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Abstract

This study (i) conducted a meta-analysis to examine whether relatives of schizophrenia patients
(FRs) have structural or functional abnormalities in the brain when compared to healthy controls,
(ii) conducted original studies whether familial, genetic, or symptomatic risk for psychosis is
related to physiological fluctuation in the brain, and (iii) examined whether those brain-level
abnormalities at risk for psychosis overlap with the regions that exhibit abnormalities in
schizophrenia patients (using the BrainMap database).

In the meta-analysis, we included altogether 39 studies (1639 FRs; 1734 controls) that
examined differences between FRs and healthy controls using voxel-based morphometry (VBM)
or functional magnetic resonance imaging (fMRI).

In the original studies, we used the Northern Finland Birth Cohort 1986 data (N=140–277). All
the participants underwent fMRI scan at rest. Symptomatic risk for psychosis was assessed with a
structured psychiatric interview. Familial risk for psychosis was defined on the basis of parents’
previous psychoses. Polygenic risk score for schizophrenia was computed on the basis of previous
genome-wide association studies. Physiological fluctuation was measured with the coefficient of
variation of the blood-oxygenation-level-dependent (BOLD) signal (CVBOLD).

In the meta-analysis, no differences were found in the gray matter volume. FRs (vs. healthy
controls) had higher activity in the right inferior frontal gyrus during cognitive tasks. The
alterations in FRs were very restricted when compared to the brain regions affected in
schizophrenia patients. In the original studies, symptomatic risk (but not familial or genetic risk)
for psychosis was linked to higher physiological fluctuation in such brain regions that overlapped
only slightly with the regions that exhibited alterations in schizophrenia patients in previous fMRI
studies (using traditional analyzing methods).

There may be functional abnormalities during cognitive tasks in FRs (vs. healthy controls) in
a frontal region that is linked to response inhibition. FRs may have no abnormalities in the gray
matter volume. Symptomatic risk (but not familial or genetic risk) for psychosis is related to higher
physiological fluctuation (CVBOLD), which may reflect a signal source that has not been measured
in most previous fMRI studies.

Keywords: brain activity, functional magnetic resonance imaging (fMRI), gray matter
volume, physiological fluctuation, psychosis risk, schizophrenia, voxel-based
morphometry (VBM)
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Tiivistelmä

Tutkimuksessa (i) selvitettiin meta-analyysillä, onko skitsofreniapotilaiden 1. asteen sukulaisilla
rakenteellisia tai toiminnallisia poikkeamia aivoissa verrattuna terveisiin kontrolleihin, (ii) teh-
tiin alkuperäistutkimusta siitä, liittyykö psykoosin familiaalinen, geneettinen tai oirepohjainen
riski aivojen fysiologiseen vaihteluun, ja (iii) tutkittiin, sijoittuvatko ko. psykoosiriskiin liittyvät
poikkeamat aivoissa päällekkäin niiden alueiden kanssa, joilla ilmenee poikkeamia skitsofrenia-
potilailla (käyttäen BrainMap-datakantaa).

Meta-analyysiin sisältyi yhteensä 39 tutkimusta (1639 skitsofreniapotilaiden sukulaista; 1734
tervettä kontrollia), joissa tutkittiin eroja ryhmien välillä käyttäen vokselipohjaista morfometri-
aa (VBM) tai toiminnallista magneettikuvantamista (fMRI).

Alkuperäistutkimuksissa käytettiin Pohjois-Suomen vuoden 1986 syntymäkohortti -aineistoa
(N = 140–277). Oirepohjainen psykoosiriski arvioitiin strukturoidulla psykiatrisella haastattelul-
la. Familiaalinen riski psykoosille määriteltiin vanhempien psykoositaustan perusteella. Skitso-
frenian polygeeninen riski laskettiin aiempien genomilaajuisten tutkimusten pohjalta. Fysiologi-
sen vaihtelun mittarina käytettiin BOLD-signaalin varianssikerrointa (CVBOLD).

Meta-analyysissä eroja ei havaittu harmaan aineen tilavuudessa. Skitsofreniapotilaiden suku-
laisilla oli korkeampi aktivaatio oikeanpuoleisessa alemmassa otsalohkopoimussa verrattuna ter-
veisiin kontrolleihin. Skitsofreniapotilaiden sukulaisilla havaitut poikkeamat olivat selvästi sup-
peampia verrattaessa skitsofreniapotilaisiin. Alkuperäistutkimuksissa psykoosin oirepohjainen
riski (mutta ei familiaalinen tai geneettinen riski) liittyi korkeampaan fysiologiseen vaihteluun
aivoalueilla, jotka olivat vain niukasti päällekkäisiä niiden alueiden kanssa, joilla on havaittu
poikkeamia skitsofreniapotilailla aiemmissa fMRI-tutkimuksissa (käyttäen perinteisiä analyysi-
menetelmiä).

Skitsofreniapotilaiden 1. asteen sukulaisilla (vs. terveillä kontrolleilla) ilmenee kognitiivis-
ten tehtävien aikana toiminnallisia poikkeamia otsalohkon alueella, joka liittyy responssin inhi-
bitioon. Poikkeamia ei näytä olevan harmaan aineen tilavuudessa. Psykoosin oirepohjainen riski
(mutta ei familiaalinen tai geneettinen riski) liittyy korkeampaan fysiologiseen vaihteluun, joka
saattaa heijastaa signaalilähdettä, jota ei ole mitattu useimmissa aiemmissa fMRI-tutkimuksissa.

Asiasanat: psykoosiriski, skitsofrenia, harmaan aineen tilavuus, aivoaktivaatio,
fysiologinen vaihtelu, vokselipohjainen morfometria (VBM), toiminnallinen
magneettikuvantaminen (fMRI)





 

To my mother who gave me life 
 



 

8 

  



 

9 

Acknowledgements 
First, I would like to express my deep gratefulness for Professor Mirka Hintsanen 
who guided me to collaborate with the Research Unit of Clinical Neuroscience. 
This collaboration introduced me to the research field of neuroscience and was a 
starting point for this doctoral thesis. I would like to thank Mirka for all her warmth, 
encouragement, and support during this project. It has been very important for me. 
I also appreciate the funding that Mirka provided to me in another research project 
and that enabled me to work with this doctoral thesis in my leisure time. I am deeply 
grateful for Mirka for being the supervisor of two of my doctoral dissertations and 
for sharing memorable experiences with me during this journey to the world of 
science. 

In the research unit that Mirka introduced me to, I would like to thank Professor 
Vesa Kiviniemi and Professor Juha Veijola for providing me a great dataset to be 
used in my doctoral thesis. I am grateful for suggesting such research questions that 
aroused interest in the scientific journals. Kiviniemi and Veijola taught me several 
important principles of the scientific community that helped me to grow as a 
researcher. 

I want to express my gratefulness for Professor Jouko Miettunen for all his 
encouragement. His support in some crucial moments has been very important for 
me. I also want to thank him for helping me with a variety of practical issues during 
the dissertation process. I am also thankful for suggesting me several further 
research questions that can be examined in the future. 

I am deeply grateful for Professor Emerita Liisa Keltikangas-Järvinen for being 
supervisor in all of my three dissertations. During this project, she has taught me a 
variety of important principles of the scientific writing and publication processes. 
She has also taught me so many crucial issues about the rights and responsibilities 
of a young researcher. This has been crucially important for me. Additionally, I am 
deeply thankful for Liisa for responding to my endless phone calls at days and 
nights as well as in working days and at weekends. Liisa’s scientific professionality, 
warmth, helpfulness, and sense of humor have been a perfect and unique 
combination for a supervisor. 

The closest collaborator during this project has been Johannes Lieslehto. I am 
deeply grateful for his scientific contribution that has been of essential importance. 
Without his support my doctoral thesis would likely not have been completed. I 
really appreciate his great knowledge in the research field of neuroscience and his 



 

10 

excellent statistical skills when analyzing brain imaging data. I am very grateful for 
Johannes for all his support and encouragement. 

I am also very grateful for Lassi Björnholm who has been a great colleague for 
me. I want to thank for his peer support and emotional support during this project, 
especially in some important moments. 

I would like to express my gratefulness to Professor Sami Pirkola and Professor 
Emeritus Risto Näätänen for the pre-examination of this doctoral thesis. Their 
valuable and professional comments helped me to improve the quality of the thesis. 
I also want to thank for their very encouraging feedback. 

I am thankful for Anni Haapalainen for checking the language of this thesis. 
Finally, I am grateful for my parents and other family members. I want to thank 

my father for teaching me some important pieces of neurological functions and for 
keeping me up-to-date by sending recently published articles. I am deeply grateful 
for my mother for introducing me to the science of heritability and for all her 
engouragement during this project. Importantly, she has given me a favorable 
childhood that constitutes the most fundamental basis for writing doctoral 
dissertations. 

29.4.2020 Aino Saarinen 
  



 

11 

Abbreviations 
AAL Automatic anatomical labeling 
AES-SDM Anisotropic effect-size version of signed differential mapping 
AFNI Analysis of Functional NeuroImages 
APA American Psychiatric Association 
APS Attenuated Positive Symptoms 
BET Brain extraction tool 
BIPS Brief Intermittent Psychotic Symptoms 
BLIPS Brief Limited Intermittent Psychotic Symptoms 
BOLD Blood-oxygen-level-dependent 
BRAVO Brain Volume Imaging 
CI Confidence interval 
CSF Cerebrospinal fluid 
CVBOLD Coefficient of variation of the blood-oxygen-level-dependent signal 
DSM-5 Diagnostic and Statistical Manual of Mental Disorders (5th Edition) 
EPI Echo Planar Imaging 
FAST FMRIB's Automated Segmentation Tool 
FR Individual at familial risk for schizophrenia 
FLIRT Fast linear registration tool 
FNIRT Non-linear normalization tool 
fMRI Functional magnetic resonance imaging 
FSL FMRIB Software Library 
FSPGR Fast Spoiled Gradient Echo 
GAF Global Assessment of Functioning 
GM Gray brain matter 
GRD Genetic Risk and Deterioration syndrome 
GRE Gradient Echo 
ICD International Classification of Diseases 
MCFLIRT Motion correction tool 
MNI Montreal Neurological Institute 
MRI Magnetic resonance imaging 
NEX Number of excitations 
NFBC The Northern Finland Birth Cohort 
PCA Principal component analysis 
PRS Polygenic risk score 
RMS Root-mean square 



 

12 

SIPS Structured Interview for Prodromal Syndromes 
SNP Single-nucleotide polymorphism 
TE Echo time 
TFCE Threshold-free cluster enhancement 
TR Repetition time 
WM White brain matter 
  



 

13 

List of original publications 
This thesis is based on the following publications, which are referred throughout 
the text by their Roman numerals I–III: 

I  Saarinen, A., Huhtaniska, S., Pudas, J., Björnholm, L., Jukuri, T., Tohka, J., Granö, N., 
Barnett, J. H., Kiviniemi, V., Veijola, J., Hintsanen, M., & Lieslehto, J. (2020). 
Structural and functional alterations in the brain gray matter among first-degree 
relatives of schizophrenia patients: A multimodal meta-analysis of fMRI and VBM 
studies. Schizophrenia Research. In Press. https://doi.org/10.1016/j.schres.2019. 
12.023 

II  Saarinen, A., Lieslehto, J., Kiviniemi, V., Häkli, J., Tuovinen, T., Hintsanen, M., & 
Veijola, J. (2019). Symptomatic psychosis risk and physiological fluctuation in 
functional MRI data. Schizophrenia Research. In Press. https://doi.org/10.1016/ 
j.schres.2019.11.029 

III  Saarinen, A., Lieslehto, J., Kiviniemi, V., Tuovinen, T., Veijola, J., & Hintsanen, M. 
(2020). The relationship of genetic susceptibilities for psychosis with physiological 
fluctuation in functional MRI data. Psychiatry Research: Neuroimaging, 297. 
https://doi.org/10.1016/j.pscychresns.2020.111031 

  



 

14 

  



 

15 

Contents 
Abstract 
Tiivistelmä 
Acknowledgements 9 
Abbreviations 11 
List of original publications 13 
Contents 15 
1 Introduction 19 
2 Literature review 21 

2.1 Definition of psychotic symptoms .......................................................... 21 
2.2 Classification of psychotic disorders ...................................................... 22 
2.3 Burden of schizophrenia for the individual and society .......................... 25 
2.4 Symptomatic risk for psychosis .............................................................. 27 
2.5 Familial risk for psychosis ...................................................................... 30 

2.5.1 Findings of quantitative genetic research ..................................... 30 
2.5.2 Findings of molecular genetic research ........................................ 31 

2.6 Brain imaging in the field of psychotic disorders ................................... 33 
2.6.1 Magnetic resonance imaging (MRI) ............................................. 34 
2.6.2 Voxel-based morphometry (VBM) ............................................... 35 
2.6.3 Functional magnetic resonance imaging (fMRI) .......................... 36 

2.7 Gray matter volume and brain activity during cognitive tasks in 
schizophrenia patients ............................................................................. 36 
2.7.1 Evidence from VBM studies ........................................................ 36 
2.7.2 Evidence from fMRI studies during cognitive tasks .................... 38 

2.8 Gray matter volume and brain activity during cognitive tasks in 
relatives of schizophrenia patients .......................................................... 39 
2.8.1 Evidence from VBM studies ........................................................ 39 
2.8.2 Evidence from fMRI studies during cognitive tasks .................... 40 
2.8.3 Need for an updated meta-analysis ............................................... 41 

2.9 Physiological fluctuation in fMRI data ................................................... 42 
2.9.1 Definition of physiological fluctuation ......................................... 42 
2.9.2 Physiological fluctuation and psychosis risk ................................ 44 

3 Aims of the present study 47 
4 Methods 51 

4.1 Participants .............................................................................................. 51 
4.1.1 Study I .......................................................................................... 51 



 

16 

4.1.2 Studies II and III ........................................................................... 58 
4.2 Measures ................................................................................................. 60 

4.2.1 First-degree relationship with schizophrenia patients 
(Study I) ........................................................................................ 60 

4.2.2 Familial risk for psychosis (Study III) .......................................... 60 
4.2.3 Polygenic risk score for schizophrenia (Study III) ....................... 61 
4.2.4 Symptomatic risk for psychosis (Study II) ................................... 61 
4.2.5 Participants' background characteristics (Studies II and 

III) ................................................................................................. 62 
4.3 Brain-imaging methods and data preprocessing (Studies II and 

III) ........................................................................................................... 63 
4.4 Physiological fluctuation (CVBOLD) (Studies II and III) ...................... 63 
4.5 Statistical analyses .................................................................................. 64 

4.5.1 Study I .......................................................................................... 64 
4.5.2 Study II ......................................................................................... 66 
4.5.3 Study III ........................................................................................ 67 

5 Results 69 
5.1 Functional and structural brain alterations in first-degree 

relatives of schizophrenia patients (Study I) ........................................... 69 
5.1.1 Meta-analysis of the VBM studies ............................................... 69 
5.1.2 Meta-analysis of the fMRI studies ................................................ 69 
5.1.3 Multimodal meta-analysis of the VBM and fMRI studies ............ 71 
5.1.4 Overlap with regions that are affected in schizophrenia 

patients.......................................................................................... 71 
5.1.5 Correlation of regions affected in FRs with regions 

activated during cognitive and affective processing ..................... 73 
5.2 Symptomatic risk for psychosis and physiological fluctuation 

(Study II) ................................................................................................. 75 
5.2.1 Results of the global brain level analyses ..................................... 76 
5.2.2 Results of the voxel-wise analyses ............................................... 77 
5.2.3 Overlap with regions that are found to be affected in 

schizophrenia patients (using traditional methods) ...................... 78 
5.3 Familial and genetic risk for psychotic orders and physiological 

fluctuation (Study III) ............................................................................. 80 
6 Discussion 83 

6.1 Structural and functional abnormalities in first-degree relatives 
of schizophrenia patients ......................................................................... 83 



 

17 

6.1.1 Abnormalities in the gray matter volume ..................................... 83 
6.1.2 Functional abnormalities during cognitive tasks .......................... 84 
6.1.3 Multimodal meta-analysis ............................................................ 86 

6.2 Symptomatic risk for psychosis and physiological fluctuation ............... 86 
6.3 Familial and genetic risk for psychosis and physiological 

fluctuation ............................................................................................... 89 
6.4 Methodological considerations of the present study ............................... 89 

6.4.1 Limitations.................................................................................... 89 
6.4.2 Strengths ....................................................................................... 92 

7 Conclusions 95 
7.1 Main findings .......................................................................................... 95 
7.2 Implications for research ......................................................................... 95 
7.3 Implications for clinical practice ............................................................. 97 

References 101 
Original publications 129 
 
  



 

18 

 



 

19 

1 Introduction 
Despite a broad variety of treatments has been developed for schizophrenia over 
the past decades, it has been emphasized that “there is little evidence that these 
treatments have substantially improved outcomes for most people with 
schizophrenia” (Insel, 2010). Accordingly, even about 60% of schizophrenia 
patients do not respond to antipsychotic medications as expected (Kennedy et al., 
2014). Furthermore, schizophrenia is known to be the 8th leading cause for 
disability-adjusted life years (Rössler et al., 2005), to expose to substantially lower 
quality of life (Pinikahana et al., 2002), and to cause annual societal costs of 
15 500–22 300$ per schizophrenia patient (Kennedy et al., 2014). 

Accumulating evidence suggests that early interventions provided for high-risk 
populations are much more cost-effective than treatments provided after first 
psychosis (Shapiro et al., 2019). Along with this, an increasing amount of research 
has been directed to understand early stages of psychosis and to develop preventive 
treatments before the onset of a full-blown psychosis (Aceituno et al., 2019). 

This study aims to respond to two limitations of the previous literature related 
to psychosis risk. Firstly, previous studies have been highly inconclusive whether 
familial risk for psychosis is related to functional or structural alterations in the 
brain (e.g. Cooper et al., 2014; Niu et al., 2017). This study aims to conduct a meta-
analytical synthesis about the gray matter volume and brain activity during 
cognitive tasks in first-degree relatives of schizophrenia (vs. healthy controls). 

