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ABSTRACT

GENETIC AND ENVIRONMENTAL
CONTRIBUTIONS TO PSYCHOTIC-LIKE

EXPERIENCES AND WORKING MEMORY
CONNECTIVITY IN TURKISH

ADOLESCENTS AND YOUNG ADULTS: A
TWIN STUDY

Didenur Şahin Çevik

Ph.D. in Neuroscience

Advisor: Timothea Toulopoulou

December 2024

Psychosis lies on a continuum, with psychotic-like experiences (PLEs) observed

in healthy populations to full-blown psychotic disorders such as schizophrenia.

PLEs are relatively common during adolescence, with distress associated with

these experiences playing an essential role in determining their clinical signif-

icance. Adolescence is a critical time period where the brain undergoes sub-

stantial functional reorganization and where psychotic disorders first manifest.

One promising intermediate phenotype for psychosis is the working memory with

both patients, their first-degree relatives showing disruptions in performance and

functional connectivity (FC). The overall aim of this thesis was to investigate the

relationship between PLEs and FC mechanisms. The first study investigated the

relationship between PLEs and task-based FC during a working memory task in

adolescents. Moreover, we aimed to decompose the genetic and environmental

influences in PLEs and FC measures via twin modeling. Our findings revealed

that altered connectivity in the inferior frontal gyrus was associated with in-

creased frequency and distress of PLEs during adolescence. Importantly, distress

associated with PLEs showed moderate heritability, while the frequency of PLEs

was predominantly shaped by environmental factors. The FC measures were

mainly influenced by unique environmental factors, highlighting the critical role

of environmental exposures during adolescence. The second study investigated

COVID-19 as an environmental risk factor for psychosis and examined the dif-

ferences in FC between COVID-19 patients and healthy controls. Further, the

effect of the frequency of PLEs and the inflammation markers on functional con-

nectivity differences was studied. The results demonstrated that while COVID-19
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patients showed hypoconnectivity in the sensorimotor, central executive, and lan-

guage networks, they showed hyperconnectivity in the visual network compared

to healthy controls. Furthermore, including positive PLEs as a covariate revealed

that the COVID-19 group exhibited greater functional connectivity within the

salience and central executive networks. The findings of this thesis highlight the

importance of environmental risk factors that increase psychosis risk by altering

the underlying functional brain mechanisms.

Keywords: psychosis, psychotic-like experiences, working memory, environment,

genetics, adolescent, fMRI.



ÖZET

TÜRK ERGEN VE GENÇ YETİŞKİNLERDE
PSİKOTİK BENZERİ DENEYİMLER VE ÇALIŞMA
BELLEĞİ İŞLEVSELLİK BAĞLANTISINA GENETİK
VE ÇEVRESEL ETKİLER: BİR İKİZ ÇALIŞMASI

Didenur Şahin Çevik

Nörobilim, Doktora

Tez Danışmanı: Timothea Toulopoulou

Aralık 2024

Psikoz, sağlıklı popülasyonlarda gözlemlenen psikotik benzeri deneyimlerden

şizofreni gibi ciddi psikotik bozukluklara kadar uzanan bir kontinyumda yer

alır. Psikotik benzeri deneyimler (PBD) ergenlik döneminde yaygın olarak

görülmektedir ve bu deneyimlerle ilişkili distres, klinik önemlerinin belirlen-

mesinde anlamlı bir rol oynar. Ergenlik dönemi, beynin önemli ölçüde işlevsel

yeniden yapılanmaya uğradığı ve psikotik bozuklukların ilk kez ortaya çıktığı

kritik bir zaman dilimidir. Çalışma belleği psikoz için bir ara fenotip olarak

kabul edilmektedir ve hem psikoz hastaları hem de hastaların birinci derece

akrabaları çalışma belleğinde değişiklikler göstermektedir. Bu tezin temel

amacı, PBD’ler ve beyin işlevsel bağlantı mekanizmaları arasındaki ilişkiyi

araştırmaktır. İlk çalışmada, ergenlerde psikotik benzeri deneyimler ve görev

tabanlı işlevsel bağlantı arasındaki ilişki araştırılmıştır. Ayrıca, PBD’ler ve

fonksiyonel bağlantı ölçümlerindeki genetik ve çevresel etkilerin ikiz modellemesi

ile saptanması amaçlanmıştır. Sonuçlar, inferior frontal girusta gözlemlenen

değişmiş bağlantısallığın ergenlik döneminde PBD’lerin sıklığı ve distresi ile

ilişkili olduğunu göstermiştir. Dahası, PBD’lerle ilişkili distres, orta düzeyde

kalıtılabilirlik gösterirken, sıklık esas olarak çevresel faktörlerden etkilenmiştir.

Benzer şekilde, çalışma belleğiyle ilgili işlevsel bağlantı ölçümleri ağırlıklı olarak

çevresel faktörlerle şekillenmiş ve ergenlik döneminde çevresel etkilerin kritik

rolünü vurgulamıştır. İkinci çalışma, COVID-19’u psikoz için bir çevresel risk

faktörü olarak araştırmış ve COVID-19 hastaları ile sağlıklı kontroller arasındaki

işlevsel bağlantı farklılıklarını incelemiştir. Ayrıca, PBD’lerin sıklığı ve infla-

masyon belirteçlerinin fonksiyonel bağlantı üzerindeki etkisi değerlendirilmiştir.

Sonuçlar, COVID-19 hastalarının sağlıklı kontrollere kıyasla sensorimotor ağ,
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merkezi yürütme ağı ve dil ağında hipokonnektivite, görsel ağda ise hiperkonnek-

tivite gösterdiğini ortaya koymuştur. Ayrıca, pozitif PBD’lerin bir ortak değişken

olarak analize dahil edilmesi, COVID-19 grubunun dikkat çekerlik ağı ve merkezi

yürütme ağı içinde daha yüksek işlevsel bağlantı sergilediğini göstermiştir. Bu

tezin bulguları, altta yatan işlevsel beyin mekanizmalarında değişikliklere yol

açarak psikoz riskini artıran çeşitli çevresel risk faktörlerinin önemini vurgula-

maktadır.

Anahtar sözcükler : psikoz, psikotik benzeri deneyimler, çalışma belleği, çevre,

genetik, ergenlik, fMRI.
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Chapter 1

Introduction

1.1 Overview of Psychosis and Psychosis Prone-

ness

1.1.1 Psychosis Definition and Characteristics

The word psychosis originates from the Greek word psyche, meaning the mind

or the soul, and -osis, meaning disease [1], and it was first coined by an Austrian

physician, Ernst von Feuchtersleben, in 1845. Feuchtersleben described psychosis

as a disorder in which patients lose their contact with reality [2]. During the

late 19th and early 20th centuries, German psychiatrist Emil Kraepelin played an

important role in advancing the understanding of psychosis. His contributions led

to significant developments in the conceptualization and classification of psychotic

disorders. He proposed a division between the conditions of “dementia praecox”

(now known as schizophrenia) and “manic-depressive insanity” (now known as

bipolar disorder). By separating these two conditions from each other, he paved

the way for further research to better understand and define the dimensions of

psychotic disorders [3].
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Building on Kraepelin’s work, Karl Jaspers introduced the concept of phe-

nomenology, which emphasized that the patient’s subjective experiences were

central to the understanding of the disorder. Jaspers made a distinction be-

tween primary and secondary delusions, with primary delusions being central to

psychotic disorders and secondary delusions being seen as a result of other men-

tal disorders [4]. His work laid the foundations for the diagnostic criteria used

today to categorize and diagnose psychotic disorders. Later expanding on his

work, Kurt Schneider proposed “first rank symptoms in schizophrenia”, includ-

ing symptoms such as auditory hallucinations, delusions, thought insertions, and

thought broadcasting, which became the primary symptoms in diagnosing psy-

chotic disorders [5]. This emphasis on phenomenology shifted the understanding

of psychosis from purely focusing on a set of fixed observable symptoms to the

internal experiences of the patients [6].

The identification of specific diagnostic criteria established the foundation for

defining and categorizing psychosis in contemporary psychiatric classification sys-

tems [6]. In 1949, the International Classification of Diseases (ICD-6) published

by the World Health Organization (WHO) for the first time included a section

on psychotic disorders. Over the years, the ICD has undergone significant revi-

sions regarding the categorization of psychotic disorders [7]. The latest edition,

ICD-11, published in 2019, emphasizes the importance of the severity and the

duration of the symptoms as well as the functionality of the patient. It takes a

more dimensional approach to diagnosing psychotic disorders, including various

degrees of psychotic severity, from acute episodes to chronic states [8].

Similarly, in 1952, the Diagnostic and Statistical Manual of Mental Disorders

(DSM), published by the American Psychiatric Association (APA), introduced a

diagnostic manual specifically for psychiatric disorders, including a category for

psychotic disorders titled “Disorders of Psychogenic Origin” [7]. Since then, the

DSM has undergone five major revisions. The most recent version of the DSM-

5 has moved away from a categorical classification of psychotic disorders to an

emphasis on dimensional assessments where psychotic disorders are characterized

along a spectrum [9] [10].

2



Today, psychosis is characterized by a core set of symptoms, including delu-

sions, hallucinations, disorganized thinking, and impaired functioning [7]. How-

ever, it is important to recognize that psychosis is a phenotypically heterogeneous

disorder, meaning that it can manifest differently across different individuals in

terms of symptoms and clinical presentations [11]. Traditionally, the symptoms

of psychosis have been categorized into two main groups (positive and negative

symptoms) and, more recently, into three main categories that also include cogni-

tive symptoms. Positive symptoms represent distortions of reality, with delusions

(persistent false beliefs that continue despite contradictory evidence) and hallu-

cinations (perceptual experiences that occur without external stimulus) being

the most prominent [12]. Negative symptoms, on the other hand, represent a

reduction in normal functioning, including blunted affect (restriction in emotion

expression), anhedonia (inability to experience pleasure), and avolition (lack of

engagement in goal-directed behaviors) [13] [14]. Finally, cognitive symptoms

include deficits in memory, attention, and executive functioning [15] [16] [17].

1.1.2 Incidence and Prevalence of Psychosis

Psychotic disorders typically first clinically manifest during adolescence [18]. The

lifetime prevalence of psychotic disorders is estimated to be around 3% [19] [20].

Psychosis is associated with higher levels of suicidality [21] and functional im-

pairment [22], which contributes to the overall disease burden by both affecting

the individuals directly as well as placing a significant strain on families, society,

and economies. The incidence rate of psychotic disorders was found to be 0.3 per

1.000 person-years and showed a peak during adolescence. Males, migrants, and

people of ethnic minorities are at increased risk for developing psychotic disor-

ders [23]. A recent study done in the Turkish population reported the incidence

rates of all psychiatric disorders as 0.38 per 1.000 person-years, with the highest

incidence rate during adolescence and young adulthood group (15-24 years) [24].
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1.1.3 Psychosis Proneness Definition and Significance

Psychosis phenotype lies on a continuum in which psychotic-like experiences

(PLEs) seen in psychosis patients can also be seen in non-clinical populations

(See Figure 1.1) [25]. Experiencing PLEs in itself is not an indicator of a psy-

chosis diagnosis. A psychotic disorder diagnosis depends on the intensity, dura-

tion, and frequency of the symptoms as well as an assessment of functioning [8]

[9]. Psychosis proneness refers to the expression of the psychosis phenotype at

levels well below its clinical manifestation. It represents having a predisposition

to psychotic disorders such as schizophrenia (SCZ). It has been widely established

that psychosis proneness and psychotic disorders share common etiological risk

factors, cognitive correlates, and neurodevelopmental trajectories [25].

Figure 1.1: The graph displays the continuum of psychosis phenotype. The mean

values of population A (psychosis-proneness population) are shifted to the right

compared to the mean values of population B (population without psychosis

proneness). Reprinted, with permission, from ref. [25]

PLEs are relatively common during adolescence; however, many psychotic

symptoms experienced during this time are transient in nature and do not persist

[26]. Around 6% of individuals report experiencing a psychosis-like experience,

4



such as hallucinations or delusions, at least once in their lives [27]. In a recent

meta-analysis study, the incidence rate of PLEs was reported as 22.5 per 1.000

person-years, with this rate showing a peak in adolescence at 50 per 1.000 person-

years [28]. Most individuals classified as clinically high risk (CHR) for psychosis

do not go on to develop psychotic disorders later on in life. Studies show that

when clinically high risk individuals are followed up at two years, the rate of

developing a psychotic disorder is between approximately 15% [29] [30] and 30%

[26] [31].

Even though psychosis proneness is relatively common during adolescence, and

individuals do not convert to a full-episode psychotic disorder, they still exhibit

impaired functioning and are at increased risk for mental disorders and suicidal

ideation [32] [33] [34]. There is cumulating evidence indicating that regardless

of the clinical status, psychosis proneness is associated with poor functional out-

comes when the PLEs are distressing or when they persist and expose the indi-

viduals to the risk state for an extended period of time [35]. Moreover, studies

show that almost 30% of individuals with PLEs consult a mental health profes-

sional and report reduced functioning [34]. Furthermore, the conversion rate to

a psychotic disorder was found to be around 3.5 times higher in individuals who

have experienced PLEs when compared to individuals who have not experienced

PLEs [36].

Given the functional impairments and increased risk for psychosis, identify-

ing PLEs in healthy populations is important in studying the trajectory of these

symptoms. Psychosis proneness is typically assessed using a variety of self-report

questionnaires and clinical interviews. One well-established measure to assess

PLEs is the “Community Assessment of Psychic Experiences” (CAPE-42) ques-

tionnaire. CAPE-42 is a self-report questionnaire that measures the psychotic

experiences that an individual goes through in life. This instrument has three

subscales, positive, negative, and depressive, which are all assessed for their fre-

quency and distress [37]. The CAPE-42 questionnaire has been found to be es-

pecially reliable when studying adolescents and younger populations [33]. There-

fore, in this thesis, PLEs were measured with the Turkish version of the CAPE-42

questionnaire [38].
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Overall, the findings in the literature show that the presence of PLEs is a risk

factor for later development of psychotic disorders. It is now widely understood

that psychotic disorders exist on a continuum and that along this continuum,

cognitive deficits play a crucial role [15] [25]. Cumulating evidence character-

ize psychosis as a neurodevelopmental disorder with the presence of cognitive

dysfunction as a core feature [39]. Impairments in executive functioning, atten-

tion, and working memory are hallmarks of psychosis and are prominent even

before illness onset [40]. In fact, abnormalities in brain function and a decline in

cognition are observed in individuals who later on develop schizophrenia and in

individuals with psychosis proneness [41] [42]. Therefore, understanding cognitive

deficits and their neural correlates in psychosis and psychosis proneness is critical.

The next chapter will focus on working memory mechanisms and alterations in

functional connectivity in individuals along the psychosis continuum.

1.2 Working Memory and Functional Connec-

tivity in Psychosis

1.2.1 Working Memory as an Endophenotype in Psy-

chosis

For many psychotic disorders, such as schizophrenia, genetic factors account for

a significant portion of disease risk [22]. However, the manifestation of these

disorders at the clinical level is far removed from the direct effects of genes [43].

