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“Rabbit's clever," said Pooh thoughtfully. 

 "Yes," said Piglet, "Rabbit's clever." "And he has Brain." 

"Yes," said Piglet, "Rabbit has Brain."  

There was a long silence. 

"I suppose," said Pooh, "that that's why he never understands anything.” 

A.A. Milne  
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1. General introduction 

It is our brain that gives meaning to our thoughts and emotions and implements 

much of our behavior. On the other hand, our behavior and experiences may form 

brain structure and function through neuronal plasticity (Joseph 1999; Maguire, 

Woolet & Spiers 2006; Lövdén et al. 2013). Linking the human mind to behavior 

and to the brain stretches back over ancient times and has been an area of study of 

philosophy and biological sciences ever since (Davis et al. 1988; Wickens 2009). 

The experimental study of mental processes and behavior had only begun with 

the inception of psychology in the 19
th

 century. Psychology gave a central role to the 

mind – brain, and relatedly, to the behavior – brain relationship from the beginning 

(Wundt 1873; James 1890; Watson 1913; Davis et al. 1988; Barrett 2009; Wickens 

2009), and several subdisciplines have emerged to understand behavior and mental 

processes from a variety of perspectives. Biological psychology, for example, was 

based on the assumption that all mental processes and actions have a neural basis in 

the brain and aimed to study the biology of the brain and how it produces behavior 

and mental processes (Davis et al. 1988; Wickens 2009). However, based on the 

qualitative difference between mental processes and neural mechanisms, some argue 

with the justification of reducing psychological to biological events (Miller 2010). 

Bandura (2001), for example, suggests that the latter are important but not exclusive 

components of psychological states, therefore “…mapping the activation of neuronal 

circuitry subserving Martin Luther King’s “I Have a Dream” speech would tell us 

little about its powerful socially inspirational nature” (Bandura 2001; Pervin 2009). 

Taking their complex nature and qualitative differences into consideration, a 

multi-level approach drawing on areas within modern neuroscience and psychology 

might contribute to a better understanding of the relationship between behavior, 

psychological processes and neural systems (Ochsner et al. 2012) (check Figure 1. 

for a detailed description). 
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Figure 1 A multi-level model of emotion and behavioral regulation that is based on three levels of 

analysis: behavior, process and neural systems (model proposed by Ochsner et al. 2012). We can only 

measure behavioral and neural levels and make conclusions about the affective or cognitive processes 

based on behavioral and neural observations. The bi-directional arrows between levels of analysis 

indicate bi-directional relationships while the arrows from behavioral and neural levels towards the 

process level indicate causal relationships. 

Successful emotion and behavior regulation are both fundamental for mental 

health and adaptive behavior. These abilities are responsible for maintaining optimal 

homeostatic arousal, goal orientated functioning, impulse control, and adequate 

social behavior (Thompson 1994; Baumeister, Heatherton & Tice 1994; Gross 2001; 

Schore 2003; Hofmann, Friese, & Strack 2009; Wagner & Heatherton 2010; 

Heatherton 2011; Heatherton & Wagner 2011; O'Driscoll, Laing, & Mason 2014). 

On the other hand, emotion and behavior dysregulation are present in a variety of 

psychiatric and neurological disorders enhancing symptom severity and impairments 

in everyday life rather than being disorder specific aspects (Goodkind et al. 2010; 

Heatherton & Wagner 2011). For the better understanding of how people regulate 

and control their behaviors and emotions, modern neuroscience provides important 

insights into brain mechanisms related to (both adaptive and disturbed) emotional 

and behavioral regulation (Heatherton & Wagner 2011). This thesis is focused on 

neuroanatomical and neurobiological findings related to this topic. 

While our knowledge about structural bases of individual differences was 

primarily based on group of patients with well-defined circumscribed lesions and 

postmortem studies, recent developments in structural magnetic resonance imaging 

(MRI) techniques (e.g. MRI volumetry, voxel-based morphometry, and diffusion 

Level of analysis 

Behavior 
Emotional and behavioral response 

and regulatory strategies 

Information processing Affective and cognitive processes 

Neural systems 
Measures of cortical and subcortical 

systems 

What is measured? 
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tensor imaging) made it possible to investigate the macro- and microstructural bases 

of inter-individual differences in healthy subjects. Both macro- and microstructural 

variability have been found to be related to a wide range of factors that can possibly 

contribute to disturbed psychological processes. These factors include age, gender, 

habits, experiences, behavior regulation, and variations in affectivity and emotion 

regulation (Good et al. 2001a; Good et al. 2001b; Ganzel et al. 2008; Welborn et al. 

2009; Giorgio et al. 2010; Taki et al. 2011; Kühn, Gallinat, & Brass 2011; Hartley et 

al. 2011; May 2011; Ansell et al. 2012; Killgore, Olson, & Weber 2013; Ruigrok et 

al. 2014; Fox et al. 2014; Loh & Kanai 2014; Hermann et al. 2014, Vijayakumar et 

al. 2014; Deng et al. 2014). 

On the neurobiological level, neurosteroids play a significant role in the 

neurodevelopment and maintenance of a variety of psychopathological processes 

primary through neurotransmitter modulation, and may also be related to brain 

structural variations (Dubrovsky 2005; Golubchik & Weizman 2008; Zorumski et al. 

2013; Plózer et al. 2015, Annweiler et al. 2015). Inter-individual variability in 

neurosteroid concentrations have also been related to age, gender, habits, 

experiences, behavior regulation, and disturbances in emotional regulation 

(Orentreich et al. 1984; 1992; Brot, Jorgensen, & Sorensen 1999; Spivak et al. 2000; 

Mazat et al. 2001; Engel & Grant 2001; Pearson Murphy et al. 2001; Heydari & Le 

Melle´do 2002; Brambilla et al. 2003; van Broekhoven &Verkes 2003; Mithal et al. 

2009; Wentz 2014). 

These studies provide evidence for the presence of neuroanatomical and 

neurobiological variations in healthy population, which may carry functional and 

behavioral consequences that may serve to mediate vulnerability to 

psychopathology. Investigating such variations in healthy subjects may extend our 

knowledge about normal patterns, which in turn contribute to the better 

understanding of abnormalities in clinical groups.  
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1.1. The role of Vitamin D in brain development, adult brain 

function, neuropsychiatric diseases, and emotion regulation 

Vitamin D is a nuclear seco-steroid hormone that was primary known for its 

essential role in calcium homeostasis and being important for cardiovascular health 

and immune regulation (Holick 2007). The fact that vitamin D metabolites are able 

to cross the blood–brain barrier, and the presence of vitamin D metabolites, 

activating enzymes and vitamin D binding receptors (VDR) in the brain indicates 

that, like other neurosteroids, vitamin D may be important for normal brain 

development and brain function (Eyles et al. 2005; Smolders et al. 2011; Cui et al. 

2013; McGrath et al. 2001a; Eyles, Burne, & McGrath 2011; Harms et al. 2011; 

Pioggia et al. 2014). (Figure 2). 

The involvement of vitamin D in brain homeostasis, neurogenesis, and gene 

regulation (including the up-regulation of the nerve growth factor) suggests that it 

may serve as a neuroprotective factor against cognitive impairment and neurological 

conditions (Saporito et al. 1994; Cornet et al. 1998; McGrath et al. 2001a; Kalueff & 

Tuohimaa 2007; Holick 2007; Harms et al. 2012; Ramagopalan et al. 2010; Pioggia 

et al. 2014; Anastasiou et al. 2014; Annweiler et al. 2014). Indeed, low levels of 

vitamin D have been implicated in several neurological disorders including multiple 

sclerosis, Alzheimer’s, and Parkinson’s disorders as well as epilepsy (Mowry et al. 