Secondly, neuronal activity of the brain has been the focus of almost all 
functional resonance imaging (fMRI) studies in high-risk populations. This study 
aims to use a novel method and to be the first study to investigate whether 
physiological fluctuation in fMRI data is related to familial, genetic, or 
symptomatic risk for psychosis. 
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2 Literature review 

2.1 Definition of psychotic symptoms 

Psychosis refers to a severe mental disorder that is characterized by a loss of contact 
with reality (APA, 2013). Despite there have been somewhat varying findings about 
the classification and number of psychotic symptom dimensions (e.g. Dikeos et al., 
2006; Serratti & Olgiati, 2004), psychotic symptoms are commonly categorized 
into three dimensions: positive, negative, and disorganized symptoms (APA, 2013; 
Kemp et al., 2018; Kwapil et al., 2018). 

Positive symptoms refer to delusions and hallucinations. Delusions refer to 
unjustified, severe, and frequently occurring beliefs that one is convinced about. 
There are several subtypes of delusions: persecutory delusions (delusions that 
someone is intentionally trying to cause substantial harm to the self); grandiose 
delusions (delusions about the self as an exceptionally significant or talented 
person); jealous delusions (delusions that one’s partner is unfaithful toward the self); 
erotomanic delusions (beliefs that someone is strongly in love with the self); 
somatic delusions (delusions that one has a serious somatic disease or impairment); 
and bizarre delusions (delusions about events that could not happen in real life, e.g. 
being cloned by aliens) (APA, 2013). In the general population, about 10–30% have 
some degree of delusional beliefs (Pechey & Halligan, 2011), with paranoid beliefs 
being the most common type of delusions (Cella et al., 2011). 

The other type of positive symptoms, hallucinations, can become manifested 
in any sense (i.e. visual, auditory, gustatory, olfactory, or sensory) (APA, 2013). 
Hallucinations are defined as psychotic when occurring frequently and resulting in 
a decreased level of functioning and when one is convinced that they are real (APA, 
2013). Importantly, it is necessary to differentiate between night-time 
hallucinations (e.g. when falling asleep or awakening) and day-time hallucinations. 
Specifically, night-time hallucinations are found not to predict psychosis, whereas 
day-time hallucinations occur more rarely and are more predictive of the onset of 
psychosis (Ohayon, 2000). Additionally, different types of hallucinations are 
related to different trajectories of the psychotic disorder. For example, auditory 
hallucinations are linked to an early onset of psychotic disorder, whereas sensory 
hallucinations are more common in psychotic disorders with long duration (Bauer 
et al., 2011). 
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Negative symptoms, in turn, refer to alogia (poverty of speech), asociality 
(lack of social interest), and anhedonia (apathy, blunted or flat affect), and avolition 
(loss of motivation, loss of initiative) (Sarkar et al., 2015). Taken together, negative 
symptoms reflect the absence of individual’s previously evident functions or traits. 
Negative symptoms can be considered as primary (an intrinsic part of the illness 
process) or secondary (resulting from other psychotic symptoms, side-effects of 
anti-psychotic drugs, or comorbid diseases) (Kirschner et al., 2017). Negative 
symptoms are found to predict the onset of psychosis more strongly than do positive 
symptoms in high-risk populations (Valmaggia et al., 2013). Further, negative 
symptoms are more difficult to be treated and have weaker prognosis than positive 
symptoms (Boonstra et al., 2012; Sarkar et al., 2015). 

Disorganized symptoms refer to a variety of unpredictable or uncoherent 
behaviors. Disorganized symptoms include, for example, inappropriate emotional 
responses, unpredictable behavioral agitation or deceleration, social disinhibition, 
or bizarre speech (e.g. talking nonsense sentences, moving quickly from one idea 
to the next without logical connections) (APA, 2013). Generally, disorganized and 
negative symptoms seem to correlate with cognitive impairments (Nieuwenstein et 
al., 2001). 

2.2 Classification of psychotic disorders 

In order to be diagnosed as a psychotic disorder, psychotic symptoms need to be 
severe and durable and include a clinically significant decline in the level of 
functioning. Two major classifications exist for psychiatric disorders: the 5th 
Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) 
(APA, 2013) and the 11th Edition of the International Statistical Classification of 
Diseases and Related Health Problems (ICD-11) (World Health Organization, 
WHO, 2019). 

In DSM-5, psychotic disorders include the following diagnoses: schizophrenia, 
schizophreniform disorder, schizoaffective disorder, delusional disorder, brief 
psychotic disorder, psychotic disorder due to another medical condition, and 
substance- or medication-induced psychotic disorder. Additionally, for psychotic 
patients who do not fulfill the criteria of those psychotic disorders, there are two 
more diagnoses: an unspecified schizophrenia spectrum and other psychotic 
disorder; and other specified schizophrenia spectrum and other psychotic disorder 
(APA, 2013). Importantly, psychotic symptoms may occur also in the context of 
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other psychiatric disorders, for example, bipolar I disorder or depressive disorder 
(APA, 2013). 

In ICD-11, in turn, psychotic disorders include schizophrenia, schizoaffective 
disorder, schizotypal disorder, acute and transient psychotic disorders, delusional 
disorder, substance-induced psychotic disorder, secondary psychotic syndrome (e.g. 
due to a medical condition), and other specified or unspecified schizophrenia or 
primary psychotic disorder (WHO, 2019). As in DSM-5, also in ICD-11 psychotic 
symptoms may be present also in some other psychiatric disorders, besides of 
psychotic disorders (WHO, 2019). 

The total prevalence of psychotic disorders is approximately 3% in the general 
population (Perälä et al., 2007). The most common psychotic disorder is 
schizophrenia, which has the life-time prevalence of approximately 0.9% in the 
general population (Perälä et al., 2007). The prevalence of other psychotic disorders 
is somewhat lower: approximately 0.3% for schizoaffective disorder, 0.1% for 
schizophreniform disorder, 0.2% for delusional disorder, 0.4% for substance-
induced psychotic disorders, and 0.2% for psychotic disorders due to a general 
medical condition (Perälä et al., 2007; Scully et al., 2004). The most essential 
diagnostic criteria of schizophrenia in line with the DSM-5 and ICD-11 are 
summarized in Lists 1 and 2. 

Overall, it is necessary to consider that there are also challenges related to the 
diagnostic classifications. The challenges include, for example, comorbidity 
between different diagnoses, difficulties to differentiate between primary and 
secondary diagnoses, challenges to capture very heterogeneous clinical 
phenomenotypes with a limited number of diagnostic categories, and challenges in 
diagnosing subclinical forms of symptomatology (see e.g. Altamura et al., 2011; 
Jablensky, 2016). In order to increase the reliability and utility of the diagnoses, the 
diagnostic criteria are being developed continuously. Hence, the diagnostic criteria 
slightly differ between different editions of the psychiatric classifications (see e.g. 
Gaebel et al., 2012). 
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A summary of the diagnostic criteria for schizophrenia according to DSM-5 
(see APA, 2013). 

A) Two or more of the following symptoms that are evident for a significant 
portion of time during a one-month period (or less if successfully treated). At 
least one of the symptoms must be (1), (2), or (3): 

1. Delusions 
2. Hallucinations 
3. Disorganized speech (e.g. frequent derailment or incoherence) 
4. Grossly disorganized or catatonic behavior 
5. Negative symptoms (e.g. diminished emotional expression or avolition) 

B) Lowered level of functioning in at least one major life section for a significant 
portion of the time after the onset. 

C) Continuous signs of symptoms persist for at least six months (or at least for 
one month for the symptoms of criterion A). Additionally, there may be 
prodromal or residual symptoms. 

D) Schizoaffective disorder and depressive or bipolar disorder with psychotic 
symptoms have been excluded. 

E) The symptomatology is not attributable to the physiological effects of a 
substance or another medical condition. 

A summary of the diagnostic criteria for schizophrenia according to ICD-11 
(see WHO, 2019). 

A) At least two of the following symptoms so that the core symptom should be 
(1), (2), (3), or (4): 

1. Persistent delusions 
2. Persistent hallucinations 
3. Thought disorder 
4. Distortions of self-experience (e.g. thought insertion or withdrawal) 
5. Negative symptoms 
6. Disorganized behavior 
7. Psychomotor disorders 

B) Symptoms persist for at least one month. 
C) Symptoms are not explained by another health condition, substance use, or 

medications. 



 

25 

2.3 Burden of schizophrenia for the individual and society 

Schizophrenia is related to a wide variety of comorbidities. Regarding psychiatric 
disorders, there is evidence that schizophrenia is related to for example depressive 
disorders, anxiety disorders such as social phobia and obsessive-compulsive 
disorder, post-traumatic stress disorder, alcohol use disorders (Braga et al., 2013; 
Buckley et al., 2009; Koskinen et al., 2009), and borderline personality disorder 
(Baryshnikov et al., 2018). As much as approximately 50% of schizophrenia 
patients have a comorbid depressive disorder (Buckley et al., 2009). Regarding 
somatic diseases, schizophrenia patients are known to have an increased risk for 
metabolic syndrome (Mitchell et al., 2011; Oud & Meyboom-de Jong, 2009), 
diabetes mellitus (Vancampfort et al., 2016; Oud & Meyboom-de Jong, 2009), 
coronary heart disease (Oud & Meyboom-de Jong, 2009), and chronic lung disease 
(Truyers et al., 2011), and chronic obstructive pulmonary disease (Batki et al., 
2009). It has been reported that 83% of schizophrenia patients have a comorbid 
somatic disease. 

The wide range of comorbidities in schizophrenia patients has various 
explanations. Firstly, there is a substantial overlap in the genetic vulnerabilities 
between schizophrenia and other psychiatric disorders (Evangelou et al., 2019; Lee 
et al., 2013; Walters et al., 2018). Along with this, some comorbidities (e.g. 
depressive symptoms or obsessive-compulsive disorder) may represent an intrinsic 
part of the disease process of schizophrenia (Buckley et al., 2009). Secondly, 
schizophrenia patients have increased risk for adverse health behavior such as 
smoking (Karpov et al., 2017). Thirdly, some comorbidities (e.g. diabetes mellitus) 
may result from the side effects of antipsychotic medications (Vancampfort et al., 
2016). Fourthly, some comorbid symptoms (e.g. substance use) may precede the 
development of schizophrenia and increase risk for the onset of schizophrenia in 
individuals with genetic liabilities (Henquet et al., 2005; Niemi-Pynttäri et al., 
2013). Taken together, the relationship of schizophrenia with comorbid disorders 
appears to be complex and multidirectional. 

Along with the range of different morbidities, schizophrenia patients have 
almost 4-fold higher mortality than the general population (Lumme et al., 2016) 
and a substantially shorter life expectancy, approximately 15 years less when 
compared to the general population (Hennekens et al., 2005). The median number 
of life years after diagnosis is about 36 years (Capasso et al., 2008). The most 
common causes for death seem to be cardiac disease and pulmonary diseases 
(Capasso et al., 2008; Hennekens et al., 2005). Consequently, it has been suggested 
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that the shortened life time expectancy results from under-treatment of somatic 
diseases (Laursen et al., 2011: Mitchell & Lord, 2010). Importantly, another 
essential reason for the shorter life time expectancy is the elevated risk for 
committing suicide among schizophrenia patients. It has been reported that 
schizophrenia patients have even 10–20 times higher risk for committing suicide 
when compared to the general population (Hennekens et al., 2005). The suicide risk 
is especially high among schizophrenia patients with comorbid depressive disorder 
or alcohol use disorder (Hor & Taylor, 2010). Additionally, after suicide attempt, 
schizophrenia patients with comorbid substance use disorders are less likely to 
receive active aftercare (Suominen et al., 2002). It also appears that schizophrenia 
patients have elevated risk for committing suicide soon after hospitalization 
(Pirkola et al., 2005), although a shorter period of hospitalization is linked to lower 
risk for suicide (Pirkola et al., 2007). 

Schizophrenia is also related to a variety of social challenges in private life. 
Specifically, schizophrenia is related to challenges in creating romantic 
relationships and, at the later phase, increased risk for divorce (Walid & Zaytseva, 
2011). Additionally, schizophrenia is related to elevated rates of disability pension 
after the first psychosis (as much as 50% of the patients over a 5-year follow-up) 
(Kiviniemi et al., 2011) and a substantially higher likelihood for unemployment 
(Hakulinen et al., 2019; Marwaha & Johnson, 2004). The risk for unemployment 
appears to be particularly high in schizophrenia patients with debilitating negative 
symptoms (Hunter & Barry, 2012). Moreover, schizophrenia is related to elevated 
rates of violent offending (Fazel et al., 2009) and acute burn injuries (Palmu et al., 
2010). Overall, schizophrenia is related to substantially lower quality of life 
(Pinikahana et al., 2002), especially when having poor social networks and 
experiencing strong stigmatization (Sibitz et al., 2011). 

Overall, the economic burden of schizophrenia patients for the society is 
remarkable. A review concluded that each schizophrenia patient causes annual 
costs of on average 15 500–22 300 $, and the costs are even 3–11 times higher in 
the cases of treatment-resistant schizophrenia patients (Kennedy et al., 2014). 
Accordingly, the total amount of economic costs of schizophrenia patients for the 
society is estimated to range between 94 million dollars and 102 billion dollars per 
year in different countries (Chong et al., 2016). 

Importantly, there are two particular challenges in the treatment of 
schizophrenia patients. Firstly, it has been reported that even about 60% of 
schizophrenia patients do not respond to antipsychotic medications as expected and, 
further, 4% of schizophrenia patients experience severe adverse side effects in 
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response to antipsychotic medications (Kennedy et al., 2014). Hence, there is a 
need for novel treatments that are even more effective and, simultaneously, 
compose a lower risk for adverse side effects. Secondly, there is commonly a large 
delay in seeking for help after the onset of psychotic symptoms (Ho & Andreasen, 
2001). While some studies have suggested that there is no association of duration 
of untreated psychosis with the course of psychosocial functioning (e.g. Jonas et 
al., 2020), a larger majority of studies appears to support the notion that a long time 
delay before treatment predicts more severe psychotic symptomatology, worse 
treatment outcome, and poorer overall level of functioning (Cechnicki et al., 2011; 
Penttilä et al., 2014; Primavera et al., 2012). Moreover, the adherence to outpatient 
care visits is particularly low in schizophrenia patients who have been hospitalized 
previously (Karpov et al., 2018). Overall, there is a strong need for early 
interventions targeted at high-risk populations who are at elevated risk for emerging 
psychotic symptomatology (i.e. before onset of psychosis). The risk for psychosis 
can be investigated from the perspectives of symptomatic risk and inherited risk 
(i.e. intergenerational transmission of psychosis). 

2.4 Symptomatic risk for psychosis 

The concept of prodromal syndromes has been developed to evaluate symptomatic 
risk for psychosis. That is, prodromal syndrome refers to individuals who are at 
increased risk for psychosis but do not exhibit a full-blown psychosis (McGlashan 
et al., 2001, 2010). There are three different prodromal syndromes of psychosis: 
brief intermittent psychotic symptoms (BIPS), attenuated positive symptoms (APS), 
and genetic risk and deterioration (GRD) (APA, 2013; Addington et al., 2015; 
McGlashan et al., 2001; Tsuang et al., 2013). 

Brief intermittent psychotic symptoms (BIPS) refers to recently emerged 
psychotic-level symptoms that, however, are too short by duration and are not 
stable enough in order to fulfill the diagnostic criteria of any psychotic disorder 
(McGlashan et al., 2010; Miller et al., 2003; WHO, 2013). More precisely, 
individuals with BIPS have at least one psychotic symptom (delusions, 
hallucinations, or disorganized communication) that has reached the level of 
psychosis within the past three months but endured only a few minutes per day for 
a month (Addington et al., 2015; Miller et al., 2003). Individuals with BIPS can 
have, for example, auditory or visual hallucinations that appear real but are 
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intermittent; or they may have strong short-term feelings of being perplexed by 
reality and experiences of hypervigilance (Addington et al., 2015). 

Attenuated positive symptoms (APS), in turn, refers to a syndrome with at 
least one attenuated psychotic symptom (delusions, hallucinations, or disorganized 
communication) that has emerged within the past year (i.e. not as recently as in 
BIPS) (APA, 2013; McGlashan et al., 2001). In APS, the positive symptoms are not 
severe enough to fulfill the criteria of any psychotic disorder (APA, 2013; 
McGlashan et al., 2001). In practice, individuals with APS can have, for example, 
endurable paranoid ideation that they are not totally convinced about; or unusual 
perceptual experiences but to be somewhat aware that they are not real (Addington 
et al., 2015). 

Genetic risk and deterioration (GRD) syndrome includes the combination of 
familial risk for psychosis and a decline in the level of functioning (Addington et 
al., 2015; McGlashan et al., 2010). Functional decline is defined as having an at 
least 30% decline in Global Assessment of Function score within the past month 
(when compared to the level of functioning for one year ago) (Addington et al., 
2015). Familial risk, in turn, refers to having a first-degree relative with a 
schizophrenia-spectrum disorder or having schizotypal personality disorder 
(Addington et al., 2015). 

