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ABSTRACT

EFFECTS OF RECREATIONAL CANNABIS USE AND
SUBCLINICAL PSYCHOSIS RISK ON BRAIN WHITE

MATTER INTEGRITY AND STRUCTURAL
CONNECTIVITY IN ADOLESCENCE

Hande Ezgi Atmaca

M.S. in Neuroscience

Advisor: Prof. Dr. Timothea Toulopoulou

June 2022

The impact of cannabis use on the psychosis risk in the healthy population has

been less examined in the literature. Furthermore, previous diffusion tensor imag-

ing and structural connectivity studies investigating the effects of cannabis use

and psychosis risk offer contradictory results. To address these gaps and

inconsistencies in the literature, the author examined whether recreational use

of cannabis increases the risk of subclinical psychosis. The author further ex-

amined the relationship between recreational cannabis use, subclinical psychosis,

and white matter microstructure or structural network connectivity. Twenty-five

adolescent cannabis users and 25 demographically matched controls participated

in the study. The Cannabis Experience Questionnaire (CEQ) was used to assess

cannabis consumption. Subclinical psychosis was evaluated with the Community

Assessment of Psychic Experience (CAPE-42) questionnaire. While ROI-based

Tract Based Spatial Statistics (TBSS) was used to examine white matter integrity

in specified region of interests, Structural Connectivity Analysis was performed to

examine brain structural topology. White matter integrity was assessed by four

diffusion tensor derived measures: fractional anisotropy, mean diffusivity, axial

diffusivity, and radial diffusivity, while structural network topology was examined

by several graph-theory metrics: global efficiency, local efficiency and clustering

coefficient. In order to eliminate possible confounding effects of alcohol and to-

bacco use, weekly alcohol and daily tobacco consumption were also considered.

The findings revealed that cannabis users scored higher on subclinical psychosis

compared to non-users. ROI-based TBSS analysis indicated that cannabis use

and subclinical psychosis do not affect white matter integrity in corpus collosum

and superior longitudinal fasciculus. Similarly, the network connectivity parame-

ters were not affected by the recreational cannabis use and psychosis risk. These
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results might indicate that recreational cannabis use increases the psychosis risk

in adolescence, but that recreational cannabis use and subclinical psychosis risk

together do not affect white matter microstructure and topology.

Keywords: cannabis use, subclinical psychosis risk, diffusion tensor imaging,

network connectivity.



ÖZET

ERGENLİK DÖNEMİNDE EĞLENCE AMAÇLI ESRAR
KULLANIMININ VE SUBKLİNİK PSİKOZ RİSKİNİN,

BEYNİN BEYAZ MADDE BÜTÜNLÜĞÜNE VE
YAPISAL BAĞLANTISINA ETKİSİ

Hande Ezgi Atmaca

Nörobilim, Yüksek Lisans

Tez Danışmanı: Prof. Dr. Timothea Toulopoulou

Haziran 2022

Literatürde sağlıklı populasyonda esrar kullanımının psikoz riskine etkisini

araştıran az sayıda çalışma bulunmaktadır. Ayrıca, önceki difüzyon tensor

görüntüleme ve yapısal bağlantıyı araştıran çalışmalar metodolojideki çeşitlilikler

sebebiyle tartışmalı bulgular ortaya koymaktadır. Bu tez literatürdeki eksik-

likleri tamamlayabilmek amacıyla 1) esrar kullanımının klinik düzeyde olmayan

psikoza bir etkisinin var olup olmadığını; 2) kronik olmayan esrar kullanımının

ve psikoz riskinin birlikte beyin beyaz madde bütünlüğü ve yapısal bağlantısı

üzerinde bir etkisinin olup olmadığını araştırmaktadır. Çalışmaya ergenlik ve

genç yetişkinlik dönemlerinde olan 25 esrar kullanıcısı ve hayatında hiç es-

rar deneyimlememiş 25 katılımcı katılmıştır. Bu çalışmada bölgesel Trakt Ta-

banlı Mekansal İstatistik ve Yapısal Network analizleri yapılmıştır. Beyin beyaz

madde bütünlüğünü inceleyebilmek amacıyla fraksiyonel anizotropi (FA), orta-

lama difüzivite (MD), axiyel (AD) ve radial difüziviteyi kapsayan difüzyon ten-

sor ölçütleri elde edilirken, yapısal bağlantıyı değerlendirebilmek amacıyla yapısal

bağlantı parametreleri (genel etkililik, lokal etkililik ve kümeleme katsayısı) ince-

lenmiştir. Esrar kullanımı, Esrar Deneyim Ölçeği ile değerlendirilmiştir. Klinik

anlamda olmayan psikozu değerlendirmek amacıyla Toplumda Psişik Yaşantıları

Değerlendirme Ölçeği (CAPE-42) kullanılmıştır. Alkol ve tütün kullanımının

olası bozucu etkilerini engelleyebilmek amacıyla, haftalık alkol ve gündelik sigara

tüketimi göz önünde bulundurulmuştur. Sonuçlar, esrar kullanımı olan grubun

kullanmayanlara kıyasla daha fazla subklinik psikoz riskine sahip olduğunu ortaya

koymaktadır. Trakt Tabanlı Mekansal İstatistik (TBSS) analizinin sonucuna göre,

esrar kullanımının ve klinik anlamda olmayan psikoz riskinin korpus kallozum ve
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superior longitudinal fasikulus bölgesindeki beyaz madde bütünlüğüne bir etk-

isi bulunmamaktadır. Benzer şekilde, yapısal network parametreleri üzerinde

esrar kullanımı ve psikoz riskinin bir etkisi gözlemlenmemiştir. Bu sonuçlar er-

genlik döneminde kronik anlamda kullanılmayan esrarın subklinik psikoz riskini

arttırabildiğini ancak esrar kullanımı ve psikoz riskinin birlikte beyin beyaz madde

bütünlüğünü ve topolojisini etkilemediğini ortaya koymaktadır.

Anahtar sözcükler : esrar kullanımı, subklinik psikoz riski, difüzyon tensör

görüntüleme, network analizi.
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Chapter 1

Introduction

1.1 A Brief Overview of Cannabis Consumption

Cannabis which takes its name from plant cannabis sativa, is alternatively known

as marijuana. It is known that it has been used for centuries, generally for its

euphoric effects, and is one of the leading drugs of abuse in recent times [3]. It

is the second most frequently used substance in the world after alcohol [4]. Over

the past 30 years, with changing socio-political perceptions and legalization of

cannabis use for recreational or medical purposes in 22 countries and over 30 states

in the USA, there has been a dramatic change in attitude towards cannabis use

[5]. It has been reported that over 200 million people use cannabis, and habitual

users begin using it during adolescence [6]. According to the 2020 European Drug

Report, 27.2% of 90.2 million adults aged 15 to 64 have experienced at least once,

and around 15% of the 80 million young adults (15-34) reported using cannabis

in the last year. Considering the age, it is noteworthy that the prevalence of

cannabis use is higher in the 15-24 age group, with 19% of 10.4 million in the last

year. When examined in terms of gender, cannabis use is more common in men

than in women, as is the case with other substance use [7].
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The National Cannabis Survey carried out in Canada (2019) stated that the

use rate in the last three months was 30% for men and 14% for women. These

statistics regarding cannabis consumption in Canada mirror evidence from the

USA and Europe, where men also report a higher prevalence of cannabis use [4].

Turkish Statistical Institute (2010) demonstrated that 0.93% of the population

experienced drugs at least once in a lifetime; 1.26% of this rate is male and 0.61%

females [8]. According to the research results conducted with a 1720 university

student sample, 6.4% reported having used a substance; 2.8% used one in the last

year. Moreover, the prevalence of cannabis use at least once in time was reported

as 5.9% [8].

Bachman and colleagues analyzed data from 14 different cohort studies involv-

ing high school seniors and university students who were followed from age 18 to

35 to examine the impact of major life transitions (for example; entering univer-

sity, getting a job, marrying, and having children) on the rates of consumption of

cannabis in the last 30 days. Their results showed a gradual diminish in cannabis

use rate from the early and mid-20s to early 30s [9]. Another study conducted

with a single cohort of high school students that was followed from their ado-

lescence to middle adulthood period revealed that cannabis consumption peaked

in the early 20s and reduced consistently through the 20s and into the 30s by

depending on the increase of societal responsibilities for life [10]. Consequently,

although the use rate of cannabis decreases with age, this rate increases in ado-

lescence in both where the sale and use of cannabis is legal and illegal, and the

age of consumption decreases day by day to a lower age range.

