

abnormalities in the DLPFC and parietal cortices may be a trait impairment for 

schizophrenia, and thus heritable as they are expressed in first-degree relatives of 

probands. The results in Chapter 3 suggest that the EOS posterior parietal 

hypoactivation may constitute an endophenotypic feature of WM impairment. Our 

results further propose that developmental trajectories related to the maturation of WM 

function may also be distinct endophenotypes for EOS. In Chapter 5 we extended 

observations of structural EOS and their relatives’ abnormal developmental trajectories 

in fronto-temporal and parietal regions (Gogtay et al., 2007; Greenstein et al., 2006) and 

showed that EOS demonstrate developmental trajectories of functional WM reductions 

in posterior parietooccipital, superior and middle frontal, as well as striatal (putamen), 

insular, and superior temporal areas. These may as well serve as endophenotypic 
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markers for disrupted WM maturation as they were independent of medication or illness 

duration. Longitudinal functional alterations in parietooccipital areas during a spatial 

WM task was also identified in a study with adult subjects with clinical high risk for 

schizophrenia (Fusar-Poli et al., 2010). On the other hand, in Chapter 5 the WM 

functional developmental changes in some areas, i.e., in middle and inferior frontal, 

angular, lingual, cingulate, and supplementary motor, as well as subcortical cerebellar, 

were correlated with initial positive and negative symptoms scores. It may be that 

genetic susceptibility for schizophrenia increases the vulnerability of fronto-parietal, 

cingulate, temporal, as well as subcortical dysmaturation, in agreement with the ‘two-

hit’ hypothesis (Maynard et al., 2001), which then deteriorates in isolated areas (e.g., 

prefrontal, cingulate) as the symptoms of the disease progress. Similarly, in individuals 

with genetic risk who later developed schizophrenia the trajectory of grey matter 

volume change in prefrontal areas was related to the severity of psychotic symptoms 

(McIntosh et al., 2011), suggesting that parallel functional and structural trajectories 

may correspond as endophenotypic illness markers. 

In addition to BOLD hypo-/hyper-activation, it is proposed that functional 

connectivity may be an even better endophenotypic marker to understand schizophrenia 

liability (Karcher et al., 2019). WM-related functional connectivity of the ACC with 

DLPFC and parietal cortex increase in offspring of schizophrenia patients (Bakshi et al., 

2011). The ACC, that has been related to cognitive control and behavioural adaptation 

following errors (Ham et al., 2013) and is hypoactive in EOS patients across cognitive 

paradigms (see Chapter 3) may pose another central role in the endophenotypic 

manifestation of WM deficit. Similarly, WM functional connectivity across several 

seeds of the WM network was found to be intermediate for siblings of that of EOS and 

control (Loeb et al., 2018). Whether DLPFC negative modulation of areas of the DMN 
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is endophenotypic to the WM impairment in EOS it remains to be explored with studies 

in subjects with familial high risk. We did however report that longitudinal reduction in 

DMN, posterior midline cingulate and parietal areas are observed in typically 

developing adolescents (see Chapter 5). This pattern of longitudinal maturation of WM 

function was not observed in the EOS adolescents. It is compelling to assume that the 

DMN system that guides internal thought at the resting state and deactivates with 

attention grabbing conditions during task, does not mature as effectively in EOS 

patients. This impairment may be relevant to the WM dysconnectivity of the right 

DLPFC that was observed in Chapter 4, and proposed failure in EOS to negatively 

modulate activation in posterior cingulate, medial prefrontal and right angular areas 

during the two-back.  

Strengths 

A strength in this thesis is the use of different neuroimaging techniques to address the 

overarching questions about functional boundaries in cognition in schizophrenia and 

relation to anxiety. EEG and fMRI techniques are crucial for the assessment of temporal 

and spatial characteristics of functional activation in the brain concurrently with 

different cognitive tasks. Such non-invasive in vivo imaging methods in human subjects 

are indispensable tools for psychology and have become the staple in cognitive 

neuroscience research. There is added clinical significance in identifying biological 

disease markers that are useful for locating pharmacological targets, which is useful for 

psychiatry. Neuroimaging provides access to the neural substrates of cognition in living 

performing subjects and allows to compare diagnostic groups on the presence or 

absence of overlapping, transdiagnostic boundaries of neurobiological dysfunction 

which is an invaluable tool for the characterisation of the psychopathological spectrum. 

Furthermore, the use of meta-analysis for determining spatial convergence in the 
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structural and functional neuroimaging literature of EOS is another significant asset of 

the thesis. By applying the statistical methods employed by the ALE algorithms, we 

dissect the degree of overlap in EOS abnormalities more systematically, objectively, 

and quantifiably, which would have not been possible to assess with a simple systematic 

review.  

The study of cognitive function and neurodevelopment in EOS is another central 

advantage in this thesis. The hypothesis that schizophrenia is a neurodevelopmental 

disorder is being given more and more magnitude. By studying the longitudinal 

correlates of WM functional maturation in a cohort of developing adolescents with EOS 

and age-matched controls, we have the opportunity to examine this hypothesis in more 

depth. We get to explore how one of the major neurocognitive impairments in 

schizophrenia (WM) changes with time during the sensitive developmental period that 

marks the transition from adolescence to adulthood, which is also a time when WM and 

its neural substrates still mature. Again, the clinical implications for this are crucial in 

promoting the advancement of pharmacological targets that could one day alleviate the 

cognitive impairment in schizophrenia which currently has no known effective 

medication.  

Limitations & future directions 

We investigated the effects of neuroticism, state and trait anxiety as risk factors for 

schizophrenia through exploring known biomarker ERPs in healthy controls based on 

their individual differences in these psychometric measures. While this is a valid 

method to explore transdiagnostic markers for various disorders based on overlap and 

similarity of effects, a more direct way to answer our question would be by employing 

two extra groups; one consisted by patients with schizophrenia and one by subjects at 

high risk. This would permit us to identify how psychometric levels of anxiety and 
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neuroticism interact with the ERPs in these two patient groups as well as with psychotic 

symptoms dimensions. Future research should focus on exploring the interaction of the 

neurophysiological biomarkers of schizophrenia and anxiety, as anxiety is considered a 

core component of schizophrenia (Pallanti et al., 2013). In addition, this would allow to 

disentangle the mechanisms with which anxiety mediates delusions and psychotic 

symptoms in general. Since trait anxiety levels and anxiety disorders can alter the 

functional connections concerning the salience network (Geng et al., 2016; MacNamara 

et al., 2016; Massullo et al., 2020), anxiety might explain the pathogenesis of biases that 

reinforce delusional ideations through its links with positive psychotic symptoms 

(Guillem, Pampoulova, Stip, Lalonde, et al., 2005) and with salience dysregulation. 

One other limitation is that we did not control for nicotine intake, which can 

affect the ERPs (Choi et al., 2015; Wan et al., 2006) as well as anxiety levels. The 

effects of anxiety on attentional control and the interplay with cognition and symptoms 

dimensions in schizophrenia together with the moderating effects of self-medicating 

practices such as nicotine use should be accounted for in future studies and be further 

explored. 

Some limitations also arise with regards to statistical power and 

sample/experiment sizes in our studies. The sample sizes in the EEG studies were not 

determined by performing power analysis a priori but instead they were based on 

sample sizes of similar investigations. In Chapter 1 the sample size that we used was 

well within the range of similar studies interested with the MMN or sensory gating 

ERPs in the oddball task concurrently with EEG. For example, Ermutlu et al. (2005) 

investigate the effects of cold stress in the sensory gating and MMN responses in a 

sample of fifteen participants, whereas Fucci and colleagues (2019) report the effects of 

safe and threat conditions in the MMN response and the effects of trait anxiety in thirty-
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six participants. Another study by Haenschel and colleagues (2005) that tested 

repetition positivity effects in the P50 with the auditory roving oddball paradigm used 

an sample size of forty participants. In Chapter 1 we included thirty-four participants, 

which in conjunction with the strong effect sizes, we were confident about our choice of 

sample size. 

In Chapter 2, the sample size of twenty participants was determined by 

consulting the only similar investigation of the hollow mask experiment using EEG by 

Dima et al. (2011). In this study, the authors used a sample consisting of twenty patients 

with schizophrenia and twenty controls. Since we only used control subjects to explore 

influences of anxiety and neuroticism, in Chapter 2 we decided to use a sample size 

corresponding to the control participants of Dima et al. (2011). After applying a similar 

statistical procedure as in the study by Dima et al. (2011), our observed effect sizes 

were strong and therefore once again increased our confidence in our decision. 

In Chapter 3, the power of our meta-analysis was constrained by the available 

studies that were eligible for inclusion based on our research question. In Eickhoff et al. 

(2016) it is recommended that a minimum of 17 experiments is used in activation-

likelihood estimation meta-analyses. According to the authors, this decreases the chance 

of a single experiment being the sole contributor to the observed significant clusters, 

especially when there is heterogeneity between each experiment’s sample sizes 

(Eickhoff et al., 2016). Our VBM meta-analysis did not return significant clusters, 

potentially due to the low experiment number or the heterogeneity in sample sizes. Our 

fMRI meta-analyses (Cognitive and WM ALEs) have at least half of the total 

experiments contributing to the significant clusters (Table 3.4), despite being consisted 

by fewer experiments than the recommendation in Eickhoff and colleagues (2016). 

Importantly there is relative absence of heterogeneity in sample sizes amongst 
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experiments, except in Loeb et al. (2018) that had a slightly bigger sample size that the 

rest, which can be seen in Table 3.1.  

In Chapter 4 and Chapter 5 the sample size was determined by the number of 

participants from the baseline study of Kyriakopoulos and colleagues (2012) who 

returned to take part in the follow-up scanning session. From a total sample size of 45 

(20 control and 25 EOS participants) only 34 returned for the follow-up study (17 EOS 

and 17 controls) in Chapter 4, while two more EOS were excluded due to low 

performance in the easier levels of the n-back task. Continuing with Chapter 5, one 

more EOS participant was excluded due to unmatched performance in the baseline 

scanning session and two controls had unretrievable baseline scans, making the total 

sample size twenty-nine. High attrition rates are a common issue with developmental 

and clinical longitudinal studies, especially ones with adolescents who may move cities 

after finishing high school or with patients with schizophrenia that may experience 

relapse of symptoms (Clemmensen et al., 2012; Díaz-Caneja et al., 2015). For this 

reason, we were principally motivated to use family-wise error correction for multiple 

comparisons, to have more robust confidence in our results.  

Another point of discussion arises from the different methodological approaches 

in the preprocessing pipelines in the EEG studies. Taking a closer look to Chapter 1, 

the two ERP components that were extracted from the same oddball task were pre-

processed with different filters. Similarly, in Chapter 2 the pipeline is also different 

than this of Chapter 1. Filter settings as well as order of preprocessing steps are still a 

matter of debate within the EEG community as they can introduce time-domain 

distortions while enhancing type I and type II errors (de Cheveigné & Nelken, 2019; 

Liljander et al., 2016). We determined our pipeline after examining the scientific 

literature of the components that were under investigation (Dima et al., 2011; Hsieh et 
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al., 2019; Light et al., 2010) after careful consideration, while trying to replicate 

pipelines of other studies for better interpretability of our results. Different 

preprocessing pipelines may be better suited when isolating ERPs with different 

methods, such as peak detection or average amplitude in a time window, when 

examining early-, mid-, or late-latency components, or between different modalities, 

i.e., auditory, visual, and tactile as the signal is processed at different speed therefore

may be optimised to customise the pipeline. 