Overall, it has been estimated that approximately 15‒25% of the individuals 
with any prodromal syndrome convert to psychosis within two years (Fusar-Poli et 
al., 2016a; Lemos-Giráldez et al., 2009). Additionally, among individuals with 
prodromal syndromes, 36% are found to recover symptomatically and 30% to reach 
the pre-syndrome level of functioning within two years (Schlosser et al., 2011). 
Importantly, however, there are substantial differences in conversion rates between 
different prodromal syndromes. That is, approximately 21‒39% of individuals with 
BIPS, 15‒19% of the individuals with APS are estimated to convert to psychosis 
within two years, respectively (Fusar-Poli et al., 2016a, b). The conversion risk in 
individuals with GRD seems to be much lower (Fusar-Poli et al., 2016b). 
Consequently, BIPS and APS seem to be comparatively predictive for the onset of 
psychosis, whereas GRD may not predict later psychosis very strongly. 
Nevertheless, findings have been varying since a meta-analysis obtained no 
differences in conversion to psychosis between the types of prodromal syndromes 
(Fusar-Poli et al., 2016a). The risk for conversion to psychosis seems not to be 
increased by comorbid prodromal syndromes (i.e. fulfilling the criteria of two 
prodromal syndromes) (Fusar-Poli et al., 2016b). 
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Importantly, as the prodromal syndromes do not predict transition to psychosis 
very strongly, symptomatic risk for psychosis is commonly evaluated using a 
continuum (instead of the specific categories of prodromal syndromes). 
Specifically, there is a great amount of evidence that psychotic symptoms occur 
along a continuum, ranging from absent to psychotic-like symptoms and psychosis 
(Binbay et al., 2012; DeRosse & Karlsgodt, 2015; Johns & Van Os, 2001; Van Os 
et al., 2009). The severity of symptoms can be evaluated with regard to (i) 
frequency of symptoms, (ii) duration of symptoms, (iii) conviction about the 
content of symptoms (e.g. one’s certainty about delusional beliefs). That is, the one 
end of the continuum refers to the absence of psychotic-like symptoms. When 
moving a bit further along the continuum, it comes to mild and temporary 
psychotic-like thoughts or behaviors that do not disturb one’s every-day level of 
functioning. When still moving a bit further along the continuum, psychotic-like 
symptoms become more severe, more stable, and more frequently occurring. At 
this point, an individual can be defined to be at elevated symptomatic risk for 
psychosis. The psychotic-like symptoms do not fulfill the criteria of psychosis, 
however, because one may not be convinced about the content of positive 
symptoms (delusions or hallucinations) or one may be able to keep the normal level 
of functioning. Finally, the other end of the continuum refers to symptoms that 
reach the level of psychosis (Binbay et al., 2012; DeRosse & Karlsgodt, 2015; 
Johns & Van Os, 2001; Van Os et al., 2009). In this way, the concept of psychotic-
like symptoms has become widely used in the research field of psychosis risk. 

Importantly, the severity of psychotic symptoms is not stable but rather 
dynamic. That is, along with the psychosocial circumstances, an individual can 
move along the continuum towards the milder or more severe end over time (Van 
Os et al., 2009). Overall, a large part of the general population have at most mild 
or temporary psychotic-like symptoms during their life time, whereas the 
prevalence of psychotic-level symptoms is comparatively low (Johns & Van Os, 
2001; Van Os et al., 2009). Regarding delusions, for example, there is evidence that 
10–15% of the non-clinical population (i.e. without diagnozed psychotic disorders) 
have regular delusional ideation, but only 5–6% have delusions that cause decline 
in social or emotional functioning, and as few as 1–3% have psychotic-level 
delusions (Freeman, 2006). Additionally, it has been estimated that 75–90% of 
psychotic-like symptoms disappear over time (Van Os et al., 2009). 
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2.5 Familial risk for psychosis 

Familial risk (i.e. intergenerational transmission) is found to be the strongest single 
risk factor predicting schizophrenia and other psychotic disorders (Mäki et al., 
2005). Among offspring of parents with any kind of psychotic disorder, the risk for 
developing psychosis is 5–6 folds higher than among offspring of parents without 
psychotic disorders (Fisher et al., 2014; Goldstein et al., 2010). Familial risk seems 
to be more predictive of schizophrenia than other psychotic disorders. Offspring of 
parents with schizophrenia have approximately 7.5 folds higher risk for 
schizophrenia (Rasic et al., 2014). Among individuals with a second-degree relative 
with schizophrenia, the likelihood for schizophrenia is approximately 6% 
(Gottesman et al., 1991). Further, about 9–10% of the individuals, who have a first-
degree relative with schizophrenia, develop the disorder during their life-time 
(Gottesman et al., 1991, 2010). Among individuals with a monozygotic twin with 
schizophrenia, the risk for schizophrenia is as high as 50% (Gottesman et al., 1991). 

Familial transmission of psychotic disorders results from several different 
sources. Firstly, one source for familial transmission is the genetic liability to 
psychotic disorders. Secondly, familial transmission of psychotic disorders is partly 
mediated via transmission of an aberrant family environment. For example, 
offspring of schizophrenia patients have increased risk for prenatal substance 
exposure (Simoila et al., 2020), premature birth (Simoila et al., 2018), and 
placement in out-of-home care (Simoila et al., 2019). Low birth weight and 
maternal smoking during pregnancy, in turn, predict higher risk for schizotypal 
traits in offspring (Lahti et al., 2009). Thirdly, there are a variety of gene-
environment-interactions and epigenetic effects increasing the likelihood for 
familial transmission of psychotic disorder (Pidsley & Mill, 2011). Finally, it is 
necessary to note that there is also substantial familial transmission between 
different mental disorders: for example, offspring of parents with bipolar disorder 
have an increased risk for schizophrenia (Cardno & Owen, 2014; Rasic et al., 2014; 
Tsuang et al., 2004). 

Next, evidence from quantitative and molecular genetic studies about the 
familial transmission of psychotic disorders is briefly reviewed. 

2.5.1 Findings of quantitative genetic research 

Quantitative genetics aims to investigate the extent to which genes and 
environment explain the individual differences in a specific phenotype (e.g. 
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psychotic symptomatology). This is investigated using samples that consist of 
individuals with known genetic relationships (e.g. parents-offspring, siblings, 
mono- or dizygotic twins). The most common research methods in this field are 
twin studies, adoption studies, and quasi-experimental studies (i.e. investigating 
natural settings that result in exposure to some adverse environmental influences). 
Twin studies, for example, are based on the fact that monozygotic twins share the 
same genome, whereas dizygotic twins share on average 50% of their genome. In 
this way, obtaining differences in a specific phenotypical outcome are concluded to 
result from environmental influences. Environmental influences can be further 
divided into shared influences (factors that have been shared between the 
individuals) and nonshared influences (factors have been different in each 
individual’s environment). 

In the context of psychotic disorders, quantitative genetic studies have shown 
that the heritability estimate for schizophrenia is approximately 80−90% (Hilker et 
al., 2018; Rijsdijk et al., 2011; Sullivan et al., 2003). Nonshared environmental 
influences are found to explain approximately 11% of the susceptibility to 
schizophrenia (Sullivan et al., 2003). Shared environmental influences seem to 
explain a very minor part of susceptibility to schizophrenia (Tsuang et al., 2001). 

Overall, a major challenge of this research approach is that, in reality, the 
influences of genes vs. environment cannot be separated from each other due to 
complex gene–environment interactions and epigenetic effects (i.e. environmental 
factors can cause changes in gene expression without changing the DNA sequence) 
(Roth et al., 2009). Additionally, “environmental” factors may have a genetic 
component (Van Os et al., 2010): for example, individuals can actively seek to such 
environments that correspond to their genetic dispositions. Finally, heritability 
estimates derived from quantitative genetic studies do not provide possibilities to 
identify individuals at elevated risk for psychosis. 

2.5.2 Findings of molecular genetic research 

Contrary to quantitative genetic studies, molecular genetic studies enable to 
identify individuals with heightened risk for psychosis. The single-gene approach 
of molecular genetics aims to identify single gene variants or alleles that are related 
to a specific phenotype (i.e. candidate genes). Genes under investigation are 
typically selected on the basis of a priori knowledge. In this field, a special target 
of interest are the candidate genes, i.e. genetic variants that predict a specific 
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outcome with particularly high likelihood and that are thus supposed to have a 
causal effect on the phenotype. 

In the context of psychotic disorders, a particularly active publishing period of 
single-gene molecular genetic studies was in the 1990s‒2000s. Overall, a wide 
variety of candidate genes were discovered for schizophrenia. The suggested 
candidate genes were related to, for example, Apolipoprotein E (APOE), brain-
derived neurotrophic factor (BDNF), cholinergic receptors (CHRNA7), D-amino-
acid oxidase (DAO, DAOA), dopamine receptors (DRD2, DRD3, DRD4) and 
dopamine transporters (SLC6A3), glutamate receptors (GRM3), serotonin receptors 
(HTR2A) and seroronin transporters (SLC6A4), and Catechol-O-methyltransferase 
(COMT) (Farrell et al., 2015). Moreover, a special interest has been aroused by the 
findings related to the complement system. That is, specific alleles related to the 
complement system (particularly C4) may be markers of schizophrenia and play a 
role in excessive synaptic and neuronal loss in schizophrenia patients (Sekar et al., 
2016; Woo et al., 2020). Taken together, the candidate genes for schizophrenia 
included genetic variants related to the neurotransmitter system, different functions 
of fat and catecholamine metabolism, and neuronal survival and growth, for 
example. 

More recently, it has been shown that there are a variety of challenges in this 
research approach. In particular, there have been substantial problems in the 
replication of the associations between candidate genes and complex diseases 
(Neale & Sham, 2004). For example, two meta-analyses investigated the 
associations of tens of previously discovered candidate genes with schizophrenia 
but obtained no associations (Johnson et al., 2017; Sanders et al., 2008). 
Consequently, it has been stated that a large proportion of the candidate gene studies 
have had inadequate statistical power (Farrell et al., 2015), increasing the risk for 
false positives (Sullivan, 2007). Overall, it has been stated that the candidate gene 
approach may not be useful when investigating very complex diseases (Neale & 
Sham, 2004). 

The polygenic approach of molecular genetics emerged in the 2000s‒2010s 
in line with the substantial methodological development in the field of genome-
wide association studies (GWAS). Genome-wide studies analyse the whole genome 
and investigate which single-nucleotide polymorphisms (SNPs) correlate with a 
specific phenotypic outcome. Each SNP refers to a difference in a single DNA 
nucleotide. Importantly, the rarer allele of each SNP is defined to have a frequency 
of at least 1% in the population (Twyman, 2008). Hence, SNPs differ from genetic 
mutations thatby definition occur in less than 1% in the population (Twyman, 2008). 
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Overall, genome-wide studies provide a comprehensive set of SNPs associated 
with a specific phenotype. 

On the basis of genome-wide studies, it can be calculated polygenic risk scores 
for specific outcomes: for example, a total score of the SNPs that are linked to 
schizophrenia in GWAS (Vassos et al. 2016). It is necessary to note that some SNPs 
represent common alleles with quite a weak link with schizophrenia, whereas other 
SNPs are less frequent in the population and have a large effect on liability to 
schizophrenia (Ripke et al., 2014). Consequently, it has been recommended that 
each SNP could be weighted with strength of its association with schizophrenia, 
when creating polygenic risk scores (Kendler, 2016). 

In the research field of schizophrenia, a total of 128 SNPs are identified to be 
associated with schizophrenia (Ripke et al., 2014). There is evidence that 
schizophrenia-related SNPs (derived from genome-wide studies) explain 
approximately 23–33% of the variance in susceptibility to schizophrenia (Lee et al., 
2012; International Schizophrenia Consortium, 2009; Ripke et al., 2013). With 
regard to different symptom dimensions, polygenic risk scores for schizophrenia 
seem to predict negative and disorganized symptoms more strongly than positive 
symptoms (Fanous et al., 2012). 

2.6 Brain imaging in the field of psychotic disorders 

Overall, it has been emphasized that the pathway from psychosis risk to the onset 
of psychosis proceeds via alterations in the neurophysiological processes 
(Birnbaum & Weinberger, 2013). That is, risk factors for psychosis are linked to 
neurodevelopmental impairments of the brain networks that, in turn, increase risk 
for the onset of psychosis (Birnbaum & Weinberger, 2013). Hence, in order to 
prevent the onset of psychosis, it is necessary to increase understanding of brain-
level alterations related to psychosis risk. 

Psychosis-related neurobiological alterations have been investigated using a 
variety of brain imaging methods: for example, voxel-based morphometry (VBM), 
magnetic resonance imaging (MRI), functional MRI (fMRI), positron emission 
tomography (PET), diffusion-tensor imaging (DTI), and magnetoencephalography 
(MEG). This part of review is focused on (1) fMRI studies investigating brain 
activity during cognitive tasks and (2) VBM studies investigating gray matter 
volume in schizophrenia patients and their relatives. 

Functional magnetic resonance imaging (investigating the activity level of the 
brain) can be conducted during various tasks or at rest. In the field of psychotic 
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disorders, a great proportion of fMRI studies have used a specific set of cognitive 
tasks. This is due to the evidence that psychosis is related to large impairments in 
cognitive abilities. In schizophrenia patients, the most severe impairments seem to 
be in executive functioning, working memory, and verbal memory recall (Forbes 
et al., 2009; Sitskoorn et al., 2004). 

Previously, fMRI studies in schizophrenia patients have used a variety of 
different methods, such as voxel-wise analyses (investigating the activity level of 
all the brain voxels), region-of-interest-based analyses (selecting specific a priori 
regions that are investigated), principal component analyses (investigating brain 
networks instead of single brain regions), and connectivity analyses (investigating 
connections between different brain regions). This review on fMRI studies 
investigating activity levels of the brain voxels during cognitive tasks in 
schizophrenia patients. 

Voxel-based morphometry (investigating the volume of different brain tissues) 
is another widely used method in the field of psychotic disorders. Overall, the gray 
matter is known to consume a large majority, even 95%, of the oxygen in the 
cerebrum. Moreover, there is evidence that, in schizophrenia patients, the loss of 
gray matter volume is far greater than the loss of volumes of white matter, 
cerebrospinal fluid, or total brain matter (Haijma et al., 2012; Olabi et al., 2011). 
Consequently, this review focuses on VBM studies investigating gray matter 
volume (instead of the volume of some other brain tissue) in the brain. 

Since MRI constitutes the basis for conducting fMRI studies and VBM studies, 
it is necessary to briefly review the basic principles of MRI. 

2.6.1 Magnetic resonance imaging (MRI) 

In magnetic resonance imaging (MRI), the aim is to produce images of the brain 
structure and to differentiate between various brain tissues such as white matter, 
gray matter, and cerebrospinal fluid. 

In a normal situation (without any externally created magnetic field), the 
protons are aligned in a random direction within the water molecules in the brain 
(Ashby, 2015; Jezzard et al., 2001). In MRI, an external magnetic field is generated 
using radiofrequency pulses with a certain repetition time (TR). Along with the 
radiofrequency pulse, the protons of the brain tissues align orthogonally in relation 
to the axis of the magnetic field. This realignment of the protons emits 
radiofrequency (RF) energy that can be measured in MRI. After the radiofrequency 
pulse (i.e. after the external magnetic field disappears), the protons start to realign 
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in a random direction. Again, this realignment of the protons emits radiofrequency 
energy that can be measured. In MRI, the emitted radiofrequency (RF) energy of 
the protons is measured after certain echo time (ET), constituting the raw MR signal 
(Ashby, 2015; Jezzard et al., 2001). 

Taken together, in MRI, the radiofrequency energy emitted by the protons can 
be measured at two phases (Ashby, 2015; Jezzard et al., 2001). Firstly, the emitted 
radiofrequency energy of the protons can be measured during the alignment with 
the external magnetic field. This produces T1-weighted images (T1 refers to 
“longitudinal relaxation time” or “spin-lattice relaxation time”). Secondly, MRI can 
measure the emitted radiofrequency energy of the protons during the alignment of 
the protons to a random direction, i.e. during the protons lose coherence with each 
other (after the external magnetic field has disappeared). This produces T2-
weighted images (T2 refers to “transverse relaxation time” or “spin-spin relaxation 
time”). T1- and T2-weighted images can be modified by changing echo time, 
repetition time, or strength of the radiofrequency pulse (Ashby, 2015; Jezzard et al., 
2001). 

In MRI, the spatial localization of the emitted radiofrequency energy is 
measured using three gradients or axes (x, y, z) that are orthogonal in relation to 
each other (Ashby, 2015; Jezzard et al., 2001). The differentiation of various brain 
tissues (e.g. gray matter, white matter, cerebrospinal fluid) is based on the 
observation that different brain tissues have different T1 and T2 relaxation times. 
For example, the cerebral fluid has longer T1 and T2 relaxation times than the gray 
brain matter (Ashby, 2015; Jezzard et al., 2001). Most MRI studies use T2-
weighted images. 

2.6.2 Voxel-based morphometry (VBM) 

Voxel-based morphometry (VBM) utilizes the structural images of the brain 
acquired by MRI. Specifically, VBM refers to a voxel-wise investigation of the 
volumes of different brain tissues (Ashburner & Friston, 2000). This review is 
focused on VBM studies of gray matter volume. The gray brain matter includes 
mainly cell bodies, synapses, dendrites and axon terminals of neurons. It is 
distributed (i) in the cerebral cortex; (ii) in the cerebellum (the cerebellar cortex 
and deep cerebellar nuclei); and (iii) in some subcortical structures (e.g. the 
thalamus, hypothalamus, subthalamus, basal ganglia, nucleus accumbens); and (4) 
in the nuclei of the brainstem (e.g. the substantia nigra, red nucleus, olivary nuclei, 
cranial nerve nuclei). 
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2.6.3 Functional magnetic resonance imaging (fMRI) 

Functional MRI (fMRI) studies measure the blood-oxygen-level-dependent 
(BOLD) signal (Buxton, 2009; Huettel et al., 2004) that is supposed to indicate 
neuronal activity in the brain. The BOLD signal refers to the ratio of oxygenated to 
deoxygenated hemoglobin. Hemoglobin is a blood protein that can carry between 
0‒4 oxygen molecules. Functional MRI studies are based on the finding that 
hemoglobin molecules carrying different numbers of oxygen molecules have 
different magnetic properties (Buxton, 2009; Huettel et al., 2004). 