2012; Holló et al. 2012; Eyles, Burne & McGrath 2013; Holló, Clemens, & Lakatos 

2014; Afzal, Bojesen, & Nordestgaard 2014). 

Additionally, animal studies suggest that vitamin D deficiency during brain 

development leads to alterations in brain morphology (Eyles et al. 2003; Féron et al. 

2005). Vitamin D related structural variations in the adult human brain were recently 

demonstrated by our research group, including enlarged intracranial volume, total 

cortical grey and cerebral white matter volumes in young healthy women with lower 

actual vitamin D levels (Plózer et al. 2015). The inverse association between 

intracranial volume and vitamin D status was also confirmed in elderly (Annweiler et 

al. 2015). These structural correlations may reflect a trait-like relationship between 
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vitamin D and brain size possibly determined by early development. 

Vitamin D also seems to be involved in emotion regulation and mental health. 

Seasonal fluctuation in vitamin D has been suggested to play a role in seasonal 

affective disorder (Stumpf & Privette 1989). There is evidence supporting 

suboptimal vitamin D levels being associated with depression (Wilkins et al. 2006; 

Ganji et al. 2010). Prenatal and early childhood vitamin D deficiency has been 

associated with increased risk for autistic spectrum disorders (ASD) and 

schizophrenia (Cannell 2008; Grant & Soles 2009; McGrath et al. 2010; Kočovská et 

al. 2012). Neurological and psychiatric disorders with a vitamin D link are also 

known to be associated with higher prevalence of alexithymia, a personality trait 

characterized by impaired ability to experience, differentiate, and verbalize 

emotional experiences (Shipko et al. 1983; Linden et al. 1995; Bermond 1997; 

Honkalampi et al. 2001; Bewley et al. 2005; Bodini et al. 2008). Although both 

vitamin D deficiency and alexithymia were described as a correlate of a variety of 

pathological conditions, their specific interrelation has not yet been studied. 

Figure 2. Vitamin D3 in the human brain (Pioggia et al. 2014) 
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1.2. Substance related and behavioral addictions:  

the rise of neuroimaging studies in problematic Internet use 

Addiction is a brain disease with critical biological, behavioral and social-context 

components (Leshner 1997; Levy 2013). It is characterized by a pathological pattern 

of automatic and compulsive behavior that develops from the initially voluntary 

behavior (e.g. psychoactive substance use) (Volkow & Baler 2014). According to the 

DSM-5 (Diagnostic and Statistical Manual Version 5, American Psychiatric 

Association 2013), core aspects of substance-related disorders (substance addiction) 

include a cluster of cognitive, behavioral and physiological symptoms (Figure 3): 

a. Impaired control (e.g. use larger amounts or use over a longer period 

against original intentions; failed attempts to decrease intake; spending 

a great deal of time revolving around the substance; craving) 

b. Social impairment (failure to fulfill major obligations; interpersonal 

problems related to substance; withdrawing social activities) 

c. Risky use (recurrent substance use in physically hazardous situations; 

failure to abstain from substance use despite awareness of 

psychological or physiological harm) 

d. Pharmacological criteria (tolerance; withdrawal). 
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Behavioral traits of vulnerability 

impulsivity, novelty seeking, anxiety 

Acquisition of drug self-administration 

sign tracking, incentive learning; drug 

induced cognitive impairments 

Controlled drug use 

conditioned reinforcement 

Habits 

Binges 

heavy intoxication 

Compulsive drug use = Addiction 

executive control failure 

Relapse 

repeated withdrawals 

Figure 3. A summary of psychological processes playing a role in turning voluntary drug seeking 

into compulsive drug use on a basis of vulnerability traits (based on a schematic model presented 

by Everitt 2014). 
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These core symptoms are sustained by modifications in the brain's neuronal 

circuits that mediate reward, motivation and behavioral flexibility. These changes 

include disturbed function and structural alterations of the fronto-striatal circuit 

(Volkow & Fowler 2000; Everitt & Robbins 2013; Volkow et al. 2013; Jentsch & 

Pennington 2014). Even though addiction was traditionally related solely to 

psychoactive substances, much of the core aspects of substance related disorders (i.e. 

impaired control; social impairment; engagement in the behavior despite negative 

consequences) are also present in non-substance related behavioral syndromes. Such 

behavioral syndromes arise from everyday activities (e.g. gambling disorder, 

compulsive buying, and problematic Internet use), and have been argued as 

behavioral addictions
1
 that may share neuronal background with substance 

addictions (Albrecht, Kirschner, & Grüsser 2007; Chamberlain et al. 2015). 

Investigating neural mechanisms related to behavioral addictions may contribute 

to the better understanding of the biological factors that prone some individuals to 

addiction, and neuronal patterns involved in sustaining addictive behavior (Grant, 

Brewer, & Potenza 2006; Chamberlain et al. 2015). In the next section, this thesis 

focuses on the conceptualization and neuroimaging findings about a possible 

behavioral addiction: problematic Internet use. 

  

                                                 
1
 This perspective led to the inclusion of the category ‘Substance Related and Addictive Disorders’ in 

DSM-5. While only gambling disorder was classified as a behavioral addiction in DSM-5, ‘Internet 

addiction’ was listed as a condition requiring further study (Diagnostic and Statistical Manual Version 

5, American Psychiatric Association, 2013). 
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1.2.1. Problematic Internet use 

During the past decades, Internet has not only become our external memory and an 

essential media source for social life and entertainment, but such Internet-related 

activities
2
 also have full potential to become addictive (Brenner 1997; Sparrow, Liu, 

& Wegner 2011). Various terms are available to describe maladaptive Internet use 

from “problematic Internet use” or “pathological Internet use” to “Internet addiction” 

or “Internet dependence” (Spada 2014). In this thesis, we adopt the term 

“problematic Internet use” is for general pathological use of the Internet (Davis 

2001). It is still a matter of discussion whether problematic Internet use is an 

independent psychiatric disorder (Griffiths 2000; Mitchell 2000; Morahan-Martin 

2005). However, it seems reasonable to interpret this phenomenon as a behavioral 

addiction that is a result of excessive use of certain activities available on the 

Internet. (Young 1999; Spada 2014; Laconi, Tricard, & Chabrol 2015). 

Neuroimaging findings support the addiction theory frame as problematic 

Internet use has been related to changes in brain reward pathways usually associated 

with substance addiction (Dong, Huang, & Du 2011; Kuss & Griffith 2012). While 

the majority of the Magnetic Resonance Imaging (MRI) studies used functional 

paradigms, only few investigated possible structural correlates of excessive Internet 

use. However, structural and microstructural brain alterations have been already 

demonstrated in Internet addicted adolescents (relative to controls) in areas related to 

craving, motivation, and cognitive control (Yuan et al. 2011; Zhou et al. 2011). 

Furthermore, one study demonstrated negative associations between excessive 

Internet use with grey matter and altered functional connectivity in the fronto-striatal 

                                                 
2
 It should be noted that online activities vary greatly on the role Internet play in them. For some 

offline activities, Internet is simply a new platform (such as online gambling and shopping). The 

Internet has also brought new dimensions to some offline activities (online gaming) while some 

activities can only take place online (such as information browsing and social networking) (Király et 

al. 2014). Related to such differentiation between Internet related activities, researchers started 

questioning whether there is a conceptual difference between generalized and specific maladaptive 

Internet use (Griffith et al. 2016). 
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circuitry in a large sample of healthy habitual user males (Kühn & Gallinat 2015). 