Finally, we approached statistical analysis in Chapter 1 and Chapter 2 by 

splitting the samples according to their median scores in the state and trait anxiety 

measures. Median-split analysis followed correlation or interaction findings between 

psychometric and ERP measures. While this method is not uncommon in neuroimaging 

research involving the STAI (Basten et al., 2011; Bishop, 2009; Chen et al., 2017; Modi 

et al., 2018) it should be used with caution. Even though arguments exist that it may be 

appropriate when dealing with skewed data, median-split tends to give more reliable 

results with normally distributed continuous variables (DeCoster et al., 2011). Trait 

anxiety in Chapter 1 and state anxiety in Chapter 2 appear to be normally distributed, 

however, state anxiety in Chapter 1 appears to be right skewed as higher number of 

participants were at the lower range of the measure. Hence a different approach might 

have been more appropriate in this case.  

An alternative approach to frequentist statistics would be the use of Bayesian 

analysis. Whilst frequentist statistics can tell us the probability of observing our results 

given the null hypothesis, it does not indicate evidence in support of observing the 

alternative hypothesis (Morey et al., 2016). Bayesian inference, however, could address 

prior beliefs on whether there is evidence in favour of the null or the alternative 

hypothesis, which is seen as more robust and flexible approach compared to null 
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hypothesis significance testing (Kruschke, 2010). Bayes Factor can serve as a good 

odds ratio metric that evaluates support to either one of the two hypotheses 

(Wagenmakers et al., 2018). Therefore, future studies would benefit by exploring this 

alternative to the classical frequentist hypothesis testing, although scientists have not yet 

reached full consensus on how to conduct and report its results (Aczel et al., 2020).  

While WM impairment is a reliable endophenotype for schizophrenia and is 

established both behaviourally and functionally in studies with EOS patients and their 

siblings, a lot less is known about the functional neurodevelopment of WM. Our 

longitudinal design assessing fMRI changes in patients with EOS, while rarely found in 

the literature, it does not fully delineate the endophenotypic markers of WM 

neurodevelopment associated with schizophrenia. We elaborated the interpretation of 

our findings on the assumptions that EOS is more genetically loaded than adult-onset 

disorder and that longitudinal changes in WM function when we covaried for clinical 

characteristics constitute neurodevelopmental effects that are specific to EOS trait but 

not diseased state. To better address WM neurodevelopmental effects that are related 

with the genetic load to schizophrenia, future research would benefit by longitudinally 

studying first-degree relatives of schizophrenia patients. This will further the 

advancement of developmental endophenotypes that underly one of the most prominent 

cognitive deficits in schizophrenia, WM. Longitudinal fMRI studies that include first 

degree relatives will allow a more detailed examination of the endophenotypic 

implications that subserve the neurodevelopmental hypothesis that has been influential 

for over three decades in explaining the pathogenesis of schizophrenia (Weinberger, 

1988). 
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Abstract

The hollow-mask illusion is an optical illusion where a concave face is perceived as convex. It has
been demonstrated that individuals with schizophrenia and anxiety are less susceptible to the illu-
sion than controls. Previous research has shown that the P300 and P600 event-related potentials
(ERPs) are affected in individuals with schizophrenia. Here, we examined whether individual
differences in neuroticism and anxiety scores, traits that have been suggested to be risk factors
for schizophrenia and anxiety disorders, affect ERPs of healthy participants while they view concave
faces. Our results confirm that the participants were susceptible to the illusion, misperceiving con-
cave faces as convex. We additionally demonstrate significant interactions of the concave condition
with state anxiety in central and parietal electrodes for P300 and parietal areas for P600, but not with
neuroticism and trait anxiety. The state anxiety interactions were driven by low-state anxiety par-
ticipants showing lower amplitudes for concave faces compared to convex. The P300 and P600
amplitudes were smaller when a concave face activated a convex face memory representation, since
the stimulus did notmatch the active representation. The opposite pattern was evident in high-state
anxiety participants in regard to state anxiety interaction and the hollow-mask illusion, demonstrat-
ing larger P300 andP600 amplitudes to concave faces suggesting impaired late information process-
ing in this group. This could be explained by impaired allocation of attentional resources in high-
state anxiety leading to hyperarousal to concave faces that are unexpected mismatches to standard
memory representations, as opposed to expected convex faces.

Visual illusions are primarily, for research, a great tool to understand human perception
(Carbon, 2014) and they occur when the subjective percept does not match the real physical
properties of the observed object. This mismatch can be a result of stimulus-driven assumptions
made by the visual system and other times they constitute an active recalibration of higher-level
cognitive areas (Eagleman, 2001). They can be distinguished in two categories based on the brain
networks which contribute to the illusory percept; illusions resulting from bottom–up signals
are called physiological or low-level, whereas those occurring from top–down regulatory activity
are cognitive illusions (Dima, Dillo, Bonnemann, Emrich & Dietrich, 2011; King, Hodgekins,
Chouinard, Chouinard & Sperandio, 2017).

An interesting class of cognitive illusions is the binocular depth-inversion illusions that result in
objects perceived in reverse depth, with distant points perceived to be closer than near points; thus,
concavities are perceived as convexities and vice versa. The best-known binocular depth-inversion
illusion is the hollow-mask illusion. One way to experience it is to swap the images of the left and
right eyes of a stereoscopic pair; despite the strong stereoscopic cues that signal a concave mask,
viewers report perceiving a normal convex face (Farkas, Papathomas, Silverstein, Kourtev &
Papayanopoulos, 2016; Georgeson, 1979; Van den Enden & Spekreijse, 1989). A similar experience
can be perceived by using a physical hollow mask, prompting a misperception of the concave 3D
surface as convex, despite visual depth cues suggesting the opposite (concavewhen a face is perceived
as 3Dgoing inwards and convexwhen it was going outwards, like a normal face) (Gregory, 1973;Hill
&Bruce, 1993;Hill & Johnston, 2007; Papathomas&Bono, 2004).Healthy controls from6month of
age (Corrow, Granrud, Mathison & Yonas, 2011) throughout adulthood incorrectly perceive con-
cave faces as convex. Individuals with schizophrenia perceive the illusion to a much lesser degree
than controls; instead, they have a veridical perception of the truthful concavity of the mask
(Schneider et al., 2002). Schneider et al. (2002) argued that this incongruence is the result of disturbed
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top–down processes in individuals with schizophrenia, which can be
reversed after the course of antipsychotic medication. This discrep-
ancy in schizophrenia has been shown to be due to strengthened bot-
tom–up and weakened top–down processing that allows
schizophrenia patients to interpret the sensory cues of a hollow face
that deviate from stored knowledge of faces being convex as concave
(Dima,Dietrich, Dillo&Emrich, 2010; Dima et al., 2011, 2009). Apart
from schizophrenic patients, individuals with other psychosis-prone
states are also less likely to perceive the hollow-mask illusion, such as
cannabis users (Leweke, Schneider, Radwan, Schmidt & Emrich,
2000; Semple, Ramsden & McIntosh, 2003), alcohol withdrawal
(Schneider et al., 1996), sleep deprivation (Sternemann et al., 1997),
youth at ultra-high risk for psychosis (Gupta et al., 2016), and anxiety
patients (Passie et al., 2013). Therefore, disposition of veridical
perception of concaveness in faces in the psychotic and pro-
psychotic states mentioned above, could be of use in research aiming
to identify susceptibility to mental illness.

In this study, we explore the electrophysiological signature of per-
ception of the hollow-mask illusion.We use the P300 and P600 event-
related potentials (ERPs), occurring between 300 to 600ms and 600 to
800ms after stimulus onset, respectively, to explore the timeline of the
hollow-mask illusion. These ERPs have been previously shown to be
significantly reduced in amplitude in schizophrenia patients who
respond to the hollow-mask illusion experiment compared to controls
(Dima et al., 2011). The P300 occurrence involves attentional engage-
ment responsible for memory functioning and stimulus evaluation,
with familiar stimuli activating context- and familiarity-related tem-
poro-parietal top–down control. The P600 has been traditionally
thought to reflect any linguistic processes; however, studies have also
implicated it to similar processes as the P300, in that it is triggered
when a subject encounters an “improbable” stimulus (Coulson,
King & Kutas, 1998). Since ungrammatical sentences are relatively
rare in natural speech, a P600 may not be simply a linguistic response
but rather an effect of the subject’s “surprise” upon encountering an
unexpected stimulus (Coulson et al., 1998). Higher amplitudes in
P300 and P600 are believed to be associated with stimulus novelty
and significance, which are modulated by late perceptual processes,
such as remembering and attention (Stelmack, Houlihan &
McGarry-Roberts, 1993), and lower amplitude in P300 and P600 dur-
ing perceiving concave faces was assumed to be a result in late
perceptual processing dysregulation in patients with schizophrenia
(Dima et al., 2011). Electroencephalography (EEG) studies have asso-
ciated these late positive event-related components with frontal, tem-
poral and parietal scalp distribution (Polich, 2007).

In this study, we investigate the P300 and P600 ERPs during the
presentation of hollow-mask stimuli in healthy participants in relation
to their individual differences in neuroticism and anxiety self-report
measures. Neuroticism, from the five-factor model (McCrae & Costa,
1992), is of particular interest in psychiatry, as it reflects dysregulation
of the emotional equilibrium, anxiety proneness, and susceptibility to
stress (Hettema, Neale, Myers, Prescott & Kendler, 2006). As such,
high scores in neuroticism are also associated with comorbidity of
schizophrenia and anxiety disorders (Caspi, Houts, Belsky &
Goldman-mellor, 2015; Khan, Jacobson, Gardner, Prescott &
Kendler, 2005). A meta-analysis on the five-factor model has found
that higher levels of neuroticism in individuals with schizophrenia
come in conjunctionwith lower levels of extroversion,with large effect
sizes, and lower openness, agreeableness and conscientiousness, but
with more moderate effect sizes (Ohi et al., 2016). Additionally, there
is evidence that schizophrenia appears to be co-occurring along with
anxiety disorders (Muller, Koen, Seedat, Emsley & Stein, 2004;
Temmingh & Stein, 2015). There is a complex relationship between

anxiety and positive symptom expression in psychotic states. Trait
and state anxiety (STAI; Spielberger et al., 1983) can be seen as pre-
dictors of paranoia in psychosis spectrum disorders (Freeman &
Fowler, 2009; Cowles & Hogg, 2019), whereas state anxiety mediates
intrusive thoughts in hallucinating schizophrenia patients (Bortolon,
Capdevielle & Raffard, 2015). Previous reports have shown that trait
anxiety is significantly associated with positive psychotic symptoms
and auditory hallucinations in schizophrenia patients, making it a
potential causal factor for the disorder (Guillem et al., 2005).
However, when the authors controlled for state anxiety, the correla-
tion with hallucinations became non-significant whilst a significant
relationship with bizarre delusions was revealed (Guillem et al.,
2005). Hence, state anxiety concealed the delusion-trait anxiety rela-
tionship and revealed that delusionsmediate the relationship between
hallucinations and trait anxiety (Guillem et al., 2005). Accordingly,
there is a complex relationship of self-reported neuroticism and anxi-
ety self-reports with psychopathology, and particularly with psychosis
which is known to be implicated with abnormal ERPs during the pre-
sentation of hollow-mask stimuli.