When neuronal activity increases in a brain region, there is an “initial dip” in 
the first 1–2 seconds in the level of oxygenated hemoglobin (i.e. a decline in the 
BOLD signal) (Buxton, 2009; Huettel et al., 2004). Thereafter, the vascular system 
over-compensates and transfers oxygenated hemoglobin molecules to the brain 
region. This results in a peak in the proportion of oxygenated (vs. deoxygenated) 
hemoglobin molecules and, thus, a peak in the BOLD signal (after approximately 
5–6 seconds) (Ashby, 2015). Following this peak, the BOLD signal gradually 
returns back to its baseline within a period of 20–25 seconds (Buxton, 2009; 
Huettel et al, 2004). Typically, the BOLD signal is mapped on structural images of 
the brain produced by MRI, in order to achieve the spatial localization of brain 
activities. 

2.7 Gray matter volume and brain activity during cognitive tasks in 
schizophrenia patients 

2.7.1 Evidence from VBM studies 

To date, there is an extensive amount of evidence about the alterations of gray 
matter volume in schizophrenia patients. Specifically, meta-analyses have shown 
that schizophrenia patients exhibit reduced gray matter volume in a wide range of 
brain regions when compared to healthy controls: for example, in the superior 
temporal gyrus, Heschl gyrus, insular cortex, anterior cingulate, parahippocampal 
gyrus, middle frontal gyrus, postcentral gyrus, and thalamus (Glahn et al., 2008; 
Vita et al., 2012). Additionally, schizophrenia patients exhibit a greater loss of total 
gray matter volume than healthy controls (Vita et al., 2012). The findings have 
provided evidence for a variety of hypotheses about schizophrenia. 

The neurodevelopmental hypothesis postulates that genetic liabilities and 
adverse epigenetic influences result in specific disruptions of the brain 
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development that are evident long before the onset of psychotic symptoms 
(McClure & Lieberman, 2003; Rapoport et al., 2005). According to the hypothesis, 
the pathological processes of brain development may begin as early as during 
prenatal phase (McClure & Lieberman, 2003; Rapoport et al., 2005). The 
hypothesis is supported by VBM studies showing that the loss of gray matter is 
present in the temporal, parietal, and frontal regions in first-episode schizophrenia 
patients (Mané et al., 2009; Nenodic et al., 2015), i.e. during an early phase of 
schizophrenia. 

Whereas the neurodevelopmental hypothesis emphasizes the role of early 
developmental trajectories before the onset of psychosis, the neurogenerative 
hypothesis focuses on brain development after the onset of psychosis. The 
neurogenerative hypothesis postulates that reduced gray matter volume in 
schizophrenia patients refers to a progressive deterioration (McClure & Lieberman, 
2003). That is, schizophrenia is stated to include a progressive pathological process 
that results in a steady decrease of gray matter volume. This hypothesis has been 
supported by VBM studies showing that loss of gray matter volume correlates with 
longer duration of the disease (Fusar-Poli et al., 2013; Haijma et al., 2012) and is 
more evident in recurrently ill schizophrenia patients (vs. first-episode 
schizophrenia patients) (Meisenzahl et al., 2008). Additionally, there is evidence 
that loss of gray matter volume is linked to the use of antipsychotic medications 
(Fusar-Poli et al., 2013; Haijma et al., 2012) and negative symptoms (Bora et al., 
2011) that are commonly more evident at advanced stages of schizophrenia. 

Importantly, however, longitudinal VBM studies in schizophrenia patients 
have demonstrated that decline in the gray matter volume is evident during the first 
years after the onset of psychosis but not necessarily thereafter (Mané et al., 2009; 
Mathalon et al., 2001; Yoshida et al., 2009). Hence, it appears that the progressive 
loss of gray matter volume may end within a few years after the onset of psychosis 
(McClure & Lieberman, 2003). 

Finally, the accelerated aging hypothesis of schizophrenia proposes that 
schizophrenia is linked to such physiological alterations in the body that typically 
are evident in older ages (Kirkpatrick et al., 2008). Regarding gray matter volume, 
it is shown to remain comparatively stable in childhood and to decrease from the 
age of 10 years onwards in the general population (Gennatas et al., 2017; Mills et 
al., 2016; Narvacan et al., 2017). In this light, the decline of gray matter volume in 
schizophrenia patients could be speculated to reflect an accelerated aging process. 
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2.7.2 Evidence from fMRI studies during cognitive tasks 

An enormous number of fMRI studies during cognitive tasks have been conducted 
in schizophrenia patients. The findings of fMRI studies have found support for 
several hypotheses about schizophrenia patients. 

The hypofrontality hypothesis postulates that during executive functioning 
tasks (e.g. working memory tasks, inhibitory control tasks), schizophrenia patients 
exhibit hypoactivity of specific frontal regions (i.e. regions that are strongly 
activated during executive processing in healthy individuals) but hyperactivity of 
some other regions (Kraguljac et al., 2013; Minzenberg et al., 2009). That is, 
schizophrenia patients are suggested to have disruptions in the functioning of the 
central executive network that, in turn, are compensated by activating other brain 
networks and using alternative strategies (Kraguljac et al., 2013; Minzenberg et al., 
2009). During executive functioning tasks, the most evident hypoactivation appears 
to occur in the dorsolateral prefrontal cortex (Glahn et al., 2005; Kraguljac et al., 
2013; Mendrek et al., 2005; Minzenberg et al., 2009; Schneider et al., 2007) 
whereas hyperactivity is exhibited in the anterior cingulate cortex and midline 
cortical areas (Glahn et al., 2005; Minzenberg et al., 2009; Wilmsmeier et al., 2010). 
Importantly, these abnormal activity patterns have been obtained both in chronic 
schizophrenia patients and in first-episode psychosis patients (Mendrek et al., 2005; 
Schneider et al., 2007), suggesting that these alterations may be present at early 
phases of the disease process. 

The lateralization hypothesis, in turn, proposes that schizophrenia patients 
have reduced patterns of lateralization in the brain. That is, in healthy individuals, 
some neurocognitive tasks activate one hemisphere strongly than the other 
hemisphere (e.g. during language processing the right hemisphere normally 
becomes more activated than the left hemisphere), whereas schizophrenia patients 
are suggested not to exhibit such lateralization effects in the brain. This hypothesis 
has been supported by fMRI studies showing that schizophrenia patients have 
reduced lateralization of the primary sensory motor cortex during motor tasks 
(Bertolino et al., 2004), reduced lateralization of frontal regions during spatial 
working memory tasks (Walter et al., 2003), and reduced lateralization during 
language processing tasks (Sommer et al., 2003). Nevertheless, the lateralization 
hypothesis has been also criticized. Specifically, alterations in lateralization have 
mostly been obtained in motor, language, and visuospatial processing (Ribolsi et 
al., 2014), so that the lateralization abnormalities may explain only a relatively 
small portion of schizophrenia-related pathologies. Moreover, some of the 
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lateralization-related abnormalities may reflect only temporary effects of 
antipsychotic drugs (Bertolino et al., 2004). 

Finally, the social brain hypothesis suggests that schizophrenia relates to 
disruptions in the functioning of such brain regions that are involved in social 
cognition (Burns et al., 2006). To date, evidence suggests that during theory of mind 
tasks, schizophrenia patients have altered activity patterns in the superior temporal 
gyrus, inferior frontal gyrus, medial orbitofrontal cortex, amygdala, and insula 
(Baas et al., 2008; Brüne et al., 2008; Das et al., 2012). Additionally, during facial 
emotion processing, schizophrenia patients are found to have alterations in the 
activity of the frontal and temporal regions and amygdala (Li et al., 2009b; 
Marwick & Hall, 2008). Consequently, the social brain hypothesis has received 
support from fMRI studies among schizophrenia patients. 

2.8 Gray matter volume and brain activity during cognitive tasks in 
relatives of schizophrenia patients 

2.8.1 Evidence from VBM studies 

The hypotheses about pathologies in schizophrenia patients provide several 
assumptions for the possible neurophysiological abnormalities in individuals at 
familial risk for psychosis (FRs). Specifically, the neurodevelopmental hypothesis 
suggests that alterations in the brain emerge early during the disease process and, 
hence, could be evident in FRs. On the other hand, the neurogenerative hypothesis 
suggests that the alterations in the brain become more evident over the progression 
of the disease. Studies in FRs without any psychotic symptomatology provide 
possibilities to investigate whether the onset of psychosis is a critical point for the 
progressive pathologies in the brain. 

To date, single fMRI studies in FRs during cognitive tasks have resulted in 
inconclusive findings. For example, during executive functioning tasks, FRs are 
found to display altered activity in the dorsolateral or ventrolateral prefrontal cortex, 
striatum, or inferior parietal cortex (e.g. Becker et al., 2008; Callicott et al., 2004; 
de Leeuw et al., 2013; Meda et al., 2008). Importanty, findings have also varied 
whether FRs display increased or decreased activity in these brain regions. 
Additionally, findings have been inconclusive about the brain regions that exhibit 
abnormal activity in FRs during social cognition tasks (Baas et al., 2008; Dodell-
Feder et al., 2014; Herold et al., 2018). 
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Importantly, meta-analyses about gray matter volume in FRs also exist. The 
meta-analyses, however, have also been highly inconclusive. One meta-analysis 
obtained reduced gray matter volume only in the hippocampus in FRs (vs. healthy 
controls) (Boos et al., 2007), whereas another meta-analysis obtained decreased 
gray matter volume in the left putamen, right frontal gyrus, and insula and increased 
gray matter volume in the medial frontal gyrus in FRs (vs. healthy controls) 
(Cooper et al., 2014). A third meta-analysis found reduced gray matter volume in 
the insula, inferior temporal gyrus, and right inferior network in FRs when 
compared to healthy controls (Niu et al., 2017). Overall, no clear conclusion can be 
drawn from the meta-analyses. 

2.8.2 Evidence from fMRI studies during cognitive tasks 

Overall, previous evidence has shown that schizophrenia patients have a variety of 
functional alterations during cognitive tasks. There are several arguments to 
suppose that functional abnormalities during cognitive tasks could be evident also 
in FRs, i.e. before the onset of psychotic symptoms. Specifically, most cognitive 
deficits seem to be present prior to illness onset and to represent vulnerability 
markers for the onset of the disorder (Carrión et al., 2018). Accordingly, cognitive 
impairments are very common also in prodromal syndromes (Cornblatt et al., 2003; 
Lencz et al., 2006). In individuals at risk for psychosis, the most affected cognitive 
abilities are executive functioning, such as working memory and inhibitory control 
(Snitz et al., 2005), and social cognition (Cornblatt et al., 2003; Hans et al., 2010). 

In individuals at familial risk for psychosis, functional alterations in the brain 
during cognitive tasks may be especially evident. This is because genetic risk for 
psychosis (vs. clinical risk) is particularly strongly related to cognitive impairments 
(Seidman et al., 2010). Furthermore, in families of schizophrenia patients, 
cognitive patterns are shown to have quite high heritability (Greenwoor et al., 2007; 
Husted et al., 2009; Tuulio-Henriksson et al., 2002), suggesting that schizophrenia-
related cognitive impairments are somewhat heritable. Accordingly, it can be 
supposed that FRs may exhibit functional alterations in the brain during cognitive 
tasks. In particular, the hypofrontality effect during executive functioning tasks 
could be evident in FRs. 

Currently, there is an enormous number of original VBM studies in FRs. The 
findings have been very inconclusive. Some studies have found no differences in 
gray matter volume between FRs and healthy controls (e.g. van der Velde et al., 
2015). Other studies have identified one or two brain regions that exhibit reduced 
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gray matter volume in FRs (vs. healthy controls), for example, left temporal gyrus 
(Guo et al., 2014), thalamus (McIntosh et al., 2004), or frontal regions (Rosso et 
al., 2010). Furthermore, some studies have obtained alterations of gray matter 
volume in a wide variety of subcortical regions (e.g. the thalamus, putamen, 
amygdala, nucleus accumbens) and cortical regions (the frontal, temporal, parietal, 
and occipital regions) (de Zwarte et al., 2019; Honea et al., 2008; Wagshal et al., 
2015). Taken together, no conclusions can be drawn from the original studies. 

Several meta-analyses have been conducted of original fMRI studies in FRs. 
Each meta-analysis, however, has found a different set of affected brain regions in 
FRs. Specifically, decreased activity has been obtained in the middle and inferior 
frontal gyrus (Zhang et al., 2016), in the parietal and temporal regions (Cooper et 
al., 2014), in the left precuneus and right inferior frontal region (Niu et al., 2017), 
or in the cingulate gyrus (Scognamiglio & Houenou, 2014). Increased activity, in 
turn, has been obtained in the superior temporal gyrus (Cooper et al., 2014), in the 
thalamus, in the inferior parietal lobe, and in the right frontopolar lobe (Zhang et 
al., 2016), in the parietal and temporal regions (Scognamiglio & Houenou, 2014), 
or in the left fusiform gyrus (Niu et al., 2017). Taken together, the findings have 
been highly inconclusive (i) with regard to the location of alterations and (ii) with 
regard to the direction of altered activity (i.e. whether increased or decreased 
activity). 

2.8.3 Need for an updated meta-analysis 

An updated meta-analysis of VBM and fMRI studies in FRs is necessary for several 
reasons. Firstly, a growing number of original fMRI and VBM studies in FRs have 
been published in the recent years (Herold et al., 2018; Loeb et al., 2018). Hence, 
a higher number of FRs and healthy controls could be included in the meta-analysis. 
Secondly, the samples of some previous studies have included individuals with a 
history of psychotic symptoms or exposure to antipsychotic medications (e.g. Hart 
et al., 2015). This may have confounded the associations between family risk and 
brain-level alterations. Thirdly, some separate studies in FRs have used the same 
dataset (e.g. Spilka et al., 2015, 2017) that may result in interpretation biases when 
aiming to create a synthesis of the literature. That is, the findings of one dataset are 
“repeated” in several studies. Fourthly, some studies have not included a group of 
healthy controls (Li et al., 2007; MacDonald et al., 2006), restricting the 
possibilities to draw conclusions. 
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There is also a need to investigate functional alterations in FRs separately 
during different cognitive tasks using meta-analysis. This might be crucial since 
there is evidence that different cognitive abilities may be selectively impaired in 
individuals at risk for psychosis (Cornblatt et al., 2003; Hans et al., 2000). 
Additionally, single studies have suggested that FRs have different sets of 
alterations during different cognitive tasks. For example, during working memory 
tasks, FRs are found to have increased activity in the right dorsolateral prefrontal 
cortex and in the parietal cortex (Callicott et al., 2004; de Leeuw et al., 2013; Meda 
et al., 2008). During social cognition tasks, in turn, schizophrenia patients display 
altered activation in the orbitofrontal cortex, amygdala, and insula (Baas et al., 
2008). 

Moreover, none of the previous meta-analyses have investigated whether the 
brain regions with structural or functional alterations in FRs overlap with the 
regions that are affected in schizophrenia patients. Previously, it has been suggested 
that the genetically-based alterations in the brain in FRs are “neither severe nor 
always specific” and more restricted by location than in schizophrenia patients 
(Lieberman et al., 2001). 

Finally, previous meta-analyses have not examined whether the brain regions 
with structural or functional alterations in FRs exhibit increased activity during 
cognitive tasks in healthy individuals. This a crucial question since there is 
evidence about compensating mechanisms in the brain in individuals at risk for 
psychosis (Cooper et al., 2014; Fusar-Poli et al., 2010a; Pulkkinen et al., 2015). For 
example, it is possible that before any psychotic symptomatology has emerged, FRs 
can compensate for mild cognitive impairments by activating some alternative 
brain network (i.e. different/additional brain regions than in healthy individuals) 
during a cognitive task. Additionally, it is possible that FRs hyperactivate such 
brain regions during cognitive tasks (e.g. superior temporal gyrus during a spatial 
working memory task) (Choi et al., 2011) that are not typically activated during 
such tasks in healthy individuals (Postle et al., 2000). 

2.9 Physiological fluctuation in fMRI data 

2.9.1 Definition of physiological fluctuation 

Traditionally, fMRI studies aim to investigate neural activities in the brain. Besides 
of neural activities, however, there is also a wide variety of other factors affecting 



 

43 

the BOLD signal and its fluctuation in the brain (Ashby, 2015). Specifically, 
cerebral blood vessels exhibit vasomotion that refers to a spontaneous fluctuation 
in vascular tone and can cause fluctuation of the BOLD signal (Birn, 2012). 
Additionally, there are cerebral pulsations that affect the cerebral blood flow and 
extraction of oxygen and carbon dioxide in the brain (Cheng et al., 2015; Krüger & 
Glover, 2001; Murphy et al., 2009). Hence, the BOLD signal is affected by the 
cerebral pulsations. Further, the cerebral pulsations are found to occur at three 
different frequencies: a cardiac frequency, a respiratory frequency, and a very low 
frequency pulsations (Kiviniemi et al., 2016). The cerebral pulsations, in turn, are 
found to induce changes in the flow of the cerebrospinal fluid into the ventricles 
and perivascular and interstitial spaces (Birn et al., 2006; Birn, 2012; Plog & 
Nedergaard, 2018; Weissenbacher et al., 2009; Dreha-Kulaczewski et al., 2015; 
Kiviniemi et al., 2016). The flow and fluctuation of cerebrospinal fluid composes 
a crucial part of the glymphatic clearance system (Mestre et al., 2018). 
Consequently, physiological fluctuation derives from a broad set of cardio-
respiratory activities and pulsations of the cerebrospinal fluid in the brain (e.g. 
Mestre et al., 2018). 

In most previous fMRI studies, however, physiological fluctuation (i.e. 
fluctuation that derives from physiological sources) has been usually regarded as 
nuisance variation that disturbs with obtaining such signal changes that are related 
to neural activities (Wise et al., 2004). Thus, most fMRI studies have attempted to 
remove physiological signal sources from the fMRI data. Removing physiological 
sources from the BOLD signal, however, may potentially exclude also valuable 
information about brain physiology. It has been found that physiological fluctuation 
contributes to a substantial part, even 10%, of the BOLD-signal variation (Birn et 
al., 2012; Dagli et al., 1999). Hence, a review emphasized that “autonomic nervous 
system functions such as cardiac pulsation, heart rate variability and breathing rate 
could be considered as a theoretically meaningful component of the [BOLD] signal 
that is useful for understanding brain function” (Iacovella & Hasson, 2011). 