2



1.2 The Neurobiology of Cannabis

The cannabis sativa includes over 400 compounds and a total of 66 cannabi-

noids [11]. One of the main psychoactive components of cannabis is delta-

9-tetrahydrocannabinol (THC). Also, it is known that the rewarding effect of

cannabis use, which is directly related to the addictive effect, is caused by this

component. These rewarding and positive reinforcing effects of THC are mediated

by the G-protein-coupled receptor family known as CB1 and CB2 cannabinoid

receptors [12].

The cannabinoid type 1 (CB1) receptor is known as a presynaptic receptor,

and it is broadly expressed throughout the brain with a high concentration in

some regions like the hippocampus, cerebellum, and striatum, while it is a low

concentration in the amygdala, cerebral cortex [13]. Moreover, it has an essential

role in neurotransmitter release and concentration across neural systems [14].

The cannabinoid type 2 (CB2) is expressed only in peripheral tissues, mainly

in the immune system, and it is also thought to play a role in depression and

substance abuse [15]. The cannabinoid CB1 receptor is mainly concentrated in

the central nervous system and participates in various brain function modula-

tions such as executive, emotional, and memory processing [16]. Endocannabi-

noids have an important role in synaptic plasticity by helping and constraining

neurotransmission throughout a broad extent of brain regions, and changing its

function during essential phases of neural development could lead to enduring

alteration in the brain function and structure [17].

Principally, the mechanism of the endocannabinoid signaling operates differ-

ently from most of the neurotransmitter systems. It is known that endocannabi-

noids are released on demand from post-synaptic cells and acting as retrograde

signals, and travel backwards across the synapse, where they bind pre-synaptically

located CB1 receptors and decrease the amount of neurotransmitter release [18].

Clearly, as the person consumes cannabis, the THC passes from the lungs or di-

gestive tract into the bloodstream, and it is carried to the brain, where it binds
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quickly to cannabinoid receptors throughout the brain and body by overwhelming

the endocannabinoid system [19]. And it is known that, orally consumed THC

is absorbed much more slowly, and it can enter the bloodstream and reveal its

psychoactive effect between 1 hour and 3 hours [9].

1.3 The Impacts of Cannabis Use on Brain De-

velopment in Adolescence

1.3.1 Adolescence and Brain Maturation

The word adolescence is originated from the Latin adolescere- to grow up [20] and

is defined as a special period in which various physical, psychological, cognitive,

and social changes are experienced, and it acts as a bridge between childhood

and adulthood. It can be said that brain development is a highly organized

and dynamic process consisting of many steps, which are genetically determined,

epigenetically directed and environmentally influenced [21]. Although the World

Health Organization (WHO) defines this period of development as corresponding

approximately to the period between the ages of 10 and 19 years, it is indicated

that 10 and 24 years corresponds more appropriately to adolescent growth and

popular understanding of this life phase [20]. Moreover, it is thought that the

brain is steadily developing until the age of about 25 [22]. Even though it is not

defined in precise boundaries, adolescence chiefly covers the stage between non-

reproductive and reproductive stages [23], and this process begins with the release

of maturation of sex hormones in the hypothalamic pituitary-adrenal gonadal axis

[24].

During this transition period, various dramatic neurodevelopmental alterations

in brain growth and connectivity are observed in addition to hormonal and phys-

ical developments. It has been reported that neural networks are reconstructed,

changes are observed in some brain regions, and there is an increase in white

matter and a decrease in the amount of gray matter in general [25] ; [26]. The
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adolescent brain’s reconstruction process is carried out through similar mech-

anisms with neural networks that play a role in early brain development [27].

With the transition to this period, the brain’s wiring changes and develops in

several ways; axons continuously become more insulated by myelin, and myelin

alterations are dramatic during adolescence, with the amount of it doubling in

some regions in the brain [28]. This insulating effect acts as an accelerator role

in the transmission of messages and impulses along the axon. Synchronously,

dendrites that receive a transmission from adjacent axons expand branches and

increase their connectivity. Simultaneously, the corpus callosum, which acts as a

bridge between the two hemispheres, thickens and improves communication ef-

fectiveness between these hemispheres. Also, more robust connections are being

built between the prefrontal cortex and other brain regions. For instance, connec-

tions between the hippocampus and frontal regions are consolidated, facilitating

better cognitive processes like integrated memory and advanced decision-making

in the adolescent brain [28]. Furthermore, some changes in the hippocampus,

the nucleus accumbens, and the amygdala regions are responsible for emotional

processing like impulsivity and risk assessment [29].

Undoubtedly, because the brain is restructured with the occurrence of neurobi-

ological processes such as neuron formation, synapse formation, synaptic pruning,

cell loss, the growth of axonal extensions, dendritic elongation, and shortening,

adolescence is indicated as a neurodevelopmentally critical period [30] ; [31]. The

brain does not mature in entire regions simultaneously: important regions like

those facilitating movement and somatosensory functions and general informa-

tion processing mature first in the childhood period, while others such as impulse

control, strategic thinking, social behaviors mature later in adolescence behavior

with the maturation of prefrontal cortex [32]. Additionally, the major brain trans-

formations in the prefrontal cortex, limbic regions, and dopamine input pathways

can be seen along with physiological, cognitive, and hormonal changes in individ-

uals’ lives. These neurobiological processes can make the adolescent brain more

sensitive to various stressors and constitute part of the neural circuitry modu-

lating the motivational value of drugs and other reinforcing stimuli [33], such

as increased risk-taking behaviors, problems with the regulation of behavior and
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emotions, and thrill-seeking [34]. During these reorganizational processes, the

adolescents’ brains become highly sensitive to exogenous effects, such as from

psychotropic substances, creating a window of vulnerability to the occurrence of

developmental disorders resulting from such exposure [6]. Notably, this is true for

substances such as cannabis, which target the endocannabinoid system, which is

the cornerstone of adolescents’ neural maturation [35]. When using cannabis, the

endocannabinoid system, responsible for homeostatic regulation of various physi-

ological processes, may be affected, and desensitization or down-regulation of re-

ceptors may occur [36] ; [37]. Moreover, when cannabis is consumed chronically,

the endocannabinoid receptor in cortical regions may be hindered [38]. Addition-

ally, adolescence onset chronic cannabis consumption, in contrast to adulthood

onset, leads to neuroplastic alterations and could drive long-term structural and

functional changes by disrupting cognitive performances [39].

1.3.2 Development of White Matter Microstructure and

Brain Structural Network

White matter is found in the cerebral cortex under the gray matter in the brain

and comprises millions of bundles of nerve fibers that connect neurons in differ-

ent brain areas into functional circuits [40]. It takes its name from the myelin

sheaths that surround it and speeds up the transmission of information. In par-

allel with various brain changes, alterations in the white matter structure are

also observed with the transition to adolescence. The myelin sheaths begin to

thicken,and axonal diameters increase, the organization of white matter improves,

signal transduction accelerates and consequently, these critical processes ensure

optimal cognitive, behavioral and emotional development in adolescence [41].

Studies conducted with different methods reveal various findings in terms of

brain white matter development. According to postmortem histological studies,

it has been found that there is an increase in the amount of white matter with

the transition from childhood to adolescence [41]. In studies conducted with

magnetic resonance imaging (MRI), an increase was observed in white matter in
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terms of volume and density [42] ; [43]. These changes are commonly attributed to

increases in the diameter, myelination of the axons constituting the fiber tracts,

increased neuronal size and glia proliferation [44]. A large longitudinal study

carried out on children and adolescents demonstrated a linear increase in the white

matter volume regardless of the specific region [42]. On the other hand, according

to the results of the whole brain morphometry study by Reiss and colleagues

(1996), there was an increase in the volume of white matter in the frontal region

in childhood. In addition to these, it is known that there is an increase in white

matter integrity in some tracts and left fronto-temporal pathways [43].

In recent years, changes in the white matter have been examined primarily

with the help of diffusion magnetic imaging (dMRI) techniques, which use mag-

netic resonance signal to visualize the movement of water molecules within axons

and provide indirect measures of white matter microstructure [41]. The charac-

teristics of diffusion indicate variations in white matter structure associated with

fiber organization, membrane proliferation, fiber myelination, and DTI processing

generates quantitative parameters that have been revealed that are susceptible

to maturity and age-dependent changes [45] ; [46]. White matter tissue integrity,

such as the degree of myelination and coherence of fiber tracts has an important

role in the developing brain in terms of adequate cortical connectivity [14]. The

quantification of dMRI is typically obtained in a tensor model, and it is indicated

as diffusion tensor imaging (DTI) [47]. With this method, various parameters are

acquired: fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity

(RD) and axial diffusivity (AD), which are thought to provide the necessary in-

formation to detect changes in white matter development. Several cross-sectional

and longitudinal DTI studies have documented maturation in the white matter

microstructure throughout evolution from childhood to adolescence.