Given the predisposition of elevated neuroticism and anxiety lev-
els with general psychopathology and psychosis, we hypothesised
that self-reported neuroticism and anxiety levels will have an effect
on the late positive ERPs that reflect high-order cognitive processes
and are generated by hollow-mask stimuli. Furthermore, based on
the presented evidence, it is expected that our sample consisting of
healthy participants will be susceptible to the illusion behaviourally
and show no difference in P300 and P600 amplitude for the concave
and convex face stimuli. However, we expect to find an effect of neu-
roticism and anxiety scores on the amplitude of the ERPs generated
by the concave and convex faces.

1 Methods

1.1 Participants

Neuroticism data using the Neuroticism Extroversion Openness
Personality Inventory-Revised (NEO PI-R) (McCrae & Costa, 1992)
were collected from 94 participants from 18 to 59 years of age
(M= 26.21, SD= 11.67), of which 72 were female and 22 were male
(Table 1). Exclusion criteria consisted of: (i) lifetime history of mental
disorder or substance use, (ii) reported head injury ormedical disorder,
and (iii) intake of prescribed psychiatric medication. Participants pro-
vided written informed consent prior to their inclusion and the study
was approved by the Psychology Department Ethics Committee of
City, University of London. Participants were self-referred from study
advertisements throughout the university and word-of-mouth recom-
mendation. All participants completed the mini-international neuro-
psychiatric interview (MINI) (Sheehan et al., 1998).

Upon analysis of the neuroticism trait, 20 out of the 94 subjects
were invited to participate in the hollow-mask illusion EEG para-
digm. The selection was designed to include a normal distribution
of neuroticism scores (Table 2). Those who took part in the EEG
session first completed the State–Trait Anxiety Inventory (STAI)
to assess state and trait measures of anxiety (Spielberger,
Gorsuch, Lushene, Vagg & Jacobs, 1983). Following this, they par-
ticipated in the hollow-mask illusion experiment while their brain
activity was being recorded with EEG.

1.2 The NEO PI-R and STAI self-report questionnaires

The NEO PI-R is a 240-item self-report questionnaire, grouped in
five meta-factors, each having six distinct facets. It is used to mea-
sure five broad dimensions of personality traits in adults, namely
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neuroticism, extroversion, openness, agreeableness, and conscien-
tiousness resulting from the scores of their corresponding facets
(McCrae & Costa, 1992). Responses for each item have a five-point
scale ranging from strongly disagree to strongly agree. In our
analysis, we only focus on neuroticism.

The STAI is a 40-item self-report questionnaire and was devised
by Spielberger et al. (1983). It is used to measure state and trait
measures of anxiety, which result from its two forms, Y-1 and
Y-2 respectively, each consisting of 20 items. Responses for each
item have a four-point scale: “not at all”, “somewhat”, “moderately
so”, and “very much so”.

1.3 Stimuli and design

Participants were included in the study only if their vision was normal
or corrected to normal, had normal colour vision, and had functional
stereoscopic vision. Stereoscopic visionwas tested using the TNO test,
designed by the by the Institute for Perception, Netherlands

Organisation for Applied Scientific Research (Lameris Ootech BV,
Utrecht, Netherlands; (http://www.ootech.nl/). Furthermore, prior
to the hollow-mask illusion experiment, participants took a further
test to evaluate if they have functional stereopsis. They viewed images
of 15 geometric shapes of three possible surface curvatures (concave,
convex and flat) and were asked to respond according to their percep-
tion. They were included in the study only if they got all 15 correct.

Subsequently, the hollow-mask illusion experiment was con-
ducted to test the perception of binocular depth inversion
(Dima et al., 2011). During this experiment, participants observed
images of upright or upside-down faces (real faces) on a computer
monitor with the aid of a Wheatstone mirror stereoscope
(Wheatstone, 1838, 1852). They were told that the curvature
(depth perception) of the faces will vary and were instructed to
press one of three keys according to their perception of the depth
of the image: “Concave” when a face was perceived as 3D going
inwards to the screen, “Convex” when it was going outwards (like
normal faces), and “Flat” when they perceived the face as 2D.

In order to create the impression of 3D, each eye was presented
with a photo of the same face taken from two angles that corre-
sponded to the views of the left and right eyes. The participant was
able to perceive a 3D face that was fused in the middle of the screen
while looking through the stereoscope. The effect of binocular depth
inversion was generated by swapping the images for the right and left
eyes; this swappinghas the effect of creating a stereo pairwith opposite
binocular disparities to those of the convex face and produce, a con-
cave face. Flat (2D) faces were produced by presenting images from
the same angle (i.e. the same photo) to both eyes.

Participants performed 12 blocks, each containing 24 stimuli
(12 upright and 12 upside-down), one-third concave, one-third
convex, and the other third flat, presented in a random order.
This led to six different conditions (upright convex, upright con-
cave, upright flat; upside-down convex, upside-down concave,
upside-down flat), resulting in 288 images per participant during
the course of a complete experimental session. Each stimulus was
presented until participants responded. A tone was heard 1.2 s after
stimulus onset that signalled to participants that they were free to
make a response according to their depth perception of the stimu-
lus. The inter-stimulus interval, following response, was 0.5 s and
the whole session lasted for an average of 45 min, including breaks.
In all subsequent analyses, only upright faces are included.

1.4 EEG acquisition and ERP analysis

The EEG signal was recorded using a 64-channel, BrainVision
BrainAmp series amplifier (Brain Products, Herrsching,
Germany) with a 1000 Hz sampling rate. The data were recorded
with respect to FCz electrode reference. Ocular activity was
recorded with an electrode placed underneath the left eye. Pre-
processing was conducted in BrainVision Analyser (Brain
Products, Herrsching, Germany) and the statistical analysis of
the ERP was conducted in the Statistical Package for the Social
Sciences software (SPSS 23, Armonk, NY: IBM Corp).

Pre-processing steps are described in their order of application.
First, all EEG channels were individually inspected for high-frequency
noise artefacts and slow drift. Those which were noisy throughout the
whole EEG session were topographically interpolated by spherical
splines. Subsequently, EEG data were down-sampled to 250Hz
and a high-pass filteredwith a cut-off frequency of 0.5 Hzwas applied.
An automatic ocular correction was performed with the independent
component analysis in BrainVision Analyser. Following re-referenc-
ing to TP9 and TP10 electrodes, data were segmented from 200ms

Table 1. Demographic and questionnaire data in the entire sample (N= 94)

Demographic data

Gender (male: female) 22:72

Age in years, M (SD) 26.21 (11.67)

Age range 18–59

NEO PI-R scores

Neuroticism, M (SD) 97.74 (22.76)

Neuroticism range 46–162

NEO PI-R: Neuroticism Extroversion Openness Personality Inventory-Revised; STAI:
State–Trait Anxiety Inventory.

Table 2. Demographic, questionnaire, and behavioural data in the EEG sample
(N= 20)

Demographic data

Gender (male: female) 3:17

Age in years, M (SD) 25.70 (8.96)

Age range 18–59

NEO PI-R scores

Neuroticism, M (SD) 103.60 (25.77)

Neuroticism range 46–142

STAI scores

State anxiety, M (SD) 33.75 (9.42)

Trait anxiety, M (SD) 43.75 (9.95)

Correct responses to face stimuli (% correct), M (SD)

Concave 16% (23%)

Convex 86% (18%)

Flat 69% (26%)

Response time for face stimuli in ms, M (SD)

Concave 4117.68 (.36)

Convex 3181.45 (1202.75)

Flat 3400.43 (1072.18)

EEG: Electroencephalography; NEO PI-R: Neuroticism Extroversion Openness Personality
Inventory-Revised; STAI: State–Trait Anxiety Inventory.
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prior to 1000ms after stimulus presentation for each condition. A
low-pass filter of 30Hz was applied followed by automatic artefact
rejection which excluded segments with a slope of 100 μV/ms,
min–max difference of 200 μV in a 200ms interval and low activity
of 0.5 μV in a 100ms interval. Baseline correction was applied using
the 200ms interval preceding the stimulus and averaging was per-
formed across each condition (convex, flat, concave). Averaging
included all trials per condition (≈48), as opposed to only focussing
on accurate-only responses, since concave faces were almost impos-
sible to identify correctly (Table 2). For illustration purposes, a high
cut-off filter of 20 Hz was applied to the grand average ERPs in
Figure 1 and 2.

1.5 Statistical analysis

After pre-processing, the grand average data were extracted from
BrainVision Analyser and were taken into SPSS for statistical
analysis. The mean amplitudes of the ERPs were separately ana-
lysed for the 300–600 ms (P300) and the 600–800 ms (P600) time
windows after stimulus onset. The waveforms of the flat faces were
used as a baseline to calculate the difference waves for the concave
and convex faces. As discussed by Luck (2014), this process can be
used to eliminate identical components between separate condi-
tions and isolate those that differ. Difference waves of “concave
minus flat” and “convex minus flat”were used to moderate for face
processing-related activity and allow comparison of the different
3D features between depth-inverted and depth non-inverted con-
ditions. This led to the creation of two new variables that were used
in the analysis as the “condition” factor with two levels: (i) the
mean amplitude of the concave minus flat (Concave) and (ii)
the mean amplitude of the convex minus flat (Convex).

Electrodes from five separate regions-of-interest (ROIs) were
included in the analyses: frontal (Fp1–Fp2–F7–F8–F3–F4–Fz),
central (C3–C4–Cz), temporal (T7–T8–P7–P8), parietal (P3–
P4–Pz), and occipital (O1–O2–Oz). The electrode ROIs were
chosen to correspond with those used in Dima et al. (2011).
Repeated measures analyses of variance (RM ANOVA) with fac-
tors electrode ROI × condition as well as RM ANCOVA, with a
.01 alpha-level (α) after Bonferroni correction (.05/5: for the five
electrode ROIs) were run in SPSS to examine the main effects
the condition factor (Concave vs Convex) and its interactions with
neuroticism, state and trait anxiety scores as covariates.
Additionally, Pearson’s correlations were used to test the associa-
tions of the anxiety and neuroticism measures.