A significant shortcoming of the previous brain imaging findings is related to 

the ongoing discussion whether gender differences are present in excessive Internet 

use. While clinical reports showed male predominance, others reported no significant 

gender difference or even female predominance (Shaw & Black 2008; Odaci & 

Çıkrıkçı 2014). Additionally, gender difference is present in the preferred activities 

online (Morahan-Martin & Schumacher 2000; Durkee et al. 2012). However, 

previous neuroimaging studies by-passed this question by focusing on males only or 

by using a gender matched approach (Yuan et al. 2011; Liu et al. 2010; Lin et al. 

2012). 
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2. Technical background 

2.1. Vitamin D synthesis, measurement, recommendations 

The main sources of vitamin D are sun exposure and vitamin D rich food (including 

fish oils, egg yolks, mushrooms, and dairy products) (Al Mheid et al. 2013). Vitamin 

D3 (cholecalciferol) is converted from vitamin D precursor 7-dehydrocholesterol as 

a photochemical reaction in the skin to ultraviolet B (UVB) irradiation. Additionally, 

dietary sources and supplementation for vitamin D3 are also available. Vitamin D2 

(ergocalciferol) is produced by the irradiation of ergosterol, a membrane sterol found 

in Ergot fungus (available from dietary sources and D2 supplements). 

To initiate the synthesis of the bioactive vitamin D hormone, calcitriol, one of 

the two biologically inactive forms of vitamin D is needed (D2 or D3). Whether 

vitamin D is synthesized in the skin or derived from diet, two hydroxylation steps are 

required to produce the active vitamin D hormone, calcitriol (or 1, 25-

dihydroxyvitamin D (1, 25-OH D)). The first step occurs in the liver, where 

calciferol is hydroxylated to produce calcidol (25-hydroxyvitamin D (25(OH)D)), 

the major circulating form of vitamin D. 25(OH)D is then transported to the kidneys, 

where it is further hydroxylated by 1-α-hydroxylase, producing calcitriol. (DeLuca 

1979; McGrath et al. 2001a; Kočovská et al. 2012; Al Mheid et al. 2013 (Figure 4). 

Even though 1,25(OH)D is the biologically active form, its short half-life and 

narrow physiological range makes it unsuitable for clinical testing of actual vitamin 

D levels (Holick et al. 2011; Al Mheid et al. 2013). The only recommended vitamin 

D metabolite for evaluating vitamin D status is 25(OH)D, that is considered to be 

reliable measure of both vitamin D intake and vitamin D produced by sun exposure 

(Holick 2009). Since vitamin D levels are influenced by genetic factors, 

environmental factors (e.g. seasonal fluctuations of UVB levels, latitude), as well as 

individual behavior (e.g. dietary intake, outdoor activity, clothing) (McGrath et al. 

2001b; Tangpricha et al. 2002; Karohl et al. 2010; Al Anouti et al. 2011), remarkable 

intra- and inter-individual differences may be present in serum 25(OH)D levels. 

There is no absolute consensus about normal range should be, however, latest 
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recommendations suggest 25(OH)D levels over 30 ng/ml to be sufficient, levels 

between 20–30 ng/ml to be insufficient and levels below 20 ng/ml to be deficient 

(Holick 2009). 

  

Figure 4. Members of the vitamin D family, nomenclature and vitamin D synthesis (based on Al 

Mheid et al. 2013 and Kočovská et al. 2012) 
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2.2. Automated volumetric methods 

Manual tracing of brain regions by neuroanatomy experts used to be the golden 

standard. However, the increased need for investigating large MRI datasets also 

created the need for fast, automated user-independent approaches (Morey et al. 

2009). Based on recent developments in MRI techniques, it became possible to 

investigate in vivo macroscopic structural variations of human neuroanatomy (such 

as volume, density, and connectivity) in an automated fashion (Galton & Hodges 

2004; Kaufman & Nagae-Poetscher 2004; Emerton et al. 2009). Compared to the 

manual tracing of brain structures, automated techniques do not require expert 

knowledge in neuroanatomy; making it less user independent are less time 

consuming. In general, these automated brain segmentation methods are based on 3D 

high-resolution T1 -weighted MR images with a good grey/white matter contrast, 

and segment those images into different tissue classes (grey matter, white matter, and 

cerebrospinal fluid) (Eggert et al. 2012). Based on this segmentation, various 

neuroanatomical measures can be calculated (such as cortical thickness, grey/white 

matter volume, and density) to investigate intra- and inter-individual differences in 

brain structure in clinical subpopulations and even within relatively homogeneous 

groups (e.g. healthy controls) (Hayano et al. 2009; Jansen et al. 2010; Orsi et al. 

2011; Tavanti et al. 2012; Eggert et al. 2012; Heinzel et al. 2012; Borroni et al. 2015; 

Vriend et al. 2015; Sato et al. 2015; Darnai, et al. 2015; Yao et al.2016). 

In the following subsections, two such automated volumetric methods are described 

and compared: automated MRI volumetry and voxel-based morphometry (VBM). 

2.2.1. Automated MRI volumetry 

Here, automated MRI volumetry method is described as implemented in Freesurfer 

(Martinos Center for Biomedical Imaging, Harvard-MIT, Boston, USA), a free 

automated MRI brain segmentation software that is useful for both cortical and 

subcortical regions, and ideal for large datasets. During the automated segmentation 

protocol FreeSurfer (v4.0.5) “utilizes an affine rigid linear transformation and 

combines information about voxel intensity relative to a probability distribution for 
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tissue classes with information about the spatial relationship of the voxel to the 

location of neighboring structures obtained from a manually labeled atlas” (Morey et 

al. 2009). After several preprocessing steps, both cortical and subcortical 

segmentation are performed. The final automated neuroanatomical labeling of each 

voxel is based on both subject-specific measured values (i.e. intensity) and a subject-

independent probabilistic atlas built from a training set (Gaussian classifier array 

(GCA) atlas). Once these labels are known, various anatomical measures can be 

calculated, including volumes of the pre-defined brain structures or cortical thickness 

(Fischl et al. 2002; 2004, Morey et al. 2009; Pardoe et al. 2009). A detailed 

description of the preprocessing steps and Freesurfer documentation can be assessed 

at https://surfer.nmr.mgh.harvard.edu/fswiki/. 

2.2.2. Voxel based morphometry (VBM) 

Voxel-based morphometry (VBM) is an alternative automated volumetric method 

that is particularly sensitive to region specific differences in a given tissue type while 

it also takes global morphological differences between subjects into account 

(Emerton et al. 2009). 

An optimized VBM protocol can be performed with the freely available 

FMRIB's Software Library (FSL), for example (Good et al. 2001b). The image 

preprocessing process involves recurrent spatial normalization and tissue 

segmentation to increase the likelihood of any identified morphological findings to 

be tissue-related and not due to registration confounds. To identify within or between 

subject differences regarding tissue volume or relative tissue density VBM employs 

general linear model (GLM) framework (Emerton et al. 2009). VBM analysis with 

FSL involves the following steps: brain extraction (with FSL brain extraction tool 

(BET)), tissue-type segmentation (with FSL Automated Segmentation Tool (FAST)), 

study specific template creation, non-linear alignment of grey matter images to the 

study specific template space, smoothing, and statistical analysis. A detailed 

description of the FSL-VBM protocol can be found online at 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/. 

https://surfer.nmr.mgh.harvard.edu/fswiki/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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2.2.3. Comparison of the two methods 

In the interpretation of intra- or inter-individual structural brain differences it is very 

important to assure that the chosen volumetric method: (a) is able to precisely 

determine the exact amount of a given tissue in an MRI image (accuracy); and (b) 

that within-subject scan-rescan variability is minimal in volume measures 

(reliability) (Morey et al. 2009; Eggert et al. 2012). Both FreeSurfer and FSL show 

adequate accuracy and reliability comparable to manual segmentation (Fischl et al. 