Moreover, it has been shown that there are distinct changes in DTI parameters

depending on age. While MD and RD decreases, FA increases in many white mat-

ter regions with increasing age, but there are inconsistencies regarding the value

of AD [48]. Increases in fractional anisotropy and decreases in mean diffusivity re-

fer to healthy white matter development from childhood to early adulthood [22].

When looking at the studies, it can be seen that there is sufficient evidence that
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adolescence has an important role in white matter maturity, although not all of

these studies specifically focus on the same point of brain white matter integrity.

It has been revealed that the relationship between age and white matter integrity

is nonlinear [49] ; [50] ; [51]. While there is a sudden increase in the FA value

throughout the transition period from childhood to adolescence, this increase de-

creases gradually from adolescence to adulthood [51]. It is known that increasing

FA value in white matter integrity during this period may point out more firmly

regulated fiber orientation and stronger myelination in major white matter tracts

as maturation increases [52]. The timing and proportions of the DTI related de-

velopmental alterations vary region to region in the brain, and these contribute to

the particular aspect of behavior and vulnerabilities characteristics of this stage

of development [53].

In addition to several microstructural changes, MRI studies have revealed that

adolescence alters the mechanism of large-scale structural and functional neural

networks, including strengthening long-range connections between distal brain

regions [54]. Changing the strength of the connection increases the capacity of

information integration and topology, which is progressively capable of facilitating

higher-level cognitive functions. These processes result in significant alterations

in the connectome architecture [55]. During the early adolescence period, the

local and global efficiency of the brain’s structural network increases [56]. While

many topological properties of the network are preserved, a considerable increase

in local efficiency is observed in adolescence [57].

1.3.3 The Effects of Cannabis Use on White Matter In-

tegrity and Structural Network Topology

Adolescence is also known as a period that can include risk-taking behaviors such

as alcohol, tobacco and cannabis consumption, and these experiences may affect

a person’s ability to complete the fundamental life transitions of adolescence [58].

Jacobus and Tapert (2014) stated that neurotoxic impairments that may occur

in brain development due to regular cannabis use do not only alter neurochemical
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communication and genetic expression of neural development but may also have

a neurotoxic effect on the brain tissue, and consequently, changes may occur in

the trajectory of the neurodevelopmental process [14]. For example, changes in

white and gray matter due to cannabis experience may impact cognitive and daily

functionality required for healthy brain development from childhood to adulthood

[14].

In the study conducted in 2009, researchers found that adolescents with chronic

cannabis use who participated in drug treatment and rehabilitation had decreased

FA and increased MD in temporal-parietal fiber tracts [59]. According to a study

carried out by Yucel and colleagues (2010), there was reduced FA in both corti-

cal and subcortical areas in heavy cannabis users compared to matched controls

[60]. Following these, in a study investigating the effect of cannabis use with

concomitant alcohol consumption, it is shown that poorer white matter integrity

depends on decreased FA and increased MA in various fiber tracts in adoles-

cence between the ages of 16 and 19 [61]. Considering the changes in white

matter integrity in specific regions of interest depending on cannabis use, there

are inconsistent findings in the literature, especially in younger users. Several

studies showed that cannabis users had lower FA value in the anterior corpus cal-

losum [62] ; [63]; [64], uncinate fasciculus [65], temporal-parietal fiber tracts [59],

and throughout temporal and parietal areas [61]. According to 2-year follow-up

study on young adulthood cannabis users and control group, cannabis users had

decreased longitudinal growth in FA in the central and parietal regions of the

right and left superior longitudinal fasciculus, in the left corticospinal tract, and

the right anterior thalamic radiation lateral to the genu of the corpus callosum

[17]. They found a correlation between a high amount of cannabis consump-

tion and decreased longitudinal growth in FA, and they concluded that regular

cannabis uses in adolescence and young adulthood period changes continuing de-

velopment of white matter microstructure. Another longitudinal study, including

alcohol use, revealed that adolescents who do not regularly use cannabis and

alcohol have a healthier white matter microstructure and better neurocognitive

performance [14]. Contrary to many studies investigating the effect of heavy and
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chronic cannabis on white matter integrity, the result of the study investigating

its recreational use (not daily basis) showed that there was an association be-

tween earlier age of cannabis consumption and lower white matter integrity [66].

Kim et al. (2011) applied graph theory to diffusion tensor imaging and fiber

tractography in order to investigate both global and local brain network prop-

erties in adult cannabis users and healthy controls. They found that cannabis

users had markedly decreased global network efficiency and increased clustering

coefficients. Additionally, cannabis users showed changed local network patterns

in the cingulate region [2].

1.4 The Relationship Between Cannabis Use

and Psychosis Proneness

The first written information on cannabis for health and diseases comes from

Chinese medicine between the first and second century B.C. [67]. The negative

impacts of cannabis on mental health were first revealed by physician Iban Beiter

between the 12th and 13th centuries [68]. After a long time, in 1845, the French

psychiatrist Jacque-Joseph Moreau stated that specific effects might be due to

cannabis and defined these effects as follows: acute psychotic reactions that are

usually lasting for several hours or rarely for a week, reactions may be dose-

dependent, and their main characteristics are illusions, delusions, hallucinations,

depersonalization, confusion, excitement and agitation [69]. When it comes to

the 21st century, the adverse effects of cannabis consumption on the person are

classified as follows: firstly,depending on the dose used, various psychological

reactions such as anxiety, panic, depression, or psychosis may occur.Secondly, it

can affect pre-existing mental disorders, trigger a mental disorder, or act as a risk

factor. Thirdly, it may lead to addiction or withdrawal effects [70]. It is known

that psychotic experiences consist of, among other symptoms, various types of

hallucinations, delusions, disorganization, thought-related disorder, and psychotic

fear [71]. Although these symptoms may occur in other psychiatric disorders,

they are primarily seen in schizophrenia or other disorders related to psychosis.
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Cannabis consumption has been linked with subclinical psychotic experiences and

clinical psychotic disorder, even though this relationship’s direction has not been

revealed [72].

Various hypotheses have been put forward to explain this relationship’s di-

rection, one of which is called ’self-medication hypothesis’. According to this,

individuals attempt to consume cannabis to alleviate their psychotic symptoms

and change their mood [73]. Another hypothesis is known as the ’damage hy-

pothesis’ offers a different perspective, claiming that cannabis can increase such

symptoms and worsen their course [74]. As the findings of the longitudinal study

conducted by Ferdinand and colleagues (2005) reveal, there is a bidirectional rela-

tionship between cannabis consumption and psychotic experiences or symptoms

of psychosis [75].

Neurobiological studies have explained how cannabis use elicits psychotic ex-

periences: when an excessive amount of THC binds to the cannabinoid receptors

on glutamatergic and GABAergic neurons, it disturbs the normal endocannabi-

noid retrograde signaling from the dopaminergic neurons [76]. This disruption

causes an increase in the firing rate of the dopaminergic neurons, which raises

the amount of dopamine in the forebrain. This increase in dopamine triggers the

basic mechanism of psychosis [77]. In addition, although THC is known to have

a temporary impact on the physiological control of the endogenous cannabinoid

system on GABA and glutamate release under normal conditions, it has been

suggested that this may have adverse effects on the undergoing development of

neural circuits, especially prefrontal cortex throughout the adolescence period

[72].

As a result of a comprehensive study by Stefanis and colleagues (2004),

cannabis use in adolescence was positively correlated with both the negative and

positive symptoms of schizophrenia, suggesting that when cannabis is consumed

in the adolescence period, it is a risk factor for the development of schizophrenia

[78]. According to another study conducted by Miettunen and colleagues (2008),

on 15-16 years, adolescents who had tried cannabis were very likely to experience

three or more symptoms of psychosis later in life [79].
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1.4.1 Relationship Between Psychosis Risk and Brain

Structure

Several studies have revealed that the prevalence of psychotic-like experiences is

high, although the prevalence rate of psychotic disorders is low in the commu-

nity (almost 0.5%- 1%) [80]. Linscott and van Os reported that the prevalence

of psychotic-like experiences in the community’s general population could be ap-

proximately between 7% and 13% [81]. In addition, it has been suggested that

healthy adolescents who report having psychotic-like experiences also have im-

paired white matter integrity [80] ; [82].

The central nervous system includes two main components: gray matter and

white matter. Gray matter comprises mainly nerve cells bodies, their dendrites,

and glia, while white matter is made up of bundles of myelinated axons branched

into tracts concentrated mostly in the brain’s inner-part; these tracts aid to make

easier communication between neural regions producing neural networks [83].

Myelin envelopes the axons to produce insulation and play a critical role in the

transmission of electrical signals. Since lipids are the major elements of myelin,

it is named white matter because of its white color [84]. It is known that white

matter encompasses nearly half of the human brain [85].