2 Results

2.1 Personality and anxiety scores

Mean scores of neuroticism, state and trait anxiety, and their standard
deviations are shown in Table 2 for the 20 participants in the EEG
session. Neuroticism, state and trait anxiety scores were distributed
normally based on Shapiro–Wilk tests (p > .05). Correlation analysis
showed that neuroticism had a positive correlation with trait anxiety
(r= .673, p = .001) and state anxiety (r= .480, p = .032). Also, state
and trait anxiety were positively correlated with each other (r= .447,
p= .048). Age or sex did not have effect onneuroticismor on state and
trait anxiety (p ≥ .265).

2.2 Behavioural data

Table 2 shows the percentages of correct classification of the stimuli in
the three conditions (concave, convex and flat), as well as their

corresponding response times (RT). Correct responses for the con-
cave faces, as expected, accounted only for 16% (SD = ±23%) of
the trials, far below the convex (M= 87%; SD = ± 17%) and flat
(M= 66%; SD=±28%) faces. Correct responses for convex faceswere
significantly higher than for concave faces (t19= 11.330, p< .001) but

Figure 1. Grand average ERP waveforms for 3D normal faces, 3D inverted faces and
flat faces in the whole sample (N = 20) in the 20 ROI electrodes.

Figure 2. Grand average ERP difference waves for 3D normal faces minus flat faces
and 3D inverted faces minus flat faces in the whole sample (N = 20) in the 20 ROI
electrodes.
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not for flat ones (t19 = 2.390, p= .270).Whereas, correct responses for
flat faces were significantly higher than the concave responses
(t19 = 9.120, p < .001). Concave faces were misclassified equally as
flat (M= 47%, SD= 21%) or convex (M= 39%, SD= 21%),
t19= 1.000, p = .329. RT for concave faces were significantly longer
than convex RT (t19= 3.094, p = .006), but not for the flat ones
(t19 = 1.939, p = .067). Also, flat RT was not significantly different
from convex RT (t19 = 1.911, p = .071).

RT and correct responses for the three types of stimuli (concave,
convex, and flat faces) did not significantly correlate with neuroti-
cism or either measure of anxiety.

2.3 ERP results

2.3.1 Main effects
Figure 1 illustrates the grand average ERP waveforms for the con-
cave, convex, and flat stimuli trials in all electrode ROIs. The differ-
ence waves for the two conditions (concave minus flat; convex
minus flat) are illustrated in Figure 2.

RM ANOVA revealed a significant main effect of condition
(convex vs concave) in the mean amplitudes of the P300 difference
wave in the temporal area (F1,19= 6.267, p = .022), that did not
survive Bonferroni correction. For the remaining four electrode
groups, namely the frontal, central, parietal, and occipital, no sig-
nificant main effects were detected in the P300 or P600 time win-
dows (p > .05).

2.3.2 Neuroticism
Neuroticism did not interact significantly with condition (concave/
convex) in either P300 or P600 time window in any of the five elec-
trode ROIs that were tested (p ≥ .099).

2.3.3 State anxiety
RMANCOVA for the P300 ERP showed significant interactions for
the condition × covariate in the central (F1,18= 10.044, p = .005,
ηp2= .358) and parietal (F1,18= 9.243, p = .007, ηp2= .339) ROIs.
A significant interaction was found in the frontal ROI
(F1,18= 4.820, p =.041, ηp2= .211) that did not survive multiple
correction.

In the P600, a condition× state anxiety interaction that was signifi-
cant for multiple comparisons was observed in the parietal ROI
(F1,18= 13.270, p= .002, ηp2= .424). For the temporal (F1,18= 4.772,
p= .042, ηp2= .210), central (F1,18= 4.712, p= .044, ηp2= .207), and
occipital (F1,18= 5.023, p= .037, ηp2= .218) ROIs, significant inter-
actions were found; however, they did not survive Bonferroni
correction.

Subsequently, significant interactions of the continuous state
anxiety covariate were explored by creating a categorical variable
for state anxiety. Participants were separated according to their state
anxiety scores by median split (Mdn= 33) into two groups of high-
state and low-state anxiety (Bishop, Jenkins & Lawrence, 2007).
Hence, 9 participants were included in the high-state anxiety group
and 11 in the low-state anxiety group. There was no significant dif-
ference for behavioural scores between the two groups, except for
correct responses to convex faces with low-state anxiety participants
identifying them more correctly (p= .031). Subsequently, the mean
difference amplitudes and standard errors were calculated for each
electrode ROI that showed a significant interaction with the 3D con-
dition, namely the central and parietal for the P300 time window
and the parietal for the P600 (Figure 3). Post-hoc independent t-tests
showed high- vs low-state anxious participants had significantly
higher amplitudes for concave faces in the parietal ROI for the

P300 (t18= 2.498, p = .022, Cohen’s d= 1.123) and P600
(t18= 2.359, p = .030, Cohen’s d= 1.060), but not in the central
P300 (t18= 1.507, p = .149, Cohen’s d= .678). Concurrently,
paired-sample t-tests revealed significant differences between the
3D conditions only in the low-state anxiety group participants.
The difference amplitude in the concave condition was significantly
lower in the central and parietal P300 (t10= 3.810, p= .003, Cohen’s
d= 1.149; t10= 3.527, p = .005, Cohen’s d= 1.064) and the parietal
P600 (t10= 2.818, p = .018, Cohen’s d= .850) (Figure 3).

2.3.4 Trait anxiety
For the P300 time window, trait anxiety showed significant inter-
actions with the condition factor at frontal (F1,18= 5.310, p = .033,
ηp2= .228) and central (F1,18= 5.879, p = .026, ηp2= .246) ROIs,
not surviving Bonferroni correction.

In the P600 time window, significant condition × trait anxiety
interactions in frontal (F1,18= 4.819, p = .042, ηp2= .211) and cen-
tral (F1,18= 6.732 and p = .018, ηp2= .272) ROIs did not survive
Bonferroni correction.

3 Discussion

To our knowledge, this is the first study to assess neuroticism,
state and trait anxiety in ERPs during the hollow-mask illusion.
There are three key findings from our study. First, as expected,
(i) controls rarely perceive concave 3D faces as they fail to cor-
rectly categorise them as such and (ii) there were no main
significant effects of condition (convex/concave) in the P300
and P600 time windows (Dima et al., 2011). Second, there
was no interaction of neuroticism or trait anxiety and con-
cave/convex condition in the P300 and P600 time windows
while viewing the hollow-mask illusion, not supporting our ini-
tial hypothesis. Third, there was a significant interaction of state
anxiety and with the condition (concave/convex) in the P300
time window at central and parietal electrodes, and in the
P600 time window at parietal ones.

The interaction effect between concave/convex faces and state
anxiety revealed that the difference of amplitudes of the concave
condition for the P300 ERP was significantly lower compared to
the convex, only in the low-state anxiety group (Figure 3). This
was the case despite the absence of conscious perception of concave
stimuli in both groups. The P300 component is traditionally asso-
ciated with the detection of an expected but unpredictable target in
a series of stimuli, like the oddball task. The P300 is thought to be
composed of two subcomponents, the “novelty” component
(P300a), a large fronto-central positive wave elicited by novel
stimuli that mainly reflects involuntary attention shifts to changes
in the environment and the “target” component (P300b), more rel-
evant to our study (Polich, 2007). The “target” component is gen-
erated in posterior-parietal brain areas and reflects memory access
processes that are activated by stimuli that require an evaluation or
input (Giraudet, St-Louis, Scannella & Causse, 2015).

In the low-state anxiety group, the concave condition elicited sig-
nificantly smaller P300 amplitude than the convex condition.
Although participants rarely reported concave faces as concave
and misclassified them as convex or flat, they were highly accurate
in correctly reporting both convex and flat faces. A recent study that
tested different types of expectations (target stimuli could either con-
firm or disconfirm passive or active expectations) has shown that
expected stimuli like the convex faces used in our study, could be
related to larger P300 amplitudes (Król & El-Deredy, 2015). The
authors argued that conscious expectations can indirectly affect
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expectancy and thus have an opposite direction effect of automati-
cally formed expectations. Additionally, Kok (1988) showed that the
P300 tends to be smaller when the stimulus does not match
the active representation (template mismatch). In line with this,
the P300 in our study was smaller when the concave face activated
a convex face representation, compared to when a stimulus is less
probable (probability mismatch) in the low-state anxiety group.
There has also been evidence that the P300 is smaller for difficult
tasks, especially when uncertainty is greater and a resolution much
harder to reach (Polich, 1987); this uncertainty becomes evident by
the longer RTs for concave faces. Our results also question the pre-
vailing theory that the P300 amplitude increases with greater mental
resource allocation (Polich & Kok, 1995) and increased informa-
tional content of the stimulus, reflecting extraction and utilisation
of information (Gratton et al., 1990).

The high-state anxiety group compared to the low-state anxiety
group showed a stronger P300 in response to the concave condition.
Only a few studies have investigated the P300 in patients with anxiety
disorders. In a study using the auditory oddball stimuli, the results
showed not only clear differences between subjects who suffered from
anxiety and controls but also showed opposite results between anx-
ious patients and anxious controls; while anxious patients compared
to controls showed a decreased P300, the group of anxious controls
compared to anxious patients showed an increase of the P300
(Boudarene & Timsit-Berthier, 1997). Anxious participants have also
been shown to display higher emotional sensitivity and enhanced
P300 peak amplitude to negative emotional words compared to

non-anxious participants (De Pascalis, Strippoli, Riccardi &
Vergari, 2004; Naumann, Bartussek, Diedrich & Laufer, 1992). An
early P300 subcomponent (P315) was also larger in patients having
an anxiety disorder alone when compared to depressed patients with
or without an anxiety disorder and controls when performing an
auditory oddball task; whereas a late P300 subcomponent (P400)
was larger in patients having comorbidity of anxiety and depressive
disorders than in the controls and depressed patients (Bruder et al.,
2002). Another study looking at source characteristics of the P300b
showed an anxiety-related pattern of hyperactive ventral attention
networks for the anxiety group, indicating increased stimulus-driven
attention to task-relevant stimuli (Li et al., 2015). In a recent meta-
analysis of ERPs in post-traumatic stress disorder, results demon-
strated that seven studies (out of eight) showed increased P300
responses to trauma related or aversive stimuli in the post-traumatic
stress disorder group compared to the control group (Javanbakht,
Liberzon, Amirsadri, Gjini & Boutros, 2011). In terms of P300, the
present study disclosed a greater sensitivity to concave faces in anxious
subjects, with a higher P300 amplitude indicating a greater effort
investment for these subjects (Brocke, Tasche & Beauducel, 1997).
There might be increased attentional resource allocation in anxious
subjects to the concave faces showing sensitisation (sensitisation is
a learning process in which repeated exposure of a stimulus results
in the progressive amplification of a response) to stimuli that are
not consciously correctly reported as concave. Our results therefore
add support to the notion of impaired attentional resources in anxious
participants leading to shifting more resources – hyperarousal – to

Figure 3. Mean difference amplitude (μV) of concave and convex ERPs minus flat for high-state anxiety and low-state anxiety groups by median split, in A) the P300 central, B)
P300 parietal and C) P600 parietal time windows; * p < .05; ** p < .01 for between- and within-group comparisons.
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stimuli that are mismatches (concave faces) compared to stimuli that
are expected (convex faces).