Investigating physiological fluctuation at rest (instead of during cognitive tasks) 
could be especially informative. Specifically, it has been found that the BOLD 
signal fluctuations are quite strongly linked to resting-state functional connections 
(Wise et al., 2004). Secondly, the brain is estimated to consume approximately 20% 
of the body’s total energy at rest (Ames 2000). During cognitive tasks, the energy 
consumption of the brain increases only by less than 5% (Fox & Greicius 2010). It 
may be that the substantial energy consumption of the resting brain is associated 
with physiological fluctuation in the brain, because some degree of physiological 
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fluctuation appears to be necessary for adequate brain functioning (e.g. Birn et al., 
2016; Dreha-Kulaczewski et al., 2015; Kiviniemi et al., 2016). Hence, 
physiological fluctuation seems to be related to the homeostatic processes in the 
brain. 

In practice, physiological fluctuation can be calculated as the coefficient of 
variation of the BOLD signal (CVBOLD). That is, the CVBOLD is calculated as the 
ratio between the standard deviation of the preprocessed BOLD time series divided 
by the mean of the preprocessed BOLD-timeseries [SD(CVBOLD) / mean(CVBOLD)] 
in each voxel. This method has been used also previously (Kananen et al., 2018; 
Jahanian et al., 2014). It is necessary to consider that, in the previous literature, 
there are several concepts close to the term of physiological fluctuation. For 
example, “physiological noise” or “signal-to-noise ratio” are almost synonyms with 
“physiological fluctuation” (see Makedonov et al., 2013, 2016). 

Consequently, investigating physiological fluctuation in the brain might 
provide new perspectives to neuroscientific research in three particular ways. 
Firstly, whereas traditional fMRI studies investigate neural functioning in the brain, 
this novel method focuses on physiological fluctuation in the brain. Secondly, this 
novel method focuses on the fluctuation of the BOLD signal over time (instead of 
the mean of the BOLD signal). Thirdly, whereas traditional fMRI studies aim to 
investigate brain activity in gray brain matter (because neural processes take place 
in gray matter), this novel method provides possibilities to investigate also the 
white matter and cerebrospinal fluid (because physiological fluctuation takes place 
in all the brain matters) (Birn et al., 2006; Birn, 2012; Weissenbacher et al., 2009). 

2.9.2 Physiological fluctuation and psychosis risk 

Previous evidence indicates that alterations in the physiological fluctuation of the 
brain may potentially be a neurobiological marker for specific psychiatric or 
neurological disorders. Specifically, patients with Alzheimer's disease and small-
vessel disease have increased physiological fluctuation in the white matter 
(Makedonov et al., 2013, 2016). Further, patients with epilepsy are found to have 
increased physiological fluctuation in the white matter, brainstem, and cerebellum 
(Kananen et al., 2018). Additionally, acute ischemic stroke is related to lower 
physiological fluctuation in the brain (Wang et al., 2008). 

Symptomatic risk for psychosis could be associated with physiological 
fluctuation via a variety of mechanisms. Specifically, psychotic disorders are found 
to be linked to reduced vagal activity (referring to parasympathetic activity) 
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(Mujica-Parodi et al., 2005), peripheral endothelial dysfunction (Israel et al., 2011), 
and elevated QT variability (Bär et al., 2007b). Moreover, psychotic disorders are 
related to reduced baroreflex sensitivity and lower reactivity of heart-rate 
variability to the situational demands (Bär et al., 2007a; Valkonen-Korhonen et al., 
2003). The characteristics of respiratory and cardiac pulsations, in turn, are known 
to influence the fluctuation of the BOLD signal in the brain (Cheng et al., 2015; 
Krüger & Glover, 2001; Murphy et al., 2009). 

Additionally, psychotic symptoms are related to a wide variety of alterations in 
the flow and composition of cerebrospinal fluid. Specifically, schizophrenia is 
associated with higher likelihood for enlarged ventricles (Shenton et al., 2001; 
Steen et al., 2006) and normal pressure hydrocephalus (Vanhala et al., 2018). 
Normal pressure hydrocephalus, in turn, is related to impairments in the flow of 
cerebrospinal fluid to the interstitial fluid and vascular system (Eide & Sorteberg, 
2016; Ringstad et al., 2017). Additionally, psychotic patients have abnormalities in 
the composition of cerebrospinal fluid, for example, increased concentrations of 
some cytokines (Nikkilä et al., 2001; Schwieler et al., 2015), bioactive lipids 
(Koethe et al., 2009), proteins and peptides (Huang et al., 2006; Thompson et al., 
2003). The flow of cerebrospinal fluid, in turn, is linked to the fluctuation of the 
BOLD signal. Taken together, psychosis seems to be related to a wide range of 
abnormalities in the cardiophysiological activities and cerebrospinal fluid flow that, 
in turn, may result in alterations of the physiological fluctuation in the brain. 

To date, however, evidence is largely lacking about the relationship of 
psychosis with physiological fluctuation. To date, there is only one study implying 
that schizophrenia is related to increased physiological fluctuation in the white 
matter, in the cerebellum and parietal lobes (Cheng et al., 2015). No study, however, 
has investigated whether the alterations in physiological fluctuation could be 
detected in individuals at symptomatic risk for psychosis (i.e. at the early stages of 
psychosis). 

Another crucial topic, which has remained totally uninvestigated, is the link 
between genetic risk for psychosis and physiological fluctuation. Previous 
evidence suggests that there could be a connection between them. Specifically, it 
has been demonstrated that some schizophrenia-related SNPs are associated with 
changes in the cerebral blood flow (Ho et al., 2005). Furthermore, there is evidence 
for the heritability of heart rate variability (Kupper et al., 2004; Snieder et al., 2007), 
ambulatory cardiorespiratory coupling (Kupper et al., 2005), systemic arterial 
stiffness (Snieder et al., 2000), and respiratory control (Gaultier, 2004). The 
qualities of cardiorespiratory functioning, in turn, are closely related to the amount 
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of physiological fluctuation in the brain (e.g. Birn et al., 2012; Cheng et al., 2015; 
Krüger & Glover, 2001; Murphy et al., 2009; Wise et al., 2004). 

Consequently, it has been proposed that genetic vulnerabilities for 
schizophrenia may be manifested in specific abnormalities of the signal-to-noise 
ratio of the BOLD signal (Harrison & Weinberger, 2005) that reflects the amount 
of physiological fluctuation. This proposal, nevertheless, has remained 
uninvestigated. 
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3 Aims of the present study 
Overall, this dissertation aims to increase understanding about the relationship of 
psychosis risk with functional and structural alterations in the brain. 

Firstly, this dissertation aims to provide a meta-analytical synthesis of the 
previous VBM and fMRI findings about structural and functional alterations in the 
brain in first-degree relatives of schizophrenia (FRs). This might increase 
understanding of the topic since there have been a great number of recent VBM and 
fMRI studies in FRs that have resulted in inconclusive findings (e.g. Herold et al., 
2018; Loeb et al., 2018). Additionally, this dissertation aims to investigate whether 
the affected brain regions in FRs overlap with the regions that are found to be 
affected in schizophrenia. Previously, it has been suggested that the genetically-
based alterations in the brain in FRs are “neither severe nor always specific” and 
more restricted by location than in schizophrenia patients (Lieberman et al., 2001). 
However, this kind of comparing research between FRs and schizophrenia patients 
has been investigated using meta-analysis previously. Moreover, we aim to 
investigate whether the affected brain regions in FRs overlap with the brain regions 
that are activated during cognitive tasks in healthy individuals. This is an important 
topic since it has been suggested that, during cognitive tasks, FRs may compensate 
their neurophysiological deficits in some brain regions by hyperactivation (Cooper 
et al., 2014; Fusar-Poli et al., 2010a). Additionally, during cognitive tasks, FRs may 
hyperactivate such brain regions that are not activated during cognitive processing 
in healthy individuals (Choi et al., 2011). 

Secondly, this dissertation aims to investigate whether symptomatic risk for 
psychosis is related to physiological fluctuation in the brain in fMRI data. 
Traditionally, previous fMRI studies have investigated neural functioning in the 
gray brain matter in different populations. Instead, investigating physiological 
fluctuation might provide new perspectives since it focuses on cardio-respiratory 
functioning in the brain and provides possibilities to investigate alterations also in 
the white brain matter and cerebrospinal fluid (not only in the gray matter). To date, 
previous studies have shown that many neurological or neuropsychiatric diseases, 
such as Alzheimer’s disease, small vessel disease, epilepsy, acute ischemic stroke, 
and schizophrenia, are related to altered physiological fluctuation in the brain 
(Kananen et al., 2018; Khalil et al., 2017; Makedonov et al., 2013, 2016; Wang et 
al., 2008). To date, however, no study has investigated the link between psychosis 
risk and physiological fluctuation in the brain. 
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Thirdly, this dissertation aims to investigate whether familial risk for psychosis 
or polygenic risk score for schizophrenia is associated with physiological 
fluctuation in the brain. This topic is of clinical importance since the genetic 
vulnerabilities for schizophrenia are suggested to become apparent in specific 
alterations of the signal-to-noise ratio of the BOLD signal (Harrison & Weinberger, 
2005) that refers to the amount of physiological fluctuation in the brain. This topic, 
however, has not been investigated before. 

The overall design of this dissertation is illustrated in Figure 1. Three separate 
studies were conducted: 

Study I. 

The aim of Study I was to conduct a multimodal coordinate-based meta-
analysis of previous VBM and fMRI studies and to investigate 

i. whether there are structural differences or functional differences 
ii. during cognitive tasks in the brain between first-degree relatives of 

schizophrenia patients (FRs) and healthy controls, 
iii. whether the brain regions with structural or functional alterations in 

FRs overlap with the regions that are affected in schizophrenia patients, 
iv. whether the brain regions with structural or functional alterations in 

FRs exhibit increased activity during cognitive tasks in healthy 
individuals. 

Study II. 

The aim of Study II was to conduct original research and investigate whether 
symptomatic risk for psychosis is related to brain-level physiological 
fluctuation at rest in fMRI data. 

Study III. 

The aim of Study II was to conduct original research and investigate whether 
familial risk for psychosis or polygenic risk score for schizophrenia is related 
to brain-level physiological fluctuation at rest in fMRI data. 
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Fig. 1. The design of Studies I–III. 
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4 Methods 

4.1 Participants 

4.1.1 Study I 

The MOOSE (Meta-analyses Of Observational Studies in Epidemiology) Checklist 
was followed throughout the meta-analysis. A systematic literature search was 
carried out between August and November 2018 with the electronic databases of 
PubMed and Web of Science. For VBM studies, the search terms included: 
“schizophrenia” AND (“genetic risk” OR “familial risk” OR “parental risk” OR 
“relatives” OR “twins” OR “offspring” OR “siblings”) AND (“VBM” OR “gray 
matter” OR “gray matter” OR “voxel-based morphometry”). No restrictions were 
set with regard to language, publication date, or publication status. The search was 
directed to all fields of the two electronic databases. For fMRI studies, the 
following search terms were used: “schizophrenia” AND (“genetic risk” OR 
“familial risk” OR “parental risk” OR “relatives” OR “twins” OR “offspring” OR 
“siblings”) AND (“fMRI” OR “functional MRI” OR “BOLD”). 

After removing duplicates, all identified studies were screened on the basis of 
title and abstract and defined as eligible/ineligible for the meta-analysis. Besides of 
original research papers, all meta-analyses and reviews identified by the search 
strategies were scrutinized, and their reference lists were manually checked for any 
additional eligible studies. After the abstract and title review, the identified full-text 
articles were screened more precisely on the basis of the exclusion and inclusion 
criteria (described in the next section). The article selection process is illustrated in 
Figure 2. In each phase of the article selection process, the eligibility of the 
inclusion or exclusion was double-checked by two authors. 

The inclusion criteria for the identified studies were as follows: a peer-
reviewed original article; the study included VBM or fMRI on the gray matter; 
subjects were first-degree relatives of schizophrenia patients; subjects were 
compared to a healthy control group; whole-brain scanning; T or Z statistics of the 
observed BOLD response difference between FRs and healthy controls were 
available; p-values were available; the coordinates were reported using the 
Talairach Atlas (Tal) or the Montreal Neurological Institute (MNI) space. 

The exclusion criteria, in turn, for the identified studies were as follows: only 
regions of interest (ROIs) were investigated; a small volume correction (SVC) was 
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used; participants consisted exclusively of individuals with 22q11.2 deletion; the 
first-degree relatives of schizophrenia patients expressed psychotic 
symptomatology or had antipsychotic medications; the group size of the first-
degree relatives of schizophrenia patients was < 10; or a larger sample of the same 
population was provided in another included study. We also excluded studies that 
reported only functional connectivity-based group differences due to the significant 
variations in these analyzing techniques. 

From the included studies, we collected the following information if available: 
publication year; sample size; gender distribution; age; the score of the Global 
Assessment of Functioning (GAF); intelligence quotient (IQ); the diagnostic 
classification system that was used for the identification of schizophrenia; 
smoothing kernel (mm); psychopharmacological treatment of first-degree relatives 
of schizophrenia patients (other than antipsychotic medications); mental disorders 
of first-degree relatives of schizophrenia patients (other than psychotic disorders); 
used software package for analyzing VBM/fMRI data; magnetic field strength 
(Tesla); the use of correction for multiple comparisons; and the use of covariates. 
Additionally, when applicable, we collected the x-, y- and z-coordinates (reported 
using Tal or MNI) of statistically significant findings and the direction of the 
observed functional or structural difference between FRs and healthy controls. In 
case some necessary information was missing, we contacted the authors of the 
original articles. 

 

Fig. 2. The selection process of the VBM and fMRI studies that were included in the 
meta-analysis. 
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The systematic literature search resulted in 10 VBM studies (one study included 
two separate datasets, i.e. altogether 11 VBM datasets) and 29 fMRI studies (one 
study included two separate datasets that were analyzed separately, i.e. altogether 
30 fMRI datasets). All the studies were originally published between 2003–2018. 
The descriptive statistics of the included studies are presented in Table 1 (VBM 
studies) and Table 2 (fMRI studies). In the VBM studies, there were altogether 885 
FRs (mean age = 31.2 years; 51.6% female) and 775 healthy controls (mean 
age = 30.8 years; 49.6% female). In the fMRI studies, there were altogether 754 
FRs (sample size weighted mean age = 31.9 years; 56.8% female) and 959 healthy 
controls (sample size weighted mean age = 30.5 years; 50.5% female). IQ was 
reported only in 15 datasets (11 fMRI and 4 VBM). These 15 datasets indicated 
that IQ was lower in FRs than in controls (sample size weighted mean = 104.2 vs. 
108.9, p < 0.0001). There was, however, significant heterogeneity between the 
included studies (I2 = 71.30%, p < 0.0001) but no indication of publication bias 
(Egger's test, p = 0.62). 

Regarding cognitive tasks in the fMRI studies, there were 19 studies with 
executive functioning tasks that were further classified into two categories: 11 
datasets with working memory tasks (the N-back working memory task; the 
Sternberg working memory task; Spatial delayed-response task) and 8 datasets with 
inhibitory control tasks (the Continuous Performance Task, Stop-Signal 
Anticipation Task; Dot Probe Expectancy Task; Hayling Sentence Completion Task; 
Pro- and Antisaccades Task). Additionally, there were seven studies with social 
cognition tasks (including Theory of Mind Task; Irony comprehension task; Facial 
processing tasks; Self-referential task). 

There were 6 fMRI studies with such cognitive tasks that could not be 
classified into the previous categories. The cognitive tasks assessed reward 
anticipation (1 dataset), early visual processing (2 datasets), visual memory (1 
dataset), auditory comprehension (1 dataset), and cognitive skills learning (1 
dataset). These datasets were included in the rst fMRI meta-analysis (with the full 
set of cognitive tasks). 
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4.1.2 Studies II and III 

In studies II and III, the participants were selected from the Oulu Brain and Mind 
Study (for a detailed description, see Veijola et al., 2013). It is a part of the Northern 
Finland Birth Cohort 1986 (NFBC 1986) study (Järvelin et al., 1997). The NFBC 
1986 consists of individuals with an expected date of birth between July 1985 and 
June 1986 in the two northernmost provinces of Finland. The original sample of 
the NFBC 1986 included 9432 participants altogether. 

The Oulu Brain and Mind Study was conducted in 2007–2010 for a subsample 
of the NFBC 1986. The aim of the Oulu Brain and Mind study was to investigate 
the developmental etiology of psychosis in young people with elevated risk for 
psychosis. The sample (total N = 329) consisted of five different groups of 
participants: (1) participants with familial risk for psychosis, (2) participants with 
symptomatic risk for psychosis, (3) participants with a previous psychosis, (4) 
participants with attention-deficit/hyperactivity disorder, and (5) healthy controls. 

The design of the NFBC 1986 study and the Oulu Brain and Mind Study were 
approved by the Ethics Committee of the Northern Ostrobothnia Hospital District 
in Finland (36/2006, 24.5.2006). The studies were carried out in accordance with 
the Declaration of Helsinki. All the participants provided written informed consent 
after the nature of the procedures was fully explained. 

In Studies II and III, we excluded all the participants with a positive urine drug 
test for opiates, benzodiazepines, and cannabis (N = 22); participants with current 
use of benzodiazepines, neuroleptics, or other psychiatric medication (N = 17); 
inadequate or missing brain scan data (N = 12); or missing data about educational 
level (N = 1). In the analyses, we included all the participants with data available 
on study variables. That is, in Study II, we included participants who had data 
available on CVBOLD, SIPS positive symptoms, and control variables (age, sex, and 
educational level) (N = 277). In Study III, we included participants who had data 
available on CVBOLD, polygenic risk score for schizophrenia/familial risk for 
psychosis, and control variables (age, sex, and educational level) (N = 210). The 
descriptive information of the samples of Study II and Study III are provided in 
Table 3. 
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4.2 Measures 

4.2.1 First-degree relationship with schizophrenia patients (Study I) 

In the meta-analysis (Study I), we included original studies investigating first-
degree relatives of schizophrenia patients. First-degree relatives of schizophrenia 
patients included siblings in 21 studies, parents in six studies, and offspring in two 
studies. The quality of first-degree relationship was not specified in 12 studies. We 
excluded such original studies where the first-degree relatives of schizophrenia 
patients expressed psychotic symptomatology, used antipsychotic medications, 
consisted exclusively of individuals with 22q11.2 deletion, or composed a study 
group smaller than 10 participants. 