Adolescence is a critical period in white matter development, as other struc-

tural changes in the brain. Disruption can be observed, especially in the long

association tracts due to complex psychiatric disorders like schizophrenia, and it

is known that these white matter tracts promote the development of cognitive

functions that are impaired even in the early stages of psychosis [86]. There

are controversial findings in the literature investigating the relationship between

white matter integrity and psychosis. Several studies have reported that white

matter-related changes occur in various parts of the brain. Karlsgodt et al. (2009)

found that decreased white matter integrity in the superior longitudinal fasciculus

[87] ; a significant reduction was reported in the corpus callosum by Katagiri et

al. (2015) and Saito et al. (2017); Wang and colleagues (2016) reported reduced

white matter integrity in the cingulum [87] ; [88] ; [89].
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DeRosse et al. (2017) conducted a study including tract-based spatial statis-

tics and probabilistic tractography methods in healthy children and adolescents

aged between 8 and 18 to understand whether abnormalities in white matter mi-

crostructure were predictive of later social functioning in those with subsyndromal

psychotic experiences. As a result, they observed an association between a lower

FA value in the regions close to superior longitudinal fasciculus, corticospinal

tract, inferior fronto-occipital fasciculus, and inferior longitudinal fasciculus and

psychotic-like experiences. Furthermore, baseline FA in the superior longitudinal

fasciculus was predictive of social competence after a 12-month follow-up [90].

On the other hand, some studies have revealed no significant differences. Mittal

and colleagues (2013) conducted a study on a total of 68 adolescents (33 ultra-high

psychosis risk and 35 healthy control group) found that there were no significant

differences in white matter integrity between the two groups [91]. Moreover, von

Hohenberg et al. (2014) performed a whole-brain DTI analysis on 28 participants

meeting clinical high risk for psychosis and 34 healthy participants and revealed

no statistically significant differences [92]. In addition to these studies, Bernard

and colleagues (2015) performed a study with 26 individuals with ultra-high risk

and 21 healthy individuals. They evaluated their symptoms and diffusion tensor

scans at baseline and 12 months later. They observed a significant group-by-time

interaction suggesting reduced white matter integrity in the ultra-high-risk group

and increased white matter integrity in the control group after 12 months [93].

Finally, there are studies on psychosis, white matter, and cannabis use in

combination. Rapp et al. (2012) performed a systematic review in structural

imaging and post mortem studies in individuals diagnosed with psychosis with

and without cannabis experience. According to structural imaging results, there

were substantial differences, particularly in frontal regions, between the group

with cannabis experience and those who never experienced it [94]. Furthermore,

Haller et al. (2014) conducted a tract-based spatial statistic (TBSS) to examine

the impact of cannabis consumption and first-episode psychosis on white mat-

ter integrity. Participants were divided into light cannabis users, heavy users,

and non-cannabis users as a control group. They observed no difference between
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users and non-users in terms of white matter integrity. Following that, com-

pared to heavy users vs. light users, they also found no significant difference

between these two groups [95]. Dekker et al. (2010) performed a high resolution

structural and diffusion tensor imaging to examine three different schizophrenia-

like diagnosed groups: those who started cannabis use before the age of 15 and

continued regular use (early-onset), those who started at the age of 17 or later

(late-onset) and those who never experienced cannabis use. Their results showed

no differences between early and late-onset cannabis users. It was found that

fractional anisotropy (FA) was reduced in the never-experienced group compared

to the early onset group [96]. As Thomason and Thompson (2011) noted be-

fore, lower fractional anisotropy is present prior to the beginning of the disease

in young people with a high predisposition to psychosis [52]. Lastly, Michielse

et al. (2020) examined white matter microstructure and network connectivity

in adults with psychotic-like experiences. They reported no differences between

groups in connectivity measures and tensor-derived indices. However, they found

a higher positive symptom distress score was associated with higher local effi-

ciency and clustering coefficient in the right middle temporal lobe in the group

with psychotic experiences [97].

1.4.2 Relationship Between Corpus Callosum, Superior

Longitudinal Fasciculus and Psychosis Risk

Studies investigating the effect of cannabis use on white matter integrity have

shown that cannabis users have reduced FA in several tracts that are also sites

of reduced FA in psychosis, including the superior longitudinal fasciculus, corpus

callosum, and others [98].

The corpus callosum (CC) is the brain’s major commissural pathway located

between the right and the left cerebral hemispheres. It is the largest fiber bundle

and the most concentrated white matter in the brain [99]. The corpus callosum is

C-shaped and segmented into various subparts from front to back: rostrum, genu,

trunk (body), and splenium. Earlier studies focusing on the psychosis spectrum
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revealed a significant reduction in fractional anisotropy in the callosal splenium

[100] and the corpus callosum’s splenium [101]. Consistently, Ardekanie et al.

(2003) reported a decreased FA parameter in the same region [102]. Bora et

al. (2011) conducted a meta-analysis regarding DTI studies in schizophrenia,

and they reported a significant reduction in FA value in the genu of the corpus

callosum and a reduction in other regions [103]. Moreover, Carletti et al. (2012)

conducted a longitudinal study to investigate whether there was a change in the

white matter microstructure before the onset of psychosis. For this aim, they

examined three groups: ultra-high risk (UHR) for psychosis, patients with first-

episode psychosis, and healthy controls. As a result, they found that white matter

DTI features were significantly distinct between these groups. Importantly, they

reported that relative to controls, first-episode patients had extensive reductions

in several regions, including the corpus callosum in FA value, while the UHR

group had a more moderate reduction [104]. According to Von Hohenberg and

colleagues’ study on clinical high risk (CHR) and healthy control groups, the CHR

group had white matter alterations in superior longitudinal fasciculus, corona

radiata, and corpus callosum compared to the healthy group [92]. Additionally,

Katagiri et al. (2015) performed a longitudinal study on participants with an at-

risk mental state (ARMS), and they found a significant FA reduction between the

ARMS group and their control group in a genu and body of the corpus callosum

[105]. On the other hand, Peters and colleagues (2008) conducted a tractography

study, and they did not find any white matter microstructure differences in terms

of corpus callosum between ultra-high risk and healthy control groups [106].

The superior longitudinal fasciculus (SLF) is a broad white matter tract that

chiefly connects parietal and frontal lobes and provides a partial network to the

temporal lobe [107]. There is an increase in the fractional anisotropy and de-

crease in diffusivity during childhood and adolescence throughout all the major

fiber tracts, and most of these alterations are complete towards the end of adoles-

cence, while superior longitudinal fasciculus and several fiber tracts continue their

development into early adulthood [108]. Psychotic spectrum disorders are gener-

ally known as disorders of dysconnectivity, and several studies showed a decrease
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in FA value in long-range association tracts, including superior longitudinal fasci-

culus in adolescents with psychosis [109]. Looking at the literature, it is seen that

the SLF is a region of interest frequently involved in psychosis and schizophrenia

studies. Karlsgodt et al.(2009) showed abnormalities through the SLF in individ-

uals at risk of psychosis [87]. Similarly, von Hohenberg and colleagues (2014) re-

ported that white matter microstructure is abnormal throughout several regions,

most notably in the SLF in clinical high-risk individuals [92]. Following these,

Schwehm et al. (2016) researched psychosis patients and healthy volunteers and

they concluded that there was a lower FA through SLF in patients with psychosis

[110]. Furthermore, DeRosse et al. (2014) examined the relationship between the

accumulation of risk factors such as low IQ, low parental socioeconomic status,

history of childhood trauma, cannabis experience during adolescence, high lev-

els of subclinical psychotic-like experiences and neural development in healthy

adults. As a result of their study, they revealed a significant association between

cumulative risk for psychosis and lower FA value in the left superior longitudinal

fasciculus [90].

1.5 A Brief Overview on Diffusion Tensor In-

dices

Diffusion Tensor Imaging (DTI) is an advanced MRI technique and provides de-

tailed in vivo information regarding white matter at the microstructural level.

This method is mainly based on the diffusion of water molecules. If mentioned in

general terms, diffusion tensors are represented with eigenvectors (ê1, ê2, ê3) and

eigenvalues (λ1 , λ2, λ3) which identify the directions and apparent diffusivity

through the axis of main diffusion. The most frequently preferred white matter

microstructure measures are fractional anisotropy (FA), mean diffusivity (MD),

axial diffusivity (AD), and radial diffusivity (RD).