Instead of genes directly influencing clinical symptoms, it is thought that they

act through ‘intermediate’ levels, such as neural mechanisms, which serve as a

bridge between the genotype and the clinical phenotypes [44]. These interme-

diate markers are known as endophenotypes or intermediate phenotypes. They

represent measurable traits and provide insights into the underlying neurobiology

of the disorder. Endophenotypes are heritable, cosegregate with the illness, are

present in unaffected members of the family higher than the general population,
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and are not dependent on the disease state [45].

Psychotic disorders are commonly associated with cognitive deficits in atten-

tion, executive functions, and working memory [46]. The presence of cognitive

deficits greatly hinders the daily functioning of the patients and does not improve

with the use of antipsychotic medications [47]. Cognitive deficits typically onset

before the manifestation of the first episode and include reductions in IQ and im-

pairments in multiple domains such as processing speed, memory, reasoning, and

attention [46]. In fact, Toulopoulou and colleagues provided evidence that cog-

nitive dysfunction accounted for a quarter of the total variation in schizophrenia

liability, suggesting that cognitive impairments play a causal role in the etiology

of schizophrenia [48]. Furthermore, the Consortium on Genetics of Schizophrenia

(COGS) examined the genetic foundations of neurocognitive biomarkers and has

identified working memory, attention, and declarative memory as endophenotypes

of schizophrenia [49].

A promising cognitive intermediate phenotype for psychosis is working mem-

ory (WM) [50]. Working memory is a key component of higher-order cognitive

functions, allowing the temporary storage and manipulation of goal-oriented in-

formation [51]. It has a limited capacity and consists of four components. It

is made up of the phonological loop, the visuospatial sketchpad, the central ex-

ecutive, and the episodic buffer [52]. The phonological loop is responsible for

storing and processing auditory information, the visuospatial sketchpad manages

visual and spatial information, the central executive is responsible for attention

and the coordination of the other systems, and the episodic buffer combines and

integrates the information from different sources (See Figure 1.2) [52] [53].
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Figure 1.2: The Working Memory Model by Baddeley. Reprinted, with permis-

sion, from ref. [53]

Psychosis patients consistently perform worse than their first-degree relatives

on working memory tasks [54], and these impairments are associated with poorer

functional outcomes and the degree of negative psychotic symptoms [55]. More-

over, first-degree relatives of psychosis patients also exhibit poorer working mem-

ory performance compared to healthy populations [56]. In a longitudinal study,

researchers investigated the working memory differences in clinically high risk

groups, comparing neurocognitive functioning in those who later converted to

psychosis vs those who did not. They found that working memory impairments

were a significant indicator of conversion to psychosis [57]. While these impair-

ments are more pronounced in patients and their first-degree relatives, they are

also observed to a lesser extent in healthy individuals with PLEs [58]. Studies

conducted in healthy populations have found reduced working memory capacity

[58] and decreased accuracy [59] in individuals with PLEs. This gradual decline
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in working memory abilities across different groups (from patients to their first-

degree relatives to individuals with PLEs) highlights the role of working memory

deficits as an endophenotype in psychosis.

The idea that working memory is an endophenotype for psychosis is further

supported by findings from genetic studies that indicate common genetic influ-

ences between working memory deficits and psychosis. Psychotic disorders such

as schizophrenia are highly polygenic, and therefore, the variance in these dis-

orders cannot be explained by a single gene. One method used to study the

genetic liability in these disorders is the polygenic risk score (PRS). PRS is cal-

culated by weighing the contributions of individual risk alleles associated with

the disease [60]. In one study, researchers found a relationship between the PRS

for schizophrenia and working memory-related activation in the frontal lobe [61].

Additionally, the genetic overlap between PRS for schizophrenia and cognition

has been demonstrated by showing that liability to schizophrenia was significantly

associated with alleles that were known to be linked to lower cognitive abilities

[62]. Building on these findings, Toulopoulou and colleagues have found through

casual modeling that cognitive deficits mediated over 33% of the genetic liability

to schizophrenia. Moreover, they found that more than one-third of the variation

in PRS to schizophrenia was also mediated by cognitive impairments [17]. Similar

findings have been observed in twin studies. For instance, bivariate twin models

have shown that working memory and liability to schizophrenia share significant

genetic correlations, suggesting that common genetic influences contribute to the

risk for schizophrenia and working memory impairments [63] [64] [65]. Together,

these findings suggest that cognitive deficit, especially working memory, indicates

a risk-associated intermediate phenotype for schizophrenia.
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1.2.2 Working Memory Related Functional Connectivity

Alterations in Psychosis

Working memory impairments during psychosis are also demonstrated through

functional Magnetic Resonance Imaging (fMRI) studies, providing valuable in-

sights into the neural dysfunctions associated with the psychosis. fMRI relies

on detecting changes in blood flow through the Blood Oxygen Level Dependent

(BOLD) signal to identify which brain regions are active during specific tasks

[66]. fMRI studies often employ functional connectivity analysis to explore how

the activity of different brain areas correlates during specific tasks. This technique

captures how distant brain areas interact by synchronizing their BOLD signals,

offering insights into the brain networks involved in working memory processes

[67]. Although it doesn’t provide any information regarding causal relationships

between different brain regions, functional connectivity analysis is particularly

useful in psychosis research as it helps identify disrupted communication pat-

terns across brain networks crucial for cognitive functions like working memory

[66].

According to the results of neuroscience studies, one of the most implicated

neuronal regions for working memory processes is the prefrontal cortex (PFC).

This view is rooted in decades of studies showing the involvement of PFC in

different working memory tasks both in humans and nonhuman primates [68]

[69] [70]. It is well known that the prefrontal cortex is involved in various higher-

order cognitive functions, such as planning and decision-making, which all require

the use of working memory mechanisms [71] [72]. Recent views suggest that the

prefrontal cortex is a key region in working memory processes as it plays a top-

down control over the rest of the brain areas, thus emphasizing the connectivity

between the prefrontal cortex and other brain regions [73]. Notably, the prefrontal

cortex has also been shown to be associated with liability to psychosis and disease

symptoms [74] [75].

Schizophrenia, which falls under the psychosis spectrum, is generally defined

as a dysconnectivity disorder where disruptions in functional integration between
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brain regions are predominant [76] [77]. Previous research shows that unaffected

first-degree relatives of psychosis patients exhibit abnormal signaling and con-

nectivity patterns in working memory brain mechanisms compared to healthy

controls, suggesting working memory to be an intermediate endophenotype for

psychosis [50] [78].

Studies report both increased and decreased activation patterns during work-

ing memory tasks in schizophrenia patients [79] [80] [81]. These differences are

thought to reflect different cognitive demands required by the task. Especially in

tasks with higher working memory loads, such as the 2-back task, patients are

known to exhibit increased activation in several regions, suggesting that they may

require greater resources to compensate for functional impairment [82]. Work-

ing memory paradigms vary in their task loads, and as a result of this, different

neuronal responses are seen in healthy vs patient groups in different studies. It

is thought that as cognitive demands of the task increase, patients display an

inverted-U-shaped neuronal response, which is shifted to the left compared to

healthy controls (See Figure 1.3) [83]. This model argues that when task diffi-

culty is easy, schizophrenia patients show increased neuronal responses compared

to healthy controls, which may indicate compensatory mechanisms. However,

when task difficulty increases, they start showing decreases in neuronal responses.

This pattern is also reported in the first-degree relatives of patients [78].
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Figure 1.3: Inverted U-shaped model of neuronal function in schizophrenia pa-

tients vs. healthy controls. Task difficulty is illustrated with the shift of the white

window. Reprinted, with permission, from ref.[83]

Abnormal activation patterns are mainly observed in frontal regions in patients

and their unaffected siblings compared to healthy controls [78]. In an fMRI study,

the authors found that individuals with a genetically high risk for psychosis had

abnormal frontoparietal connectivity during a working memory paradigm when

compared to healthy individuals. Moreover, the degree of connectivity was neg-

atively related to the presence of psychiatric symptoms [84]. In a meta-analysis

study, the 1st-degree relatives of schizophrenia patients were shown to have in-

creased activity in the left inferior parietal lobule (IPL), thalamus, and frontopo-

lar area and reduced activation in the right middle frontal gyrus (MFG) and the

right inferior frontal gyrus (IFG) compared to healthy controls [78]. Authors dis-

cuss that decreased activation in middle frontal gyrus and inferior frontal gyrus

may reflect impairments in cognitive control whereas the increased activation in

frontopolar area and inferior parietal lobule may reflect compensatory mecha-

nisms. In addition to the abnormal activation patterns in psychosis patients and

their unaffected relatives, alterations in the activation of prefrontal regions have

also been documented in individuals with psychosis proneness. In a population-

based study, researchers found hypoactivation in the prefrontal areas, including

the dorsolateral prefrontal cortex (dlPFC) and frontal pole, in individuals with

PLEs compared to individuals without PLEs [85]. Likewise, another study found

that during working memory, children with PLEs showed hypoactivation in the
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dlPFC, striatum, and pallidum [86].

Similar to alterations in the activity of the prefrontal regions, functional con-

nectivity impairments have also been reported in patients, unaffected relatives,

and individuals with PLEs. In a recent study, researchers investigated the ef-

fective parietal-prefrontal connectivity during a working memory manipulation

task in schizophrenia patients and healthy controls. They found that deviations

in the functional connectivity correlated positively with delusion severity in pa-

tients. Moreover, they found that in healthy controls, individuals with higher

PRS for schizophrenia had more impairments in parietal-prefrontal connectivity

[87]. In another study, researchers investigated the working memory-related con-

nectivity in healthy individuals with varying levels of delusional ideation. They

found that individuals with high delusional ideation showed hypoconnectivity

within the parietal-prefrontal network [88]. Impaired prefrontal-parietal effective

connectivity in patients with schizophrenia has been reported consistently in the

literature [89] [90].

To summarize, psychosis is consistently associated with working memory im-

pairments, which are evident in task performance, functional activation, and func-

tional connectivity of different networks. These impairments are also seen to a

lesser extent in their 1st-degree relatives and individuals with psychosis prone-

ness, suggesting working memory to be a promising intermediate phenotype for

psychosis. Especially alterations of prefrontal regions are implicated in these

deficits as the prefrontal cortex plays a key role in regulating working memory

processes through its connections with other brain regions.

It is important to note that regions like prefrontal cortex are undergoing accel-

erated development during adolescence, a time frame in which psychotic disorders

onset. The time frame for the maturation of these higher-order brain networks

correlates with the onset of schizophrenia; therefore, adolescence and young adult-

hood indicate a critical period of vulnerability for the illness [91]. Consequently,

it is important to better understand the developmental changes that take place

during adolescence and how they may create heightened vulnerability to psy-

chosis.
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1.3 Adolescent Brain Development and Vulner-

ability

Adolescence is a period of time in which the brain undergoes rapid developmen-

tal changes both in structure and function [92]. It is also a time period where

many neurodevelopmental psychotic disorders, such as schizophrenia, first man-

ifest both clinically or sub-clinically. According to a recent study worldwide,

many psychiatric illnesses have an onset before the age of 18 (48.4%) and 25

(62.5%) [93]. During this time frame, processes such as synaptic pruning, myeli-

nation, and fluctuations in sex hormones take place. Prefrontal regions, which are

crucial for the development of working memory mechanisms, become more local-

ized as synaptic pruning and increased myelination occur [94]. The maturation

of higher-order brain networks correlates with the onset of psychotic disorders,

which indicates a critical window of vulnerability [91]. These rapid neurobio-

logical changes during adolescence can influence the risk of psychosis proneness

[95].

Pruning is the process of reducing the number of synaptic connections that

are less commonly used while maintaining the more frequently used connections

[96]. It is essential for efficient synaptic transmission and enables more refined

connections. The etiology of schizophrenia has long been linked to disturbances

in the development of pruning processes [97]. During adolescence, pruning pro-

cesses show a peak for higher-order cortices [98]. Studies indicate that microglia,

immune cells of the nervous system, show an increased involvement in the synap-

tic pruning of the prefrontal cortex during adolescence [99] and thus increase

the risk for psychotic disorders [100]. Furthermore, a recent meta-analysis study

shows that individuals with psychosis proneness had decreased gray matter vol-

umes in frontal regions when compared to the control group. These findings are

consistent with the findings of gray matter volume studies conducted in psychosis

patient groups [100]. Moreover, in a longitudinal study, researchers found that

gray matter volume was lower in individuals at clinically high risk of psychosis

for the prefrontal cortex and continued to decrease as individuals transitioned
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to psychosis [101]. Taken together, these findings suggest that as frontal regions

underlie executive functions such as working memory and attention, gray matter

disruptions in these areas might increase vulnerability to psychosis risk.

While less frequent connections are eliminated, the transmission speed and ef-

ficiency of the remaining connections are improved by the myelination processes.

Myelin sheath forms around the axons to ensure rapid communication between

different regions of the brain while reducing energy costs [102]. In adolescence,

white matter tracts such as the superior longitudinal fasciculus and the accum-

bofrontal tract (the connection between the nucleus accumbens and orbitofrontal

cortex) have been shown to have increases in myelination [103] [104]. Cumulating

evidence suggests that white matter disruptions are found both in psychosis pa-

tients and individuals with psychosis proneness [105] [106]. Especially decreases

in fractional anisotropy (FA), which reflects myelination, have been reported ex-

tensively in frontal cortices [107] and in the superior longitudinal fasciculus [108]

in psychosis patients [105]. Likewise, in a population-based study, disruptions in

white matter have been reported in adolescents with PLEs [109]. These results

suggest that psychosis proneness is associated with disruptions in white matter

integrity, and individuals with psychosis proneness show a divergence from the

typical developmental trajectory of the brain, resembling those evident in psy-

chosis patients.

These changes in synaptic pruning and myelination during adolescence con-

tribute to the reorganization and fine-tuning of subcortical and cortical regions.

However, brain maturation occurs in waves, which results in different develop-

mental periods of brain circuitries [110]. The imbalance model of adolescent

development proposes that adolescence is defined by the mismatch between the

maturation times of the subcortical limbic regions and the prefrontal cortex (See

Figure 1.4) [111] [112]. As the frontal cortex continues to mature during this

time in a linear fashion, the development of executive and higher-order cognitive

functions extends well beyond the maturation of subcortical areas [113]. This dif-

ference between the maturation timelines of the limbic system and the prefrontal

cortex is thought to play a significant role in shaping behavior during adolescence,

particularly underlying the increase in risk-taking behaviors, sensation-seeking,
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and reward sensitivity [114]. Behaviors such as drug use, delinquency, reckless

driving, binge drinking, and unprotected sex show peak during this time [114].