4.2.2 Familial risk for psychosis (Study III) 

Participants with familial risk for psychosis were selected from the sample of the 
NFBC 1986 study. Specifically, participants of the NFBC 1986 who had at least 
one parent with a non-organic psychosis or cluster A personality disorder (paranoid, 
schizotypal, and schizoid) were invited to this study as participants with familial 
risk for psychosis. The diagnoses of non-organic psychoses and cluster A 
personality disorders were assessed using the Finnish Hospital Discharge Register 
(FHDR) between 1972–2005. Cluster A personality disorders were included due to 
the genetic overlap with schizophrenic psychosis (Tienari et al., 2003). The FHDR 
covers all the Finnish mental and general hospitals, beds in local health centres, and 
private hospitals. At that time, ICD-8, ICD-9 and ICD-10 were used. The respective 
ICD codes were collected about principal or subsidiary diagnoses. The ICD 
diagnoses used for psychotic disorders in ICD-8 and ICD-9 were the codes of 295–
299, 3010, 3012; and in ICD-10 the codes of F20–33 (except non-psychotic mood 
disorders), F600, and F601, respectively. 

The NFBC 1986 sample included altogether 272 participants with familial risk 
for psychosis. Of them, 1 participant died, 5 participants were living abroad, and 4 
participants could not be reached. Consequently, altogether 262 individuals with 
familial risk for psychosis were sent an invitation letter to participate in the study. 



 

61 

4.2.3 Polygenic risk score for schizophrenia (Study III) 

When calculating the polygenic risk score for schizophrenia (PRS) in the NFBC 
1986 sample, we used the results of the genome-wide association studies (GWAS) 
by the Schizophrenia Working Group of the Psychiatric Genomics Consortium 
(Ripke et al., 2014). We calculated a score of the single-nucleotide polymorphisms 
(SNPs) that had reached genome-wide significance (p = 5×10−8). A total of 112 
SNPs was found in the imputed NFBC 1986 GWAS dataset. The PRS was 
calculated as a weighted sum of the schizophrenia-related SNPs. That is, before 
summing together, each risky SNP was multiplied by the effect size of its 
association with schizophrenia (logarithm of the odds ratio of the SNP when 
predicting schizophrenia). This method has been used also previously (Kendler, 
2016). PRS was adjusted for four principal components to account for population 
stratification since the presence of a systematic difference in allele frequencies 
between subpopulations of a population may lead to type I and II errors (Price et 
al., 2010). A more detailed description about the collection of the genetic samples 
and quality control of the genome-wide data is available elsewhere (Lieslehto et al., 
2018). 

4.2.4 Symptomatic risk for psychosis (Study II) 

Psychotic symptomatology was evaluated with the Structured Interview for 
Prodromal Syndromes (SIPS, version 3.0) (McGlashan et al., 2001). The SIPS 
measures three separate prodromal syndromes: brief limited intermittent psychotic 
syndrome (BLIPS), attenuated positive prodromal syndrome (ATP), and genetic 
risk and deterioration syndrome (GRD). The reliability and validity of the SIPS 
have been confirmed previously (Miller et al., 2003). 

It is necessary to note that there are some minor differences between the 
prodromal syndromes of BLIPS (used in SIPS) and BIPS (used in ICD-11). Briefly, 
the differences concern whether a decline in level of functioning is required or not; 
and whether the onset of psychotic symptoms is defined to have been within the 
past 3 months or 12 months (McGlashan et al., 2001; World Health Organization, 
2018). Importantly, it has been demonstrated that there are no prognostic 
differences in conversion to psychosis between the BLIPS and BIPS syndromes 
(Fusar-Poli et al., 2016a). 

In the present study, each participants' psychotic symptomatology was defined 
as the highest score of the SIPS positive symptoms within the past month. The score 
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of the SIPS positive symptoms ranged from 0 (absence of psychotic symptoms) to 
6 (psychotic symptoms). This score was further recoded into 4 categories as follows: 
(i) the score of 0 (no psychotic symptoms); (ii) the scores of 1–2 (mild psychotic-
like symptoms); (iii) the scores of 3–5 (prodromal symptoms of psychosis); (iv) the 
score of 6 (psychotic symptoms). 

4.2.5 Participants' background characteristics (Studies II and III) 

Background information was collected about participants' age, sex, educational 
level, smoking status, alcohol use, current Axis-I disorders, neurological disorders, 
level of functioning, and full-scale intelligence quotient. 

Educational level was evaluated with a self-report questionnaire and classified 
into 2 categories (1 = comprehensive school or less; 2 = matriculation). 

Smoking status was assessed by asking the participants whether they had ever 
smoked cigarettes regularly (1 = no; 2 = yes). Regarding alcohol use, participants 
were asked to rate the statement of “I drink too much alcohol or get drunk”. 
Participants responding “very true or often true” were defined to have risky alcohol 
use. Based on the observations of the field investigators, none of the participants 
were under the influence of alcohol at the time of the study measurements. 

Current Axis-I disorders were evaluated with Structured Interview for DSM-
IV Axis I Disorders (SCID-I) (First et al., 1997); neurological disorders with an 
interview of neurological symptoms; and current Axis-I disorders with Structured 
Interview for DSM-IV Axis I Disorders (SCID-I) (First et al., 2002), respectively. 

Level of functioning was measured with the Global Assessment of Functioning 
Scale (GAF) (Spitzer et al., 1996) when conducting the SIPS interview. The validity 
and reliability of the GAF are demonstrated to be good (Sonesson et al., 2010; 
Startup et al., 2002). 

Full-scale intelligence quotient (FSIQ) was evaluated with the Vocabulary and 
Matrix Reasoning Scales of the WAIS-III (Wechsler Adult Intelligence Scale III, 
Finnish Edition) (Wechsler et al., 1997). The psychometric properties of the WAIS-
III are shown to be very good (Ryan and Ward, 1999). As has been done also 
previously (Jukuri et al., 2013), we used the sum score of the two scales as an 
indicator for full-scale intelligence quotient. 
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4.3 Brain-imaging methods and data preprocessing (Studies II and 
III) 

Resting-state BOLD (Blood Oxygen Level Dependent-signal) data were collected 
on a General Electric Signa 1.5 T whole-body system with an eight-channel receive 
coil, using an EPI (Echo Planar Imaging) GRE (Gradient Echo) sequence TR 
(Repetition Time) 1800 ms, TE (Echo Time) 40 ms, 280 time points, 28 oblique 
axial slices, slice thickness 4 mm, inter-slice space 0.4 mm, covering the whole 
brain, FOV (Field of View) 25.6 cm × 25.6 cm, with 64 × 64 matrix, parallel 
imaging factor 2, and a flip angle of 90°. T1-weighted scans were imaged using a 
3D FSPGR (Fast Spoiled Gradient echo) BRAVO (Brain Volume imaging) 
sequence (TR 12.1 ms, TE 5.2 ms, slice thickness 1.0 mm, FOV 24.0 cm, matrix 
256 × 256, and flip angle 20°), and NEX (Number of Excitations) 1 in order to 
obtain anatomical images for co-registration of the fMRI data to standard space 
coordinates. A more detailed description of the brain imaging methods is available 
elsewhere (Jukuri et al., 2013). 

Neuroimaging data were analyzed with FSL (http://www.fmrib.ox.ac.uk/fsl, 
FSL 5.0.8) (Jenkinson & Smith, 2001; Jenkinson et al., 2002, Smith, 2002; 
Woolrich et al., 2001, 2004; Worsley, 2001) and AFNI (Cox, 1996). We conducted 
following steps in the pre-processing including brain extraction (3dSkullStrip of 
AFNI), motion correction (MCFLIRT), linear co-registration (FLIRT), nonlinear 
normalization (FNIRT) to the 2 mm MNI-152 template, and detrending with 
3dDetrend of AFNI due to the potential scanner-related effect on standard deviation. 
Relative and absolute root-mean-square (RMS) head displacement (millimeter) 
was determined from MCFLIRT of FSL and used as covariates in the model. FAST 
of FSL was used for the segmentation of T1-weighted structural images into white 
matter, gray matter, and cerebrospinal fluid. 

4.4 Physiological fluctuation (CVBOLD) (Studies II and III) 

We used coefficient of variation of the preprocessed BOLD time series (CVBOLD) 
as indicator of physiological fluctuation in the brain. For each study participant, the 
CVBOLD map was calculated as the ratio between the standard deviation of 
preprocessed BOLD time series divided by the mean of preprocessed BOLD-
timeseries [SD(CVBOLD) / mean(CVBOLD)] in each voxel. This method has been 
used also previously (Kananen et al., 2018; Jahanian et al., 2014) and is similar to 
the method used by Makedonov et al. (2013, 2016). 
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4.5 Statistical analyses 

4.5.1 Study I 

Meta-analytical models. We conducted separate voxel-based meta-analyses of the 
fMRI studies (brain activation) and VBM studies (regional gray matter volume) in 
FRs relative to healthy controls using an anisotropic effect-size version of signed 
differential mapping (AES-SDM v5.141, see http://www.sdmproject.com). A more 
detailed description of the AES-SDM is available elsewhere (Radua et al., 2012b, 
2014). 

For the meta-analysis, we extracted the peak coordinates and t-statistics of gray 
matter differences (VBM studies) and brain activation (fMRI studies) between FRs 
and healthy controls from each included dataset. We ensured that the same 
statistical threshold was used throughout the brain and throughout the study. If 
multiple thresholds were used, we selected the most stringent threshold. If t-
statistics were not available, we used the web-based tool provided by the AES-
SDM (https://www.sdmproject.com/utilities/?show=Statistics) to convert z-
statistics or p-values into t-statistics. Next, we estimated a standard MNI-map of 
gray matter volume (VBM) or brain activation (fMRI) for each study separately 
using an anisotropic Gaussian kernel (full width at half maximum = 20 mm). 
Thereafter, we conducted a random-effects model, taking into account the sample 
size, intra-study variance, and between-study heterogeneity. It has been shown that 
high statistical stability can be acquired with 20 permutations (Radua et al., 2012b). 
To ensure the stability of the analyses, we conducted the analyses with 50 
permutations. 

AES-SDM uses the following default statistical threshold: uncorrected voxel 
p-value of 0.005, peak height Z ≥ 1, and cluster extent ≥ 10 voxels. This 
thresholding approximates the corrected p-value of 0.05 and creates an optimal 
balance between sensitivity and specificity (Radua et al., 2012b). To avoid spurious 
findings, we set a more stringent threshold by using the significance level at the 
uncorrected voxel p-value of 0.0005, peak height Z = 2, and 80 voxels. The 
robustness of the results was assessed by (1) assessing the level of heterogeneity 
(using I2 statistics that refers to the percentage of total variance between studies 
resulting from rather a heterogeneity than chance); (2) inspecting the funnel plots 
for publication bias using Egger's test; and (3) implementing a jack-knife sensitivity 
analysis. Additionally, we conducted meta-regression analyses with age (in FRs), 



 

65 

field strength, and sex distribution (in FRs) as regressor (using even more stringent 
threshold of p = 0.0001). 

Regarding fMRI studies, we conducted five separate analyses. Analysis 1 
included all the fMRI studies (regardless of which cognitive tasks had been used). 
Analysis 2 included the fMRI studies with executive functioning tasks. Further, the 
fMRI studies with executive functioning tasks were further classified into working 
memory tasks (Analysis 3) and inhibitory control tasks (Analysis 4). Analysis 5 
included the fMRI studies with social cognition tasks. The classification of 
cognitive tasks was based on the previous models of cognitive functions (Diamond, 
2013; Miyake and Friedman, 2012). 

Finally, in order to investigate potential conjunctions of functional and 
structural brain abnormalities in FRs, we conducted a multimodal meta-analysis of 
the VBM and fMRI studies. The multimodal analysis of the fMRI and VBM meta-
analytical maps was conducted in line with the previous recommendations (see 
Radua et al., 2013). Briefly, this method estimates the significance of the overlap 
between the actual p-values of the two modalities. 

For non-neuroimaging statistical analyses, we used R (http://cran.r- project.org) 
version R 3.4.3 (R Core Team, 2014) with psych (Revelle, 2017) and metafor 
(Viechtbauer, 2010) packages. We conducted random effect models (visualized in 
forest plots) and analyzed the heterogeneity of the studies. 

Comparison to the meta-analysis of previous VBM and fMRI studies in 
schizophrenia patients. As an additional analysis, we investigated whether the 
brain regions which exhibited functional or structural alterations in FRs in the meta-
analysis overlapped with brain regions that are affected in schizophrenia patients. 
This investigation was conducted using the BrainMap database. The details of the 
BrainMap database are described with more detail elsewhere (Laird et al., 2011). 
The BrainMap database has also been used also previously in meta-analyses (e.g. 
Daniel et al., 2016; Vanasse et al., 2018). Usign the Brainmap database, we 
conducted an additional automatic meta-analysis of the previous VBM and fMRI 
studies in schizophrenia patients (the search with Sleuth was conducted in August 
2018, see http://www.brainmap.org/sleuth/). We identified 50 fMRI studies and 27 
VBM studies. In the meta-analysis of fMRI studies, we used contrasts in both 
directions (i.e. schizophrenia > controls and schizophrenia < controls). This was 
because schizophrenia patients have exhibited both increased and decreased brain 
activity patterns in various brain regions. In the meta-analysis of VBM studies, we 
analyzed only the schizophrenia < controls contrast, because one of the most robust 
findings in the previous literature has been the lower gray matter volume in 
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schizophrenia patients when compared to controls (Haijma et al., 2012). 
GingerALE (Turkeltaub et al., 2002; Eickho et al., 2009) with 1000 repetitions was 
used. The p-values for each meta-analysis were thresholded at a cluster level 
corrected threshold of p < 0.05 (cluster-forming threshold at voxel-level p < 0.001). 

Comparison to the previous fMRI studies in healthy individuals. We 
investigated whether the brain regions that were found to be affected in FRs (in the 
fMRI and VBM meta-analysis) overlapped with the brain regions activated during 
behavioral tasks in healthy individuals. First, we examined the brain activity maps 
during a wide variety of behavioral tasks (e.g. working memory, language 
processing and emotion recognition) in healthy individuals. This was done by using 
the BrainMap database (http://www.brainmap.org/taxonomy/behaviors.html) and 
conducting meta-analyses on the previous fMRI studies in healthy individuals 
during different behavioral tasks. We included all the behavioral domains that had 
been investigated in at least 17 previous fMRI studies, as this is suggested to be the 
minimum number of studies for running a meta-analysis on GingerAle (Eickho et 
al., 2016). Using this criterion, we retained 47 behavioral domains. Thereafter, we 
extracted the Z-statistics of the unthresholded activity maps of each behavioral 
domain using the Automated Anatomical Labeling (AAL) parcellation (Tzourio-
Mazoyer et al., 2002). Next, we employed principal component analysis (PCA) on 
the 47 behavioral domains to reduce the dimensionality of the domains (using 
psych package in R). Behavioral domains that had a loading > 0.5 were considered 
as primary indicators of a specific component. Finally, we correlated the Z-maps of 
the components with the untresholded Z-maps of the fMRI in FRs. 

4.5.2 Study II 

We analyzed CVBOLD in the brain with two methods: (1) globally by investigating 
the average CVBOLD in white matter, gray matter, and cerebrospinal fluid, and (2) 
locally by investigating CVBOLD in the brain in a voxel-wise manner. The voxel-
wise analysis was conducted using randomise tool of FSL (5000 permutations, 
applying demeaning and threshold-free cluster enhancement (TFCE)) (see Smith 
& Nichols, 2009). Sex, age, education, absolute and relative displacement were 
used as covariates in the analyses. 

In the global brain level analyses, the association of psychotic symptoms with 
CVBOLD in the brain was investigated using regression analyses (STATA MP, 
version 15.1). We predicted CVBOLD in the brain by the SIPS score of positive 
symptoms. Separate models were conducted for CVBOLD in white matter, gray 
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matter, and cerebrospinal fluid. The analyses were controlled for age, sex, 
educational level, and absolute and relative displacement. 

Next, we aimed to compare the CVBOLD results to previous findings about 
functional and structural alterations in schizophrenia patients. That is, we aimed to 
investigate the overlap between (a) the brain regions that exhibit altered CVBOLD in 
participants with symptomatic risk for psychosis and (b) the brain regions that are 
found to be affected in schizophrenia patients in the previous fMRI and VBM 
studies. For this, we conducted meta-analyses of the previous fMRI and VBM 
studies in schizophrenia patients using the Brainmap database. These meta-
analyses were conducted with the same methods that were used in Study I (see 
chapter 4.5.1, the paragraph of “Comparison to the meta-analysis of previous VBM 
and fMRI studies in schizophrenia patients.”). 

4.5.3 Study III 

The statistical analyses were run using STATA SE (version 15.0). The associations 
of familial risk for psychosis and polygenic risk score for schizophrenia with 
CVBOLD in the brain were investigated using linear regression analyses. Familial 
risk for psychosis and polygenic risk score for schizophrenia were added separately 
to the model. Further, separate models were estimated for CVBOLD in white matter, 
gray matter, and cerebrospinal fluid. As additional analyses, all the analyses were 
run among those participants with no psychotic-like symptomatology (the current 
SIPS score less than 3). All the analyses were adjusted for age, sex, educational 
level, and absolute and relative displacement. 
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5 Results 

5.1 Functional and structural brain alterations in first-degree 
relatives of schizophrenia patients (Study I) 

5.1.1 Meta-analysis of the VBM studies 

In the meta-analysis of the VBM studies, there were no differences in gray matter 
volume between FRs and healthy controls. Furthermore, no differences were found 
when excluding studies that possibly included a few second-degree relatives of 
schizophrenia patients (two studies) or when excluding studies that did not use 
correction for multiple comparisons (three studies). 