Fractional anisotropy (FA) represents the degree of anisotropy of water molecules
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ranging from 0 (isotropic) to 1(anisotropic), and it does not provide any infor-

mation about the orientation.The formula of fractional anisotropy is:

FA =

√(
λ1− λ2)2 +

(
λ2− λ3)2 +

(
λ1− λ3)2

2 (λ12 + λ22 + λ32)

This parameter allows inferences about axonal diameter, fiber density, and myelin

structure [111]. Briefly, water molecules diffuse without restriction in any direc-

tion, but this movement may be affected by the existence of macromolecules such

as cell membranes and myelin sheath. Terminologically, while the movement of

these molecules in a random way is defined as isotropic diffusion, the fact that this

movement occurs along an axis, is defined as anisotropy. Briefly, water molecules

diffuse without restriction in any direction, but this movement may be affected by

the existence of macromolecules such as cell membranes and myelin sheath. Ter-

minologically, while the movement of these molecules in a random way is defined

as isotropic diffusion, the fact that this movement occurs along an axis, is defined

as anisotropy. Clearly, diffusion is thought of as isotropic when the eigenvalues

are almost equal (λ1 ≈ λ2 ≈ λ3). On the other hand, when eigenvalues are sig-

nificantly different in terms of magnitude, diffusion tensor is anisotropic.On the

other hand, when eigenvalues are significantly different in terms of magnitude,

diffusion tensor is anisotropic (λ1 ∽ λ2 ∽ λ3) [112].

It is known that higher FA values represent that diffusion is much greater in

one direction, whereas lower FA values represent that diffusion is approximately

equal in all directions [45]. At many points, a higher FA value indicates fibers

that are more abundant, thicker, more myelinated, and more organized in terms

of orientation [52]. Generally, the decrease in fractional anisotropy value indicates

deterioration in myelin sheath and axonal membranes [113]. When FA values of

all brain voxels are shown on an anatomical map, higher FA values appear whiter,

while lower FA values appear darker. Moreover, FA is used as an essential measure

of white matter integrity in many studies [45].

Another commonly preferred parameter is mean diffusivity (MD), represent-

ing the rotationally invariant magnitudes of water diffusion in the brain tissue.

It can be a useful measure to index the maturation of white matter [45]. The
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collection of three eigenvalues (λ1 + λ2 + λ3) constitutes the traces, and mean

diffusion is obtained by dividing this sum by three (λ1 + λ2 + λ3) /3. Generally,

the MD value is expected to be higher in damaged tissue because of increased free

diffusion (perpendicular to the axons in a white matter fiber tract); whereas the

FA value is expected to decrease because of the loss of coherence in the principal

diffusion direction (parallel to the axons in a white matter fiber tract)[114]. It

is mainly used to detect pathological changes in the white matter integrity [115].

Furthermore, axial diffusivity (AD) and radial diffusivity are frequently exam-

ined parameters. Axial diffusivity (λ∥= λ1 > λ2, λ3) indicates the magnitude of

diffusion parallel to a tract. Radial diffusivity λ⊥= (λ2 + λ3) /2, refers to the

apparent diffusion coefficient in the direction perpendicular to the tract [116].

In some circumstances, lower FA and greater MD value display damaged fiber

integrity contingent upon the alterations’ cellular basis [52]. Similarly, lower AD

might indicate axonal injury or less coherent orientation of axons [117], while

lower RD might represent demyelination or glia cell impairment [118].

1.6 A General Overview of the Components of

Structural Network Topology

The human brain is a very complex system, and it can be modeled as a network.

Regions within the brain can be represented as nodes (vertices), and the connec-

tivity between them are the edges (links). Therefore, the brain is quite suitable

to be examined by graph theory, which is a branch of mathematics. The connec-

tions of a graph can be adequately represented with the help of a connectivity

matrix, where the ith row presents the outgoing connections from node i and the

jth column presents incoming connections to node j.

There are several network measures that can be classified into two main cat-

egories: global and local measures in order to investigate connectivity. While

global measures indicate the global characteristics of the graph, local measures

indicate the characteristics of the nodes within the graph. One characteristic that
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is frequently investigated is global efficiency (E global), which is an index of the

efficiency of distant information exchange in a network and can be defined as the

inverse of the average characteristic path length between all nodes in a network.

Global efficiency is formulated as E global = 1
N(N−1)

∑
i,j∈Gi

1
Li,j

where N is the

group of all nodes and Li,j is the average distance between nodes i and j in the

network. It ranges between 0 and 1, the value of 1 represents maximum global

efficiency [119].

In contrast to global efficiency, local efficiency (E local) is an index of the

capacity to exchange information within the neighbors of a given node and is

defined as the inverse of the shortest path length of each node [2]. It is calculated

as E local = 1
NGi(NGi−1)

∑
i,j∈Gi

1
Li,j

where NGi, symbolizes the number of nodes

in the neighbor Gi and it varies between 0 and 1, as in global efficiency.As value

gets closer to 1, the network’s local efficiency increases [119].

Another commonly studied measure is the clustering coefficient, which gives

information regarding the prevalence of clustered connectivity around an individ-

ual node [120]. The mean of clustering coefficient (C) for all nodes in a given

network is formulated as C = 1
N

∑
i∈ NCi where Ci indicates the likelihood of

interconnection between each node.
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1.7 Hypotheses and Goals

Numerous studies indicate that cannabis use causes the onset of psychotic symp-

toms. Similarly, prevailing literature has examined the effects of cannabis use and

subclinical psychosis risk on brain white matter integrity. However, there are only

few studies investigating the effects of cannabis use and psychosis risk on brain

structural connectivity. Additionally, while the vast majority of cannabis studies

focus on the impact of heavy use, studies investigating psychosis risk generally

focus on the effects of clinically diagnosed psychosis on brain development and

provide inconsistent results. Looking at the literature, it is seen that only one

study investigated the white matter coherence in sporadic cannabis use in adults.

This study revealed no differences between cannabis users and controls in white

matter microstructure. However, when considering the age of onset of cannabis

use, they found that an earlier age of cannabis use was related with lower FA and

greater RD in a large cluster of the right hemisphere, including superior longitu-

dinal fasciculus, inferior longitudinal fasciculus, forceps major and forceps minor

[66].

Only two studies have focused on cannabis use so far in terms of brain struc-

tural connectivity. Kim et al. (2011) performed the first graph theory-based study

in adult cannabis to users, and this study showed decreased brain network effi-

ciency and increased clustering in cannabis users compared to the control group

[2]. Another study investigated the effect of regular cannabis use on axonal fibre

connectivity, and revealed that axonal connectivity in the right fimbria of the

hippocampus (fornix), splenium of the corpus callosum, and commissural fibres

were impaired in cannabis users [121].

To the best of my knowledge, there is no study in the literature examining the

interaction of recreational cannabis use and psychosis risk on brain development

by combining white matter integrity, and structural topology analyses. In order

to contribute to the gap in the literature, two specific aims have been proposed.

The study’s first aim is to understand whether recreational cannabis use increases

the sub-clinical psychosis risk in the adolescence period. The second aim is to
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investigate whether cannabis use and psychosis risk have an impact on brain

white matter integrity and structural topology by using ROI based Tract-based

Spatial Statistics and Network Connectivity Analysis.

In line with these aims, we propose the following hypotheses: Adolescent

cannabis users have a higher subclinical psychosis risk compared to non-users.

The second hypothesis is that cannabis use and sub-clinical psychosis risk would

exhibit altered white matter microstructure in corpus callosum and superior lon-

gitudinal fasciculus and brain network efficiency.
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Chapter 2

Method

2.1 Participants

Twin participants between the ages of 14-23 were recruited through posters and

social media as part of a larger project on brain development and risk for psychosis

(PI Toulopoulou). Only one member of each twin pair was included in this thesis.

After quality control of both MRI and behavioral data, recreational cannabis users

(n = 25) and healthy non-using volunteers (n = 25) were included in the final

analysis. The age distribution of the participants ranges between 17 and 23 (M =

20.18, SD = 1.94). 32 of the participants were male (%64), while 18 were female

(%36). The study’s exclusion criteria were neurological and psychiatric disorders,

a diagnosis related to substance abuse, and an IQ <80. At the beginning of the

study, all participants were informed about the study and gave informed consent.

Parents of minor participants were asked to accompany their children on the day

of the study, and they signed the informed consent.
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2.2 Assessment of Cannabis Experience

The Cannabis Experience Questionnaire (CEQ) was used to assess the cannabis

use of the participants. This questionnaire has 56 items and was developed to

evaluate subjective experiences of cannabis use both during and after intoxication

[122]. Each participant evaluated their usage frequency according to the five-

point Likert Scale (’everyday’ = 1, ’more than once a week’ = 2, ’a few times

each month’ = 3, ’a few times each year’ = 4, ’only once or twice’ = 5). Detailed

information regarding the history of cannabis use, current use, age of onset, the

type of cannabis use (e.g., hash, herbal cannabis,skunk, super skunk, and others),

and other recreational substance use (e.g., tobacco) was also collected.