Figure 1.4: The imbalance model between the developmental trajectories of the

prefrontal cortex vs limbic regions in adolescence. Reprinted, with permission,

from ref. [112]

Research shows that while adolescents can assess risky situations and predict

negative outcomes when the situations are emotionally salient, the involvement of

the emotionally driven limbic system may override the prefrontal cognitive control
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system [111]. For example, compared to adults, adolescents show increased acti-

vation in the ventral striatum when making risky decisions, and this activation

shows a peak in mid-adolescence [115]. One example of increased emotionally

salient environments is the presence of peers. Studies have shown that adoles-

cents were more likely to engage in more risky behaviors, such as gambling and

risky driving, when peers were observing them as compared to when they were

alone [116] [117]. At the same time, the presence of peers has been found to

increase engagement in exploratory behavior and better learning of both positive

and negative outcomes [118]. This suggests that when assessing the outcomes

of risky situations, acceptance by their peers might be more important than the

risky outcome for adolescents. This may be another indication of the imbalance

between the limbic and prefrontal systems.

However, the imbalance between the two systems does not necessarily point to

maladaptive functioning and is rather the normal trajectory during adolescence.

From an evolutionary perspective, adolescence is a period where individuals ex-

perience separation from their families, find mates, and establish independence

[119]. During this time, sensation-seeking and risk-taking behaviors may serve

adaptive purposes. These behaviors can help adolescents assert independence,

explore new opportunities, and establish social hierarchies, which are essential

for achieving social status, securing resources, and attracting mates as they tran-

sition into adulthood [120]. For example, establishing good relationships with

peers during adolescence was shown to predict better psychosocial functioning

later in life [121]. In accordance with this, an alternative model, the Life-span

Wisdom Model, has been proposed in which the role of the environment and the

experiences gained during adolescence play a key role [122]. This model argues

that increased risk-taking and sensation-seeking are adaptive strategies for ado-

lescents and help them successfully transition into adulthood by facilitating the

exploration of new opportunities and learning new skills. In addition to the neu-

robiological changes that occur during adolescence, which heighten mechanisms

like sensation seeking, this model emphasizes the role of experiences and the envi-

ronment, which in turn shapes cognitive and emotional development (See Figure

1.5) [122].
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Figure 1.5: The Life-span Wisdom Model illustrating the trajectories of cognitive

control, exploration and wisdom throughout life. Reprinted, with permission,

from ref.[122]

In summary, adolescence is a time period characterized by an accelerated phase

of development and maturation [123]. During this time, cognitive and executive

functions such as working memory undergo major functional reorganization [94].

However, this period of heightened neuroplasticity can be seen as a double-edged

sword. On the one hand, brain plasticity supports the maturation of executive

functions and cognitive abilities and facilitates evolutionary adaptive behaviors,

but on the other hand, it leaves neural mechanisms especially vulnerable to ex-

ogenous influences [102]. These influences can be beneficial in terms that they

can lead to the enhancement of executive functions but also detrimental in the

sense that they can lead to psychopathology [102]. When there is a disruption

to the normal developmental trajectory, especially in the face of adverse external

environments, it may pave the way for long-lasting negative health outcomes and

put the individual at risk for developmental disorders such as psychosis. There-

fore, it is of utmost importance to understand the effect of environmental risk

factors before and during adolescence and how they may increase the risk for

18



psychosis.

1.4 Genetic and Environmental Risk Factors in

Psychosis

1.4.1 Environmental Risk Factors and Psychosis

Psychosis was first described as a neurodevelopmental disorder in 1891 by Thomas

Clouston [124]. Over the years, this model was expanded to include environmental

risk factors by research showing that different early adversities, such as obstetric

complications [125], infections during pregnancy [126], and nutritional deficiencies

[127], increased disease liability. Later, in a systematic review, researchers showed

that the incidence of schizophrenia was highly heterogeneous and discussed the

role of population-level risk factors such as urbanicity, ethnicity, and migration

status [128]. Building on this and other studies investigating both individual-level

and population-level environmental risk factors expanded the neurodevelopmental

model to include environmental risk factors.

The Developmental Risk Factor Model proposes that schizophrenia differs from

other neurodevelopmental disorders, such as autism, in that the environmental

risk factors interact with the neurodevelopmental risk factors to increase disease

risk, especially during critical developmental periods. This model also takes into

account that psychosis lies on a continuum, and therefore, it recognizes that

psychotic-like experiences share the same environmental and genetic risk factors

as psychosis [129].

Another influential model that further expands our understanding of the etiol-

ogy of psychosis is the diathesis-stress model. This model highlights how genetic

vulnerabilities interact with environmental risk factors later in life, particularly

during adolescence, to increase disease risks [130]. The hypothalamic-pituitary-

adrenal (HPA) axis is responsible for regulating adrenal hormones to maintain
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homeostasis in the face of stressors. Dysregulation of the HPA axis has been

observed in psychosis and clinically high risk groups and is, therefore, usually

implicated in the diathesis-stress model of psychosis. It is proposed that environ-

mental stressors and genetic predispositions interact to alter normal developmen-

tal trajectories. These alterations, such as the dysregulation of the HPA axis,

lead to maladaptive responses to later stressors in life, which in turn increases

the risk of psychotic disorders (See Figure 1.6) [131].

Figure 1.6: The extended diathesis-stress model for psychosis. A: Right-facing ar-

rows show the effect of vulnerability factors on neurodevelopmental alterations,

which lead to psychosis progression. The left-facing arrows show the effect of

psychosis symptoms to further increase the risk of illness by contributing to al-

terations and vulnerability. B: Shows the development of psychosis from sub-

clinical symptoms to disease onset. Arrows indicate the causal effect of HPA

axis dysregulation and brain degenerative processes. The effect is bidirectional.

D: Arrows show the bidirectional relationship of the HPA axis with other pro-

cesses. E: Dashed arrows indicate the results of alterations in brain mechanisms.

Reprinted, with permission, from ref. [131]
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Animal studies show that being exposed to enriched environments during ado-

lescence not only can bring about neural changes such as increased spine density

but also behavioral changes such as increased memory capacity [132] [133]. Like-

wise, human studies suggest that protective factors can act as a buffer to stressors

[134]. In a study, researchers found that low socioeconomic status was associated

with decreased gray matter volume in the hippocampus. However, this effect was

not seen in individuals who had high self-esteem levels [135]. On the other hand,

being exposed to environmental stressors during this critical period may alter the

normal developmental trajectory of the brain by affecting ongoing mechanisms

such as neural pruning, myelination, and remodeling of synaptic connections,

which in return can increase liability to psychosis [136]. This becomes particu-

larly important, considering that during adolescence, risk-taking behaviors and

exposure to stressors such as cannabis use increase.

It is well established that cannabis use can have adverse effects on working

memory brain mechanisms [137] [138]. For instance, in a study, researchers

showed that even though there were no differences in behavioral measures be-

tween cannabis users and controls, the effective connectivity between the right

dorsolateral prefrontal cortex and left caudate decreased in cannabis users during

a working memory task [139]. It is further known that the risk for the develop-

ment of psychotic disorders is 2-fold for cannabis users and 6-fold for heavy and

chronic cannabis users compared to non-users [140] [141]. Cannabis users also

have an earlier onset of psychosis [142] and have more severe and frequent symp-

toms [143]. A meta-analysis study showed that psychosis patients with a lifetime

of cannabis use performed worse on cognitive tasks such as working memory

compared to patients without cannabis use [144].

Another well-studied risk factor for psychosis risk is childhood maltreatment

(CM). Childhood maltreatment can include different maltreatment types, such

as psychological, physical, and sexual abuse, as well as psychological and physical

neglect. Psychosis patients retrospectively report higher exposure to childhood

maltreatment compared to controls [145] [146]. Exposure to trauma in childhood

has also been found to be associated with symptom severity [147] and resistance

to treatment [148]. In fact, some studies have shown a causal effect of trauma on
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disease onset [145]. Similar findings have been reported in healthy populations

with PLEs. Both longitudinal and cross-sectional studies have shown that in-

dividuals who were exposed to childhood trauma were more likely to experience

PLEs [149] [150]. Childhood maltreatment is also known to affect executive brain

function, which in turn may increase vulnerability to psychosis [151]. Impaired

functional connectivity has been observed in psychosis patients with a history

of childhood maltreatment [152]. Individuals with childhood maltreatment show

alterations in the function of critical brain regions such as prefrontal cortex, an-

terior cingulate cortex (ACC), orbitofrontal cortex, and striatum [153] [154]. For

instance, researchers found that children with high risk for psychosis and expo-

sure to childhood maltreatment had lower IQ and poorer cognitive performance

compared to high-risk children who were not exposed to childhood maltreat-

ment [155]. Another study found abnormal activation patterns in the parietal

regions of schizophrenia and bipolar disorder patients with childhood maltreat-

ment compared to patients without childhood maltreatment during an n-back

working memory task [156].

Similar to the results in childhood maltreatment, adversities experienced dur-

ing adolescence are also known to be risk factors for psychotic disorders [157].

Studies show that different types of victimization experienced in adolescence can

be a predictor of psychopathology later in life [158]. Both childhood and ado-

lescence reflect two critical vulnerability windows for psychosis development [91].

Exposure to adversities during these critical periods may alter the functional

connectivity of brain networks and lead to the persistence of PLEs, thereby ex-

posing the individual to an extended duration of psychotic-like experiences and

increasing the risk of developing psychotic disorders [159].

In addition to individual-level factors, population-level factors such as urban-

icity, migration, and exposure to air pollution are known to be valid risk factors

for psychosis risk and influence individuals across the psychosis continuum [129].

One of the most consistent findings in schizophrenia is the increased incidence

rate for people born in urban environments compared to rural environments [160].

In a Swedish population study including 4.4 million individuals, it was observed

that the incidence rate for schizophrenia was higher in urban areas and that living
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in densely populated areas increased the risk of the disorder by around 68-77%

[161]. Moreover, a dose-response relationship was found between urbanicity and

psychosis risk; as the time spent in an urban environment increased, so did the

risk for schizophrenia development [162]. Researchers have suggested that some

of the underlying factors between urbanicity and schizophrenia may be factors

such as pollution, isolation, access to green spaces, and social inequity [163] [164]

[165] [166]. Similar results were found for PLEs as well. For example, the current

neighborhood stress was found to predict PLEs in adolescents [167]. In an fMRI

study, it was demonstrated that urban upbringing was correlated with reduced

connectivity in the pregenual anterior cingulate cortex (pACC), and current city

living was correlated with increased amygdala activity, indicating an effect of

early life exposure on brain mechanisms [168].

Recent studies have shown that even though individual environmental risk fac-

tors increase the vulnerability to psychosis, they also act in aggregate and that

there is a dose-dependent relationship between environmental risk factors and

disease risk. For instance, in a study, researchers found that risk factors such as

childhood trauma, cannabis use urbanicity, and hearing impairment additively in-

creased the risk for PLEs [169]. Building on these findings, an aggregate measure,

‘The Maudsley Environmental Risk Score’ (ERS), was developed by Vassos and

colleagues. According to meta-analysis studies, six different environmental risk

factors for schizophrenia were identified: high paternal age, urbanicity, cannabis

use, obstetric complications, ethnic minority status, and childhood maltreatment.

In this method, the weighted score based on their effect sizes was estimated for

each individual risk factor, and then risk ratios for each factor were summed up

to calculate a total score [170]. In follow-up studies, the ERS was found to suc-

cessfully distinguish psychosis cases from controls and was also associated with

psychosis risk in a dose-dependent fashion [171] [172]. Later, using predictive

modeling, another measure, ‘The Exposome’ which also takes into account the

correlations between different risk factors, was developed. This measure included

exposure to five different risk factors: hearing impairment, winter birth, cannabis

use, childhood maltreatment, and bullying [173]. The Exposome score was able

to distinguish between schizophrenia patients, 1st-degree relatives, and healthy
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controls [174]. In accordance with the diathesis-stress model of psychosis, these

cumulative risk scores propose that different environmental risk scores interact to

increase the vulnerability to disease. Therefore, using aggregate environmental

risk factors such as the ERS and Exposome may be powerful tools to investigate

liability to disease.

While well-established environmental risk factors such as urbanicity, child-

hood trauma, and cannabis use have been well-documented, the recent COVID-

19 pandemic has introduced a new potential risk factor for psychosis risk, which

is the coronavirus (severe acute respiratory syndrome-2 (SARS-CoV-2)) [175].

The COVID-19 pandemic has affected millions of people globally and has had

major effects on mental health. Although primarily known to be associated with

upper respiratory tract infections, varying levels of neurological symptoms were

also observed in almost half of the cases. A study showed that among hospital-

ized patients, around 57.4% experienced a form of neurological symptoms [176].

The relationship between psychosis risk and viral infections is not new and has

been well-reported over the years [177]. Previous studies have reported that ex-

posure to neuroinflammation during critical periods may increase the liability to

psychosis [178]. Meta-analysis studies suggest that the mental burden of the infec-

tion continues for a year after recovery in half of the patients [179]. Other studies

have found associations between COVID-19 infections and psychosis symptoms,

with some cases attributed to the use of medications, particularly steroids [180]

[181]. Case studies show new-onset psychosis in patients diagnosed with COVID-

19 accompanied by increased neuroinflammatory markers [182] [183] [184] [185];

however, the causality between the coronavirus and psychosis has not been es-

tablished and remains a subject of debate [186].

In addition to the possible effects of the coronavirus through neuroinflamma-

tion, additional psychosocial factors may add to the stress associated with the

pandemic. These include lockdowns, social isolation, less exposure to sunlight,

limited physical activity, and anxiety regarding the disease [187] [188]. In an ado-

lescent sample, researchers found that more than half of the participants reported

PLEs during lockdown. The frequency of PLEs was higher in individuals who

had a history of childhood trauma, had a loved one diagnosed with COVID-19, or
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spent more time looking at COVID-19-related media. Moreover, social support

was found to be a protective factor for PLEs [189]. Another study investigating

the effect of social isolation during COVID-19 found that both cognitive dysfunc-

tion and the frequency of PLEs increased in individuals with more limited social

interactions [190]. In a longitudinal study, PLEs were measured before and after

lockdowns. Researchers found significant increases in PLEs after lockdowns com-

pared to before lockdowns. Moreover, the new onset-PLEs during the lockdown

were associated with increased anxiety and depressive symptoms [191]. These

studies suggest that COVID-19 related stressors may also increase the risk of

PLEs.

Alongside studies showing an association between COVID-19 and PLEs, re-

search has also demonstrated changes in the functional connectivity of brain net-

works in COVID-19 patients [192] [193]. Alterations in connectivity measures

were observed after COVID-19 infections in major networks such as the default

mode network (DMN), salience network (SN), and frontoparietal network (FPN)

[194]. In a resting-state fMRI (rsfMRI) study, researchers compared dynamic and

static functional connectivity and activity in COVID-19 patients and controls.

They found decreased dynamic connectivity in the precentral gyrus and decreased

static functional connectivity between lingual and occipital areas. Moreover, they

were able to distinguish patients from controls using dynamic and static measures

of brain activity and connectivity [195]. Another study found increased connec-

tivity in the basal ganglia and the precuneus and reduced connectivity in the

language network in COVID-19 patients compared to controls [196]. In line with

these findings, researchers found disruptions in the temporal dynamics of the vi-

sual and sensorimotor networks in COVID-19 patients after 6 months of recovery.