The same pattern of interaction between state anxiety and con-
dition can be seen in the P600 time window at parietal electrodes.
The P600 is a centro-parietal late positive EPR that has been asso-
ciated with syntactic operations such as successful retrieval and
recollection (Kaan & Swaab, 2003). The P600 amplitude is known
to increase with words being consciously remembered (Smith,
1993), as well as remembering not only the words but also the con-
text of encoding (Wilding, Doyle & Rugg, 1995; Wilding & Rugg,
1996). Furthermore, it is larger for deeply encoded items implying
sensitivity to the levels of processing manipulation (Rugg et al.,
1998). The language specificity of the P600 has been challenged
with studies showing salience and probability of stimulus occur-
rence affecting P600 amplitude (Coulson et al., 1998; Gunter,
Stowe & Mulder, 1997). In the Coulson et al. study (1998), both
ungrammatical and improbable stimuli elicited larger P600 ampli-
tude, while in the Gunter et al. (1997) study stimulus probability
and sentence complexity had similar influence on the P600.
Thus, it is not surprising that in the low-state anxiety group, con-
vex faces elicit a strong P600 while the concave faces that are rarely
correctly classified and are misrepresented as convex or flat faces
elicit a much smaller P600. However, the opposite effect is seen in
the high-state anxiety group implying the same mechanism we see
in the P300 time window. Studies have demonstrated significantly
higher amplitudes of the P600 in an obsessive–compulsive disorder
patient group compared to controls in a working memory para-
digm (Papageorgiou & Rabavilas, 2003) as well as in a selective
attention task (Towey et al., 1994). Thus, the pattern of the results
obtained in the current study suggests that the high-state anxiety
group demonstrated impairments in the later stages of information
processing as they are reflected by the stronger P600 elicited while
viewing the concave face that involve or affect parietal brain areas.

Accordingly, it appears that the late perceptual ERPs of low-
state anxiety participants are more like the group as a whole
(i.e., the response to the convex stimuli is higher than the concave
(when flat is subtracted)). Increased sensitisation to novel stimuli
(concave faces) at the higher end of the state anxiety levels inter-
feres with the allocation of attention to the expected ones (convex
faces). Fucci, Abdoun & Lutz (2019) have demonstrated increased
amplitude in an earlier auditory component (P2) corresponding to
standard stimuli compared to deviant ones under safe but not
under threatening conditions (Fucci et al., 2019). Likewise, under
anxiety-inducing conditions the authors observed increased fron-
tal P2 response to the deviant stimuli (Fucci et al., 2019). Similarly,
increased P300 response was also observed in a sample of behav-
iourally inhibited adolescents with a history of an anxiety disorder
compared to adolescents with no such history (Reeb-Sutherland
et al., 2009). Our results suggest a dimensional effect of state anxi-
ety on the attentional processes that underlie the hollow-mask illu-
sion, the low-state anxiety individuals do not need to allocate as
much attention to mismatch stimuli (concave faces) while individ-
uals experiencing high anxiety orient excessive attention to it.

Even though the interaction between trait anxiety and neural cor-
relates of the hollow-mask stimulus did not survive Bonferroni
correction, it showed the samepattern as state anxiety. Anxiety in gen-
eral has been related to hypervigilance and attentional biases (in terms
of intrinsic negativity by selecting threatening stimuli instead of neu-
tral or positive stimuli) (Eysenck, 1997); however, the effects of state vs
trait on these processes are not well established. Trait anxiety
influences state anxiety levels and is considered a stable personality
characteristic, whereas state anxiety is more of a transitory response

to a situation (Meijer, 2001). There have been theories that posit that
the two subtypes influence cognition differently; state anxiety
decreases a person’s threshold for threat stimuli and this occurs more
frequently in participants with a high score on trait anxiety (Mathews
&Mackintosh, 1998;Williams,Watts,MacLeod&Mathews, 1997). It
seems that state anxiety is more sensitive to electrophysiological
changes related to the hollow-mask illusion paradigm compared to
trait anxiety, although both subtypes influence it in similar ways. It
is, however, important to acknowledge that, in our sample, state anxi-
ety levels aremoderate. Future studies should recruit participants rep-
resenting a wider range of state anxiety scores to include anxiety
measures at the higher end of the spectrum. This could be better
addressed by incorporating a bigger sample size, despite our large
effect sizes, which would ensure the inclusion of a more substantial
number of individuals to capture the whole gamut of state and trait
anxiety measures. Finally, it would be important that future studies
should control for effects of physiological arousal by measuring heart
rate and cortisol levels, although one previous study did not find these
to correlate with state anxiety (Jansen, Gispen-de Wied &
Kahn, 2000).

With this study, we intended to explore the relationship
between the electrophysiological response to hollow-mask stimuli
and traits of personality and anxiety states in controls, to indirectly
inform us as to whether certain individuals are more vulnerable to
psychopathology. We expected to find a relationship between neu-
roticism and the ERPs generated by the concave and convex faces
due to neuroticism’s high occurrence in disorders that interact
with the hollow-mask illusion, though this was not the case.
Neuroticism has been indicated as an important risk factor for psy-
chiatric traits including anxiety disorders (Hettema et al., 2006)
and schizophrenia (Hayes, Osborn, Lewis, Dalman & Lundin,
2017; Van Os & Jones, 2001). A recent meta-analysis has found
that a neurotic personality remained a significant risk factor for
common mental disorders including anxiety, it was only identified
as a vulnerability factor for psychotic disorders (Jeronimus, Kotov,
Riese & Ormel, 2016). Research has yet to clarify whether the asso-
ciations between neurotic traits and psychiatric disorders indicate
whether neurotic personality characteristics are a causal factor or a
consequence of psychiatric illnesses or both. In our study, we did
however find significant correlations between neuroticism and
state/trait anxiety. Neuroticism, also known as emotional instabil-
ity (McCrae & Costa, 1997), and anxiety are closely related mea-
sures. This becomes apparent as anxiety itself makes up one of the
six facets of neuroticism in the five-factor model of McCrae and
Costa (1992). Trait anxiety positively correlated with neuroticism
in a sample of patients with panic disorder (Foot & Koszycki,
2004). In a different study, high-state anxiety was associated with
higher neuroticism scores in a healthy sample (Bonsaksen et al.,
2019). In turn, state and trait anxiety was found to intercorrelate
in a sample of patients with schizophrenia (Guillem, Pampoulova,
Stip, Lalonde & Todorov, 2005) and schizophrenia patients tend to
score higher in STAI measures than controls (Jansen et al., 2000).
While state anxiety is thought more of as an effect of psychosis
(Guillem et al., 2005) and has been demonstrated to be a predictor
of state-paranoia (Cowles & Hogg, 2019), trait and state anxiety
was shown to be related with positive symptoms of schizophrenia,
such as bizarre delusions and auditory hallucinations (Guillem
et al., 2005). Importantly, both anxiety measures affect cognitive
control and attentional processes in controls (Pacheco-Unguetti,
Acosta, Callejas & Lupiáñez, 2010). Hence, the interaction of state
anxiety with the hollow-mask ERPs could explain an indirect rela-
tionship of self-report measures and proneness to mental illness.
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Our paper serves as a stepping-stone to understanding psychiatric
disorders and future research should parse out whether high- and
low-state anxiety in different disorders, and especially in schizo-
phrenia, alters the results found here.

In summary, our study points to a potential relationship
between ERPs in the hollow-mask illusion and state anxiety.
The most robust findings include a significant interaction of state
anxiety with 3D condition in the P300 time window at central and
parietal electrodes, and in the P600 time window at parietal ones.
The high-state anxiety group shows disproportionally big P300
and P600 amplitudes to concave faces implying impaired late
information processing in this group. Finally, anxious participants
have impaired attentional resources by transferringmore resources
to the concave faces that are stimuli mismatches to our memory
representations compared to convex faces that are expected.
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Early-onset schizophrenia (EOS) patients demonstrate brain 
changes that are similar to severe cases of adult-onset schiz-
ophrenia. Neuroimaging research in EOS is limited due to 
the rarity of the disorder. The present meta-analysis aims 
to consolidate MRI and functional MRI findings in EOS. 
Seven voxel-based morphometry (VBM) and 8 functional 
MRI studies met the inclusion criteria, reporting whole-brain 
analyses of EOS vs healthy controls. Activation likelihood 
estimation (ALE) was conducted to identify aberrant an-
atomical or functional clusters across the included studies. 
Separate ALE analyses were performed, first for all task-
dependent studies (Cognition ALE) and then only for working 
memory ones (WM ALE). The VBM ALE revealed no sig-
nificant clusters for gray matter volume reductions in EOS. 
Significant hypoactivations peaking in the right anterior cin-
gulate cortex (rACC) and the right temporoparietal junction 
(rTPJ) were detected in the Cognition ALE. In the WM ALE, 
consistent hypoactivations were found in the left precuneus 
(lPreC), the right inferior parietal lobule (rIPL) and the rTPJ. 
These hypoactivated areas show strong associations with lan-
guage, memory, attention, spatial, and social cognition. The 
functional co-activated networks of each suprathreshold ALE 
cluster, identified using the BrainMap database, revealed a 
core co-activation network with similar topography to the sa-
lience network. Our results add support to posterior parietal, 
ACC and rTPJ dysfunction in EOS, areas implicated in the 
cognitive impairments characterizing EOS. The salience net-
work lies at the core of these cognitive processes, co-activating 
with the hypoactivating regions, and thus highlighting the im-
portance of salience dysfunction in EOS.