2.3 Assessment of Alcohol and Tobacco

Consumption

Participants’ alcohol and tobacco consumption and the amount of consumption

were determined through the Alcohol and Tobacco Questionnaire. This is a self-

reported scale and consists of two separate parts. The first part is about tobacco

use, and it includes two questions, while the second part evaluates alcohol use

and consists of three questions. The tobacco part asks whether there has been

any tobacco use in the last 12 months (‘yes’= 1, ’no’ = 0). Then, it asks how

many cigarettes or tobacco-related products have been used daily in the last 12

months. Daily cigarette consumption covers certain range values in order to be

able to classify (‘never smoked’ = 0, ’smoked less than cigarettes per day’ = 1,

’smoked 10 or more cigarettes’ = 2). In the alcohol-related part, the first question

asks whether alcohol consumption or not (‘yes’ = 1, ‘no’ = 0). Secondly, it is

asked whether at least 12 and more alcoholic beverages have been drunk in the

last 12 months (‘yes’ = 1, ‘no’ = 0). Lastly, it asked how many glasses of alcoholic

beverages have been consumed on average per day for a week.
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2.4 Assessment of Psychosis Proneness

The Community Assessment of Psychic Experience (CAPE) modified version was

used to assess participants’ psychotic-like experiences related to cannabis use.

The CAPE- 42 is a reliable, comprehensive, and valid self-reported questionnaire

which that has been developed to evaluate the lifetime prevalence of psychotic-

like experiences in the general population [123]. The instrument includes 42 items

covering three subdimensions: positive, negative, and depressive. It consists of 20

items related to positive symptoms, 14 items to negative symptoms, and 8 items

on depressive symptoms. These three dimensions have adequate discriminant

validity [123]. In respect of scoring, each of the items in the questionnaire was

calculated using a two 4- Likert scales: the first one specifies the frequency of

symptoms (’never’ = 1, ’sometimes’ = 2, ’often’ = 3 and ’nearly always’ = 4, and

the second one specify the level of distress of symptoms caused by experience (’not

distressed’ = 1, ’a bit distressed’ = 2, ’quite distressed’ = 3 and ’very distressed’

= 4. The overall scores in both dimensions range from 42 to 168 [124].

2.5 Acquisition of Diffusion Weighted Images

(DWI)

Diffusion MRI images were acquired using a 3T Siemens Magnetom Trio scanner

equipped with a 32-channel head coil at the Bilkent University National Magnetic

Resonance Research Center (UMRAM) - Aysel Sabuncu Brain Research Center,

Ankara, Turkey. Diffusion-weighted images (DWI) of the whole brain were col-

lected using an echo-planar imaging (EPI) sequence to obtain slices in coronal

(A>>P), sagittal (R>> L), and transversal (F>>H) planes with the following

parameters: (TR = 10740 ms, TE = 102 ms, matrix = 256 x 256 on a 256 mm

FOV (field of view), slice thickness = 2 mm, b value = 1000 s/ mm², for a total

acquisition time of 7 min 22 s. In order to segmentation and registration, high-

resolution T1-weighted MRI was acquired with the following parameters (TR =

2600 ms, TE = 3.02 ms, matrix = 256 x 256 with 176 slices, slice thickness = 1
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mm, and the duration of imaging sequence was 7 min 18 sec.

2.6 Analysis of Diffusion Weighted Images

2.6.1 DWI Preprocessing

Firstly, the diffusion-weighted data with 33 volumes, 128 x 128 x 64 voxels, and 2

x 2 x 2 mm resolution on the computer of MRI scanner were converted from dicom

extension file to nifti extension file via DICOM2NII software in Macintosh. All

processing of the diffusion weighted-images was completed with FMRIB Software

Library (version 6.0 ; http://www.fmrib.ox.ac.uk/fsl). Diffusion-weighted images

were improved in terms of head motion and eddy current to eliminate distortions

and non-linear artifacts by performing affine alignment of each diffusion weighted

image to the reference volume of the data without gradient (b = 0) by way

of Eddy Tool. After that, a binary mask was created from b = 0 image via

the Brain Extraction Tool (BET) in FSL. After completing these preprocessing

steps, diffusion tensors were fit using b val (b factor) and b vec (diffusion direction

matrix). In order to create maps containing fractional anisotropy (FA) and mean

diffusivity (MD) values of the entire brain, eigenvalues and eigenvectors were

calculated for each voxel.

2.6.2 Tract Based Spatial Statistics

After the preprocessing steps were applied to each participant individually, tract-

based spatial statistics (TBSS) was performed to make a group comparison. Since

DTI studies that work with a prespecified ROI restrict the areas of investigation,

they may miss the significant findings in other regions. Additionally, identify-

ing ROIs can be time-consuming and generally rely on observer accuracy [125].

Due to these limitations, comparing multiple brain regions between larger groups
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becomes difficult. On the other hand, TBSS provides several advantages to re-

searchers. One of its most important benefits is that it allows investigating the

entire white matter tracts of participants without the need for predetermined

ROI. Secondly, this approach is fully automated and observer-independent for

evaluating fractional anisotropy in the whole white matter tracts on a voxel-wise

basis between groups [126].

In the first stage of the TBSS, the FA images of each participant were obtained,

these values of all participants were collected in a separate folder. All processed

FA images were moved into a new subdirectory called slicesdir. Then, all FA

images were aligned into 1 x 1x 1 mm standard space defined as FMRIB58FA.

Afterwards, the entire aligned images were converted into a standard template

called MNI152, and was generated by Montreal Neuroimaging Institute. Once

this was completed, the mean value of affine-transformed images was averaged

to constitute mean FA value, and skeletonized FA value was acquired from that

mean FA. In the last step of TBSS analysis, the process of projection of FA value

onto the skeleton was applied to obtain neat alignment, and the frequently used

threshold value (0.2) was preferred (see Figure 2.1).

MD images of each participant were collected in a new folder in the TBSS

directory in order to obtain MD values for group comparison, and then, non-linear

registration was applied to MD data. Last of all, MD data of each participant were

combined with the 4D file, and the resulting image was reflected on the original

skeletonized mean FA to acquire skeletonized MD images of each participant.

L1 images of each participant were gathered in a new folder called AD in TBSS

analysis directory to obtain AD. The original nonlinear registration was applied

to data by merging all subjects’ warped images into 4D file. Then, obtained data

was projected onto the original mean FA skeleton. Lastly, to compute RD, L3

image was added on L1 and then divided by L2 image via fslmaths command. This

step was applied to the data of all participants. Following this, all adjusted RD

images of participants were collected in a new folder in the main TBSS directory.

Same as previous stages to obtain other indices, the original linear registration

was performed by merging all subjects’ warped RD images into a 4D file. As a

result, 4D projected data was acquired.
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Figure 2.1: Flowchart describes the general steps of TBSS analysis [1].

Figure 2.2: Skeletonized mean FA of the participants on standard MNI152 structural

template.
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2.6.3 Structural Connectivity and Network Construction

After preprocessing was completed, the cortex was parcellated into separate brain

regions as 57 unique cortical regions per hemisphere by 114 region-subdivision

of the Desikan-Killany Atlas of FreeSurfer (http:// surfer.nmr.mgh.harvard.edu)

[127]. In order to reconstruct the fibers, deterministic streamline tractography

based on the Fiber Assignment by Continuous Tracking (FACT) algorithm was

applied [128]. The structural brain network was then generated with the re-

constructed white matter tracts and the individual parcellation map [129]. To

construct the network, the following steps were applied: Firstly, parcellated brain

regions were set to represent nodes in the analysis. Two nodes i and j in the

network were identified as being connected when a bunch of fibers was found from

the whole group of reconstructed streamlines which interconnected them.

On the other hand, i and j were defined as unconnected when no streamlines

were found between them [130]. Information about the connection between i and

j was created in the connection matrix. Each cell in this matrix represented the

interconnected streamlines between these nodes. As a result, the individual brain

network of each participant was represented with 114 x 114 weighted adjacency

matrix (see Figure 2.3). In addition to analyzing weighted network based on

the number of streamlines [130], inter-regional connection weights using scalar

index (fractional anisotropy) obtained from the eigenvalues of the diffusion tensor,

and FA-weighted adjacency matrix, which represents the mean FA connections

between distinct brain regions was generated (see Figure 2.4) [54].
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Figure 2.3: Flowchart of describing the acquisition of the graph theoretical measure-

ments. This flowchart was modified from the flowchart in the paper by Kim et al.[2]

Figure 2.4: Individual connectivity matrices were obtained after network construction

processes.The left matrix (a) represents the individual’s number of streamlines, while

the right (b) matrix represents the FA-weighted connectivity matrix.
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2.7 Statistical Analysis

2.7.1 Tract-Based Spatial Statistics

General Linear Model (GLM) tool in FSL was used to conduct higher-level anal-

ysis for the skeletonized diffusion-weighted data. It generated appropriate design

matrices and voxel-wise contrasts for the whole skeleton to statistically evaluate

group differences in mean FA, MD, AD and RD. A Univariate GLM analysis

was performed to understand the differences between cannabis users and con-

trol group. In the design matrix created in GLM, the cannabis group is placed

in the first column, and the control group is placed in the second column. To

eliminate the possible effects of daily tobacco and weekly alcohol consumption

on white matter microstructure, they were added as covariates to the matrix.