These alterations were also associated with the post-traumatic symptoms related

to COVID-19 diagnosis [197].

While the exact mechanisms for the relationship between PLEs and COVID-

19-related stressors are unknown, disruptions to functional brain networks might

be an underlying factor. Taken together, these studies suggest that similar to

other well-established environmental risk factors, the coronavirus is associated
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with increased risk for PLEs. However, more research is needed to fully under-

stand the long-term impacts of COVID-19 on brain function and psychosis risk.

Overall, the current state of the literature suggests that different environmental

risk factors during critical periods of development can disrupt the normal trajec-

tory of brain development and thus increase the risk for psychotic disorders.

1.4.2 Genetic Risk Factors and Psychosis

Psychotic disorders such as schizophrenia are known to be polygenic and highly

heritable (65-80%) [198]. Initial family and twin studies reported higher risk in

the relatives of probands with psychosis, suggesting an important genetic com-

ponent to the disorder [199]. Early efforts to understand the genetic underpin-

nings of psychosis focused on identifying candidate genes. These methods were

hypothesis-driven therefore, researchers focused on candidate genes based on their

location or involvement in neurotransmitters such as dopamine or glutamate [200].

One of the most well-known candidate genes is the catechol-O-methyltransferase

(COMT), which is related to dopaminergic function and is located in the 22q11

chromosome [201]. Some studies showed that its deletion was linked to psychotic

disorders such as schizophrenia [202]. The Val158/108Met (Val/Met) polymor-

phism of COMT was found to also affect prefrontal cortex function and working

memory [203]. In a working memory fMRI study, researchers found that during

the manipulation task, the changes observed in the dlPFC, parietal, and stri-

atal regions were associated with COMT Val/Met polymorphism. Similar effects

were observed for ventrolateral prefrontal cortex (vlPFC) [204]. The results of the

study highlight the role of dopaminergic function and the COMT gene in working

memory processes, which are known to be implicated in psychosis. However, the

findings on the COMT and psychosis relationship have been inconsistent [205].

Studies investigating the effects of candidate genes were statistically under-

powered and not cost-effective [206]. With the advancements in technology, these

early studies set the stage for statistically powerful research tools like Genome-

Wide Association Studies (GWAS) [207]. GWASs are able to discover genetic
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variants that are associated with a specific disease, such as psychosis. Instead

of focusing on specific genes and locations, they scan the entire genome in in-

dividuals to detect single nucleotide polymorphisms (SNPs) and copy number

variations (CNVs) that occur more in individuals with the disease compared to

healthy controls [208]. SNPs reflect genetic variations at a single nucleotide po-

sition, which can influence disease risk by affecting gene expression or function

[209]. On the other hand, CNVs reflect variation in the number of copies of

DNA fragments among individuals [210]. This approach is especially valuable in

studying complex disorders such as schizophrenia, where various genetic varia-

tions cumulatively impact liability to disease [211].

GWAS analyses have identified numerous different risk alleles associated with

psychotic disorders [212] [213]. Importantly, with the efforts of organizations

like the Psychiatric Genomics Consortium (PGC), international collaborations

among research groups have enabled large-scale studies and have been critical in

the effort to understand the genetic underpinnings of psychotic disorders. One

of the first GWAS on schizophrenia [214] included 178 schizophrenia patients,

whereas the most recent GWAS by the schizophrenia working group of PCG

included 76,755 patients. In this large-scale study, researchers have identified 287

distinct genomic loci associated with schizophrenia [213].

Studies over the years have shown that while in isolation, individual variants

do not explain a lot of the variance, but combined, they explain around 24% of

the variation in liability to schizophrenia [212] [213]. Through these studies, it has

become even more clear that psychotic disorders like schizophrenia are polygenic

in nature, and genes individually have small effect sizes and cannot capture the

variance in the disorder [215]. The effect of each gene varies in psychotic disorders,

with some genes contributing more than others [216]. Therefore, efforts have

been focused on studying the additive effects of genes. One way to examine the

polygenic burden of disease is through the polygenic risk scores. PRS reflects a

weighted sum of the number of risk alleles of each SNP for a specific disease and

predicts disease risk [217].

The PRS for schizophrenia (PRS-SCZ) reflects an individual’s liability to
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schizophrenia, where higher scores indicate more risk [60]. The PRS-SCZ was

found to explain around 8.5% of the variance in schizophrenia [213]. Further,

results from the ABCD group showed that PRS-SCZ was associated with the

distress associated with PLEs but not frequency. Children with higher PRS-

SCZ reported experiencing more distressing PLEs compared to children with

lower PRS-SCZ [218]. These findings may suggest that distress, as opposed to

frequency of PLEs, may be more genetically relevant to schizophrenia risk. More-

over, studies have reported that PRS-SCZ showed associations with lower levels

of IQ [219] and impaired cognitive function [220]. In one study, researchers in-

vestigated the relationship between working memory-related activation and PRS

in schizophrenia patients and controls. Results showed that higher levels of PRS

were associated with decreased activation in the superior prefrontal cortex and

the right inferior frontal gyrus [61]. Further, another study demonstrated that in

healthy individuals, higher PRS was associated with hypoactivity in dlPFC dur-

ing working memory manipulation [221]. These findings suggest that PRS-SCZ

is not only associated with the disease state but is also associated with well-

established endophenotypes for schizophrenia, such as working memory. This

association emphasizes psychotic disorders as complex disorders where cumula-

tive genetic risk may manifest as cognitive and functional abnormalities.

1.5 Twin Studies as a Methodological Approach

As discussed in detail in previous chapters, psychotic disorders are complex dis-

orders under both genetic and environmental influences. Twin studies provide

a unique and powerful approach to studying the extent of these genetic and en-

vironmental contributions within a trait [222]. They also offer insights into the

heritability of a trait, which is the proportion of variance that is attributable to

genetic factors [223]. Moreover, twin designs can also inform us about the co-

variance between the genetic and environmental influences between two different

traits [224].

The classical twin design compares the phenotypic variability within a trait
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between monozygotic (MZ) and dizygotic twins (DZ). Univariate twin models,

often called the ACE models, decompose the variance in a trait (V p) into the

additive genetic (A), common environment (C), and unique environment (E)

components. Additive genetic factors reflect the cumulative effect of individual

genes that combine in an additive fashion. The common environment reflects

shared environmental influences that are the same for both twins, such as ma-

ternal/paternal age at birth or the socioeconomic status of the family. Unique

environmental factors, on the other hand, reflect environmental influences that

are different between the twins within a pair, such as experiencing trauma or

cannabis use. It is important to note that the E component also includes the

measurement error. An alternative to the ACE model is the ADE model where

the C component is replaced with the variance that is due to dominant genetic

factors (D). The ADE model is used instead of the ACE model when there is

evidence of dominant genetic effects in a trait. A rule of thumb when choosing

the right model is observing the MZ and DZ correlations. Typically, when rDZ

is less than half of rMZ, an ADE model is preferred over the ACE model [224].

The classical twin designs rely on the assumption that the MZ twins share

100% of their segregating genes while the DZ twins share around 50%. Thus, the

correlation of A is assumed to be 1 for the MZ twins and 0.5 for the DZ twins.

Since the C component reflects common environmental influences, its correlation

is assumed to be 1 regardless of the zygosity. Lastly, the E component is unique

to each twin and is calculated as the total variance in the trait minus the MZ

correlation E = V p – rMZ (See Figure 1.7).
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Figure 1.7: Univariate Twin Design. Depicts the structural equational modeling

of classical twin designs, showing the additive genetics, common environment, and

unique environment components in a single trait. The squares reflect measured

traits, whereas the circles reflect latent variables.

Quantifying the variance attributed to additive genetics, common environment,

and unique environment allows us to calculate the narrow-sense heritability (h2)

of a trait. h2 is the proportion of the total phenotypic variance (Vp) that is

attributed to the genetic variance (VA) and is expressed as h2 =
VA

Vp

. The h2

ranges between 0 and 1 where 0 indicates no genetic influences in a trait and 1

indicates that the genetic influences explain all of the variation in the trait [225].

While univariate models can decompose the A, C, and E components in a

given trait, multivariate models can estimate the sources of covariation between

two different traits. One way to investigate the covariation is through cross-twin

cross-trait correlations for MZ and DZ twins. For example, if we have two traits,

X and Y, then the correlation between trait X in twin one and trait Y in twin 2

will give us the cross-twin cross-trait correlation. When the cross-twin cross-trait
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correlations are higher in MZ twins compared to DZ twins, this suggests common

genetic influences between the two traits. If the correlation coefficients are similar

between the MZ and DZ twins, this suggests common environmental influences

between the two traits [226] [227].

A more sophisticated way to examine covariance between traits is through

multivariate twin modeling. Bivariate twin modeling allows us to understand the

extent to which genetic and environmental factors that influence one trait also

influence another (See Figure 1.8). It uses the differences in correlations between

the MZ and DZ twins to estimate the genetic (rg), shared environmental (rc),

and unique environmental (re) correlations between two traits. These correla-

tions indicate the extent to which the same genetic, shared environmental, and

unique environmental factors influence both traits. Furthermore, by integrating

these correlations with the h2, shared environmental (c2), and unique environ-

mental (e2) components of each trait, we can measure the genetic (rph-a), shared

environmental (rph-c), and unique environmental (rph-e) contributions to the total

phenotypic correlation (rph) between two different traits [228].

Figure 1.8: Bivariate Cholesky Decomposition. Depicts the structural equational

modeling of two different traits. The squares reflect measured traits, whereas the

circles reflect latent variables.Reprinted, with permission, from ref. [228]
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Twin studies have greatly contributed to our understanding of the sources

of variation in complex human traits. A meta-analysis study has demonstrated

that around 49% of all human traits are under genetic influences, whereas the

rest are influenced by the environment [229]. Moreover, they have informed our

understanding of the genetic and environmental influences in complex psychotic

disorders such as schizophrenia. Over the years, twin studies have consistently

reported heritability estimates of around 80-90% for psychotic disorders [230]

[231] and around 81% for schizophrenia [198]. In addition, the concordance rate

for schizophrenia was reported to be around 33% for MZ twins and 7% for DZ

twins [232]. Furthermore, via twin designs, researchers demonstrated that PLEs

were also heritable to some extent. One study reported heritability estimates of

42-53% for participants aged between 11-13 years and 38-47% for participants

aged between 14-16 years for schizotypal traits [233]. Another study showed that

during adolescence, PLEs showed heritability estimates of around 15-59%, with

the highest heritability estimates for paranoia and the lowest for hallucinations

[234]. Multivariate twin studies have also reported covariance between PLEs and

psychotic disorders [235]. However, it should be noted that heritability is not a

fixed construct and is known to change with increasing age or exposure to the

environment [236] [237].

Taken together, the heritability studies of PLEs contribute to the view of the

psychosis continuum, with PLEs showing significant but less heritability and more

unique environmental effects compared to estimates for psychotic disorders.

1.6 The Current Study

Adolescence reflects a window of vulnerability for psychotic disorders [92]. The

current state of the literature suggests that environmental and genetic risk factors

influence the cognitive circuitry of the brain even before manifest illness and indi-

cate a risk mechanism for psychotic disorders [17] [238]. Moreover, psychotic-like

experiences are relatively common during adolescence, with distress associated
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with these experiences playing an essential role in determining their clinical sig-

nificance [26] [27]. Despite their prevalence, the neural mechanisms behind these

experiences remain underexplored, particularly in young individuals, including

some who find them distressing but are not currently seeking help. In addition,

there is a paucity of these studies in non-western non-European populations.

The first study in this thesis aimed to investigate the relationship between

PLEs and frontal connectivity during a working memory task in a healthy Turkish

adolescent and young adult twin sample between ages 14 and 23 (474 twins and

siblings). First, we used linear mixed models to examine the relationship between

PLEs for frequency and distress and the frontal connectivity indices. Then, for

the connectivity variables that showed significant associations with PLEs, we used

twin modeling to quantify the genetic and environmental contributions and assess

the nature of the covariance between these traits. Furthermore, to the best of our

knowledge, the genetic and environmental influences of distressing and frequent

PLEs and task-based connectivity measures have not been investigated before in

a Turkish adolescent sample. Therefore, we used twin modeling to quantify the

genetic and environmental contributions to PLEs and functional connectivity and

assess the covariance between the two traits.

Another recent and important risk factor for psychotic disorders is the COVID-

19 [175]. Studies have reported that individuals who had COVID-19 report more

PLEs and altered functional connectivity [189] [190] [192] [193]. However, how

COVID-19 affects brain mechanisms and PLEs during the critical time period

of adolescence is not well known. Previous studies have mainly focused on adult

samples. Therefore, in the second study, we investigated the changes in functional

connectivity between COVID-19 participants and healthy controls. Next, we

wanted to examine whether these changes were related to the level of positive

PLEs and inflammation markers.
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Chapter 2

Study 1

Psychotic-Like Experiences and
Working Memory Connectivity in
Adolescents and Young Adults:

A Study on Turkish Twins

34



2.1 Introduction

The continuum model of psychosis proposes that the phenotype ranges from

psychotic-like experiences that can be seen in the general population to full-

blown disorders such as schizophrenia [239]. Around 8% of individuals report

experiencing PLEs in their lifetimes, with a peak during adolescence [240]. How-

ever, many psychotic symptoms experienced during this time are transient in

nature [26]. One criterion used to distinguish clinically relevant PLEs from those

more innocuous is the level of distress associated with them [241]. For example,

individuals with distressing PLEs showed impairments in brain volume and struc-

ture regardless of the persistence of these experiences [34] and impaired cognitive

functioning, particularly when accompanied by higher levels of distress [35].

Indeed, low premorbid cognitive functioning is associated with and predates

the onset of a psychotic disorder [48] [242]. Working memory deficits and alter-

ations in prefrontal connections are repeatedly seen in psychosis patients, their

unaffected first-degree relatives, and clinically high-risk individuals [50] [78] [87].

Recent studies have also found poor working memory performance [59], abnormal

activation patterns in frontal regions [85], and impaired connectivity in functional

networks during resting state [243] [244] in individuals with PLEs. In a small

group, researchers showed that individuals with high delusional ideations had re-

duced effective connectivity in frontoparietal regions during a working memory

task [88]. Although working memory-related connectivity impairments in psy-

chosis and high-risk individuals are well established, whether the same impair-

ments are also found in young and currently non-help-seeking populations with

PLEs remains less understood. Furthermore, it remains unclear whether these

connectivity impairments are associated with the level of distress accompanying

PLEs.

Psychosis is a highly heritable disorder, with heritability estimates reaching

around 80% [212]. Genome-wide association studies have shown that PLEs share

genetic liability for psychotic and other mental health disorders [245]. Twin

studies of adolescents also show moderate heritability estimates and significant
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nonshared environmental influences for PLEs [234] [246]. For instance, one study

reported heritability estimates of 42-53% for participants aged between 11-13

years and 38-47% for participants aged between 14-16 years for schizotypal traits

[233]. These studies highlight the interplay between genetic and environmental

factors in the etiology of PLEs.