Key words:  activation likelihood estimation/working 
memory/salience/psychosis/neurodevelopment/fMRI

Introduction

Early-onset schizophrenia (EOS) is a rare and severe 
form of schizophrenia which has its onset before early 
adulthood. Research usually distinguishes between child-
hood- and adolescent-onset cases; the former considering 
diagnoses up to 13 and the latter from 13 to 18 years old.1 
In this article, the term EOS encompasses both child-
hood- and adolescent-onset schizophrenia and is used 
as an umbrella term for all diagnosed cases of schizo-
phrenia up to 18 years of age. Schizophrenia is diagnosed 
in 1% of the worldwide population,2 but epidemiological 
findings for EOS suggest a rate of prevalence in less than 
5% of all schizophrenia cases,3 making the literature for 
the disorder scarce. EOS patients have higher premorbid 
developmental and social deficits, more hospitalizations, 
and poorer psychosocial outcomes compared to adult 
schizophrenia patients.4 Like adult schizophrenia, EOS is 
characterized by diverse symptomatology, which includes 
the presence of positive and negative symptoms, along 
with cognitive impairments. Cognitive processes that are 
affected include working memory (WM),5 attention,6 and 
processing of salience.7

Regional gray matter volume loss and cortical thin-
ning in EOS, although inconsistent, has been reported 
in numerous brain areas; these are seen bilaterally in the 
ventral prefrontal cortex, dorsolateral prefrontal cortex, 
superior parietal cortex (SPL), middle temporal gyrus, 
inferior temporal gyrus, thalamus, and the cerebellum; 
whereas left-sided reductions have been observed in the 
anterior cingulate cortex (ACC), paracingulate gyrus, 
cuneus, precuneus (PreC), and superior temporal gyrus 
(STG).1,8 EOS patients also demonstrate decreased insular 
volumes.9 Other findings in EOS include sensorimotor 
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areas, namely the right pre- and post-central gyri, the 
SMA and pre-SMA areas.10 Juuhl-Langseth et al,11 found 
subcortical volume increases in the ventricles and bilater-
ally in the caudate, but no other differences were detected. 
However, a recent meta-analysis on longitudinal volu-
metric changes in early-onset psychosis has identified 
only frontal gray matter loss,12 whereas only frontal lobe 
gray matter decreases were found in a different study.13 
Reduced gray matter thickness was found bilaterally in 
the anterior midcingulate gyrus and sulcus, the insula, 
and the middle frontal sulci, as well as in the left hem-
isphere in superior temporal, the parietooccipital, the 
post-central and superior frontal sulci.14 Right hemi-
sphere cortical thickness reductions were observed in 
the posterior midcingulate gyrus and sulcus, sub-parietal 
sulcus, the STG, and inferior frontal gyrus. Longitudinal 
studies have revealed that the cortical reductions observed 
in EOS are dynamically spreading during adolescence 
and follow a back-to-front and top-to-bottom pattern15; 
the medial frontal wall is affected early, whereas the ACC 
volume decreases later on.16 Thompson et  al17 reported 
that the accelerated pattern of gray matter loss in an EOS 
sample is not a medication-related side effect and begins 
in parietal and motor areas, with reductions in superior 
and dorsolateral frontal cortices and temporal regions 
following later in adolescence.

Correspondingly, gray matter volume decreases in 
adult-onset schizophrenia that converge meta-analytically 
across studies include bilaterally the insula, the thalamus, 
the ACC (ventral, dorsal, and subgenual), and the left 
parahippocampal gyrus, post-central gyrus and middle 
frontal gyrus.18 A  more recent meta-analysis of schizo-
phrenia by the ENIGMA consortium also found bilat-
eral decreases of cortical thickness in the fusiform gyrus, 
the inferior temporal gyrus, the cingulate cortex, the 
STG and the superior temporal sulcus, and lateralized 
reductions included the right inferior frontal gyrus and 
right posterior cingulate cortex, whereas left-hemisphere 
thickness decreases were found on the middle temporal 
gyrus and lateral orbitofrontal cortex.19 van Erp et al,19 
also found cortical thickness increases in the SPL, PreC 
and paracentral lobule bilaterally, and right-side increases 
in the inferior parietal lobule (IPL), the rostral ACC and 
precentral gyrus.

Schizophrenia is characterized by cognitive deficits, 
especially in WM5 and attentional processing,6 linked 
with aberrant activation of their neural substrates. EOS 
patients demonstrate impairments in change detection20 
that are dependent on ACC and STG activity21 and 
are associated with positive symptoms.20 Furthermore, 
WM-related dysfunction in schizophrenia is tied to 
reduced activity in the prefrontal cortex, which is more 
specific to an encoding malfunction.22 However, there are 
inconsistent reports revealing cases of prefrontal23 and 
anterior cingulate24,25 hyperactivation in EOS and adult 
schizophrenia. Correspondingly, increasing WM load 

predicts suppression deficiency in the medial frontal and 
bilateral posterior parietal cortices in EOS26 and such 
suppression reduction is associated with WM capacity 
deficits.27 Reduced activity during WM performance 
is also shown in the temporoparietal junction (TPJ)22,28 
as well as the ACC.28,29 WM encoding deficits are fur-
ther associated with functional connectivity disruptions 
between the ACC and the temporal lobes.30 ACC- and 
TPJ-related dysfunction in EOS has also been observed 
during emotional,31 language processing,32 as well as 
change detection21 tasks.

In the present study, we used the activation likelihood 
estimation (ALE) meta-analysis method, a coordinate-
based meta-analytic technique, using the available 
voxel-based morphometry (VBM) and task-dependent 
functional magnetic resonance imaging (fMRI) literature 
in EOS. To our knowledge, this is the first coordinate-
based meta-analysis for the VBM and fMRI literature 
in EOS and we sought to identify brain areas with gray 
matter volume abnormalities and aberrant activation that 
converge across studies. In addition, we conducted post 
hoc analyses using meta-data from a large-scale neuro-
imaging database (BrainMap) to decode any cognitive 
correlates that associate with these brain areas and to 
identify functional networks that embed these areas in 
the healthy population. The overarching goal of the study 
was to draw inferences about the structural, functional 
cognitive and connectivity profiles of brain dysfunction 
that lies in EOS.

Methods

Literature Search and Study Selection

We conducted a systematic PubMed search to identify all 
neuroimaging studies on EOS up to January 2020, using 
the PRISMA guidelines.33 The search was performed by 
2 independent investigators using the following set of 
keywords:

“(schizophrenia [Title/Abstract]) AND (early onset schiz-
ophrenia OR childhood onset schizophrenia OR adoles-
cent onset schizophrenia) AND (VBM [Title/Abstract] OR 
fMRI [Title/Abstract] OR magnetic resonance imaging 
[Title/Abstract] OR MRI [Title/Abstract] OR voxel based 
morphometry [Title/Abstract] OR cortical thickness [Title/
Abstract])”

This process returned a total of 530 abstracts that were ini-
tially screened for inclusion. Studies were included if  they: 
(1) were conducted in an EOS sample with age-of-illness 
onset (AIO) below 18  years old, (2) employed whole-
brain analysis using VBM or fMRI, and (3) presented 
group comparisons of EOS and healthy controls (HC). 
Full-text review of the pre-selected studies was followed 
to determine eligibility. Studies were excluded if  they: 
(1) did not report coordinate data on standard stere-
otactic space, (2) performed region-of-interest (ROI) 
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or small-volume correction analyses, (3) did not re-
port second-level analysis of case-control contrasts, (4) 
analyzed samples reported by a previous study, (5) were 
longitudinal studies but did not report cross-sectional 
contrasts, (6) were case-studies, or (7) were resting-state 
fMRI studies. Whole-brain analyses were preferred over 
seed-based ones, that were excluded to eliminate risk-of-
bias.34,35 Figure 1 displays the flow diagram of the search 
and selection process.

Database Construction

The complete selection process yielded a total of 15 
whole-brain analysis studies that met criteria and reached 
consensus by 2 researchers (supplementary table S1). 
These were then divided into VBM and fMRI, with 7 and 
8 studies, respectively (figure 1). For each of the studies, 
we extracted data on sample size, participants’ mean age, 
and sex. For the patients, we also extracted AIO and du-
ration of illness, mean and SD of symptom severity as 
well as chlorpromazine equivalents, where available (sup-
plementary table S1).

We use the term “study” to refer to each published 
article and “experiment” to reflect a single contrast or 
analysis. For all experiments, we recorded all foci with 
significant case-control differences and their respective 
P-values and peak coordinates, as well as the direction of 
the signal change compared to the control group. For each 
fMRI study, we also recorded the experimental design 
and type of task. Coordinates reported in the Talairach 
& Tournoux36 space were transformed into MNI37 space.

Together the VBM studies included 7 experiments 
(or contrasts), from which only the HC > EOS con-
trast yielded significant differences, which located 
around 37 anatomical foci. The fMRI studies revealed 
147 foci obtained from 36 cognitive experiments. These 
were then separated into HC > EOS contrasts (EOS 
hypoactivations; 22 experiments and 98 foci) and EOS > 
HC contrasts (EOS hyperactivations; 14 experiments and 
49 foci). The fMRI studies were further organized into 
WM-only experiments, which yielded 15 experiments 
and 55 foci for EOS hypoactivation and 10 experiments 
and 35 foci for EOS hyperactivations (supplementary 
table S2). In the analysis, we only included coordinate 

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart shows the detailed selection 
process of the studies used in the voxel-based morphometry (VBM) and functional magnetic resonance imaging (fMRI) meta-analyses. 
AOS (adolescent-onset schizophrenia); COS (childhood-onset schizophrenia); EOS (early-onset schizophrenia); SVC (small-volume 
correction); ROI (region-of-interest analysis).
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data shown in case-control comparisons. To control for 
within-group effects, datasets were conservatively organ-
ized “per subject group” instead of “per experiment,” to 
avoid inflating the contribution of studies with more than 
one experiments and retain more balanced distribution 
of contributing foci from each study.38

Activation Likelihood Estimation

All statistical analyses were carried out separately for 
the VBM and fMRI experiments following the same 
procedure. We used the revised version of the ALE al-
gorithm39,40 implemented in GingerALE version 2.3.638 
(www.brainmap.org/ale) to identify clusters of conver-
gent activation across experiments. For more informa-
tion on the method, please see supplementary material. 
Within the fMRI studies, we performed separate ALE 
studies, one for all cognitive experiments (Cognition 
ALE) and the other, including only the working memory 
(WM ALE) ones. To correct for multiple comparisons, 
we applied a cluster-level FWE correction at P < .05 with 
a cluster-forming threshold of P < .01.41,42

Follow-up Analyses for fMRI ALE

Meta-analytic Co-activation Modeling.. Meta-analytic 
co-activation modeling (MACM) is a meta-analytic 
technique that investigates significant whole-brain 
task-dependent co-activation patterns of user-specified 
ROI.43,44 MACM allows one to make inferences about 
functional connectivity between the ROIs (seeds) and the 
rest of the brain.45 The suprathreshold clusters of con-
vergent activation from our ALE studies were used as 
seeds in the search criteria of the BrainMap database. 
In our study, this technique allowed the exploration of 
the networks which our ALE suprathreshold clusters (2 
resulting from the Cognitive ALE and 3 from the WM 
ALE) co-activate, and subsequently could point to a net-
work dysfunction.

First, ROI images of the clusters were created in Mango 
(http://ric.uthscsa.edu/mango/) and then used as seeds 
separately in Sleuth 2.4 (http://brainmap.org/sleuth),46,47 
to identify fMRI experiments in the BrainMap database 
reporting at least one focus of activation within the respec-
tive seed in healthy controls. The resulting co-activation 
foci from each seed-search were exported into separate 
datasets and a single ALE analysis was performed for 
each dataset. A threshold of voxel-level FWE at 0.05 was 
applied, with a minimum cluster volume of 50 mm3 for all 
co-activation maps of each of our ROIs.48

Secondly, the resultant voxel-level FWE thresholded 
functional connectivity (ie, MACM) maps for each seed 
were used in conjunction analyses to find where these 
maps overlap using the minimum statistic method.49 We 
explored the conjunction across significantly co-activating 
brain regions resulting from the cognition ALE and WM 
ALE separately. This method was chosen to locate the 

core network that was formed by the impaired ALE 
clusters in EOS.