2002; Morey et al. 2009; Patenaude et al. 2011). As compared with other automated 

volumetric methods, FSL achieved the highest accuracy but demonstrated poor 

reliability while FreeSurfer showed the lowest accuracy, but high reliability (Eggert 

et al. 2012). For subcortical segmentation, FreeSurfer was found to be more accurate 

for hippocampus than FSL, while FSL was found to be superior to Freesurfer in 

representing the shape of the amygdala (Morey et al. 2009). 

Briefly, FreeSurfer and FSL are popular and free automated volumetric methods 

with various advantages and disadvantages. Despite some convergence, these two 

volumetric methods take different perspectives: while automated MRI volumetry 

(Freesurfer) is based on the automatic segmentation of brain regions, VBM (FSL) 

follows a voxelwise approach (Good et al. 2001a; Morey et al. 2009; Keller & 

Roberts 2009; Perlaki et al. 2014). Accordingly, they enable different conclusions, 

cannot be taken as interchangeable and rather be conceptualized as complementary 

methods. The simultaneous use of these approaches can be particularly useful when 

investigating structural differences in regions characterized by greater degrees of 

anatomical variability (Testa et al. 2004; Giuliani et al. 2005; Kennedy et al. 2009; 

Emerton et al. 2009; Morey et al. 2009). 
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3. Objectives 

This thesis aimed to investigate psychological correlates of neuroanatomical and 

neurobiological variability in a large set of healthy normal volunteers using self-

reported measures of emotion and behavior regulation with the latest neuroimaging 

methods (such as automated MRI volumetry and VBM) and serum blood analysis. 

Our first study investigated whether there is a direct link between a 

neurosteroid hormone, vitamin D, and alexithymia, a personality trait defined 

by impaired emotion regulation processes (Berthoz et al. 2014; van der Velde et 

al. 2015). Although both vitamin D deficiency and alexithymia were described as a 

correlate of a variety of pathological conditions, their specific interrelation has not 

yet been studied. To avoid possible influence of pathological factors, we examined 

young healthy adults with no history of chronic illness, neurological or psychiatric 

disorders. 

In our second study, we aimed to investigate the structural brain correlates 

of a newly identified condition defined by poor behavior regulation, 

problematic Internet use, in a large non-clinical sample of habitual Internet 

user females using both automated MRI volumetry and voxel-based 

morphometry (VBM) as complementary approaches. Based on previous 

neuroimaging findings and the known role of the brain reward system in substance 

addictions, we hypothesized that regions of the fronto-striatal circuit (orbitofrontal 

cortex, caudate, putamen, nuclei accumbens) and amygdala -that provides important 

inputs to the striatum - would be associated with problematic Internet use (Volkow 

& Baler 2014). 
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4. Materials and methods 

4.1. Alexithymia and vitamin D level 

4.1.1. Subjects 

Healthy, right-handed Caucasian university students without history of 

substance abuse, chronic illnesses, neurological and psychiatric disorders, aged 

between 18 and 30 years were recruited via notice boards advertisement placed at the 

University of Pécs. Out of the 91 subjects contacted our recruitment team two 

subjects were excluded based on self-reported mental health problems identified by 

our life-style and health questionnaire (one subject with a known personality 

disorder and another one with symptoms of clinical depression). The final sample 

group thus comprised 89 subjects (59 females and 30 males). Mean age was 23.1 

years (SD = 2.1). No subject was taking vitamin D supplements. Blood sampling and 

administration of the self-reported questionnaires were carried out during the winter 

of 2011–2012. The study was approved by the Local Ethics Committee and all 

participants gave written informed consent prior to participating. 

4.1.2. Questionnaires 

Alexithymia was measured by the Hungarian version of the 20-item Toronto 

Alexithymia Scale (TAS-20) (Cserjési, Luminet, & Lénárd 2007). TAS-20 items 

assess difficulties identifying and describing emotions, and tendencies for externally 

focused attention (e.g.: “When I am upset I don’t know if I am sad, frightened, or 

angry.”; “I prefer to just let things happen rather than to understand why they 

turned out that way.”; “It is difficult for me to reveal my innermost feelings, even to 

close friends.”).  

Based on TAS-20 total scores (ranging between 0-100) the following subgroups 

were defined: non-alexithymia (≤51), possible alexithymia (52-60) and alexithymia 

(≥61) (Bagby & Taylor 1997). TAS-20 is considered to exhibit good internal 
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consistency and test-retest reliability (Bagby, Parker, & Taylor 1994). Cronbach's α 

was .79 in our study indicating acceptable reliability. 

Actual level of depression was measured by the Hungarian version of Beck 

Depression Inventory (BDI) (Beck, Steer, & Brown 1996; Kopp & Fóris 1993) while 

actual level of anxiety was measured by the Hungarian version of Spielberger State 

Anxiety Inventory (STAIS) (Spielberger et al. 1983; Sipos & Sipos 1983). 

Cronbach's α was .80 for BDI and .92 for STAIS. To assess handedness, we used the 

Edinburgh Handedness Inventory (EDI) (Oldfield 1971). Additionally, subjects also 

completed an exploratory questionnaire on lifestyle factors, mental and physical 

health. 

4.1.3. Serum blood analysis 

Fasting blood samples were analyzed for serum 25(OH)D with an automated 

electrochemiluminescence immunoassay measuring both vitamin D3 and D2. Five 

ml venous blood sample was collected from each subject using a Vacutainer plain 

tube which after complete blood coagulation was centrifuged at 3000 RPM (rounds 

per minute, approximately 1500g) for 10 minutes to separate serum from the clot. 

Vitamin D levels were measured on Elecsys 2010 analyzer with Elecsys Vitamin D 

Total kit (Roche Diagnostics) by the accredited diagnostic laboratory of Institute of 

Laboratory Medicine, University of Pécs, Faculty of Medicine. 

4.1.4. Statistical analysis 

Statistical analyses were performed using IBM SPSS 20.0 software package (IBM 

Corp., Armonk, NY). As tests of normality showed that all psychological variables 

(TAS-20, BDI, and STAIS scores) significantly differ from normal distribution, non-

parametric Spearman rank correlation tests were used for calculating correlations. 

First, correlation coefficient was calculated between TAS-20 scores and 25(OH)D 

levels. To control for possible confounders, a multiple linear regression analysis was 

performed where TAS-20 was defined as dependent while 25(OH)D level, age, and 

gender as independent variables. In a next step, BDI and STAS scores were also 
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entered as additional independent variables in the model. All assumptions of multiple 

linear regression were satisfied, as judged by testing for linearity, normality 

assumptions of the residues, outliers, independence of errors, homoscedasticity and 

multi-collinearity (Chan 2004). 

4.2. Problematic Internet use and the brain reward system 

4.2.1. Subjects 

Caucasian right-handed healthy female university students without history of 

substance abuse, chronic illnesses, neurological and psychiatric disorders, aged 

between 18 and 30 were recruited based on advertisements placed at the local 

university. Eighty-two females met the inclusion criteria and took part in our study. 

Mean age was 22.83 (SD = 2.3), and all participants use the Internet on a daily basis. 

The study was approved by the Local Ethics Committee and conducted in 

accordance with the Declaration of Helsinki. All participants gave written informed 

consent prior to participating. 

4.2.2. Questionnaires 

Without clear diagnostic criteria, it is highly recommended to measure excessive 

Internet use with a multidimensional and continuous questionnaire without using 

unclear cut-off scores (Ko et al. 2005). Therefore, we used Problematic Internet Use 

Questionnaire (PIUQ), a validated self-report scale with good reliability and validity 

characteristics (Demetrovics, Szeredi, & Rózsa 2008). PIUQ was created based on 

the factor analysis and psychometric analysis of the original and modified items of 

Young’s Internet Addiction Test (Young 1998). A confirmatory factor analysis 

verified the three factor model of the questionnaire (Koronczai et al. 2011). Each 

subscale contains six items and respondents answer each item using a 5-point scale, 

ranging from 1 to 5. Cronbach's α was .89 in our study indicating good reliability. 
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1. Obsession subscale refers to obsessive thinking about the Internet 

(daydreaming, rumination, and fantasizing), and withdrawal symptoms 

caused by the lack of Internet use (anxiety, depression). (“How often do you 

feel tense, irritated, or stressed if you cannot use the Internet for as long as 

you want to?”) 