Studies investigating heritability estimates of task-related connectivity mea-

sures are very limited. In a recent study, researchers reported heritability esti-

mates of around 30% for working memory task-related functions using multivari-

ate methods [247]. However, this study focused on Australian adult twins exam-

ining different emotional and cognitive tasks and investigated working memory

measures in isolation. Moreover, the authors focused on the maintenance com-

ponent of working memory. Previous research indicates that individuals with

psychosis and their first-degree relatives often exhibit difficulties with tasks that

necessitate the updating and manipulation of contextual information in work-

ing memory [248]. These individuals also tend to show abnormal connectivity

patterns during such tasks, particularly within frontal brain regions [87]. Given

that the overarching aim of the current study was to investigate the relationship

between PLEs and working-memory related connectivity for the purposes of this

paper, we focused on the manipulation of working memory.

Recently, there has been a pressing need in the field of psychosis research to

include more diverse ethnic and racial groups, as most studies have been mainly

conducted in Western populations [249]. For example, previous research has re-

ported that around 15-30% of the frequency of psychotic symptoms was due to

cultural differences [250]. Given that the phenotypic variance in a trait is par-

titioned into genetic and environmental components, with the latter including

the culture of the population, it is of utmost importance to study non-European

populations in twin research [251] [252]. Our study addresses this gap by exam-

ining the heritability estimates of PLEs and frontal connectivity measures in an

adolescent Turkish sample.

Investigating the covariance between genetic and environmental influences on

PLEs and frontal functional connectivity (FC) during adolescence is particularly
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important, as this developmental stage represents a critical period for the emer-

gence of psychotic disorders. However, to the best of our knowledge, no study

has yet explored the shared genetic and environmental influences between PLEs

and task-related frontal functional connectivity during adolescence. To this aim,

twin studies offer a unique opportunity to decompose the variance of phenotypes

like PLEs and functional connectivity into genetic and environmental factors and,

crucially, to decompose the covariance between two different traits to observe the

extent to which genetic and environmental factors that influence one trait also

influence another [226].

The current study aimed to first investigate the relationship between PLEs

and frontal functional connectivity during a working memory task in a healthy,

currently non-help-seeking adolescent and young adult twin sample separately

for the distress and frequency of PLEs. For this aim, we used linear mixed mod-

els that examined the relationship between working-memory related connectivity

and the PLEs, focusing separately on the PLE frequency and distress. We then

went further and quantified the genetic, common, and unique environmental in-

fluences contributing to the variance in PLEs and the brain connectivity measures

identified in the earlier step through the linear mixed models. Additionally, for

the first time, we assessed the degree of genetic and environmental covariance

between these traits. For this step, we use twin modeling to disentangle and

quantify the shared genetic, common environmental, and unique environmental

influences contributing to the covariation between PLEs and working memory

connectivity measures. We hypothesized that the alterations in frontal connec-

tivity during a working memory task would be associated with higher frequency

and distress of PLEs. Moreover, we hypothesized that the variations in PLEs

and connectivity measures would be explained by both environmental and ge-

netic factors and that there would be some covariation between PLEs and frontal

connectivity measures.
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2.2 Methods

2.2.1 Participants

The sample consisted of 474 healthy twins (214 pairs) and siblings (23 pairs).

The siblings had an age difference of no more than two years. All participants

were between 14 and 23 years old. Zygosity and demographic characteristics of

participants are presented in Table 2.1. The zygosity of the participants was

primarily determined through DNA analysis. For 40 twin pairs where genetic

zygosity analysis was not completed, zygosity was assessed based on the Zygos-

ity Questionnaire [253]. Exclusion criteria were an IQ below 70, a history of

head trauma, a diagnosis of neurological or psychiatric disorders, serious visual

impairment, and non-native Turkish speakers. All participants provided written

informed consent before participating in the study. For participants under the age

of 18, written consent was obtained from their parents or legal guardians. The

Ethics Committees of Ankara University Medical Faculty and İhsan Doğramacı

Bilkent University approved the study. The study adhered to the principles out-

lined in the Helsinki Declaration.

2.2.2 Assessments

2.2.2.1 Community assessment of psychic experiences-42 (CAPE-42)

The Community Assessment of Psychic Experiences is a self-report tool designed

to evaluate the lifelong prevalence of psychotic-like experiences and tendencies

in the general population [37]. The CAPE-42 has demonstrated good reliability

and stability [254]. Additionally, it has been found to be particularly reliable for

younger populations [33]. We calculated the total frequency score (ranges from

42 to 168) and the weighted distress scores following the methodology outlined by

[255]. This method combines each score’s frequency and distress into a composite

score. The weighted score was calculated by multiplying frequency and distress
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associated with PLEs divided by the number of questions answered. All subse-

quent analyses entered total CAPE-42 frequency and weighted CAPE-42 distress

scores as continuous variables.

2.2.2.2 The Wechsler Abbreviated Scale of Intelligence

Block-Design and Matrix Reasoning subscales of the revised Wechsler Abbrevi-

ated Intelligence Scale, Second Edition (WASI-II), were used to estimate intelli-

gence using standard procedures. Based on the ages of the participants, the raw

scores from the Block Design and Matrix Reasoning were calculated and con-

verted into individual T-scores. A composite score was created by the sum of the

two T (Perceptual Reasoning) values as a proxy of IQ using standard procedures

[256].

2.2.3 Neuroimaging Data Acquisition and Processing

2.2.3.1 fMRI acquisition

MRI data were acquired using a 3 Tesla MRI scanner (Magnetom Trio, Siemens

AG, Erlangen, Germany) equipped with a 32-channel head coil at the Na-

tional Magnetic Resonance Research Center, Bilkent University, Türkiye. High-

resolution T1-weighted anatomical images were collected with the following pa-

rameters: echo time (TE) = 3.02 ms, repetition time (TR) = 2600 ms, inversion

time (TI) = 900 ms, flip angle = 8°, slice thickness = 1.0 mm across 176 slices,

matrix size = 256 x 256, yielding a voxel size of 1 x 1 x 1 mm³. Functional MRI

data were acquired using blood oxygenation level-dependent (BOLD) contrast

with T2*-weighted Echo-Planar Imaging (EPI). The EPI parameters were: TR

= 2000 ms, TE = 30 ms, 24 slices with a slice thickness of 5 mm, tilt angle =

90°, voxel size = 3.7 x 3.7 x 5.0 mm³, and a field of view (FOV) = 64 x 64 mm.
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2.2.3.2 fMRI Working Memory Task

During the functional imaging session, participants underwent a well-established

working memory task described here [204] and here [87]. Briefly, the event-related

paradigm employed in this study was established to evaluate working memory

and cognitive control processes. The task began with an encoding phase where

participants were shown two integers for 500 ms. Following this, participants

experienced a jittered interval of 3-6 seconds with a fixation point, during which

the information had to be retained in working memory. In the manipulation task,

participants were required to subtract either 2 or 3 from one of the remembered

numbers before making a judgment on which number was smaller or larger. In

the motor task, participants were presented with left- or right-pointing arrows

and were asked to press the corresponding button to indicate the direction of the

arrow. Each response phase lasted three seconds. For the purposes of this paper,

we focused on the manipulation task (ECJ) (See Figure 2.1).

Figure 2.1: The Manipulation and Motor task in the working memory paradigm

adapted from [204]
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2.2.3.3 Task-based fMRI Preprocessing

The anatomical and functional MRI data were preprocessed and analyzed using

the Conn Toolbox [257] implemented in MATLAB R2022b [258]. The default

preprocessing steps for the functional data included slice timing correction, re-

alignment, coregistration to the structural images, normalization to the Montreal

Neurological Institute (MNI) template, and smoothing (full width at half maxi-

mum: FWHM: 8 mm). To reduce the noise, a component-based noise correction

(CompCor) method was applied, followed by band-pass filtering.

2.2.3.4 Task-based fMRI Data Analysis

First, onset times for the working memory tasks were extracted, and events were

modeled. Movement parameters from the preprocessing step were added as re-

gressors of no interest. To isolate the cognitive processes of working memory from

motor and visual components of the task, such as button pressing, the contrast

was defined as manipulation > motor task (ECJ>M).

Next, a Seed Based Connectivity (SBC) analysis was conducted using the Conn

Toolbox, modeling the bivariate regression coefficients of the general linear model

(GLM) for each seed region and every other voxel in the brain. In the second

level analysis, we conducted SBC analyses using a GLM to determine how activ-

ity in a specific seed region correlated with activity across the entire brain during

the ECJ>M contrast. Statistical tests were performed to identify significant con-

nectivity patterns associated with the target contrast across the entire sample.

Bivariate correlation coefficients between the BOLD time series of the seed re-

gions and each voxel of the brain were generated and Fisher-transformed. The

prefrontal regions were chosen from the predefined ROIs in the CONN Toolbox,

derived from the Harvard-Oxford Cortical and Subcortical Structural Atlases.

Specifically, prefrontal regions were chosen as seed regions due to their known

involvement in working memory processes during adolescence [259]. The voxel-

wise significance threshold was set at p < 0.001, with a False Discovery Rate
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(FDR) correction applied at the cluster level (p < 0.05) to account for multiple

comparisons.

2.2.4 Statistical Analysis

2.2.4.1 Associations between psychotic-like experiences and brain

connectivity

Associations among PLEs and frontal connectivity measures were calculated us-

ing bivariate correlations and linear mixed-effects (LMM) models using R version

4.4.1 [260]. LMMs were fitted using the lmer() function from the lme4 package

[261] and model diagnostic plots were obtained via the checkmodel() function

from the performance package [262]. In the LMMs, family ID was included as a

random intercept to account for within-family correlations for twins. The Like-

lihood Ratio Test (LRT) was applied to determine the necessity of including a

random intercept in the model. This was performed using the anova() function

in R.

2.2.4.2 Univariate and Bivariate ACE models

All twin models and correlations were performed in R version 4.4.1 [260] with

the OpenMx package version 2.20.6 [263] [264]. Twin analyses were completed

for the variables that showed significant associations in the LMMs established

in the previous step. Before twin analyses, the effects of age, sex, and IQ were

regressed from all the variables, and the resulting residuals were standardized. We

conducted classical twin modeling using the ACE model framework to analyze

the CAPE-42 and fMRI connectivity indices identified by the two LMMs.

The ACE model decomposes the total variance in a phenotype into three

components: additive genetic factors (A), shared environmental factors (C), and

unique environmental factors or measurement error (E) [265]. In twin studies,
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the shared environmental factors (C) refer to environmental influences that affect

both members of a twin pair similarly, regardless of their zygosity. Examples

include family upbringing and socioeconomic status. In contrast, the unique en-

vironmental factors (E) encompass influences that differ between members of a

twin pair, such as individual life experiences. The E component also includes

residual variance, which accounts for measurement error [226]. The classical twin

design is based on the assumption that monozygotic (MZ) twins share 100% of

their genes, while dizygotic (DZ) twins or siblings share, on average, 50% of their

segregating genes. Consequently, the correlation of the A component is expected

to be 1 for MZ twins and 0.5 for DZ twins. The C component is assumed to be

equal for both MZ and DZ twins. The E component is unique to each twin and

is calculated as the total variance minus the MZ correlation [226].

Model fit was evaluated using goodness-of-fit indices, including the chi-square

test. The full-information maximum likelihood method was used to generate the

expected covariance matrix and estimate the free parameters. The model fit was

assessed by the χ2 goodness-of-fit, where more parsimonious models did not lead

to a decline in model fit, the best fitting model was selected based on the lowest

Akaike Information Criterion (AIC) [266]. The narrow-sense heritability (h2) was

calculated using the variance components estimated by the ACE model. Narrow-

sense heritability refers to the proportion of the total phenotypic variance in a

trait that can be attributed to additive genetic factors.

While the univariate ACE model decomposes the variance of a trait into genetic

and environmental factors, this model can be extended into a bivariate model to

decompose the covariance between two different traits. To decompose the shared

environmental and genetic influences between two traits, first, we calculated cross-

twin/sibling cross-trait correlations. The cross-twin/sibling cross-trait measures

the correlation between different traits across twin/sibling pairs for MZ and DZ

twins. If a trait is under genetic influence, we would expect the MZ correla-

tion to be twice the size of the DZ correlation. If the correlation coefficients

are similar, we would assume the influence of common environmental factors. If

the correlation coefficients are not significant, unique environmental factors likely

play a role in the trait’s variance. Further, to examine the covariance between
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PLE distress and frequency and the connectivity measures that were significantly

associated with them we established bivariate twin models. Bivariate twin mod-

eling allows us to understand the extent to which genetic and environmental

factors that influence one trait also influence another. It uses the differences in

correlations between the MZ and DZ twins to estimate the genetic (rg), shared en-

vironmental (rc), and unique environmental (re) correlations between two traits.

Furthermore, by integrating these correlations with the h2, shared environmental

(c2), and unique environmental (e2) components of each trait, we can measure

the genetic (rph-a), shared environmental (rph-c), and unique environmental (rph-e)

contributions to the total phenotypic correlation (rph) between two different traits

[228].

2.3 Results

2.3.1 Sample Characteristics

Sample characteristics and descriptive statistics for quantitative variables are

presented in Table 2.1. In the fMRI analysis, seven individuals were excluded

due to head movement exceeding 2.5 mm during MRI scanning. Additionally,

forty-five individuals were excluded for reasons such as claustrophobia, inability

to complete the MRI scan, and the presence of non-removable metal objects in

their bodies. This resulted in a final sample size of four hundred twenty-two

participants for fMRI analysis, comprising twelve sibling pairs (n=24) and one

hundred ninety-nine twin pairs (n=398).
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Table 2.1: Demographic and clinical characteristics of participants

Participants (N=474)

Age, mean (SD) 19.64 (2.65)

Sex

Females, n (%) 299 (63.00)

Males, n (%) 175 (37.00)

Zygosity

Monozygotic, n (%) 160 (33.75)

Dizygotic, n (%) 268 (56.54)

Sibling, n (%) 46 (9.71)

IQ, mean (SD) 101.83 (13.21)

Education (years), mean (SD) 13.69 (2.40)

CAPE-42 Frequency, mean (SD) 74.3 (16.05)

CAPE-42 Distress, mean (SD) 3.3 (1.71)

2.3.2 Seed-Based Connectivity Analysis

Significant seed-to-voxel connections during the manipulation contrast were found

for the right middle frontal gyrus (MFG R), bilateral inferior frontal gyrus trian-

gular (IFG tri), and bilateral inferior frontal gyrus pars opercularis (IFG Oper).

The complete list of significant connections and their clusters are presented in

Table 2.2.
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Table 2.2: SBC seed-to-voxel brain connectivity for manipulation>motor con-

trast.