Cognitive Associations.. Finally, we explored the cog-
nitive associations of our significantly impaired clusters 
in EOS that resulted from our Cognition and WM 
ALE studies. This procedure helped elucidate the roles 
of these clusters in cognition in the healthy population. 
We explored these cognitive associations by using the 
BrainMap meta-data that provides information on the 
behavioral domains of  each neuroimaging experiment in-
cluded in the database.46 For more information, refer to 
the supplementary material.

We used the contingency table approach to calculate 
the odds ratio of finding a behavioral domain given ac-
tivation within a particular ROI relative to finding that 
same behavioral domain given activation elsewhere in the 
brain, similar to the reverse inference approach.50 The 
benefit of the reverse inference method is that it allows 
us to assign multiple mental processes to a certain ROI51 
instead of associating only a single function to a brain 
region as in the classical forward inference method.52 
Significance was assessed with Fisher’s exact test and was 
corrected for multiple comparisons using the false dis-
covery rate (FDR).53

Results

The initial search returned 530 articles, of which 319 
full-text articles were assessed for eligibility and 15 were 
retained for the quantitative meta-analysis, 7 of them for 
the VBM meta-analysis, and 8 for the task-dependent 
fMRI (figure 1).

VBM

Study Sample and Characteristics.. The VBM meta-
analysis returned a sample of 194 EOS individuals (58% 
male) with range of sub-sample mean ages from 15.4 to 
16.9 and range of mean AIO 14.9–16.5 (3 studies had 
AIO < 18 but did not report the mean). The HC sample 
size was 254 (HC; 61% male) with range of mean ages 
15.4–16.8 (supplementary table S1). The HC > EOS 
study included contrasts from all 7 experiments; however, 
no studies reported EOS > HC contrasts.54–60

Anatomical Likelihood Estimation From VBM Studies.. No 
significant clusters were found at P < .05 following 
cluster-level FWE correction for the contrasts HC > EOS 
in the VBM studies.

fMRI

Study Sample and Characteristics.. The analysis across 
all functional studies (Cognition ALE) yielded a sample 
consisting of 148 EOS (69% male) with range of mean 
age from 13.3 to 21.3 and AIO range 10–16.5 (3 studies 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa016/5813483 by guest on 03 M

arch 2021

http://www.brainmap.org/ale
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa016#supplementary-data
http://ric.uthscsa.edu/mango/
http://brainmap.org/sleuth
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa016#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa016#supplementary-data


Page 5 of 12

Neuroimaging Findings of Early-Onset Schizophrenia

did not mention the AIO but had ages of inclusion below 
18 years). The HC sample included 152 individuals (70% 
male) with range of mean age from 12.8 to 20 years (sup-
plementary table S1).

The studies with the WM experiments (WM ALE) 
returned a sample of 122 individuals with EOS (66% 
male), with range of mean age from 15 to 21.3 years old 
and AIO range from 10 to 16.5. The HC sample included 
126 individuals (67% male) with range of mean age from 
15 to 20 years old.

ALE From fMRI Studies

Cognition ALE.. The analysis for all cognitive tasks yielded 
2 significant clusters of reduced activation in EOS compared 
to HC (table 1; figure 2A). One cluster was located at the 
right anterior cingulate cortex (rACC; x = 6, y = 38, z = 14) 
and the second cluster was located at the right superior 
temporal gyrus/ temporoparietal junction (rTPJ) (x = 60, 
y = −46, z = 20). No clusters of hyperactivation in EOS 
survived cluster-level FWE correction.

WM ALE.. ALE revealed 3 significant clusters, where 
EOS individuals showed hypoactivation when engaging 
in WM tasks. These clusters were found at parietal and 
temporoparietal areas, with the first peaking at the left 
SPL/precuneus (lPreC; x = −22, y = −66, z = 44). The 

second cluster was centered at the right inferior parietal 
lobule (rIPL; x = 38, y = −50, z = 46) and the third at 
the right supramarginal gyrus/rTPJ (x  =  60, y  =  −46, 
z = 22) (table 1; figure 2B). No FWE corrected clusters 
were significant for the EOS > HC contrasts, reflecting 
hyperactivations in the EOS group. Diagnostics for both 
the Cognitive and WM ALEs are shown in supplemen-
tary table S3.

Follow-up: MACM

As a first follow-up step to our ALE studies, we were 
interested to investigate whole-brain task-dependent 
co-activations with the 5 seed-ROIs (figure 2) identified 
with the Cognition and WM ALE. The results for each 
seed are presented separately for the Cognition ALE and 
WM ALE studies in detail in SM and supplementary ta-
bles S4 and S5.

Secondly, clusters forming a conjunction between the 
MACM maps for the 2 seed-ROIs (rACC and rTPJ) of the 
Cognition ALE and the 3 seeds (lPreC, rIPL, and rTPJ) 
from the WM ALE study are shown in supplementary tables 
S4 and S5, respectively. The core co-activation networks for 
Cognition ALE and WM ALE resulting from the conjunc-
tion analyses were almost identical, with conjunctions bilat-
erally in the insula and the area of the anterior midcingulate 
gyrus (aMCC)/medial frontal gyrus (figure 3).

Table 1. Clusters Showing Significant Convergence of Hypoactivation in EOS

Local Extrema

Cluster Volume (mm3) Location BA L/R x y z ALE value (10–3)

Cognition ALE
Healthy controls > Early-onset  
schizophrenia
1 1752 Anterior cingulate 32 R 6 38 14 9.781
  Cingulate gyrus 32 R 6 28 24 9.531
  Cingulate gyrus 32 R 12 36 22 9.23
  Anterior cingulate 24 L 0 36 14 9.161
  Medial frontal gyrus 6 R 8 34 32 9.063
  Cingulate gyrus 32 L −2 36 26 8.94
2 1520 Superior temporal gyrus 13 R 60 −46 20 17.758
  Superior temporal gyrus 39 R 60 −56 26 8.899
Working memory ALE       
Healthy controls > Early-onset  
schizophrenia
1 2488 Precuneus 7 L −22 −66 44 16.062
  Middle temporal gyrus 39 L −28 −56 34 9.312
  Precuneus 7 L −10 −68 44 9.244
  Angular gyrus 39 L −30 −60 44 9.187
2 1640 Inferior parietal lobule 40 R 38 −50 46 13.521
  Superior temporal gyrus 39 R 36 −52 36 10.426
3 1448 Supramarginal gyrus 40 R 60 −46 22 10.53
  Inferior parietal lobule 40 R 62 −40 26 9.141
  Superior temporal gyrus 39 R 60 −56 26 8.878

Note: MNI coordinates, P < .05 cluster-level FWE. ALE, activation likelihood estimation; BA, Brodmann area; HC, healthy controls; 
EOS, early-onset schizophrenia.
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Fig. 3. Schematic representation of the relative positions of the suprathreshold Cognition ALE clusters in blue and WM ALE clusters 
in orange, with their respective associate behavioral domains. The core network resulting from the conjunction analysis of the respective 
MACM maps, in purple. Axial brain slice from Colin27_T1_MN1 at z = 15. ALE (activation likelihood estimation); WM (working 
memory)

Fig. 2. Clusters of early-onset schizophrenia (EOS) hypoactivation in the Cognition ALE and WM ALE. (A) Significant convergence 
across all cognitive experiments was found in the ACC and rTPJ for the HC > EOS contrasts. (B) The WM ALE showed significant 
convergence at the lPreC, rIPL, and rTPJ. Results are cluster-FWE corrected at 0.05 with cluster-forming value at P < .01. The same 
clusters were later used as seed-ROIs for the MACM and functional associations analyses. rACC (right anterior cingulate cortex); rIPL 
(right inferior parietal lobule); lPrec (left precuneus); rTPJ (right temporoparietal junction); ALE (activation likelihood estimation); WM 
(working memory); ROI (region-of-interest).
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Follow-up: Cognitive Associations

We were interested to explore the mental processes that 
show cognitive associations with the significant clusters 
from our ALE studies.

The rACC ROI that resulted from the Cognition 
ALE was found to be significantly associated with 
positive emotion/reward, attention, and broad cogni-
tion. The rTPJ ROI revealed a strong and significant 
association with social cognition and high associations 
with visual motion perception and action inhibition 
(figure 4A).

Our ROIs deriving from the WM ALE study 
showed prevalent cognitive associations with behav-
ioral domains of  cognition, perception, and action 
(figure 4B). More specifically, the lPreC ROI was found 
to be predominantly associated with language proc-
essing (orthography, speech, and phonology), memory, 
and visual perception. The rIPL ROI was more strongly 
associated with spatial cognition. Additional cognitive 
associations were found for motion perception and 
WM, as well as the broad domain of  action. The rTPJ 
ROI had a single, very strong, and highly significant 
association with social cognition.

Discussion

In the present study, we investigated structural and func-
tional changes in EOS vs HC using ALE, a coordinate-
based meta-analysis method. By doing so, we sought to 
outline all structural and functional findings in EOS and 
to establish whether a structural or functional biomarker 
exists for the disorder. Additionally, we were interested to 
define brain regions with abnormal function across cog-
nition and during WM performance in the developing 
brains of EOS patients compared to typically developing 
controls. We followed up with post hoc analyses that 
sought to explore task-wide co-activation brain patterns 
of our ALE-derived clusters within the healthy popu-
lation and their cognitive associations with behavioral 
domains. These analyses allowed us to explore the behav-
ioral profile of the affected brain regions and to pinpoint, 
where the EOS dysfunction lies in terms of functional 
network connectivity.

VBM

The VBM meta-analysis for gray matter volume 
reductions returned no significantly convergent clusters 

Fig. 4. Cognitive associations for the seed-ROIs resulting from (A) the Cognition ALE in blue and (B) WM ALE in orange. A 2×2 
contingency table approach was used along with Fisher’s test as a method of reverse inference to determine the odds of detecting a 
behavioral domain given activation of a certain ROI relative to the odds of detecting it given activation elsewhere in the brain. Only 
significant (FDR corrected) behavioral domains are presented in bar graphs, with odds of activating the ROI higher than 1. *P < .05; 
**P < .01; ***P < .001. ALE (activation likelihood estimation); WM (working memory); ROI (region-of-interest).
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between controls and EOS patients. This result is con-
sistent with previous studies that failed to demonstrate 
EOS – HC gray matter differences.61,62 However, our re-
sult could be due to limited statistical power owing to 
the very small number of  studies (n = 7)48 that met our 
inclusion criteria, even though some individual studies 
have found brain-volume reductions in EOS.55 Different 
brain areas follow different developmental trajectories 
in controls63 and gray matter volume loss in EOS is dy-
namic and follows a back-to-front pattern starting in 
parietal and progressing in temporal and prefrontal 
regions.17 Thus, differences in age, duration of  illness, 
AIO, or medication in individual studies could be some 
of  the factors creating variability and contributing to 
the absence of  structural convergence. Alternatively, 
lack of  convergence in the VBM analysis could suggest 
the EOS brain-volume reduction to be not specific to a 
particular brain region.

fMRI

ACC.. In the Cognition ALE, the ACC and rTPJ 
were the 2 clusters showing reduced activation in the 
EOS patients when compared with typically developing 
controls. Following the post hoc cognitive association 
analysis, we found the ACC cluster activity to be related 
with attentional and reward-related processes.