5.1.2 Meta-analysis of the fMRI studies 

Table 4 shows the results of the fMRI meta-analysis. When including the full set of 
cognitive tasks, FRs had increased activity in the right inferior frontal gyrus 
(opercular part) when compared to healthy controls. Figure 3 provides the 
individual study estimates and an overall estimate of the activation difference in 
the right inferior frontal gyrus between FRs and healthy controls. The significant 
results remained when excluding studies that possibly included a few second-
degree relatives of schizophrenia patients (two studies). However, the difference in 
the activity of the right inferior frontal gyrus between FRs and healthy controls 
disappeared when excluding studies that did not use correction for multiple 
comparisons (eight studies). 

In the fMRI meta-analysis, we did not obtain significant between-study 
heterogeneity in the right inferior frontal gyrus (I2 = 0.1%). Furthermore, the 
jackknife sensitivity analysis demonstrated that the findings in the right inferior 
frontal gyrus were highly reproducible (27/30). There was no indication of 
publication bias in the right inferior frontal gyrus (p = 0.34 in Egger’s test). 
Moreover, the field strength, the mean age of FRs, or the gender distribution in FR 
group was not linked to the fMRI results as analyzed with meta-regression. 

Next, we investigated functional differences in the brain between FRs and 
healthy controls in different subsets of cognitive tasks. During executive 
functioning tasks and working memory tasks, FRs had increased activity in the right 
inferior frontal gyrus when compared to healthy controls. During social cognition 
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tasks or inhibitory control tasks, no functional differences were obtained between 
FRs and healthy controls. 

 

Fig. 3. The individual study estimates and the overall estimate of the activation 
difference in the right inferior frontal gyrus between FRs and healthy controls. Note: 
RE = random effect, SMD = standardized mean difference. 
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Table 4. Brain regions with altered activation in FRs (fMRI studies) and altered gray 
matter volume in FRs (VBM studies) in the multimodal meta-analysis, when compared 
to healthy controls. 

Cognitive task Test 

statistic 

(SDM1) 

p-value Coordinates 

(MNI2) 

Description Voxels 

Full set of cognitive tasks 
     

FRs > Controls 2.158 < 0.00001 46, 12, 32 Right inferior frontal gyrus, 

opercular part, 

BA 44 

616 

Executive functioning tasks 
     

FRs > Controls 2. 485 < 0.00001 50, 16, 28 Right inferior frontal gyrus, 

opercular part, 

BA 48 

553 

Working memory tasks 
     

FRs > Controls 2.443 < 0.00001 50, 12, 26 Right inferior frontal gyrus, 

opercular part, 

BA 44 

913 

1 Statistical Parametric Mapping, 2 Montreal Neurological Institute. 

5.1.3 Multimodal meta-analysis of the VBM and fMRI studies 

In the multimodal analyses, we included both fMRI and VBM studies in the same 
meta-analysis, in order to assess whether some brain regions exhibited both 
functional and structural alterations. Multimodal analyses obtained no differences 
between FRs and healthy controls. 

5.1.4 Overlap with regions that are affected in schizophrenia patients 

Next, we investigated whether the brain regions that exhibited functional 
alterations in FRs overlapped with brain regions that showed functional and 
structural alterations in schizophrenia. The results are shown in Figure 4. The right 
inferior frontal gyrus, which showed functional alterations in FRs during cognitive 
tasks, was slightly overlapping with the brain regions that were affected in 
schizophrenia patients. 
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Fig. 4. (a) Brain regions with increased (red) activity (fMRI) in FRs during different types 
of cognitive tasks, when compared to healthy controls. (b) Brain regions with 
alterations in FRs (red); brain regions with alterations in schizophrenia patients (blue); 
and overlap between meta-analyses in FRs and schizophrenia patients (purple). 

a) 

b) 

29 9 47 



 

73 

5.1.5 Correlation of regions affected in FRs with regions activated 
during cognitive and affective processing 

Next, we investigated whether the brain regions that were found to be affected in 
FRs (in the VBM and fMRI meta-analysis) overlapped with the brain regions 
activated during behavioral tasks in healthy individuals. For this, we conducted 
meta-analyses on the previous fMRI studies in healthy individuals during different 
behavioral tasks, in order to examine the brain activity maps during a wide variety 
of behavioral tasks (e.g. working memory, language processing, and emotion 
recognition) in healthy individuals. 

The principal component analysis of the brain activity patterns of different 
behavioral domains resulted in a two-component solution (76% of the variance 
explained). The component structure was further rotated with promax. The loadings 
of all the 47 behavioral domains on the two components are shown in Figure 5. The 
first component had factor loadings from the domains of executive functioning, 
inhibition, attention, working memory, spatial reasoning, and language processing. 
The second component included factor loadings from processing negative and 
positive affect, interoceptive processing, and sensory processing. Consequently, the 
first component was named as “cognitive component” and the second component 
as “affect/sensory component”. 

Next, we investigated whether the brain map, which shows the untresholded 
differences between FRs and healthy controls, correlates with the cognition- or 
affect/sensory-related brain activity maps in healthy individuals. The results are 
shown in Figures 6a and 6b. Specifically, the brain activity maps of cognitive 
domains (in healthy individuals) correlated positively with the untresholded FRs 
vs. controls meta-analysis map. In contrast, the brain activity maps of 
affect/sensory-related domains (in healthy individuals) did not correlate with the 
untresholded FRs vs. controls meta-analysis map. Taken together, the results 
indicated that the brain region that exhibited alterations in FRs seemed to correlate 
with the brain activity maps that are activated during cognitive tasks in healthy 
individuals. 
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Fig. 5. The results of the principal component analysis: the loadings of the brain activity 
patterns of different behavioral domains to the cognition- and affect/sensory-related 
components in healthy individuals. 
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Fig. 6. (a) The correlations of the brain activation patterns during cognition- and 
affect/sensory-related processing (in healthy individuals) with the brain regions that 
exhibited altered fMRI activity in FRs. (b) The correlations of the brain activation 
patterns during cognition and affect/sensory-related processing (in healthy individuals) 
with the brain regions that showed structural alterations in FRs. 

5.2 Symptomatic risk for psychosis and physiological fluctuation 
(Study II) 

In our sample, there were 142 participants with no psychotic symptoms (the SIPS 
score = 0), 109 participants with mild psychotic-like symptoms (the SIPS 
score = 1–2), 23 participants with prodromal symptoms of psychosis (the SIPS 
score = 3–5), and 3 participants with psychotic symptoms (the SIPS score = 6). As 
there were only a few participants with psychotic symptoms, we combined the 
groups of psychotic symptoms and prodromal symptoms of psychosis into one 
group (the SIPS score = 3–6). 

a) 

b) 
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5.2.1 Results of the global brain level analyses 

Firstly, we conducted analyses whether symptomatic risk for psychosis is 
associated with CVBOLD globally in the brain. Table 5 presents the findings of 
regression analyses when predicting CVBOLD in the gray matter, white matter, and 
cerebrospinal fluid by the SIPS scores. Participants in the study group with 
prodromal symptoms of psychosis or psychotic symptoms (the SIPS score = 3–6) 
had higher CVBOLD in the cerebrospinal fluid and white matter when compared to 
participants with no psychotic symptoms (SIPS = 0). There was no significant 
association of psychotic-like symptoms with CVBOLD in the gray matter. These 
results are illustrated in Figure 7. All the findings were controlled for age, sex, 
educational level, and absolute and relative parameters of displacement. 

Table 5. Results of linear regression analyses, when predicting CVBOLD in 
cerebrospinal fluid (CSF), white brain matter, and gray brain matter by SIPS positive 
symptoms. 

Variable CVBOLD in the 

gray matter 

CVBOLD in the white 

matter 

CVBOLD in the 

cerebrospinal fluid 

Beta p-value Beta p-value Beta p-value

Age -0.096 0.023 -0.136 0.003 -0.199 < 0.001 

Sex1 -0.237 < 0.001 -0.350 < 0.001 -0.342 < 0.001 

Educational level 0.017 0.684 -0.033 0.469 0.045 0.315 

Absolute displacement -0.180 < 0.001 -0.226 < 0.001 -0.178 < 0.001 

Relative displacement 0.707 < 0.001 0.555 < 0.001 0.587 < 0.001 

SIPS positive symptoms 
      

No psychotic symptoms2 - - - - -

Mild psychotic symptoms 0.027 0.538 
 

0.057 0.228 0.052 0.253 

Prodromal symptoms of 

psychosis or psychotic 

symptoms 

0.085 0.051 0.136 0.004 0.146 0.001 

1 Male as the reference group, 2 The reference group. N = 276 

As first additional analyses, we excluded the participants with psychotic symptoms 
(N = 3) from the sample and rerun the analyses. All the significant associations of 
the SIPS scores with CVBOLD in the cerebrospinal fluid and in the white matter 
remained. 

As second additional analyses, we reran the multivariate regression analyses 
using the continuous variable of the current SIPS positive symptoms (ranging 
between 0–6). All the significant findings remained. That is, high score of SIPS 
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positive symptoms was associated with higher CVBOLD in the cerebrospinal fluid 
(beta = 0.142, p = 0.001) and higher CVBOLD in the white matter (beta = 0.116, 
p = 0.012) but not with CVBOLD in the gray matter (beta = 0.062, p = 0.138). 

Finally, we investigated whether the SIPS score correlated with the motion 
parameters. The SIPS score did not correlate significantly with the parameter of 
absolute motion (r = −0.023) or relative motion (r = 0.003). Hence, the association 
between SIPS and CVBOLD appeared not to be explained by differences in head 
motion during brain imaging between participants with different levels of positive 
symptoms. 

 

Fig. 7. Predicted marginal means with 95% confidence intervals of CVBOLD (i) in the gray 
matter, (ii) in the white matter, and (iii) in the cerebrospinal fluid for participants with 
different scores of SIPS positive symptoms. Adjusted for age, sex, educational level, 
and absolute and relative displacement. 

5.2.2 Results of the voxel-wise analyses 

Next, we conducted voxel-wise analyses about the association of the SIPS score 
with CVBOLD in the brain. Overall, the voxel-wise analyses revealed that 
symptomatic risk for psychosis was related to altered CVBOLD especially in the deep 
grey matter structures and in the white matter around the central spaces of 
cerebrospinal fluid. 

In the white matter, symptomatic risk for psychosis was associated with altered 
CVBOLD in the centrum semiovale areas around the ventricles. Interestingly, the 
frontal parts of the white matter were involved, while the trigonal areas and 
posterior parts of the white matter showed minimal alterations of CVBOLD. In the 

(i) (ii) (iii) 
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cranial white matter, the left-sided regions exhibited altered CVBOLD. In the basal 
ganglia, instead, altered CVBOLD was obtained in the right side dominantly. 

In the brain stem, symptomatic risk for psychosis was related to altered CVBOLD 
in two regions in the pons: the periaqueductal gray matter and the left peduncle. In 
the right side, significant CVBOLD alterations were obtained in the thalamic nuclei, 
amygdala, and hippocampi. In the left side, the alterations of CVBOLD were 
generally more restricted by location. Interestingly, however, the alterations of 
CVBOLD in the hippocampi were more pronounced in the left side than right side. 
Additionally, symptomatic risk for psychosis was associated with altered CVBOLD 
in the caudate nuclei bilaterally and in the posterior sides of the putamina. 

In the cerebral cortex, symptomatic risk for psychosis was linked to altered 
CVBOLD in the bilateral primary sensorimotor cortices, in the middle and frontal 
insula, and in the right superior temporal gyrus. Additionally, in participants with 
symptomatic risk for psychosis, the results showed altered CVBOLD in the lateral 
paracingulate cortex, although the alterations were absent in the midline cingulate 
and other areas of the default mode network. In the cerebellum, the largest affected 
areas were localized in the posterior parts and above the fourth ventricle. 

5.2.3 Overlap with regions that are found to be affected in 
schizophrenia patients (using traditional methods) 

Furthermore, we conducted meta-analyses of the previous fMRI and VBM studies 
in schizophrenia patients using the BrainMap database. This was done in order to 
investigate the overlap between (a) the brain regions that exhibit altered CVBOLD in 
participants with symptomatic risk for psychosis and (b) the brain regions that are 
found to be affected in schizophrenia patients in the previous fMRI and VBM 
studies. This overlap was found to be only modest (see Figure 8), implying that 
CVBOLD may reflect such a signal source that has not been measured in most 
previous fMRI and VBM studies. 
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Fig. 8. (a) The brain regions with altered CVBOLD in participants with psychotic-like 
symptoms (as measured with the SIPS). (b) The brain regions with altered activity 
among schizophrenia patients in the meta-analysis of previous fMRI studies (red) and 
overlap with the brain regions that showed altered CVBOLD in participants with psychotic-
like symptoms (yellow). (c) The brain regions with structural changes among 
schizophrenia patients in the meta-analysis of previous VBM studies (red) and overlap 
with the brain regions that showed altered CVBOLD in participants with psychotic-like 
symptoms (yellow). 

a) 

b) 

c) 
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5.3 Familial and genetic risk for psychotic orders and 
physiological fluctuation (Study III) 

Table 6 presents the findings of the regression analyses, when predicting CVBOLD 
in the gray matter, white matter, and cerebrospinal fluid by familial risk for 
psychosis. Familial risk for psychosis was not associated with CVBOLD in the gray 
matter, white matter, or cerebrospinal fluid. Table 7 presents the results of the 
regression analyses, when predicting CVBOLD in the gray matter, white matter, and 
cerebrospinal fluid by polygenic risk score for schizophrenia. We obtained no 
associations of polygenic risk score for schizophrenia with CVBOLD in the brain. 
Age, gender, educational level, and absolute and relative displacement were set as 
covariates in the analyses. 

As additional analyses, the regression analyses were rerun among participants 
without psychotic-like symptoms (the current SIPS < 3, N = 132 for familial risk 
analyses, N = 133 for PRS analyses). All the associations of familial risk for 
psychosis and polygenic risk score for schizophrenia with CVBOLD in the brain 
remained non-significant. 

Finally, we examined the associations of polygenic risk score for schizophrenia 
and familial risk for psychosis with motion parameters in the fMRI data. Polygenic 
risk score was not linked with absolute (beta = -0.064, p = 0.439) or relative motion 
parameters (beta = -0.074, p = 0.375). Additionally, familial risk for psychosis was 
not linked with absolute (beta = -0.093, p = 0.283) or relative parameters of motion 
(beta = 0.100, p = 0.246). 

Table 6. Results of regression analyses, when predicting CVBOLD in the gray matter, 
white matter, and cerebrospinal fluid in the brain by familial risk for psychosis. 

Variable CVBOLD in the 

gray matter 

 
CVBOLD in the 

white matter 

 
 CVBOLD in the 

cerebrospinal fluid 

Beta p-value Beta p-value Beta p-value 

Age -0.172 0.014 
 

-0.229 0.002 
 

-0.322 < 0.001 

Sex1 -0.271 < 0.001 
 

-0.364 < 0.001 
 

-0.361 < 0.001 

Educational level -0.032 0.662 
 

-0.105 0.180 
 

-0.013 0.853 

Absolute displacement -0.206 0.005 
 

-0.220 0.005 
 

-0.198 0.006 

Relative displacement 0.548 < 0.001 
 

0.321 < 0.001 
 

0.439 < 0.001 

Familial risk for psychosis2 -0.096 0.177 
 

-0.061 0.419 
 

-0.135 0.050 
1 Male as the reference group, 2 Participants without familial risk for psychosis as the reference group, 

N = 140 
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Table 7. Results of regression analyses, when predicting CVBOLD in the gray matter, 
white matter, and cerebrospinal fluid in the brain by polygenic risk score for 
schizophrenia.  

Variable CVBOLD in the 

gray matter 

 
CVBOLD in the 

white matter 

 
CVBOLD in the 

cerebrospinal fluid 

Beta p-value Beta p-value Beta p-value 

Age -0.143 0.016 
 

-0.225 0.001 
 

-0.279 < 0.001 

Sex1 -0.282 < 0.001 
 

-0.345 < 0.001 
 

-0.337 < 0.001 

Educational level -0.038 0.521 
 

-0.146 0.025 
 

-0.033 0.607 

Absolute displacement -0.287 < 0.001 
 

-0.316 < 0.001 
 

-0.276 < 0.001 

Relative displacement 0.703 < 0.001 
 

0.534 < 0.001 
 

0.569 < 0.001 

Polygenic risk score for 

schizophrenia 

-0.032 0.583 
 

-0.019 0.771 
 

-0.041 0.518 

1 Male as the reference group, 2 The reference group. N = 148 
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6 Discussion 

6.1 Structural and functional abnormalities in first-degree relatives 
of schizophrenia patients 

To the best of our knowledge, Study I included the largest multimodal coordinate-
based meta-analysis on first-degree relatives of schizophrenia patients (885 FRs in 
VBM studies and 754 FRs in fMRI studies). We obtained no differences in the gray 
matter volume between FRs and healthy controls. The results showed that FRs had 
increased activity in the right inferior frontal gyrus during cognitive tasks when 
compared to healthy controls. The functional alterations in FRs correlated 
positively with the brain regions that exhibited increased activity during cognitive 
tasks in healthy individuals. Moreover, the multimodal meta-analyses (combining 
the VBM and fMRI studies) obtained no differences between FRs and healthy 
controls. Taken together, the alterations in FRs were very restricted and only 
slightly overlapping with the affected brain regions in schizophrenia patients. The 
findings suggest that there may be minor functional alterations in the brain in FRs 
(vs. healthy controls) in various cognitive domains that have a role in the 
pathogenesis of schizophrenia. 