Seed Region Cluster (x, y,

z)

Cluster

no

Size Size p-

FDR

Size p-

unc

Peak p-

unc

MFG R -34, -44, 32 - 267 0.019 0.0011 <0.0001

IFG tri R -14, 38, 10 - 469 0.001 <0.0001 <0.0001

IFG tri L -52, -54, -18 Cluster 1 2196 <0.0001 <0.0001 <0.0001

30, -66, -18 Cluster 2 1681 <0.0001 <0.0001 <0.0001

02, 44, 12 Cluster 3 697 <0.0001 <0.0001 <0.0001

-60, -38, 32 Cluster 4 299 0.005 0.0008 <0.0001

IFG Oper R 44, 14, 22 - 396 0.0007 <0.0001 <0.0001

IFG Oper L -62, -44, -10 Cluster 1 1345 <0.0001 <0.0001 <0.0001

-04, 30, 10 Cluster 2 728 <0.0001 <0.0001 <0.0001

32, -62, -22 Cluster 3 613 <0.0001 <0.0001 <0.0001

-64, -38, 26 Cluster 4 252 0.006 0.0009 <0.0001

Note: Cluster coordinates are reported in MNI space.

Abbreviations: a:anterior; ACG: Anterior Cingulate Gyrus; IFG oper: Inferior Frontal

Gyrus pars Opercularis; IFG tri : Inferior Frontal Gyrus pars triangularis; TOFusC:

Temporal Occipital Fusiform Cortex; toITG: Inferior Temporal Gyrus,

temporooccipital part; L: Left; MFG:Middle Frontal Gyrus; R:Right; OFusGr:

Occipital Fusiform Gyrus; SMG: Supramarginal Gyrus; SPL: Superior Parietal Lobule
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2.3.3 Associations between psychosis-proneness and brain

connectivity

Two comprehensive LMMs were developed to explain variability in CAPE-42

frequency and distress separately. The full models were constructed where con-

nectivity indices, age, years in education, IQ, and gender were considered as

fixed effects, and family ID representing twin pairs was added as a random

intercept term to control the variability within twins. For the frequency of

PLEs when comparing the model with and without random effects, the in-

clusion of the random intercept for family ID significantly improved model fit

(χ2
1 = 22.57, p-value < 0.001). This result confirms the importance of accounting

for the clustering of twins within families. The results of the CAPE-42 frequency

model indicate that the hypoconnectivity between left inferior frontal gyrus op-

ercularis and anterior supramarginal gyrus (aSMG) exhibited a negative associ-

ation (Estimate = −2.71, p-value = 0.03). The marginal R2 of 0.029 indicates

that 2.9% of the variability in CAPE-42 frequency is explained by the fixed ef-

fects, while the conditional R2 of 0.353 suggests that the full model, including

both fixed and random effects, explains 35.3% of the total variability in CAPE-

42 frequency. A detailed summary of the final model, including all statistically

significant variables, is provided in Table 2.3.
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Table 2.3: Linear mixed model results for frequency of PLEs.

Predictors Estimates Std. Error 95% CI p-value

(Intercept) 67.70 7.80 52.37 – 83.03 <0.001

IFG Oper L Cluster4 -2.71 1.28 -5.22 – -0.20 0.034

Wechsler IQ class [Borderline] -3.31 4.11 -11.39 – 4.77 0.421

Wechsler IQ class [Low Average] -2.16 2.33 -6.74 – 2.42 0.355

Wechsler IQ class [High Average] 3.65 2.15 -0.58 – 7.88 0.090

Wechsler IQ class [Superior] 4.39 3.05 -1.61 – 10.39 0.151

Wechsler IQ class [Very Superior] -1.11 5.29 -11.50 – 9.28 0.833

gender [Male] -2.65 1.70 -5.99 – 0.69 0.120

age 0.61 0.77 -0.90 – 2.11 0.427

ed yrs -0.39 0.80 -1.96 – 1.19 0.629

Random Effects

σ2 174.33

τ00 famid 87.25

ICC 0.33

N famid 218

Observations 415

Marginal R2 / Conditional R2 0.029 / 0.353

For the model explaining the variability in CAPE-42 distress, the inclu-

sion of the random intercept for family significantly improved model fit (χ2
1 =

16.89, p-value < 0.001). The model, constructed with brain connectivity mea-

sures, age, years in education, IQ, and gender, showed significant associa-

tions with CAPE-42 Distress. Notably, the hypoconnectivity between the left

inferior frontal gyrus triangularis and the left inferior temporal gyrus (ITG)

(Estimate = −0.41, p-value = 0.048) and the hypoconnectivity between left in-

ferior frontal gyrus opercularis and anterior supramarginal gyrus (Estimate =

−0.28, p-value = 0.025) was negatively associated with CAPE-42 distress, while

the hypoconnectivity between the left inferior frontal gyrus opercularis and left

temporal occipital fusiform cortex (TOFusC) (Estimate = 0.36, p-value = 0.035)

showed positive associations. The marginal R2 value of 0.052 suggests that 5.2%
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of the variability in distress is explained by the fixed effects, while the conditional

R2 of 0.325 shows that the complete model, accounting for both fixed and ran-

dom effects, explains 32.5% of the overall variability in distress. The summary of

the final model results, including statistically significant variables, is provided in

Table 2.4.

Table 2.4: Linear mixed model results for distress of PLEs.

Predictors Estimates Std. Error 95% CI p-value

(Intercept) 1.95 0.78 0.41 – 3.49 0.013

IFG tri l cluster1 -0.41 0.21 -0.82 – -0.00 0.048

IFG Oper L Cluster1 0.36 0.17 0.03 – 0.70 0.035

IFG Oper L Cluster4 -0.31 0.14 -0.59 – -0.04 0.025

Wechsler IQ class [Borderline] -0.28 0.44 -1.14 – 0.59 0.533

Wechsler IQ class [Low Average] -0.32 0.25 -0.81 – 0.17 0.201

Wechsler IQ class [High Average] 0.46 0.23 0.00 – 0.91 0.049

Wechsler IQ class [Superior] 0.30 0.33 -0.34 – 0.94 0.356

Wechsler IQ class [Very Superior] -0.05 0.56 -1.16 – 1.06 0.933

gender [Male] -0.36 0.18 -0.72 – -0.00 0.047

age 0.07 0.04 -0.01 – 0.15 0.068

Random Effects

σ2 2.10

τ00 (famid) 0.85

ICC 0.29

N (famid) 218

Observations 415

Marginal R2 / Conditional R2 0.052 / 0.325
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2.3.4 Twin Analysis

The cross-twin/sibling within-trait correlations and the results of the univariate

twin models, including the heritability and environmental estimates for PLEs and

connectivity measures, are presented in Table 2.5. The univariate twin models

were established with the best-fitting model (See Tables A.1–A.5 for details). The

correlations showed higher values for MZ twins compared to the DZ twins/siblings

for the distress associated with PLEs, indicating genetic influences. In contrast,

the frequency of PLEs showed similar correlations for MZ and DZ twins, sug-

gesting the role of environmental influences. Notably, the frequency of the PLEs

did not show significant heritability estimates, whereas the distress associated

with the PLEs h2 = 0.54 [0.40−0.67]; e2 = 0.45 [0.33−0.60] showed moderate

heritability estimates. The functional connectivity measures related to working

memory mechanisms were under significant influences of unique environmental

factors.

Table 2.5: Cross-Twin/Sibling Within-Trait Correlations and Univariate Twin

Models

Measures MZ DZ Best-fitting Model h2 (95% CI) c2 (95% CI) e2 (95% CI)

CAPE-42 Frequency
0.38

(0.18, 0.56)

0.40

(0.25, 0.52)
CE -

0.38

(0.27, 0.49)

0.61

(0.51, 0.73)

CAPE-42 Distress
0.51

(0.32, 0.66)

0.32

(0.17, 0.46)
AE

0.54

(0.40, 0.67)
-

0.45

(0.33, 0.60)

IFG tri L Cluster #1
0.05

(-0.18, 0.28)

-0.01

(-0.19, 0.16)
E - -

1

(1, 1)

IFG Oper L Cluster #1
-0.21

(-0.42, 0.02)

-0.11

(-0.28, 0.07)
E - -

1

(1, 1)

IFG Oper L Cluster #4
0

(-0.23, 0.23)

-0.1

(-0.27, 0.08)
E - -

1

(1, 1)

To assess the covariance between the connectivity measures and PLEs, within-

twin/sibling cross-trait and cross-twin/sibling cross-trait correlations were calcu-

lated. While none of the connectivity measures showed significant correlations

with distress or the frequency of CAPE-42 (See Table 2.6), we proceeded to cal-

culate the frequency and distress of PLEs in relation to the connectivity measures

using bivariate models. This approach also revealed no phenotypic correlations
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between the connectivity measures and the PLEs (See Table 2.7).

Table 2.6: Twin correlations between PLEs and brain connectivity measures

Within-Twin Cross-Trait Correlations Cross-Twin Cross-Trait Correlations

MZ DZ

CAPE-42 Frequency

IFG tri L Cluster #1
-0.17

(-0.39, 0.07)

-0.20

(-0.41, 0.03)

0.14

(-0.03, 0.30)

IFG Oper L Cluster #1
-0.09

(-0.32, 0.15)

-0.14

(-0.35, 0.09)

0.13

(-0.03, 0.29)

IFG Oper L Cluster #4
-0.02

(-0.27, 0.23)

0.14

(-0.09, 0.36)

-0.17

(-0.32, 0.00)

CAPE-42 Distress

IFG tri L Cluster #1
-0.07

(-0.30, 0.16)

-0.16

(-0.37, 0.07)

0.17

(0.01, 0.33)

IFG Oper L Cluster #1
0.04

(-0.20, 0.26)

-0.10

(-0.32, 0.12)

0.12

(-0.04, 0.28)

IFG Oper L Cluster #4
-0.04

(-0.26, 0.19)

0.13

(-0.10, 0.35)

-0.17

(-0.32, -0.00)

Table 2.7: Bivariate Twin Models

rph-a rph-c rph-e rph rg rc re

CAPE-42 Frequency

IFG tri L Cluster #1
-0.03

(-0.17/0.15)

0.03

(-0.12/0.14)

-0.03

(-0.16/0.08)

-0.03

(-0.13/0.06)

-1

(-1/1)

1

(-1/1)

-0.04

(-0.21/0.11)

IFG Oper L Cluster #1
-0.02

(-0.15/0.1)

-0.01

(-0.12/0.1)

0.09

(-0.02/0.2)

0.06

(-0.04/0.15)

-1

(-1/1)

-1

(-1/1)

0.12

(-0.02/0.26)

IFG Oper L Cluster #4
0.01

(-0.13/0.12)

-0.04

(-0.14/0.06)

-0.06

(-0.17/0.05)

-0.09

(-0.19/0)

1

(-1/1)

-1

(-1/1)

-0.07

(-0.22/0.07)

CAPE-42 Distress

IFG tri L Cluster #1
-0.1

(-0.23/0.11)

0.05

(-0.09/0.13)

0.01

(-0.12/0.12)

-0.05

(-0.14/0.05)

1

(-1/1)

1

(-1/1)

0.01

(-0.17/0.19)

IFG Oper L Cluster #1
-0.06

(-0.19/0.09)

0.01

(-0.08/0.1)

0.09

(-0.02/0.2)

0.05

(-0.05/0.14)

-1

(-1/1)

-1

(-1/1)

0.14

(-0.03/0.3)

IFG Oper L Cluster #4
-0.06

(-0.21/0.1)

-0.01

(-0.12/0.07)

-0.02

(-0.15/0.09)

-0.1

(-0.19/0)

-1

(-1/1)

-1

(-1/1)

-0.04

(-0.21/0.14)

51



2.4 Discussion

The current study investigated the association between PLEs and working

memory-related functional connectivity measures in an adolescent and young

adult twin sample. There is limited understanding of how the distress caused

by PLEs affects working-memory related connectivity in young people. In addi-

tion, the degree to which this relationship may be influenced by environmental

and genetic factors is underexplored. Building on these gaps in the literature,

the current study investigated the relationship between working-memory related

connectivity and the frequency and distress of PLEs. We found that a higher fre-

quency of PLEs was associated with increased connectivity between the frontal

and parietal lobes, specifically the left inferior frontal gyrus opercularis and an-

terior supramarginal gyrus. Similarly, this pattern of increased connectivity was

also observed in individuals reporting more distressing PLEs, suggesting a shared

neural mechanism underlying both the frequency and distress of PLEs. In ad-

dition, increased connectivity between regions associated with executive control,

and cognitive and emotional processing in the frontal and temporal lobes, such as

the left inferior frontal gyrus triangularis and left temporo-occipital inferior tem-

poral gyrus, and decreased connectivity between the left inferior frontal gyrus

opercularis and the temporo-occipital fusiform cortex, was specifically linked to

higher distress associated with PLEs. These findings may suggest that distress

associated with PLEs may engage broader functional circuits compared to fre-

quency.

Our findings align with the well-established role of the inferior frontal gyrus,

which is heavily involved in higher-order cognitive functions such as language

processing, executive control, and working memory [251] [252]. Numerous stud-

ies have consistently demonstrated the involvement of inferior frontal gyrus in

psychosis. Structural [267] [268] and functional [78] [269] abnormalities in the in-

ferior frontal gyrus have been reported in psychosis patients and their first-degree

relatives. Additionally, several studies have shown that inferior frontal gyrus is

associated with the genetic risk for psychosis [61] [270]. In a recent study, re-

searchers found both hyper- and hypoconnectivity patterns in the inferior frontal
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gyrus in patients with bipolar disorder, reflecting trait-like impairments [271].

Furthermore, Nielsen et al. [272] found decreased effective connectivity from the

left parietal lobe to left inferior frontal gyrus in first-episode schizophrenia pa-

tients during an n-back working memory task. Similar results have also been

observed in healthy populations with PLEs. For example, Evermann et al. [273]

found that individuals with higher distress associated with PLEs had reduced

gyrification in the inferior frontal gyrus. These findings together support our re-

sults by highlighting the impairments in working memory-related connections of

the frontal regions, such as the inferior frontal gyrus within the psychosis spec-

trum. However, most studies focused on adult populations, whereas our study

investigates adolescents and young adults. The inferior frontal gyrus, as part of

the frontal lobe, undergoes functional changes during adolescence, which might

influence the connectivity patterns in this age group. Moreover, previous stud-

ies have shown that working memory manipulation tasks place greater cognitive

demands on the participants, with psychosis patients and clinically high-risk in-

dividuals performing worse on these tasks and exhibiting altered connectivity

patterns [87]. Therefore, the current findings of increased connectivity from the

inferior frontal gyrus to parietal, visual, and limbic regions in individuals with

more frequent and distressing PLEs may suggest the role of compensatory mech-

anisms and connectivity patterns unique to adolescence.

PLEs are believed to share similar environmental and genetic risk factors with

psychosis [235]. Therefore, the current study also decomposed the variance in

PLEs and connectivity measures into additive genetics and shared and unique

environmental factors. We found moderate heritability estimates (h2 = 0.43)

for the distress associated with psychotic-like experiences, similar to what was

reported by Ronald [274]. However, we extend these findings to a non-Western

population. In contrast, the frequency of PLEs was primarily influenced by envi-

ronmental factors. These findings emphasize the substantial role of genetic factors

in shaping distress associated with PLEs and the importance of investigating dis-

tress separately from frequency, as they may have distinct underlying influences.