2. Neglect subscale contains items about neglecting everyday activities, social 

life, and essential needs. (“How often do you spend time online when you’d 

rather sleep”?) 

3. Control disorder subscale reflects difficulties in controlling time spent on 

the Internet. (“How often do you realize saying when you are online, ‘just a 

couple of more minutes and I will stop’?”) 

Additional questions were administered to assess hours weekly spent on the 

Internet. To exclude possible neurological and psychiatric disorders, substance abuse 

and chronic illnesses, subjects also completed an exploratory questionnaire about 

lifestyle factors, mental and physical health. Similar to our previous study, we 

assessed alexithymia with the Hungarian version of the 20-item Toronto Alexithymia 

Scale (TAS-20) (Cserjési, Luminet, & Lénárd 2007), depression with the Hungarian 

version of Beck Depression Inventory (BDI) (Kopp & Fóris 1993), and trait anxiety 

with the Hungarian version of Spielberger Anxiety Inventory for trait anxiety 

(STAIT) (Sipos & Sipos 1983). Cronbach's α was .82 for TAS, .85. for BDI, and .89 

for STAIT respectively. Handedness was measured with Edinburgh Handedness 

Inventory (EDI) (Oldfield 1971). 
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4.2.3. MRI examinations 

MRI measurements were performed on a whole-body 3 Tesla MR scanner 

(Siemens Magnetom Trio Tim System, Siemens AG, Erlangen, Germany) with a 12-

channel head coil. For the volumetric analysis a T1 weighted axial reformation of the 

isotropic sagittal magnetization-prepared rapid acquisition with gradient echo 

(MPRAGE) images were used: FoV = 256x256
2
 mm, TR = 2530 ms, TE = 3.37 ms, 

TI = 1100 ms, slice thickness = 1 mm, slice number = 176, FA = 7
o
, bandwidth = 

200 Hz/pixel, 256x256 matrix. 

4.2.4. MRI data post-processing evaluation 

4.2.4.1. Volumetric analysis 

Freesurfer 4.5.0 was used for cortical reconstruction and volumetric segmentation of 

the images (http://surfer.nmr.mgh.harvard.edu/) to assess volumes of bilateral 

amygdala, nucleus accumbens, putamen, caudate and orbitofrontal cortex. 

Freesurfer’s semi-automatic anatomical processing scripts (autorecon1, 2 and 3) 

were executed on all subjects’ data. Manual verifications were performed in case of 

every subject after each script and error corrections were applied wherever it was 

indicated (http://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction/). 

The volume-based stream is designed to preprocess MRI volumes and label 

subcortical tissue classes. All stages of the stream are fully described by Fischl et al. 

(2002). The final segmentation is based on a probabilistic atlas and the subject-

specific measured values. Visual analysis of the images identified no brain 

abnormalities. Head correction was done using the statistical method: intracranial 

volume (ICV) was entered as additional independent variable (Perlaki et al. 2014). 

  

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction/
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4.2.4.2. Voxel-based morphometry 

VBM was performed with FSL-VBM (http://www.fmrib.ox.ac.uk/fsl) to assess 

grey matter volume of the above described regions. An ‘optimised’ VBM protocol 

(Good et al. 2001a) was carried out with FSL tools (Smith et al. 2004). First, 

structural images were brain-extracted using BET (Smith 2002). Next, tissue-type 

segmentation was carried out using FAST (Zhang, Brady, & Smith 2001). The 

resulting grey matter partial volume images were then aligned to MNI152 standard 

space using non-linear registration (Andersson, Jenkinson, & Smith 2007). The 

resulting images were averaged together with their respective mirror images to create 

a left–right symmetric study-specific grey matter template. The registered partial 

volume images were then modulated (to correct for local expansion or contraction 

owing to both affine and nonlinear components of the registration) by dividing by 

the Jacobian of the warp field. The modulated segmented images were then 

smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. 

4.2.5. Statistical analysis 

Statistical analyses for demographic data, questionnaires, and volumetric analyses 

were performed using IBM SPSS 20.0 software package (IBM Corp., Armonk, NY). 

Non-parametric Spearman rank correlation tests were used for calculating 

correlations. For reliability testing, Cronbach's alpha coefficients were also 

calculated for all questionnaires. 

In the volumetric analysis, the following structures were investigated separately: 

bilateral amygdala, nuclei accumbens, putamen, caudate, and orbitofrontal cortex 

(OFC). To test whether problematic Internet use is associated with volumetric 

alterations in the reward system, multiple linear regression models were created for 

each structure as a dependent variable with all three subscales of PIUQ separately as 

an independent variable while controlling for age and intracranial volume (ICV). All 

assumptions of multiple linear regression were satisfied, as judged by testing for 

linearity, normality assumptions of the residues, outliers, independence of errors, 

homoscedasticity, and multicollinearity (Chan 2004). 

http://www.fmrib.ox.ac.uk/fsl
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VBM statistical analyses were conducted using FSL-VBM. To test association 

between above described regions and each subscale of PIUQ, voxelwise general 

linear models (GLM) were applied using permutation-based non-parametric testing 

(5000 permutations), correcting for multiple comparisons across space. Results were 

considered significant for p<.05, corrected for multiple comparisons using 

“threshold-free cluster enhancement” (TFCE), which avoids making an arbitrary 

choice of the cluster-forming threshold, while preserving the sensitivity benefits of 

clusterwise correction (Smith & Nichols 2009). Similar to volumetric analyses, head 

correction was done by entering ICV to GLM as an independent variable. Age was 

also included as a control variable for all comparisons. 
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5. Results 

5.1. Alexithymia and vitamin D level 

5.1.1. Descriptive statistics 

Mean 25(OH)D level was 28.9 ng/ml (SD = 9.4) (range: 13.2–59.2 ng/ml). Out of 

the 89 subjects, 14 (15.7%) had deficient (<20 ng/ml), 36 (40.4%) had insufficient 

(20–30 ng/ml), and 39 (43.8%) had sufficient (>30 ng/ml) 25(OH)D levels (Figure 

5).  

Mean TAS-20 score was 43.2 (SD = 9.7; range: 24–68). Based on TAS-20 

scores 69 subjects (77.5%) were classified as non-alexithymic, 15 subjects (16.9%) 

as with possible alexithymia and five (5.1%) with alexithymia (Figure 6). 

Spearman’s rank correlation analysis revealed a marginally insignificant 

negative correlation between TAS-20 score and 25(OH)D levels (rs = −.20; p = .06) 

(Figure 7 and 8). 

 

Figure 5. Distribution of 25(OH)D levels. Categories of deficient, insufficient, and sufficient vitamin 

D are indicated in light, medium, and dark grey, respectively. 
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Figure 6. Distribution of TAS-20 scores. Categories of non-alexithymia, possible alexithymia,  

and alexithymia are indicated in light, medium and dark grey, respectively. 

 

 

Figure 7. Distribution of subjects according to the three TAS-20 and the three vitamin D categories. 
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Figure 8. Scatterplot representing the relationship between TAS-20 total score and 25(OH)D levels. 

5.1.2. Multiple linear regression 

A control for age and gender in the multiple linear regression model resulted in a 

significant relation between 25(OH)D level and TAS-20 score (β = −.29; p = .03). 