The mean of daily tobacco uses and weekly alcohol use was subtracted from each

individual’s daily tobacco and alcohol consumption. After that, 5000 permuta-

tions were carried out by randomize command to evaluate whether the groups

were statistically different.Contrasts were processed with the help of Threshold-

free cluster enhancement (TFCE). The clusters were thresholded according to

the level of p < 0.05, and family-wise error correction (FWE) was performed

to correct false-positives. These steps were applied separately for each DTI in-

dices. The significant clusters were examined in two directions : cannabis group

> control group and control group > cannabis group as p < 0.05.

2.7.2 TBSS-ROI Analysis

For the region of interest analysis, the tensor-derived parameters (FA, MD, AD,

and RD) of cannabis users and non-users in the corpus callosum and superior

longitudinal fasciculus were extracted. To generate the anatomic location of a re-

gion of interest, fslmaths command was used according to the specific intensity of

the regions in the JHU White Matter Atlas. After that, fslmeants command was

applied to extract the values within each region of interest (see Figures 2.5 and
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2.6). In order to investigate the impact of tobacco and alcohol use on the relation-

ship between cannabis use, psychosis risk, and DWI parameters, daily tobacco

and weekly alcohol use were added as covariates. Multivariate Linear Regression

analysis was performed. While performing this analysis, cannabis use and sub-

clinical psychosis risk were included in the analysis as independent variables, DTI

parameters as dependent variables and cannabis and alcohol consumption as co-

variates. Other important demographic variables such as gender, intelligence and

education level were not included analysis as covariates since there was no sig-

nificant difference between cannabis users and non-users. To evaluate statistical

significance, a probability level of p < 0.05 was defined.

2.7.3 Statistical Analysis of Structural Network Topology

After generating connectivity matrices, graph theory metrics (global, local effi-

ciency, and clustering coefficient) were calculated with the help of Brain Con-

nectivity Toolbox [120] in MATLAB. For each participant, these metrics were

extracted for nodes of streamlines and fractional anisotropy. In order to obtain

the mean clustering coefficient and local efficiency, the averages of 114 regions

were calculated. Following these, the effects of cannabis use and psychosis risk

were investigated on structural topology using the Multivariate Linear Regression

model, covarying for tobacco and alcohol consumption after testing assumptions

of normality and homogeneity of variances. Gender, intelligence and education

level were not included analysis as covariates since there was no significant dif-

ference between cannabis users and non-users.
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Figure 2.5: Subregions of the Corpus Callosum on MNI152 Standard Image.

Note: Corpus Callosum was generated via John Hopkins University (JHU) white matter

tractography atlas in FSL.The sub-region highlighted in red represents the splenium,

the sub-region highlighted in blue indicates the body, and the sub-region highlighted

in green represents the genu of the corpus callosum.

Figure 2.6: Regions of Right and Left Superior Longitudinal Fasciculus on MNI152

Standard Image.

Note: Right and left superior longitudinal fasciculus was generated with John Hopkins

University (JHU) white matter tractography atlas in FSL.
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Chapter 3

Results

3.1 Analysis of Demographics

The statistical analysis was performed using SPSS software, version 25.0 (SPSS,

Chicago, IL, USA). The descriptive statistics included chi-square tests for cat-

egorical variables, and t-tests for continuous variables. The means, standard

deviations, and p-values are presented in Table 3.1.1). Firstly, the Shapiro Wilk

test was used to check whether the distribution of variables was normal or not.

Demographics that met the normality criterion were compared between groups

with the independent sample t-test, and the demographics that did not show

normal distribution were compared with the non-parametric Mann Whitney U

test.

Independent sample t-test showed that there were no age differences between

cannabis users (M = 20.40, SD = 1.94) and non-users (M = 19.76, SD = 1.90)

(t (48) = 1.18, p = .24). No significant differences in intelligence were found be-

tween cannabis group (M = 107.42, SD = 16.84) and non-users (M = 100.24, SD

= 12.02) (t (48) = 1.72, p = .09). A chi-square test of independence demonstrated

that there were no significant sex differences between groups (χ2 (1, N = 50) =

.08, p = .76). Additionally, education level did not differ significantly between

cannabis users and non-users (χ2 (2, N = 50) = 1.17, p = .56). Independent
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sample t test showed that, there were significant weekly alcohol consumption be-

tween the cannabis users and control group (t (48) = 2.14, p = .04), suggesting

that cannabis users consume more alcohol than non-users. Moreover, cannabis

group reported that they consumed more tobacco per day compared to control

group (t (48) = 2.27, p = .03).

Mann-Whitney U test showed that there were significant differences between

groups in terms of CAPE-42 questionnaire including positive (U = 162.00, z =

-2.76, p = .001), negative (U = 151.00, z = -2.99, p = .006) and depressive (U =

176.00, z = -1.73, p = .01) dimensions. In particular, it suggested that cannabis

users have higher scores on the positive, negative and depressive dimensions com-

pared to non-users. On the other hand, no significant difference was observed in

the distress scores of positive (U = 228.00, z = -1.67, p = .09), negative (U =

244.50, z = -1.33, p = .18) and depressive (U = 225.00, z = -1.72, p = .08)

dimensions between the groups.
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3.2 Tract- Based Spatial Statistics Results

To understand the white matter differences between groups, a Univariate GLM

analysis was carried out. The amount of alcohol consumed in a week and daily

tobacco use were added to the analysis as covariates since there was a significant

difference in tobacco and alcohol consumption between cannabis users and non-

users.Whole brain TBSS analyses did not show significant differences in FA, MD,

AD, and RD between cannabis users and non-cannabis users (TFCE corrected,

FWE p < 0.05). Furthermore, in order to investigate whether the interaction

of cannabis use and psychosis risks affect the tensor derived parameters in the

corpus callosum and superior longitudinal fasciculus, indices were extracted ac-

cording to JHU White Matter Atlas. FA, MD, AD and RD values were compared

with Multivariate Linear Regression analysis by adding alcohol and tobacco con-

sumption as predictors. Before performing multivariate analysis, the necessary

pre-criteria such as normality and collinearity were tested. The outliers in the

parameters have been removed.

As a result of analysis, the recreational cannabis use did not affect the tensor

derived parameters in corpus callosum and superior longitudinal fasciculus F (8,

33) = 2.07, p = 0.07 Wilks’ Λ = .67. Similarly, the psychosis risk did not have

a significant impact on the tensor derived parameters in that region of interest F

(8, 33) = 2.25, p = 0.05 Wilks’ Λ = .65. Furthermore, there were no statistically

significant effect of tobacco use F (8, 33) = 1.74, p = 0.13 Wilks’Λ = .70) and

alcohol use F (8, 33) = .55, p = 0.81 Wilks’ Λ = .88) on the tensor derived

parameters in corpus callosum and superior longitudinal fasciculus.
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3.3 Results of Parameters Based on Graph

Theory

Global efficiency, mean local efficiency and mean clustering coefficient param-

eters for both nodes of streamlines and fractional anisotropy were obtained to

understand whether cannabis use and psychosis risk have an effect on brain con-

nectivity parameters. Multivariate Linear Regression analysis was performed by

adding tobacco use per day and alcohol consumption in a week. The prerequi-

sites such as linearity of variables, no multicollinearity and normality of residuals

necessary to perform the analysis were tested. The outliers in the parameters

have been removed.The outliers in the parameters have been removed.