In an adolescent twin sample, researchers [236] found that environmental fac-

tors may play a greater role than genetic factors in the development of psychotic
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experiences. Their findings suggest that during adolescence, the heritability of

psychotic symptoms varies depending on the level of environmental exposures,

indicating important gene-environment interactions (GxE). Our results support

such findings. Similarly, a recent study conducted on youth and adults reported

that the variation in schizotypal experiences was due to unique environmental

effects [275]. Further, recent findings from the Adolescent Brain Cognitive Devel-

opment Study (ABCD) demonstrate that only the distressing PLEs and not the

frequency of PLEs were associated with the genetic risk for psychosis [218]. Our

findings suggest that while distress associated with PLEs may be more influenced

by genetic factors, perhaps more closely related to the risk for psychosis, the fre-

quency of PLEs during adolescence may represent an early part of the continuum

and may not share the same genetic influences with psychosis.

On the other hand, several studies on adolescents have reported moderate

heritability estimates for the frequency of PLEs [233] [234] [246]. As this is

the first study done in an adolescent Turkish sample, the differences between

our results and the literature may reflect ethnic and cultural differences. For

instance, certain PLEs may be more culturally accepted in some societies as

compared to others, influencing how they are perceived and reported. The CAPE-

42 questionnaire, which captures a broad spectrum of psychotic-like symptoms,

may reflect a wider range of experiences that are not necessarily associated with

distress.

We also found that the working memory-related connectivity measures in the

frontal regions were under unique environmental influences. Few studies have

investigated task-related working memory connectivity, especially in youth, but

our results differ from the limited earlier findings that showed low to moderate

heritability estimates in adults [247]. However, given that heritability estimates

vary with age, more studies are needed to study the genetic and environmental

influences in adolescent samples [276]. On the other hand, in a recent study on

adolescents, researchers have found resting-state functional connectivity measures

to be under unique environmental influences similar to our findings [277]. Our

findings may also reflect the heightened sensitivity of the executive functions to

the environment during adolescence. Indeed, it is known that during adolescence,
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brain networks are under the influence of environmental factors [278]. For exam-

ple, different environmental exposures during developmental trajectories, such as

exposure to stressors, may play a role in shaping the functional connectivity mea-

sures in individuals. However, studies directly investigating the mediating role of

the environment to the heritability of brain networks in adolescents are required

to make such inferences.

Finally, contrary to our hypothesis, we did not find covariance between the

PLEs and functional connectivity measures. This suggests that within our sam-

ple, the unique environmental factors that affect the functional connectivity mea-

sures are not shared with the factors affecting the PLEs. They may be influenced

by a distinct set of environmental factors. If the finding is confirmed, future

research can explore unique environmental factors that influence PLEs and func-

tional connectivity measures.

Overall, the current study’s findings emphasize the importance of unique en-

vironmental factors in shaping brain connectivity mechanisms and the frequency

and distress of PLEs during adolescence. This period is crucial as the brain

undergoes rapid developmental changes in both structure and function and is

highly receptive to external influences [92]. These results have implications for

developing prediction-based strategies aiming at reducing the risk of psychosis.

Importantly, as environment is the most easily accessible factor to change, it

provides opportunities for early intervention and prevention strategies aimed at

reducing the risk of distressing PLEs through targeted modifications. Moreover,

the findings make a distinction between the frequency of PLEs and the distress as-

sociated with them, suggesting that distressing PLEs may have a stronger genetic

influence than the frequency.

The limitations of the current study should be considered when interpreting

the findings. First, although using a Turkish sample allows us to study func-

tional connectivity measures and heritability estimates in a non-Western sample,

the generalizability of the findings is limited as heritability estimates may change

across different ethnicities and cultures. Second, PLEs were assessed using the

CAPE-42 questionnaire, which is a self-report questionnaire and, therefore, may
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be less accurate than clinician-rated interviews of PLEs. Additionally, it should

be noted that the unique environmental variance component also includes mea-

surement errors, and thus, the results should be interpreted carefully. This places

an upper limit on heritability estimates as the presence of measurement errors

may reduce the amount of variance that can be attributed to genetic factors [226].

Finally, this is a cross-sectional study, and future studies might benefit from in-

vestigating the heritability estimates of connectivity measures and PLEs along

the developmental trajectories.

2.5 Conclusion

In conclusion, the current provides novel insights into the relationship between

working memory-related functional connectivity, and PLEs, as well as the genetic

and environmental influences of these traits in an adolescent Turkish twin sample.

Our findings suggest that the frequency and distress associated with PLEs were

associated with the functional connectivity of the inferior frontal gyrus. Moreover,

the findings indicate that the distress related to PLEs has a significant genetic

influence, while the occurrence of PLEs is mostly determined by environmental

factors. This study has implications in terms of developing targeted interventions

that focus on modifying environmental stressors during early development and

adolescence to mitigate the risk of psychosis.
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Chapter 3

Study 2

The effect of SARS-CoV-2 virus
on resting-state functional

connectivity during adolescence:
Investigating brain correlates of
psychotic-like experiences and

SARS-CoV-2 related
inflammation response

This chapter is based on the publication by Kafali, H. Y., Dasgin, H., Sahin

Cevik, D., Sozan, S. S., Oguz, K. K., Mutlu, M., Parlakay, A. O., & Toulopoulou,

T. (2023). The effect of SARS-CoV-2 virus on resting-state functional connec-

tivity during adolescence: Investigating brain correlates of psychotic-like expe-

riences and SARS-CoV-2 related inflammation response. Psychiatry Research:

Neuroimaging, 336, 111746. https://doi.org/10.1016/j.pscychresns.2023.

111746 [279].
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3.1 Introduction

COVID-19 is an infectious disease accompanied by acute respiratory distress

[280]. There is emerging evidence that COVID-19 is associated with neurological

symptoms and cognitive impairment [281] [282]. In a meta-analysis study, re-

searchers reported associations between COVID-19 and impairments in executive

function, attention, and working memory [283]. In addition to cognitive impair-

ments, recent studies demonstrate that COVID-19 may increase the risk of PLEs

[189]. In a Turkish adolescent sample, researchers found that individuals who had

COVID-19 experienced more PLEs than those who were never diagnosed. Addi-

tionally, adolescents who had more severe COVID-19 symptoms experienced more

PLEs, and this relationship was mediated by depressive and anxiety symptoms

[284].

Moreover, studies have found that individuals who are diagnosed with COVID-

19 show alterations in brain structure and functional connectivity [192]. In a

longitudinal study, researchers examined UK Biobank participants, each with

two MRI scans. Those in the COVID-19 group were diagnosed with COVID-19

between scans, while healthy controls remained uninfected. They found that be-

tween the two scans, the COVID-19 group showed impairments in cognitive func-

tions and significant impairments in brain structures, such as reductions in brain

volume. Moreover, their findings remained significant even after removing the

patients with severe symptoms [285]. Therefore, the findings of the study demon-

strate that even in milder cases of COVID-19 infection, longitudinal changes are

seen in the brain and cognitive abilities. Taken together, these findings suggest

that COVID-19 might be a risk factor for psychosis risk, potentially altering

underlying functional connectivity mechanisms.

However, most of the studies have focused on adult populations, and thus, the

effects of COVID-19 on functional connectivity measures during adolescence are

not well-established. Adolescence represents a critical window of vulnerability to

psychopathology, making it crucial to investigate how infections such as COVID-

19 might influence functional connectivity measures during this time. In the
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current study, in an adolescent Turkish sample, we investigated the resting state

functional connectivity (rs-FC) differences in individuals who had COVID-19 and

healthy controls. Furthermore, we examined the effects of PLEs and inflammation

markers on rs-FC.

3.2 Methods

3.2.1 Participants

COVID-19 participants (n=35) were recruited from the Ankara City Hospital

Department of Child Infectious Diseases. The healthy control (HC) participants

(n=47) were recruited from a larger research project. For details, refer to Chapter

2, See Section 2.2.1 ’Participants’. Inclusion criteria required participants to be

between the ages of 14-24, have a positive reverse transcriptase polymerase chain

reaction test (RT-PCR), and have a recovery period of between two to four months

following COVID-19 infection. Exclusion criteria were an IQ below 70, a history

of head trauma, a diagnosis of neurological or psychiatric disorders, serious visual

impairment, and non-native Turkish speakers. All participants provided written

informed consent before participating in the study. For participants under the

age of 18, written consent was obtained from their parents or legal guardians.

The ethics committee of Bilkent University approved the study.

3.2.2 Assessments

For details of the assessments, refer to Chapter 2, Section 2.2.2.1 ‘Community

assessment of psychic experiences (CAPE-42)’ and Section 2.2.2.2 ‘The Wechsler

Abbreviated Scale of Intelligence’.
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3.2.2.1 Inflammation markers

The inflammation markers of neutrophil/lymphocyte ratio (NLR) (N = 14) and

thrombocyte∗neutrophil/lymphocyte ratio (T-NLR) (N = 14) during COVID-19

infection were assessed for the COVID-19 participants during their admission to

the hospital.

3.2.3 Neuroimaging Data Acquisition and Processing

3.2.3.1 rs-fMRI Data Acquisition and Preprocessing

For details of the scanner and the acquisition of anatomical images, refer to

Chapter 2, Section 2.2.3.1 ‘fMRI Acquisition’.

The rs-fMRI images were acquired with an echo-planar imaging (EPI) sequence

using these parameters: repetition time: 2000 ms; echo time: 35 ms; flip angle:

75°; matrix: 64 × 64; field of view: 192 mm; slice thickness: 3 mm; number of

slices: 28. A total of 150 images were collected with a voxel size of 3 × 3 × 3

mm3.

Standard preprocessing procedures were applied in Conn Toolbox [257], as

described in detail in Chapter 2, Section 2.2.3.3 ‘Task-based fMRI Preprocessing’.

3.2.3.2 rs-fMRI Data Analysis

A Seed-Based Connectivity analysis was applied to the rs-fMRI data, including

the predefined networks in Conn Toolbox. For details of SBC analysis, refer to

Chapter 2, Section 2.2.3.4.

In this analysis, the Default Mode Network, Salience Network, Visual Network

(VN), Central Executive Network (CEN), Language Network (LN), Dorsal At-

tention Network (DAN), and Sensorimotor Network (SMN) were chosen as seeds.
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SBC maps were generated as the Fisher-transformed bivariate correlation coeffi-

cients of the time series between the selected seed networks and each individual

voxel. Functional connectivity values were compared between the two groups,

COVID-19 and healthy controls, using a two-sample t-test. Next, to investigate

the effects of PLEs and the functional connectivity, the CAPE-42 positive subtest

scores were added as covariates to the analysis using a one-way ANCOVA. The

same method was used to investigate the effects of the inflammation markers in

the COVID-19 group. The voxel-wise significance threshold was set at p < 0.001,

with FDR correction applied at the cluster level (p < 0.05) to account for multiple

comparisons.

3.3 Results

3.3.1 Sample Characteristics

Sample characteristics are presented in Table 3.1

Table 3.1: Demographic and clinical characteristics of COVID-19 group and HC

(N=82)

Group t/U df p

COVID-19 (N=35) Healthy Controls (N=47)

Age, mean (SD) 17.00 (3.00) 17.40 (2.10) U=747.00 – 0.22

IQ, mean (SD) 98.80 (13.00) 98.60 (12.60) t = −0.06 76 0.40

Education (years), mean (SD) 11.50 (2.50) 11.80 (2.20) t = −0.60 75 0.27

CAPE-Positive 30.58 (6.58) 29.52 (6.21) t = 0.71 76 0.24

Sex χ2 df p

Female (%) 12 (34.30) 29 (61.7) 3.54 2 0.06

χ2: Chi-square, df: degree of freedom, t: t-test, SD: Standard deviation, U: Mann-Whitney U

test
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3.3.2 rs-fMRI results

Significant differences in rsfMRI functional connectivity were identified between

the COVID-19 and healthy controls. When the SMN was chosen as the seed

region, the COVID-19 participants exhibited reduced connectivity compared

to healthy controls (p − FDR = 0.019, T = −4.18) in a cluster including

the left precentral gyrus (−42, 00, 25; k = 128). Likewise, reduced connectiv-

ity for COVID-19 participants was found in the right precentral gyrus (PCG)

(12,−24, 66; k = 186) with the CEN (p − FDR = 0.003, T = −4.60). More-

over, with the LN, a cluster including the left SMG and left angular gyrus

(−54,−54, 50; k = 213) exhibited reduced connectivity for the COVID-19 group

(p − FDR < 0.001, T = −4.38). On the other hand, a cluster including the left

superior frontal gyrus and left middle frontal gyrus (−18,−04, 56; k = 197) and

the VN exhibited increased connectivity in the COVID-19 group when compared

to healthy controls (p− FDR = 0.003, T = 4.51).

Next, the effects of CAPE-positive symptoms and inflammation markers on

rs-fMRI functional connectivity were investigated. Again, significant differences

were observed between the groups when CAPE-positive scores were added as co-

variates. The COVID-19 group exhibited increased functional connectivity with

the CEN in a cluster including bilateral supramarginal gyrus and right supe-

rior frontal gyrus(10, 06, 56; k = 114) (p − FDR = 0.005, T = −4.48) as well as

with a cluster including the right caudate, right putamen and right accumbens

(18, 14,−04;K = 82) (p−FDR = 0.011, T = −4.86). Further, increased connec-

tivity in COVID-19 participants was also observed in the left postcentral gyrus

with the SN (−48,−24, 54; k = 99) (p− FDR = 0.021, T = −4.48).

The effects of the inflammation markers were only observed in the COVID-19

group. When the T-NLR was added to the analysis, the functional connectivity

within the DMN (24,−92, 32; k = 145) showed decreases (p−FDR = 0.002, T =

−7.51). Moreover, increases in functional connectivity (p − FDR = 0.002, T =

7.38) were observed within the SN in a cluster including the left frontal oper-

culum cortex (−38, 08, 08; k = 143) and decreased connectivity was observed

62



in a cluster including the left central operculum cortex (−66,−16, 00; k = 133)

(p − FDR = 0.02, T = −4.48) and the right precentral gyrus (54,−04, 36; k =

121) (p − FDR = 0.002, T = −5.89). Finally, increased connectivity was ob-

served within the CEN in a cluster, including the left PCG (−06,−30, 48; k =

202) (p − FDR < 0.001, T = 6.81), and in a cluster including the thalamus

(12,−16, 18; k = 66) (p−FDR = 0.037, T = 5.53). When NLR was added to the

analysis, increased connectivity within the DMN in a cluster, including the right

PCG (4,−22, 48; k = 151), was found (p− FDR = 0.001, T = 6.33).