Neither age (β = −.06; p = .6) nor gender (β = −.16; p = .17) contributed significantly 

to TAS-20 score in this model. The inclusion of BDI and STAIS scores as additional 

independent variables in the model did not essentially change the relationship 

between 25(OH)D level and TAS-20 score (β = −.21; p = .03). In this model both 

BDI and STAIS scores showed a significant relation with TAS-20  

(β = .26; p = .01 and β = .28; p = .008, respectively). Both multiple linear regression 

models significantly predicted TAS-20 score (R
2
 = .05; p = .05 and R

2
 = .25;  

p =. 0001, respectively). Additional correlation analysis revealed the relation of 

25(OH)D level with BDI, STAIS, and age to be non-significant. 
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5.2. Problematic Internet use and the brain reward system 

5.2.1. Descriptive statistics 

Participants spent 12.85 hours (SD = 9.33; range: .83-35) on the Internet per 

week on average. They used 31% of their time on the Internet on working/or 

studying, 22% on surfing, 19% on social networking, 15% on corresponding to 

emails, 10% on chatting and only 3% on online games (Figure 9). 

 

Figure 9. Time percentages on the activities spent online on an average week. 

 

Mean score for the PIUQ was 28.71 (SD = 7.76; range: 18-53). Mean score for the 

PIUQ subscales were 8.39 (SD = 2.28; range 6-16) for Obsession, 1.13 (SD = 2.28; 

range: 6-21) for Neglect and 1.18 (SD = 2.28; range 6-20) for Control Disorder. The 

total time spent with online activities was significantly correlated with Obsession (rs 

= .291; p < .01), Neglect (rs = .322; p < .01) and Control Disorder (rs = .325; p < 

.01). 
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Spearman’s rank correlation analysis revealed a significant positive association 

between PIUQ total score with STAIT total score, and between PIUQ Neglect 

subscale with BDI and STAIT total score. Age and TAS-20 showed no significant 

association with PIUQ total score and PIUQ subscales (Table 1). 

  1 2 3 4 5 6 7 8 

1 PIUQ Total score                 

2 PIUQ Obsession  .732
**

        

3 PIUQ Neglect  .874
**

 .496
**

       

4 PIUQ Control Disorder .885
**

 .517
**

 .675
**

      

5 Age .081 .096 .025 .088     

6 TAS-20 Total Score .182 .101 .191 .139 -.111    

7 BDI Total Score .177 .102 .300
**

 .083 -.023 .464
**

   

8 STAIT Total Score .275
*
 .159 .364

**
 .180 -.114 .495

**
 .712

**
   

Table 1 Spearman rank-correlation coefficients between PIUQ Total Score, PIUQ subscales with TAS, BDI, and 

STAIT Total Scores; *p <.05; **p<.01 
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5.2.2. MR volumetry 

Significant positive associations were found between Control disorder and both 

left and right putamen and between Obsession and right nucleus accumbens. 

Obsession also showed a significant negative association with both left and right 

OFC, while Neglect was negatively related to left OFC (see results for all 

investigated regions in Table 2). 

 Predictor 

 Obsession Neglect Control Disorder 

Investigated brain 

regions 
 R

2
 F  R

2
 F  R

2
 F 

L
ef

t-
si

d
ed

 s
tr

u
ct

u
re

s 

Amygdala .188 .162 6.234 .050 .129 4.995 .082 .133 5.150 

Accumbens .210 .085 3.516 .102 .051 2.453 .047 .043 2.199 

Caudatum .118 .132 5.100 .067 .122 4.760 .178 .150 5.772 

Putamen .160 .140 5.413 .093 .123 6.821 .229* .169 6.486 

OFC -.226* .120 4.688 -.232* .124 4.816 -.125 .084 3.491 

R
ig

h
t-

si
d

ed
 s

tr
u

ct
u

re
s Amygdala .197 .144 5.544 .027 .105 4.171 .000 .104 4.146 

Accumbens .238* .105 4.165 .113 .061 2.739 .156 .072 3.101 

Caudatum .065 .126 4.906 .023 .123 4.774 .108 .134 5.182 

Putamen .194 .182 7.012 .124 .160 6.133 .237* .202 7.835 

OFC -.297** .238 9.433 -.056 .151 5.809 -.072 .153 5.891 

Table 2. Association of the investigated brain structures with Problematic Internet Use subscales 

controlled for ICV and age. df = 81 in all models; *p <.05; **p<.01 

To test its possible confounding effect, average time spent online was also 

entered to each model as an additional independent variable. However, it did not 

essentially change the significant associations between PIUQ subscales and the 

volume of the investigated regions (Table 3). 
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 Predictor 

 Obsession Neglect Control Disorder 

Investigated brain 

regions 
 R

2
 F  R

2
 F  R

2
 F 

L
ef

t-
si

d
ed

 s
tr

u
ct

u
re

s 

Amygdala .181 .215 5.260 .031 .141 4.321 .060 .144 4.395 

Accumbens .212 .075 2.641 .053 .032 1.659 .242* .103 3.324 

Caudatum .121 .126 3.922 .076 .117 3.680 .192 .149 4.533 

Putamen .161 .130 4.027 .097 .113 3.580 .238* .161 4.889 

OFC -.226* .109 3.471 -.234* .113 3.575 -.127 .73 2.587 

R
ig

h
t-

si
d

ed
 s

tr
u

ct
u

re
s Amygdala .196 .134 4,131 ,022 ,095 3,122 -,006 ,094 3,111 

Accumbens .242* .103 3.324 .126 ,059 2.264 .172 .073 2.588 

Caudatum .064 .115 3.637 .022 .111 3.540 .108 .123 3.836 

Putamen .196 .176 5.322 .133 .154 4.693 .251* .201 6.080 

OFC -.297** .228 6.984 -.055 .140 4.301 -.072 .142 4.361 

Table 3. Association of the investigated brain structures with Problematic Internet Use subscales 

controlled for ICV, age, and average hours spent online. df = 81 in all models; *p <.05; **p<.01 

 

5.2.3. Voxel Based Morphometry (VBM) 

Subscales of PIUQ were used separately to predict the absolute amount of grey 

matter of the investigated brain regions in GLM while controlling for intracranial 

volume and age. A significant negative correlation was found between the absolute 

amount of grey matter in left OFC with Neglect (Figure 10.), and between the 

absolute amount of grey matter in right OFC and Control disorder (Figure 11.), while 

OFC showed no significant association with Obsession. Other regions of interest 

were not predicted significantly by any of PIUQ subscales. 
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Figure 10. Voxelwise analysis of the grey matter of the OFC using the data of 82 female including 

Neglect, age and ICV as independent variables in the statistical model. Red voxels are demonstrating 

a significant negative correlation between Neglect subscale and grey matter in left OFC (corrected 

p<.05). The background image is the MNI152 standard space T1 template. X-, Y- and Z-values 

indicate the MNI slice coordinates in millimeter. Images are shown in radiological convention. 

 

 

Figure 11. Voxelwise analysis of the grey matter of the OFC using the data of 82 female including 

Control subscale, age and ICV as independent variables in the statistical model. Red voxels are 

demonstrating a significant negative correlation between Control subscale and grey matter in right 

OFC (corrected p<.05). The background image is the MNI152 standard space T1 template. X-, Y- and 

Z-values indicate the MNI slice coordinates in millimeter. Images are shown in radiological 

convention. 