As a result of the analysis, the recreational cannabis use does not affect the

network parameters in the brain F (6, 38) = 1.71 p = 0.14 Wilks’ Λ = .79. Ac-

cordingly, the subclinical psychosis risk does not impact the network parameters

in the brain F (6, 38) = 1.32, p = 0.14 Wilks’ Λ = .79. Additionally, there was

no statistically significant effect of tobacco use (F (6, 38) = 1.25, p = 0.80 Wilks’

Λ =.93) and alcohol use (F (6, 38) = 1.25, p = 0.76 Wilks’ Λ =.92) on the brain

connectivity parameters.
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Table 3.1: Demographic characteristics of participants

Non-Users Cannabis Users Statistic P-value
Age 19.76 (1.90) 20.40 (1.94) t (48) = 1.18 0.24
Gender (n, %) X2 (1, N=50)= 0.8 .76
Male 15 (46.9 %) 17 (53.1 %)
Female 10 (55.6 %) 8 (44.4 %)
IQ 100.24 (12.02) 107.42 (16.84) t (48) = 1.72 0.09
Education Level
(n, %)

X2 (2, N=50) = 1.17 .56

Secondary School 4 (12.0 %) 3 (16.0 %)
High School 20 (80.0 %) 19 (76.0 %)
University Graduate 3 (6.0 %) 1 (2.0 %)
Cannabis Use
Age of onset
(years)

17.36 (2.56)

Duration of
regular use (years)

3.12 (2.08)

Frequency of use
(n, %)
Everyday 0 (0.0 %)
More than once a week 8 (32 %)
A few times each month 8 (32 %)
A few times each year 9 (36 %)
Only once or twice 0 (0.0 %)
Other substance
experience(n,%)
Never tried 17 (68 %)
Experienced 8 (32%)
Alcohol use (week) 1.48 (2.17) 2.75 (2.02) t (48) = 2.14 0.04 *
Tobacco use (day) 5.81 (6.74) 10.58 (8.17) t (48) = 2.27 0.03 *
CAPE-42
questionnaire

Total CAPE 63.20 (8.85) 79.36 (17.44) < 0.01 **
Positive Dimension 27.76 (4.57) 32.20 (5.03) < 0.01 **
Negative Dimension 22.80 (4.14) 30.16 (8.48) < 0.01 **
Depressive Dimension 11.48 (2.20) 15.04 ( 5.07) < 0.01 **
The positive dimension

distress
3.00 (1.63) 4.00 (2.34) 0.09

The negative dimension
distress

3.32 (2.51) 4.28 (2.82) 0.18

The depressive dimension
distress

3.08 (1.68) 4.40 (2.72) 0.08
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Chapter 4

Discussion and Conclusion

This thesis aimed to investigate whether recreational cannabis use in adolescence

increases the risk for subclinical psychosis and the effects of cannabis use and

psychosis risk on brain white matter integrity and structural topology. In order

to assess the microstructural and topological structure in the brain, two different

analysis methods were used: ROI-based Tract-Based Spatial Statistics (TBSS),

which examines white matter microstructure in the specific regions Structural

Connectivity analysis which examines structural topology in brain. The con-

founding effects of alcohol and tobacco consumption were controlled in all ana-

lyzes.

Our main findings were as follows: (1) adolescent cannabis users are at greater

risk of subclinical psychosis than non-users; (2) cannabis use and psychosis risk

had no effect on the tensor-derived parameters in the corpus callosum and superior

longitudinal fasciculus, as well as on the parameters related to the structural

topology of the brain.

The current thesis found that recreational cannabis use in adolescence may in-

crease the subclinical psychosis risk. This result is similar to earlier investigations.

The study by Kuepper et al. (2011) focused on whether cannabis in adolescence

elevates the risk for psychotic symptoms in the general population aged 14 to
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24 years. They showed that regular cannabis consumption increased adolescents’

risk for developing psychotic disorders by leading them to experience persistent

subclinical psychotic symptoms that are normally transitory and quite common

[131]. Beardslee and colleagues (2016) revealed that regular cannabis use during

adolescence might increase subclinical and clinical psychosis risk [132]. Similarly,

Bechtold et al. (2016) found that the level of subsequent subclinical symptoms

of adolescents who engaged in regular cannabis use rose by 21 % each year and

the effect of cumulative regular cannabis use on consecutive subclinical psychotic

symptoms continued even after a year of stopping cannabis consumption. Lastly,

as a result of both observational and experimental research, cannabis use has an

important role in the initiation and persistence of psychotic disorders [133].

On the other hand, some authors were more skeptical about findings of

cannabis-induced psychotic-like experiences. The first criticism is that people

who use cannabis may be psychologically more vulnerable than non-users. How-

ever, Newbury and colleagues conducted a longitudinal study that controlled for

psychotic symptoms at age 11, and they still revealed a significant relationship

between cannabis use and later psychotic symptoms [134]. The second criticism

is that people may use cannabis to alleviate their symptoms, but there is lim-

ited evidence in the literature [135]. One study found that once minor psychotic

symptoms first appear, people prefer to use less cannabis [136]. In addition to

these, there are criticisms that other substances accompanying the use of cannabis

might affect psychosis risk. However, several studies did not find sufficient effects

to refute the impact of cannabis use after looking for the effect of tobacco con-

sumption [135].

The second finding in the study is that the ROI-based TBSS analysis with ad-

justed covariates showed that cannabis use and psychosis risk do not affect white

matter integrity in corpus callosum and superior longitudinal fasciculus. Despite

many studies in the literature suggesting the opposite, there are some studies in

line with our findings. The result of the earlier study investigating the use of

cannabis on brain development during adolescence revealed that it had no effect

on white matter, and they explained that frequent cannabis use might not have

neurotoxic impact [137]. Another study revealed that cannabis use has no effect
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on white matter integrity in adolescents and adults, while frequent alcohol use

does [138]. Lastly, Cousijn et al (2021) did not find a difference between near-

daily cannabis users and controls regarding whole-brain white matter integrity.

There are not many studies in the literature investigating the effect of subclini-

cal psychosis risk on brain white matter integrity in a healthy population [139].

The majority of studies generally focused on individuals in the high-risk group

or diagnosed with first-episode psychosis, and they revealed that white matter

integrity is impaired due to the risk of psychosis.

The third finding in the study is that Structural Network Connectivity with

adjusted covariates showed that cannabis use and psychosis risk do not affect

the global brain network connectivity parameters, including global efficiency,

mean local efficiency, and mean clustering coefficient for streamlining fractional

anisotropy nodes. Although Kim et al. (2012) found significant alterations, espe-

cially in these parameters, their sample size was markedly smaller than ours, and

they also included an adult population. However, a recent study investigating

the effects of cannabis use disorder on brain structure and function in African

Americans revealed that cannabis users show no disruption in terms of structural

connectivity, whereas they show functional dysconnectivity [140]. Even though

functional changes have been widely found across cognitive domains of adoles-

cent and adult cannabis users, structural changes related to cannabis use have

not provided consistent results [141]. A whole brain structural connectome study,

which investigates the impact of cannabis use on brain global-local graph theory

metrics, revealed reduced local efficiency and global efficiency in individuals with

psychotic like experiences [142]. Similarly, another study suggested that individ-

uals with psychotic like experiences have altered network organization in several

metrics compared to healthy control [143]. However, these studies mainly fo-

cused on the adult and clinical-level populations. This current thesis first sought

to understand the relationship between recreational cannabis use and subclini-

cal psychosis risk in a healthy sample. Since adolescence is a critical period for

brain development, it also investigated whether cannabis use and the risk of psy-

chosis together have an effect on brain development with two different analysis

methods. This study contributes to the literature since no study examines the
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effects of recreational (e.g., not daily base) cannabis use and subclinical psychosis

with two different methods. Even though TBSS is a frequently used method in

both cannabis and psychosis studies, the number of studies with structural net-

work analysis is relatively few. Therefore, combining these two analysis methods

aimed to provide the reader with more detailed information.

On the contrary, this study has several methodological shortcomings. Firstly,

the relatively small sample size was used because of strict inclusion and exclusion

criteria. Secondly, this is a cross-sectional study, and longitudinal studies are

needed to understand the cumulative effect of cannabis consumption on brain

development. Furthermore, only two regions were examined in this thesis, fu-

ture studies shoud focus on more regions in TBSS analysis. Similarly, examining

other topology-related metrics in structural network analysis in further studies

may provide more reliable and qualified results..Objective measures such as blood

and urine analysis could be included in the study to evaluate the recent use of

cannabis. The difficulty of reliably measuring the history of cannabis use is a

common problem in cannabis studies and potentially contributes to mixed results

[139]. While the confounding effects of alcohol and tobacco could be controlled in

this study, other drug use effects were not included. Because the drug usage was

minimal and reported to be experienced once or twice by the participants, the

effects of other drug use should be considered in future studies. Finally, future

studies may focus on how brain development (brain structural connectivity and

white matter integrity) mediates the relationship between cannabis use and sub-

clinical psychosis risk. In particular, including chronic cannabis use in the study

and examining chronic, recreational, and control groups may provide important

insights.
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In conclusion, recreational cannabis use during adolescence increases the sub-

clinical psychosis risk. However, when the effects of psychosis risk and cannabis

use are examined in terms of brain development, it is not observed in white

matter microstructure and structural topology. These results suggest that recre-

ational cannabis use during adolescence has an impact on psychosis risk, but their

interaction did not affect brain development.
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