3.4 Discussion

The current study investigated the effects of COVID-19 on resting-state functional

connectivity mechanisms in a Turkish adolescent sample. Moreover, we sought

to explore how PLEs and inflammatory markers affected the functional connec-

tivity measures during rest. Significant differences were observed for COVID-19

participants, and the healthy controls in several major networks, including the

SMN, VN, CEN, and LN, were observed.

Our findings of altered functional connectivity in the precentral gyrus for

COVID-19 participants are in line with previous studies. In an rs-fMRI study,

researchers followed up with patients a year after their discharge from the hos-

pital and found that the COVID-19 group had an increased amplitude of low-

frequency fluctuation (ALFF) in the precentral gyrus. Another study examining

SBC reported that COVID-19 participants who indicated having cognitive dif-

ficulties showed increased connectivity in the precentral gyrus [286]. Moreover,

we found increased connectivity with the VN and frontal regions. Other studies

have also reported alterations in the frontal regions and the occipital regions in

COVID-19 patients. One study showed that at 6 months follow-up, COVID-

19 patients found alterations both in the ALFF and the functional connectivity

in the frontal and visual regions [287]. Another study showed increased dynamic

functional network connectivity between the motor and visual networks [197]. Fi-

nally, we observed decreased functional connectivity within the language-related
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networks in COVID-19 participants during rest. Recent studies have reported

that impaired verbal abilities and verbal memory were some of the most impli-

cated cognitive functions after COVID-19 diagnosis [288]. Moreover, we found

that the frequency of PLEs and the inflammation markers affected the functional

connectivity within the major networks in the brain. Individuals with more fre-

quent symptoms showed increased connectivity of the CEN with the motor and

striatal regions, as well as increased connectivity of the SN with the postcentral

gyrus. Previous studies have reported an increase in the frequency of PLEs in

individuals with COVID-19 [175] [284], whereas other studies have reported both

increased and decreased functional connectivity patterns in individuals with PLEs

[289] [290]. Lastly, our findings suggest that neuroinflammation markers such as

the T-NLR and NLR were associated with both hypo- and hyperconnectivity

within the DMN and SN and with hyperconnectivity of the CEN. These findings

suggest that systematic inflammation due to the disease may alter functional

connectivity mechanisms in patients. Previous literature has argued that the

neuroinflammation due to COVID-19 may affect cognitive mechanisms [291]. In

a study, researchers demonstrated that neuroinflammation markers in COVID-19

patients predicted abnormal functional connectivity in rs-fMRI [292]. In conclu-

sion, our findings are in line with the literature and suggest that COVID-19 may

be a risk factor for altered functional connectivity within the major networks of

the brain in adolescents.
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Chapter 4

General Discussion

The first study investigated the association between working memory-related

functional connectivity measures and PLEs in an adolescent and young adult twin

sample. Specifically, we examined the frequency and the distress associated with

PLEs separately. Although the associations between brain connectivity and PLEs

have been documented, the relationship between distress of PLEs and task-based

connectivity measures has been less examined. Furthermore, most twin studies

have predominantly focused on structural brain measures rather than task-evoked

functional connectivity. In this study, using a healthy twin sample, the heritabil-

ity estimates of working-memory-related connectivity measures and the frequency

and distress of PLEs were studied. Our findings revealed that altered connectivity

in the inferior frontal gyrus was associated with increased frequency and distress

of PLEs during adolescence. Moreover, distress associated with PLEs showed

moderate heritability, while the frequency of PLEs was predominantly shaped by

environmental factors. The functional connectivity measures during the working

memory task were mainly influenced by unique environmental factors. However,

no significant genetic or environmental covariance was found between PLEs and

brain connectivity measures, suggesting distinct underlying mechanisms for these

traits. These results emphasize the importance of environmental factors in psy-

chosis risk, highlighting the potential for early intervention strategies aimed at
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modifying environmental exposures. Moreover, the results emphasize the sub-

stantial role of genetic factors in shaping distress associated with PLEs and the

importance of investigating distress separately from frequency, as they may have

distinct underlying influences.

The second study investigated the functional connectivity of the major brain

networks in a Turkish adolescent sample. Moreover, we aimed to investigate

the association of CAPE-positive symptoms and inflammation markers with the

functional connectivity differences between groups. The majority of the stud-

ies of COVID-19-related functional connectivity have focused on adult samples.

Therefore, the effect of COVID-19 during adolescence is not well studied. The

findings of our study demonstrate alterations in the functional connectivity of

the major networks in COVID-19 participants. Moreover, when positive PLEs

were added as covariates in the analysis, COVID-19 patients showed increased

connectivity in SN and CEN. As the brain goes under functional reorganization

during adolescence, it may be more vulnerable to both inflammatory markers of

the disease and the psychosocial stress associated with the disease, such as the

lockdowns. Our results suggest that exposure to COVID-19 during adolescence

may alter the functional connectivity of the brain and thus make individuals more

susceptible to psychosis risk.

4.1 Limitations and Future Directions

The limitations of the studies should be considered when interpreting the findings.

In the first study, although using a Turkish sample allows us to study FC measures

and heritability estimates in a non-Western sample, the generalizability of the

findings is limited as heritability estimates may change across different ethnicities

and cultures. Second, PLEs were assessed using the CAPE-42 questionnaire,

which is a self-report questionnaire and, therefore, may be less accurate than

clinician-rated interviews of PLEs. Additionally, it should be noted that the

unique environmental variance component also includes measurement errors, and

thus, the results should be interpreted carefully. This places an upper limit
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on heritability estimates as the presence of measurement errors may reduce the

amount of variance that can be attributed to genetic factors [226]. Finally, this

is a cross-sectional study, and future studies might benefit from investigating the

heritability estimates of connectivity measures and PLEs along the developmental

trajectories.

In the second study, our main limitation was the sample size, especially for

the COVID-19 group. Moreover, the inflammation markers were only measured

for the COVID-19 group, which further reduced the sample size for the analysis,

including these markers. Studies with larger sample sizes are needed to confirm

our results. In addition, we could not measure the psychosocial stressors associ-

ated with the disease, such as the lockdowns. Therefore, our results of altered

functional connectivity may not only reflect the COVID-19 related systematic

inflammation but may also be due to factors such as lockdowns and stress as-

sociated with the disease. Future studies can benefit from longitudinal studies

investigating the rs-fMRI functional connectivity measures in larger populations

and account for the disease-related psychosocial stressors.

4.2 Conclusion

Overall, the findings highlight the importance of considering the distress and

frequency associated with psychotic-like experiences separately. Moreover, the

results of both of the studies emphasize the importance of unique environmental

factors such as exposure to the coronavirus, in shaping brain connectivity mech-

anisms and PLEs during adolescence. This is a critical period of time in which

the brain undergoes rapid developmental changes both in structure and function

and is vulnerable to exogenous influences [92]. These results have implications for

developing prediction-based strategies aiming at reducing the risk of psychosis.

Importantly, since environment is the most easily accessible factor to modify, it

provides opportunities for early intervention and prevention strategies aimed at

reducing the risk of PLEs through targeted modifications.
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Model Diagnostic Plots

Figure A.1: Model Diagnostic Plot for CAPE-42 Frequency
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Figure A.2: Model Diagnostic Plot for CAPE-42 Distress
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Model Parameters for Univariate Models

Table A.1: CAPE-42 Frequency

Base Comparison ep -2LL df AIC diffLL diffdf p-value

oneACEvc NA 4 1262.0860 6 1270.0860 NA NA NA

oneACEvc oneAEvc 3 1267.3737 7 1273.3737 5.287668 1 0.02147

oneACEvc oneCEvc 3 1262.0885 7 1268.0885 0.002514 1 0.96000

oneACEvc oneEvc 2 1298.6674 8 1302.6674 36.58138 2 <0.0001

Table A.2: CAPE-42 Distress

Base Comparison EP -2LL DF AIC DiffLL DiffDF p-value

oneACEvc NA 4 1246.7704 6 1254.7704 NA NA NA

oneACEvc oneAEvc 3 1246.9759 7 1252.9759 0.205490 1 0.65032

oneACEvc oneCEvc 3 1250.9504 7 1256.9504 4.180049 1 0.04090

oneACEvc oneEvc 2 1283.5240 8 1287.5240 36.75366 2 <0.0001

Table A.3: IFG tri L Cluster #1

Base Comparison EP -2LL DF AIC DiffLL DiffDF p-value

oneACEvc NA 4 1176.4861 6 1184.4861 NA NA NA

oneACEvc oneAEvc 3 1176.6549 7 1182.6549 0.168854 1 0.68113

oneACEvc oneCEvc 3 1176.7033 7 1182.7033 0.217254 1 0.64113

oneACEvc oneEvc 2 1176.7108 8 1180.7108 0.224692 2 0.89373

Table A.4: IFG Oper L Cluster #1

Base Comparison EP -2LL DF AIC DiffLL DiffDF p-value

oneACEvc NA 4 1156.1663 6 1164.1663 NA NA NA

oneACEvc oneAEvc 3 1156.8375 7 1162.8375 0.671216 1 0.41262

oneACEvc oneCEvc 3 1156.4533 7 1162.4533 0.287052 1 0.59211

oneACEvc oneEvc 2 1157.3973 8 1161.3973 1.231054 2 0.54035
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Table A.5: IFG Oper L Cluster #4

Base Comparison EP -2LL DF AIC DiffLL DiffDF p-value

oneACEvc NA 4 1175.3293 6 1183.3293 NA NA NA

oneACEvc oneAEvc 3 1176.1858 7 1182.1858 0.85645 1 0.35473

oneACEvc oneCEvc 3 1175.7286 7 1181.7286 0.39929 1 0.52745

oneACEvc oneEvc 2 1176.7059 8 1180.7059 1.37658 2 0.50243
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and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User

chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless

otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon

receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace

platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of

1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in

the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,

as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves

only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-

transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on

duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order

Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use

of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any

further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order

Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate

applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third

parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually

explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the

reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform

CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC

or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such

as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been

used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this

Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such

third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under

the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as

follows: “Used with permission of [Rightsholder’s name], from [Work’s title, author, volume, edition number and year of

copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably

legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to

the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent

to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or

notices for the new work containing the republished Work are located. Failure to include the required notice results in

loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to

twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges

specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees

and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of

any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work

which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of

copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,

INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF

BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE

A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the

total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total

amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its

principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE

RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER

WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION

IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE

REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK

(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT

NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
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13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of

the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach

not cured within 10 days of written notice thereof shall result in immediate termination of such License without further

notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be

liquidated by payment of the Rightsholder’s ordinary license price therefor; any unauthorized (and unlicensable) use that

is not terminated immediately for any reason (including, for example, because materials containing the Work cannot

reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less

than three times the Rightsholder’s ordinary license price for the most closely analogous licensable use plus

Rightsholder’s and/or CCC’s costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,

the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom

handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members

individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other

similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately

preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular

anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation

arising from data provided by User), any use authorized under the academic pay-per-use service is limited as

follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than

one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except

in order to produce an identical copy of a Work before or during the academic term (or analogous period) as

to which any particular permission is granted. In the event that User shall choose to retain materials that are

the subject of a photocopy permission in electronic memory for purposes of producing identical copies more

than one day after such retention (but still within the scope of any permission granted), User must notify CCC

of such fact in the applicable permission request and such retention shall constitute one copy actually sold for

purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way

modify the Work (except by means of deleting material immediately preceding or following the entire portion

of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies

sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall

bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall

immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date

such amount was originally due. The provisions of this paragraph shall survive the termination of this License for

any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning

management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts

in learning management systems, or posts on academic institution intranets, the following additional terms apply:
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i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants

authorizations to import requested material in electronic format, and allows electronic access to this material

to members of a designated college or university class, under the direction of an instructor designated by the

college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs

or other still images not embedded in text, which grants not only the authorizations described in Section

14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials

for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification

of the resolution of such requested material (provided that such modification does not alter the underlying

editorial content or meaning of the requested material, and provided that the resulting modified content is

used solely within the scope of, and in a manner consistent with, the particular authorization described in the

Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of

the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for

audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also

the following authorizations: (i) to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in

the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or

reformat the requested material for purposes of time or content management or ease of delivery, provided

that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the

requested material and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless

expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the

Work (except by means of deleting material immediately preceding or following the entire portion of the Work

copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)

permit “publishing ventures” where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent

contradiction in the Order Confirmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than

one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means

of electronic password, student identification or other control permitting access solely to students and

instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,

upon gaining electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the effect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material

has been made available electronically solely for use in the class, and
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a statement to the effect that the material may not be further distributed to any person outside the class,

whether by copying or by transmission and whether electronically or in paper form, and User must also

ensure that such cover page or other means will print out in the event that the person accessing the

material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,

User is thereupon required to delete the applicable material from any electronic storage or to block electronic

access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same

university or college class, require separate permissions under the electronic course content pay-per-use Service.

Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no

later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic

copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC

shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User

shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the

date such amount was originally due. The provisions of this paragraph shall survive the termination of this license

for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary

loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License

expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the

applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-

academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a

transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in

these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For

“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic

transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any

display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for

any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as

measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the

date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation

(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs

or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution

modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,

be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any

such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or

meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.
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a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and

that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the

prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not

apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online

at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural

person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where

applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or

substantially all of User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,

including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any

writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern

or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with

any Terms set forth in the Order Confirmation, and/or in CCC’s standard operating procedures, whether such writing

is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears

on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of

New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or

proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in

any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court

whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The

parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your RightsLink account and that are available at any time at
https://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions.  If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted.  Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted.  Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

23.10.2024 14:22 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 3/7



9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions.  These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction.  In
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these terms and conditions shall control.
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described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you.  Notice of such denial will be made using the contact information
provided by you.  Failure to receive such notice will not alter or invalidate the denial.  In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.
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The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
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to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.
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Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
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communications.

Authors can share their accepted author manuscript:
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via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
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After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.
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value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
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Subscription Articles: If you are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
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license and should contain a CrossMark logo, the end user license, and a DOI link to the
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Please refer to Elsevier's posting policy for further information.
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allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
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permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
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user to ensure their reuse complies with the terms and conditions determined by the rights
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http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.
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Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons
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1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.
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3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical
communications project

Reuse up to distribution or time period indicated
in License

Reuse in a
dissertation/thesis Lifetime of thesis

Reuse in a
journal/magazine Lifetime of journal/magazine

Reuse in a book/textbook Lifetime of edition
Reuse on a website 1 year unless otherwise specified in the License

Reuse in a
presentation/slide
kit/poster

Lifetime of presentation/slide kit/poster. Note:
publication whether electronic or in print of
presentation/slide kit/poster may require further
permission.

Reuse in conference
proceedings Lifetime of conference proceedings

Reuse in an annual report Lifetime of annual report
Reuse in training/CME
materials

Reuse up to distribution or time period indicated
in License

Reuse in newsmedia Lifetime of newsmedia
Reuse in
coursepack/classroom
materials

Reuse up to distribution and/or time period
indicated in license

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
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same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
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PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany ́s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution
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