  



37 

 

6. Discussion 

6.1. Alexithymia and vitamin D level 

To our knowledge, this is the first study exploring the relationship between 

vitamin D and alexithymia in healthy subjects. Previous studies on the relation 

between vitamin D and mental health mostly include patients with depression, 

autism, and schizophrenia (Eyles, Burne, & McGrath 2011; 2013). Prior to our 

study, only two studies have assessed the relation between vitamin D and 

psychological functions in a non-clinical sample. One found a weak association 

between childhood behavioral problems and low levels of vitamin D while the 

another study found 1,25(OH)D level to be associated with more extrovert and open 

behavior in adults (Ubbenhorst et al. 2011; Tolppanen
 
et al. 2012). Controlling for 

age and gender in this study we found a significant association between alexithymia 

and vitamin D level. Neither depression nor anxiety was associated with vitamin D 

in our sample, suggesting a more specific link with impaired emotional processing. 

Vitamin D level is primarily determined by exposure to sunlight and secondarily 

by factors influencing vitamin D synthesis in the body. Wintertime vitamin D level 

was shown to be associated with genetic factors (Orton et al. 2008; Karohl
 
et al. 

2010). Our finding of a correlation between the actual level of vitamin D and 

alexithymia may be surprising given that previous studies generally did not find a 

gradual association between vitamin D level and psychological functions in cross-

sectional studies (Parker & Brotchie 2011). However, longitudinal studies assessing 

maternal, perinatal, and early childhood vitamin D markers found a link between low 

vitamin D levels and an increased risk for psychiatric conditions manifesting in later 

life such as autism and schizophrenia (Cannell 2008; Grant & Soles 2009; McGrath 

et al. 2010; Grant & Cannell 2013; Cannell & Grant 2013). An acute effect of 

vitamin D on the level of alexithymia (or an opposite causal relationship) in this 

study cannot be entirely excluded but we deem it unlikely given that alexithymia is 

considered as a stable personality trait (Martínez-Sánchez
 
et al. 2003). Instead, we 

suggest that the correlation between alexithymia and vitamin D to be regarded as a 
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trait-like relationship between two conditions which are rather stable longitudinally 

(i.e. alexithymia and wintertime vitamin D level) (Martínez-Sánchez et al. 1998; 

Orton & Ebers 2011). Such a correlation may be interpreted as a reflection of early 

life vitamin D deficiency determining life-long alexithymia. This seems to be 

plausible given that alexithymia appears to be highly comorbid with autism, a 

pervasive developmental spectrum disorder that is also thought to be related to low 

perinatal vitamin D levels (Hill, Berthoz & Frith 2004; Cannell 2008). Furthermore, 

higher incidence of alexithymia in ASD may be responsible for emotional 

impairments previously associated with autism itself (Bird et al. 2010; Bird, Press, & 

Richardson 2011; Cook et al. 2013). 

Generally, a distinction is made between primary and secondary alexithymia. 

The former is regarded as a stable personality trait while the latter is more transient 

occurring in response to severe and chronic medical illness (Freyberger 1977). To 

minimize secondary alexithymia here, we included young adults free of neurologic, 

psychiatric, or other chronic disorders based on our questionnaires. 

Studies in elderly indicate cognitive decline and depression to be associated with 

actual levels of vitamin D (Wilkins et al. 2006; Balion et al. 2012). Baseline vitamin 

D levels in elderly also predicted decline in cognition within a few years (Annweiler 

et al. 2012a; 2012b). Autism and schizophrenia, at the same time, are generally 

related to perinatal and early childhood vitamin D deficiency (Grant & Soles 2009; 

McGrath et al. 2010; Hossein-Nezhad & Holick 2013). There is substantial 

controversy as to whether middle-life depression is related to vitamin D (Parker & 

Brotchie 2011). Overall, the association between actual vitamin D levels and mental 

functions seems to be more pronounced with advancing age. Here we report a 

correlation between actual levels of vitamin D and alexithymia in young healthy 

university students indicating that an association between disturbed emotional 

processing and low vitamin D levels is already present in young healthy adults. 
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Since alexithymia and vitamin D deficiency are highly prevalent in a range of 

psychiatric and neurological disorders, future cross-sectional and longitudinal studies 

should investigate whether the direct link revealed by our study in healthy controls 

are also present in those patient groups, and whether it is affected by comorbidity 

factors (Pinard et al. 1996; Honkalampi et al. 2001; Bewley et al. 2005; Evren et al. 

2008; Bodini et al. 2008; Craparo 2011; Mowry et al. 2012, Eyles, Burne & McGrath 

2013; Eserian 2013; Scimeca et al. 2014; Holló, Clemens, & Lakatos 2014; Afzal, 

Bojesen & Nordestgaard 2014). A further step may explore whether the relationship 

between hypovitaminosis D and alexithymia is reflected in brain morphology and 

functional brain alterations. Related neuroimaging research may either focus on 

vitamin D related structural variations in overall brain volume or specific brain areas 

related to impaired emotion processing (Grabe et al. 2014; Berthoz et al. 2014; 

Plózer et al.2015; Annweiler et al. 2015; Goerlich‐Dobre et al. 2015). Investigations 

in this research field may contribute to more efficient therapy strategies in patient 

groups with difficulties in understanding affective experiences (Vanheule, 

Verhaeghe, & Desmet 2011). 
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6.2. Problematic Internet use and the brain reward system 

In this study, structural correlates of subclinical Internet addiction tendencies 

were demonstrated in the brain reward system in a large group of habitual Internet 

user females. We assessed a multidimensional continuous measure of problematic 

Internet use, PIUQ (Demetrovics, Szeredi, & Rózsa 2008). The three subscales of 

PIUQ capture different signs of addictive tendencies that are often present in 

behavioral and chemical addictions. Since PIUQ subscales represent different 

aspects of addictive symptoms that may have a distinguishable role in the brain 

reward system; we decided to investigate their potential effect separately. 

To identify structural brain changes MRI volumetry and VBM were used. As 

highlighted earlier, these volumetric methods follow different approach and therefore 

enables different conclusions: while volumetry is based on automatic segmentation 

of brain regions, VBM provides “voxelwise overview of regional morphological 

effects” (Morey et al. 2009; Good et al. 2001a; Keller & Roberts 2009; Perlaki et al. 

2014). Previous structural neuroimaging studies about Internet addiction used the 

VBM approach. For example, a VBM study in Internet addicted adolescents 

compared to normal controls found lower grey matter density in areas related to 

craving, motivation, emotional behavior regulation (left anterior cingulate cortex, left 

posterior cingulate cortex, left insula, and left lingual gyrus) (Zhou et al. 2011). 

Here, we demonstrated structural brain changes in the reward system in females with 

both techniques. MRI based volumetry revealed increased grey matter volume of 

bilateral putamen and right nucleus accumbens and decreased grey matter volume of 

OFC to be associated with PIUQ subscales. The significant negative associations 

between the absolute amount of grey matter of bilateral OFC and PIUQ subscales 

were also present in the VBM analysis. These relationships remained significant 

even after controlling for average hours spent online, suggesting that the effect of 

addictive tendencies are not simply the result of the amount of time on the world 

wide web (Chou et al. 2005). 
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According to our results, structural brain changes in regions of the cortico-

striatal network are present in healthy females (Figure 12). It is difficult to relate our 

findings to previous neuroimaging reports about Internet addiction since no study 

has been conducted in females in this specific field. However, craving and 

reinforcement of addictive behavior has already been related to functional changes in 

the nucleus accumbens in long term drug users and online gaming addict males 

(Kalivas & Volkow 2005; Ko et al. 2009). In our study, grey matter volume of right 

nucleus accumbens was positively related to Obsession, the preoccupation with 

Internet related thoughts. Accordingly, it may be hypothesized that our result is a 

structural correlate of Internet craving. Functional changes in the striatum have 

already been related to misuse of the Internet, as putamen is revealed to be the 

mostly involved subcortical region of the brain reward system with decreased 

(+)

 

(-) 

Control disorder 

Difficulties in 
controlling time spent 

on the Internet 

Obsession 

Obsessive thinking 
about the Internet and 
withdrawal symptoms 
caused by the lack of 

Internet 

Neglect 

Neglecting everyday 
activities, social life 

and essential needs to 
stay online 

Striatum 

Craving and reinforcement of addictive 
behavior 

Orbitofrontal cortex  

Decision making, executive functions,  
goal-directed behavior 

INTERNET ADDICTION 

(-) 

(+)

 

Figure 12. Summary of our findings. Figure shows how the three aspects of Problematic Internet 

use is related to the grey matter volume of the prefrontal (orbitofrontal) and subcortical regions 

(striatum) of the brain reward system in a large sample of habitual Internet user females 

(-) 
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functional connectivity and reduced cortical thickness (Hong et al. 2013a; 2013b). At 

the cellular level, Internet addicts have reduced dopamine D2 receptor availability in 

the right putamen (Kim et al. 2011). In line with previous findings, structural 

changes in putamen related to Control disorder may reflect a deficit of the reward 

processing mediated by the cortico-striatal network related to compulsive Internet 

use (Jung et al. 2013). 