The ACC shows sustained activity during WM 
delays,64 plays a role in conflict monitoring and avoidance 
learning,65 responds to errors,66 and drives the reallocation 
of attentional resources according to task-demands and 
salience.67 These processes have been shown to be affected 
in schizophrenia patients and coupled with reduced acti-
vation in areas of the ACC compared to HC.66,68,69 Thus 
hypoactivation of the ACC in EOS is shared with the 
adult / chronic populations of the disorder.68 One study 
has shown that the conflict- and error-monitoring related 
ACC activity reduction in schizophrenia relates to the 
absence of behavioral adjustments to improve perfor-
mance.68 The ACC hypoactivation is believed to reflect 
impaired attribution of salience to errors, which then 
leads to impaired performance.66 Hence, the ACC could 
serve as a neural substrate across a range of cognitive 
disturbances in EOS, which are shared with adult schizo-
phrenia patients.

rTPJ.. Our meta-analysis provides evidence that the 
rTPJ has significantly reduced activation in EOS patients 
across different cognitive tasks and this dysfunction 
persists also within WM-only tasks. Even though the 
rTPJ clusters from both functional ALE analyses overlap 
to a high degree, our cognitive association analyses re-
vealed a slightly different pattern of behavioral domains 
coded by each cluster. The rTPJ cluster corresponding to 
the Cognition ALE was primarily involved in social cog-
nition, visual perception, and action inhibition, whereas 

the one corresponding to WM was primarily involved in 
social cognition-related behaviors.

Apart from attention reorienting to salient stimuli,70 
the rTPJ also facilitates an individual’s sense of agency,71 
which is impaired in schizophrenia.72 The rTPJ plays a 
domain-general role in social cognition (such as mental 
state attribution) through gating low-level attentional 
processes that generate internal predictions about ex-
ternal sensory events.73 Attentional shifting mediated 
by the rTPJ is done by detecting unexpected events in 
the environment and the formation of spatial or social 
predictions that are held in WM.74 Thus, the cognitive 
associations’ findings of the Cognition ALE could be 
interpreted in light of the rTPJ sub-serving social cogni-
tive processes through motor control (action inhibition) 
and the integration of sensory stimuli (visual percep-
tion). These processes could play a part in a wider cog-
nitive framework that involves the detection of saliency, 
under any circumstances that require cognitive control 
(eg, detection of performance errors)75 and executive 
functioning, such as WM. Therefore, the hypoactivation 
we observed here could indicate inefficient salience proc-
essing of stimuli that are relevant for cognitive and WM 
performance. The same dysfunctional processes could 
also explain impaired social cognition processes that are 
observed in the disorder.

Additionally, in schizophrenia, TPJ hypoactivation 
has previously been shown during auditory distraction 
from a visual attention task.76 This suggests that deficient 
processing for exogenous/bottom-up cues is mediated 
by impaired TPJ activation, as observed in an adult and 
chronically ill sample.76 In a recent meta-analysis, Kim77 
supported the existence of a frontoparietal network 
involving the rTPJ activated for subsequent forgetting 
after repetition enhancement. The author inferred 
that rTPJ activation results in the suppression of task-
irrelevant mind wandering.77 Hence, rTPJ hypoactivity, 
as observed in our meta-analysis, could signal the in-
efficiency of EOS subjects to “shut down” distracting 
thoughts and focus their attention on WM performance. 
Additionally, morphological examination of rTPJ in 
adult patients has shown that an abnormal sulcal pattern 
was associated with deficits in sense of agency and audi-
tory hallucinations.78 We suggest that the rTPJ is tied to 
the neurodevelopment of the disorder, an idea which is 
reinforced by the early insult in its sulcal development, as 
sulcal patterns are determined in utero,78 and by reduced 
activity related to cognitive and WM processes in the 
EOS population, as our results suggest.

Posterior Parietal Cortices: Attentional and Executive 
Dysfunction.. Focusing only on the WM experiments, 
our results not only showed hypoactivation in the rTPJ 
cluster but also bilaterally in the posterior parietal cortex 
(lPreC and rIPL). The paradigms in this meta-analysis in-
cluded verbal and visuospatial WM. In our ALE results, 
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the cluster with the highest ALE value was located in the 
lPreC. Our cognitive association analysis of this cluster 
showed it was associated with cognitive functions of lan-
guage and memory, as well as visual perception. On the 
right hemisphere, the hypoactivation peaked on the more 
inferior part of the parietal lobe (rIPL) with activity 
related to WM, spatial cognition, action, and motion 
perception.

Evidence from anatomical studies reveals pari-
etal gray matter loss starting early in patients with 
childhood-onset schizophrenia, whereas bilateral SPL 
gray matter demonstrates the highest loss rate.17 Early 
parietal abnormalities are a consistent finding in schiz-
ophrenia research.79,80 There is supporting evidence that 
the lPreC volume is a successful classifier for EOS in a 
multivariate machine learning study,81 while rIPL and 
bilateral PreC resting-state BOLD abnormalities accu-
rately predicted adolescents with schizophrenia against 
typically developing controls.82 Yildiz et  al83 proposed 
the “parietal type” of schizophrenia in which parietal, 
both anatomical and functional, impairments mark the 
second insult (the first insult being early in life before the 
overt manifestation of clinical symptoms in line with the 
neurodevelopmental model of the disorder including ge-
netic, pregnancy and infancy factors) that triggers illness 
onset in some patients and is later progressing to frontal 
regions. This parietal impairment is first evidenced by 
WM impairment and sense of agency deficits83 and hence 
could explain delusions of control seen in the disorder.84

Functional imaging suggests that the posterior pari-
etal areas that cover the PreC/IPS (BA: 7/40) are respon-
sible for the manipulation of information in WM,85 such 
as binding verbal and spatial stimuli86 and for creating 
saliency maps for subsequent attentional selection.87 
Active binding in WM, which has been shown to be af-
fected in schizophrenia patients, is partially explained by 
insufficient allocation of attentional resources and has a 
neural substrate located in the lPreC and bilateral IPL.86 
Our lPreC and rIPL clusters of hypoactivation in EOS 
could indicate patients’ reduced ability to manipulate 
verbal and spatial information in WM, as the included 
tasks comprised of both modalities with which our left 
and right parietal clusters were respectively function-
ally associated. Additionally, reduced connectivity of 
the frontoparietal network has been observed in schiz-
ophrenia: Dysconnectivity of the lPreC and rIPL to 
dorsal cingulate cortex has been linked to lack of cog-
nitive control,88 while frontoparietal dysconnectivity 
during WM performance has been suggested as a poten-
tial biomarker of the disorder.89 Andre et al90 found evi-
dence for decreased rIPL activation and lPreC activation 
increase with aging in healthy subjects. Developmentally, 
this could mean that EOS patients reach a posterior pa-
rietal activation plateau similar to adult levels before 
actually entering adulthood. The results in this meta-
analysis, together with previous studies in patients with 

schizophrenia, highlight a parietal insult in multiple loci 
that extends from structure to activity.

MACM: Saliency Dysfunction.. We followed up our ALE 
meta-analyses of cognition and WM in EOS by exploring 
the task-dependent co-activation patterns of our 
suprathreshold clusters with aberrant activation. EOS is 
marked with convergent hypoactivation in areas of the 
ACC and rTPJ across different cognitive processes. Using 
our clusters as seeds to explore their task-dependent 
functional connectivity, we discovered they are all 
co-activated with a more posterior part of the ACC or 
aMCC/medial frontal gyrus and bilateral insular cortices. 
Similarly, the posterior parietal and rTPJ seeds that dem-
onstrate reduced activation during WM activate the same 
core network. This core network maps heavily on the sali-
ence network.91 As the salience network co-activates with 
the ACC, rTPJ, and posterior parietal cortices—areas re-
sponsible for attention (endogenous and exogenous), re-
ward, WM, and visual perception—it becomes clear that 
this system integrates all these processes for successful 
cognitive and WM performance.

Decreased gray matter volume of the salience net-
work (ACC/medial frontal gyrus and bilateral insula) has 
been a consistent finding across psychiatric conditions, 
and especially schizophrenia.92 In our meta-analysis, 
we did not detect consistent aberrant activity of the in-
sular cortices in EOS; however, both our ALE results 
detected hypoactivation of the rTPJ.  rTPJ is intimately 
linked to the ventral attentional network, responsible for 
reorienting attention to behaviorally relevant and salient 
stimuli.93 Kucyi and colleagues94 have previously argued 
that the ventral attention and salience networks are 
likely undifferentiated, owing to the high degree of func-
tional and spatial overlap.94 Therefore, the rTPJ could be 
considered a node of the salience network, and together 
with the ACC they show hypoactivation in EOS, which in 
turn could point to a central salience processing dysfunc-
tion relevant to general cognition.

Limitations, Strengths, and Conclusions

To our knowledge, we conducted the first ALE meta-
analysis on VBM and fMRI EOS studies, following 
PRISMA guidelines. Given the severity of the dis-
order and the heterogeneity of the published findings, 
we thought it was imperative to use a coordinate-based 
meta-analytic method to track and trace statistical con-
vergence in a standardized manner. Due to the nature of 
the ALE method, we were restricted to only using studies 
reporting results in standard stereotactic space. After 
screening 530 eligible papers, only few studies qualified 
to be included in our meta-analysis, mostly due to few re-
porting case-control comparison coordinates. Although 
a low number of eligible studies unavoidably create a 
low statistical power in our meta-analysis, it highlights 
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the need for more studies with EOS-only samples and for 
clear reporting of clinical characteristics such as AIO in 
addition to MNI or Talairach and Tournoux coordinates. 
Additionally, in the Cognitive ALE, the distribution of 
paradigms is unbalanced and mostly driven from the 
WM ones. However, as it is shown from the diagnostics 
in supplementary table S3, each of the Cognitive ALE 
clusters contains at least one focus from a non-WM study. 
The ALE identified clusters in our meta-analysis could be 
used in future ROI and connectivity studies.

The VBM meta-analysis did not reveal any reduc-
tion of gray matter volume in EOS patients. Our fMRI 
results highlight brain areas of consistently reduced ac-
tivation across studies that are common for EOS. These 
areas include the ACC during general cognition, the bi-
lateral posterior parietal cortices during WM and the 
rTPJ during cognition and WM. Furthermore, our post 
hoc analysis showed that the salience network is func-
tionally connected with these hypoactivating nodes 
identified here. Evidence from previous studies supports 
the idea that a salience processing impairment is central 
to schizophrenia and patients demonstrate disruptions of 
within- and between- salience network connectivity with 
other functional networks. Thus, saliency dysfunction 
could play a central role in EOS and lead to cognitive 
symptoms in the disorder, such as poor WM and goal-
directed attention.
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Supplementary data are available at Schizophrenia 
Bulletin Open online.
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