The OFC plays an essential role in executive functions, emotional regulation and 

motivation, and has been linked to the compulsive aspect of addiction (Goldstein & 

Volkow 2002; Volkow, Fowler, & Wang 2003). Bilateral atrophy in OFC was 

already found in problematic Internet user teenager boys compared to controls (Yuan 

et al. 2011). In our study the negative association between grey matter of OFC and 

subscales of PIUQ was proved by both volumetry and VBM. Out of the PIUQ 

subscales, Neglect was related to both decreased volume and absolute amount of 

grey matter of the left OFC. This may be a result of decreased sensitivity for 

biological rewards and decreased control over Internet use. While previous studies 

with Internet addicted males suggested the right OFC to play a particularly important 

role in Internet addiction (Hong et al. 2013a), our results highlights the involvement 

of the left OFC in females. To find out whether there are hemisphere and gender-

related differences in the role of OFC in Internet addiction, future studies are needed 

(Dom et al. 2005). 

Taken together, our results suggest that problematic Internet use has structural 

brain correlates in the reward system in healthy habitual Internet user females. Since 

similar associations have been identified in the fronto-striatal circuit in habitual 

Internet user males (Kühn & Gallinat 2015), our findings can be interpreted as a 

proof for morphological brain alterations related to excessive Internet use in both 

genders. However, possible gender related associations between brain morphology 

and Internet habits should be further investigated as sexual dimorphism in the brain 

structure can contribute to behavioral differences (Mutlu et al. 2013; Sun et al. 

2015). 
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One shortcoming of our finding is due to the cross-sectional nature of the study, 

therefore, the directionality of the relationship cannot be ascertained. The observed 

associations between Problematic Internet use and brain reward system may be 

explained two ways. Pre-existing structural alterations in the brain reward system 

may result in higher vulnerability to Internet addiction. Alternatively, problematic 

Internet use alone may lead to structural brain alterations as well (Kuss & Griffith 

2012). Longitudinal studies are highly needed to test whether these structural 

correlates are the result of overall addictive tendencies or specific to problematic 

Internet use. Another challenge for future studies is to explore commonalities and 

discrepancies between generalized pathological Internet use (problematic Internet 

use) and specific pathological Internet use (Internet gaming addiction, social 

networking etc.) by comparing larger samples of problematic Internet use subtypes 

(Király et al. 2014; D’Hondt, Billieux & Maurage 2015; Griffith et al. 2016). 

Identifying the shared neuropsychobiological processes between problematic Internet 

use and other type of addictions could facilitate the development of more effective 

treatments for addictions (Grant, Brewer & Potenza 2006; Levy 2013; D’Hondt, 

Billieux, & Maurage 2015). On the general level, addiction should be treated as a 

brain disease for which biological, behavioral and social-context components are 

equally important (Levy 2013). 
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7. Summary 

Successful emotion and behavior regulation are both fundamental for mental 

health and adaptive behavior while their dysregulation is present in a variety of 

psychiatric and neurological disorders. Modern neuroscience provides important 

insights into brain mechanisms related to emotional and behavioral regulation. 

The presence of neuroanatomical and neurobiological variations in the healthy 

population may carry functional and behavioral consequences that may serve to 

mediate vulnerability to psychopathology. While our knowledge about structural 

bases of individual differences was primarily based on group of patients with well-

defined, circumscribed lesions and postmortem studies, recent developments in 

structural magnetic resonance imaging (MRI) techniques (e.g. MRI volumetry, 

voxel-based morphometry and diffusion tensor imaging) made it possible to 

investigate the macro- and microstructural bases of inter-individual differences in 

healthy subjects. On the neurobiological level, neurosteroids play a significant role 

in the neurodevelopment and maintenance of a variety of psychopathological 

processes primary through neurotransmitter modulation and may contribute to brain 

structural variations. This thesis aimed to investigate psychological correlates of 

neuroanatomical and neurobiological variability in a large set of healthy normal 

volunteers using self-reported measures of emotion and behavior regulation with the 

latest neuroimaging methods (such as automated MRI volumetry and voxel based 

morphometry) and serum blood analysis. 

Our first study aimed to investigate whether there is a direct link between a 

neurosteroid hormone, vitamin D, and alexithymia, a personality trait defined by 

impaired emotion regulation processes. Although both vitamin D deficiency and 

alexithymia were described as a correlate of a variety of pathological conditions, 

their specific interrelation has not yet been studied. Controlling for age, gender, 

depression, and anxiety, we found a significant inverse association between 

actual levels of vitamin D and alexithymia in young healthy volunteers. We 

suggest that the association between alexithymia and vitamin D reflects a trait-like 

relationship between two conditions that is rather stable longitudinally. Such a 
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correlation may be interpreted as a reflection of early life vitamin D deficiency 

determining life-long alexithymia. Since alexithymia and vitamin D deficiency are 

highly prevalent in a range of psychiatric and neurological disorders, future cross-

sectional and longitudinal studies should investigate whether the direct link revealed 

by our study in healthy controls are also present in certain patient groups and 

whether comorbidity factors play a significant role. Our results may contribute to the 

development of more efficient therapy strategies in patient groups with difficulties in 

understanding affective experiences. 

In our second study, we aimed to investigate the structural brain correlates of a 

newly identified condition defined by poor behavior regulation, problematic Internet 

use, in a large non-clinical sample of habitual Internet user females using both 

automated MRI volumetry and voxel-based morphometry as complementary 

approaches. Based on previous neuroimaging findings and the known role of brain 

reward system in substance addictions, we hypothesized that regions of the fronto-

striatal circuit (orbitofrontal cortex, caudate, putamen, nuclei accumbens) and 

amygdala - that provides important inputs to the striatum - would be associated with 

problematic Internet use. We demonstrated structural brain correlates of 

problematic Internet use in regions of the fronto-striatal circuit in females with 

both techniques. MRI based volumetry revealed increased grey matter volume of 

bilateral putamen and right nucleus accumbens and decreased grey matter volume of 

orbitofrontal cortex to be associated with Problematic Internet Use Questionnaire’s 

subscales. The significant negative associations between the absolute amount of grey 

matter bilateral orbitofrontal cortex and Problematic Internet Use Questionnaire’s 

subscales were also present in the voxel based morphometry analysis. Taken 

together, our results suggest that problematic Internet use has structural brain 

correlates in the fronto-striatal circuit in healthy habitual Internet user females. Since 

similar associations have been identified in the fronto-striatal circuit in habitual 

Internet user males, our findings can be interpreted as a proof for morphological 

brain alterations related to excessive Internet use in both genders. Our results may 

offer new insights into neuroanatomy of problematic Internet use.  
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