6.1.1 Abnormalities in the gray matter volume 

The meta-analysis obtained no differences in gray matter volume between FRs and 
healthy controls. Previously, ENIGMA studies have demonstrated that 
schizophrenia patients have smaller volume in a wide range of subcortical and 
cortical regions when compared to healthy controls (van Erp et al., 2016, 2018). 
Regarding FRs, it has been suggested that genetically-based abnormalities in the 
brain structure among FRs are “neither severe nor always specific” and more 
restricted by location in FRs than those in schizophrenia patients (Lieberman et al., 
2001). Along with this, our findings suggest that FRs may exhibit no alterations in 
the gray matter volume. 

In the meta-analysis, we excluded such original studies that included FRs with 
psychotic symptoms. Previously, it has been suggested that some of the alterations 
in FRs may be present only in those FRs who will develop psychotic symptoms 
later in their life (Fusar-Poli et al., 2012a). In line with this, there is evidence that 
structural alterations correlate with duration of the illness and use of antipsychotic 
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medications (van Erp et al., 2018). In our meta-analysis, however, the data did not 
provide possibilities to compare the structural alterations between psychosis-
converters and non-converters. 

Previously, population-based studies have shown that the gray matter volume 
steadily decreases from early adolescence onwards (Sowell et al., 2003). Hence, 
the previous findings about greater gray matter volume in individuals at risk for 
psychosis (vs. healthy controls) are suggested to be explained by a bias in study 
sampling: in several samples, high-risk individuals have been younger than healthy 
controls (Hirayasu et al., 2001). Our findings are in line with this suggestion. That 
is, in our sample, the mean age of the FRs and healthy controls was approximately 
the same (31.9 years in FRs and 30.5 years in healthy controls) and no structural 
differences were obtained. 

6.1.2 Functional abnormalities during cognitive tasks 

In the full set of cognitive tasks, FRs had higher activity in the right frontal gyrus 
when compared to healthy controls. This difference was found also when analyzing 
the specific sets of working memory tasks and executive functioning tasks. 
Previously, the right frontal gyrus is found to be responsible for attentional control 
and response inhibition (Aron et al., 2003; Chikazoe et al., 2007; Hampshire et al., 
2010). These cognitive skills, in turn, are known to be impaired in schizophrenia 
patients (Enticott et al., 2008; Wang et al., 2005). Hence, our findings suggest that 
the functioning of the brain regions responsible for some executive functions is 
impaired also in individuals with familial risk for schizophrenia. 

Importantly, the aberrant functioning of the right inferior frontal gyrus in FRs 
probably derives from several sources. Firstly, familial risk likely includes genetic 
influences, because the brain activity patterns during executive functioning tasks 
are strongly influenced by genes (Blokland et al., 2008) and because the frontal 
regions are hyperactivated during executive functioning tasks also in schizophrenia 
patients (Schlösser et al., 2008). Secondly, first-degree relatives of schizophrenia 
patients may have aberrant prenatal and family environment that contributes to the 
formation of the brain activity patterns. For example, family environment of 
schizophrenia patients is characterized by lower family expressiveness (Walder et 
al., 2014) that, in turn, is linked to attentional processes (Holmes et al., 2003). 
Finally, higher activity of the right frontal gyrus in FRs may also result from gene-
environment interactions and epigenetic effects, which could be investigated in 
future studies. 
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The results showed that the right frontal gyrus exhibited higher activity in FRs 
(vs. controls) during cognitive tasks. This result may potentially refer to a neural 
compensatory mechanism: FRs may compensate for the difficulty of the task via 
hyperactivation. That is, individuals at risk for psychosis may need more 
neurophysiological effort in order to achieve the same level of brain functioning 
(Cooper et al., 2014). Also, previous findings have suggested that there are 
compensatory hyperactivations in FRs (Cooper et al., 2014; Fusar-Poli et al., 2010a; 
Pulkkinen et al., 2015). Importantly, a previous meta-analysis showed that the 
activity of the right inferior frontal gyrus decreased during rest in FRs (Niu et al., 
2017). Hence, it is necessary to differentiate between functional alterations of FRs 
at rest and during cognitive tasks. 

Previously, single studies have suggested that during executive functioning 
tasks, FRs might exhibit altered activity in regions that are not generally related to 
executive functioning, such as anterior cingulate gyrus (Filbey et al., 2008) or 
corpus callosum (Karch et al., 2009). However, this meta-analysis did not provide 
support for these findings. Specifically, FRs exhibited functional alterations during 
cognitive tasks only in the right frontal gyrus. Moreover, we showed that the 
unthresholded map of functional alterations in FRs correlated positively with those 
brain regions that exhibit increased activity during cognitive tasks in healthy 
individuals. Taken together, this suggests that the affected brain regions in FRs 
overlap with the brain regions that are activated during cognitive tasks in healthy 
individuals. 

The brain region that exhibited higher activity in FRs during cognitive tasks 
was located in the right hemisphere. This may be linked to the lateralization 
hypothesis of schizophrenia (Crow et al., 1989), suggesting that schizophrenia is 
related to weaker lateralization of the brain functioning. This hypothesis has been 
supported by several studies. For example, schizophrenia is related to an abnormal 
dominance of the right hemisphere during language processing (Li et al., 2009a). 
Moreover, schizophrenia patients have a higher prevalence of left-handedness, 
referring to a dominance of the right brain hemisphere in motor functioning 
(Dragovic and Hammond, 2005). In accordance with this, our results showed that 
FRs have increased activity in the right hemisphere during cognitive tasks. 

Previously, schizophrenia is found to be related to a lower premorbid 
intelligence quotient (IQ) (Woodberry et al., 2008). Hence, the functional 
differences during cognitive tasks between FRs and healthy controls are suggested 
to be at least partly explained by differences in IQ (de Zwarte et al., 2018). In this 
meta-analysis, the average IQ was lower in FRs than healthy controls. However, 
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the average IQ in FRs was 104 that is even slightly above the average IQ. 
Additionally, it appears that the functional differences are especially evident in 
individuals with IQ outside the normal range (Lee et al., 2006). Consequently, our 
findings may not likely be explained by differences in IQ between FRs and healthy 
controls. 

6.1.3 Multimodal meta-analysis 

In the multimodal analyses, we included both fMRI and VBM studies in the same 
meta-analysis in order to investigate whether some brain regions exhibited both 
functional and structural alterations. We obtained no multimodal differences 
between FRs and healthy controls. This is in accordance with the findings of a 
previous meta-analysis (Niu et al., 2017). It has been found that the use of 
antipsychotics is related to conjoint structural and functional alterations (Radua et 
al., 2012a). Thus, multimodal alterations may be obtained only after the onset of 
psychosis and exposure to antipsychotic medications. 

Overall, the findings suggest that psychosis risk may not be related to 
regionally overlapping alterations in the gray matter volume and brain activity. 
Importantly, however, there may be overlapping functional alterations in the 
activity level and neurotransmission in FRs. For example, previous multimodal 
analyses of fMRI and PET (positron emission tomography) data have suggested 
that individuals at risk for psychosis may exhibit increased activity and increased 
dopaminergic transmission in striatum (Fusar-Poli et al., 2011b). Additionally, high 
activity in the right frontal gyrus is found to correlate with elevated striatal 
dopamine activity in high-risk individuals (Fusar-Poli et al., 2010b). Taken together, 
our findings about functional alterations in the right frontal gyrus in FRs may be 
related to altered dopaminergic neurotransmission. 

6.2 Symptomatic risk for psychosis and physiological fluctuation 

Study II investigated the relationship of symptomatic psychosis risk with 
physiological fluctuation (as measured with CVBOLD) in the brain. At the global 
level, participants with prodromal symptoms of psychosis had higher physiological 
fluctuation in the cerebrospinal fluid and white matter but not in the gray matter, 
when compared to participants with no psychotic symptoms. Voxel-wise analyses 
revealed that symptomatic risk for psychosis was related to higher physiological 
fluctuation especially in the periventricular white matter, basal ganglia, cerebellum 
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and parts of the cortical structures. Moreover, we ran meta-analyses of the previous 
fMRI and VBM studies in schizophrenia patients to investigate the overlap between 
our findings and the previously discovered results. Those brain regions, which 
included alterations of physiological fluctuation in symptomatic psychosis risk, 
overlapped only 6% with the regions that were found to be affected in 
schizophrenia patients in the meta-analyses of previous fMRI and VBM studies. 
Consequently, this suggests that as CVBOLD may reflect a signal source that likely 
has not been measured in most previous fMRI and VBM studies. 

Our results about the association of symptomatic risk for psychosis with 
increased physiological fluctuation in the cerebrospinal fluid are in line with 
previous literature. For example, it has been found that schizophrenia is related to 
enlarged ventricles (Shenton et al., 2001; Steen et al., 2006) and normal pressure 
hydrocephalus (Vanhala et al., 2018). Normal pressure hydrocephalus, in turn, is 
related to impairments in the glymphatic clearance system that includes the flow of 
cerebrospinal fluid to the interstitial fluid and vascular system (Eide & Sorteberg, 
2016; Ringstad et al., 2017). Additionally, psychotic patients have an abnormal 
neurochemical composition of cerebrospinal fluid, for example, increased 
concentrations of some cytokines (Nikkilä et al., 2001; Schwieler et al., 2015), 
bioactive lipids (Koethe et al., 2009), proteins and peptides in cerebrospinal fluid 
(Huang et al., 2006; Thompson et al., 2003). The abnormal composition of 
cerebrospinal fluid, in turn, is found to affect the secretion and flow of 
cerebrospinal fluid (Sakka et al., 2011). Taken together, the association of 
symptomatic risk for psychosis with increased physiological fluctuation in the 
cerebrospinal fluid may derive from an abnormal composition and flow of 
cerebrospinal fluid and impairments in the glymphatic clearance system. 

Symptomatic risk for psychosis was also associated with higher physiological 
fluctuation in the deep gray matter structures around the central cerebrospinal 
spaces (i.e. basal ganglia, amygdala, thalamic nuclei, hippocampus, cerebellum). 
This may be related to that most substantial cardiovascular pulsations occur near 
the major vessels and the cerebrospinal fluid areas (Kiviniemi et al., 2016; 
Raitamaa et al., 2018). Further, abnormal pulsations may likely reduce brain waste 
removal (Mestre et al., 2018; Kiviniemi et al., 2016) that, in turn, may increase 
“noise fluctuation” in the brain. Previously, it has been reported that elevated risk 
for psychosis is related to altered activity patterns in the cerebellum, thalamus and 
hippocampus, for example (Seiferth et al., 2008; Whalley et al., 2007). Interestingly, 
in the same brain regions, we obtained higher physiological fluctuation in 
individuals with symptomatic risk for psychosis. Consequently, our findings 
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tentatively arise the intriguing question whether some of the previously found 
associations between psychosis risk and fMRI activity patterns might partly reflect 
altered levels of physiological fluctuation (instead of altered neural activities). 

The brain is known to consume even 20% of the total energy of the body at rest 
(Ames 2000) and, during cognitive tasks, the energy consumption of the brain 
increases only about 5% (Fox & Greicius 2010). Despite the substantial energy 
consumption of the resting-state activities, many brain regions seem to exhibit more 
pronounced neural alterations during cognitive tasks than at rest in psychosis-prone 
individuals. For example, Study I obtained a higher activity in the right frontal 
gyrus during cognitive tasks in individuals with familial risk for schizophrenia but, 
on the basis of a previous meta-analysis, this hyperactivity cannot be obtained 
during rest (Niu et al., 2017). Study II, however, suggest that symptomatic risk for 
psychosis is related to substantial alterations of physiological fluctuation during 
rest. Moreover, the brain regions that exhibited increased physiological fluctuation 
in psychosis-prone individuals were not largely overlapping with the regions of the 
default mode network, i.e. a brain network that becomes activated at rest and 
reflects mind wandering, self-referential activities, and recollection of previous 
memories (Raichle, 2015). 

The brain regions, which included alterations of physiological fluctuation in 
symptomatic psychosis risk, overlapped 6% with the regions that were found to be 
affected in schizophrenia patients in the meta-analyses of previous fMRI and VBM 
studies. It is necessary to note that, in this analysis, we did not have comparable 
samples: we compared FRs with schizophrenia patients. Hence, it could be argued 
that some of the regional differences in CVBOLD vs. findings obtained by traditional 
methods might be accounted by the different samples. Study I, however, suggested 
that the brain-level alterations are more widely distributed in schizophrenia patients 
than in individuals at risk for psychosis. Despite this, the findings showed that the 
alterations of CVBOLD in FRs were more widely distributed in the brain than the 
previously discovered alterations in schizophrenia patients in traditional fMRI and 
VBM studies. Consequently, this suggests that the findings cannot be accounted by 
sampling differences but CVBOLD may rather reflect such a signal source that likely 
has not been measured in most previous fMRI and VBM studies. 
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6.3 Familial and genetic risk for psychosis and physiological 
fluctuation 

Study III investigated whether familial risk for psychosis and polygenic risk score 
for schizophrenia are associated with physiological fluctuation (CVBOLD) in the 
brain. The results showed that neither familial risk for psychosis nor polygenic risk 
score was related to physiological fluctuation in the cerebrospinal fluid, white 
matter, or gray matter. Moreover, all the associations remained non-significant 
when including only those participants with no psychotic-like symptoms. Taken 
together, familial risk for psychosis or genetic risk for schizophrenia appeared not 
to be related to physiological fluctuation in the brain. 

This study was the first to investigate whether physiological fluctuation in the 
fMRI data is linked with genetic factors. Previously, it has been suggested that 
genetic vulnerabilities for schizophrenia may become manifested in specific 
alterations of the signal-to-noise ratio (Harrison & Weinberger, 2005) that refers to 
the variance of BOLD signal in the brain. However, the current study did not 
provide support for this suggestion. It seems that the changes in the physiological 
fluctuation of the brain are evident only after the onset of neuropsychiatric diseases. 

The null results about the link between psychosis-related genes and 
physiological fluctuation in the brain may have several explanations. Firstly, it may 
be that some schizophrenia-related genes are linked to physiological fluctuation in 
the brain only when co-occurring with some other genetic variants. For example, 
one study reported that dopamine-related genes are related to cortical signal-to-
noise ratio but only in the presence of another genetic polymorphism (in the gene 
for the enzyme catechol-O-methyltransferase) (Winterer & Weinberger, 2003). In 
this study, the data did not provide possibilities to investigate single gene-gene 
interactions predicting physiological fluctuation. Additionally, there is evidence for 
a variety of epigenetic effects in the field of psychotic disorders (Pidsley & Mill, 
2011). Future studies could investigate possible epigenetic influences for the level 
of physiological fluctuation. 

6.4 Methodological considerations of the present study 

6.4.1 Limitations 

In Studies I‒III, there are some limitations that are necessary to be taken into 
consideration. Firstly, in the studies, we excluded participants who had used 



 

90 

antipsychotic medications. Hence, the findings cannot be directly generalized to 
populations with exposure to antipsychotic medications. However, there is 
evidence that use of antipsychotic medications is related to substantial functional 
and structural alterations in the brain (Fusar-Poli et al., 2011a; Radua et al., 2012a; 
Sarpal et al., 2015; van Erp et al., 2018). Consequently, antipsychotic medications 
could potentially have confounded the association of familial or genetic risk for 
schizophrenia with structural and functional alterations in the brain. Furthermore, 
individuals with psychotic symptoms or antipsychotic medications have also been 
excluded in several previous studies (e.g. Cooper et al., 2014; Scognamiglio and 
Houenou, 2014; Zhang et al., 2016). 

Secondly, similarly to previous meta-analyses (Cooper et al., 2014; 
Scognamiglio and Houenou, 2014), our meta-analysis included original studies that 
had investigated participants with at least one first-degree relative with 
schizophrenia. Most of the original studies investigated siblings of schizophrenia 
patients (21 studies) but a substantial number of the original studies (12 studies) 
did not specify the type of relationship precisely. Furthermore, in Study III, we 
defined familial risk for psychosis as having at least one parent with a non-
organic psychosis or cluster A personality disorder. Consequently, we did not 
conduct separate analyses among different types of relatives (e.g. second-degree 
relatives vs. first-degree relatives; or offspring vs. parents vs. siblings). 
Nevertheless, previous evidence suggests that there may not exist substantial 
structural differences in the brain between different types of first-degree relatives 
(de Zwarte et al., 2018). 

In the meta-analysis, the number of fMRI studies investigating social cognition 
was relatively low (seven studies). The optimal number of studies for meta-analysis 
is recommended to be higher in order to decrease the risk for heterogeneity of the 
results (Eickho et al., 2016). Consequently, more research is needed about the 
functional alterations during social cognition tasks in individuals with familial risk 
for schizophrenia. Previously, however, meta-analyses have been conducted with 
even a lower number of original studies. For example, in a previous meta-analysis 
investigating the structural alterations in first-degree relatives of schizophrenia 
patients, there were only six VBM studies (Cooper et al., 2014). Hence, finding an 
optimal number of original studies that fulfill all the necessary inclusion criteria 
appears to be a common challenge in meta-analyses. 

In the current study, brain imaging was conducted using the General Electric 
Signa 1.5 T fMRI system that includes relatively slow TR (sampling time 1.8 s) 
and comparatively large voxel size (see Jukuri et al., 2013). Hence, it is relatively 
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rarely used in schizophrenia research nowadays. However, it likely enabled us to 
obtain a comparatively large amount of physiological fluctuation in the BOLD 
signal. Thus, our brain imaging data likely provided exceptional possibilities for 
investigating CVBOLD in the brain. 

The samples of Studies II and III and the original studies of the meta-analysis 
were relatively heterogeneous, including participants with other comorbid 
disorders such as attention-deficit hyperactivity disorder, major depression or other 
current Axis-I disorders. Overall, it has been shown that psychotic symptoms 
commonly co-occur with other psychiatric and neurological symptoms, for 
example, anxiety, ADHD, epilepsy, and substance use disorders (Fusar-Poli et al., 
2012b; Gaitatzis et al., 2004; Karatekin et al., 2010; Keshavan et al., 2003; Schuckit 
et al., 2006). Hence, in the research field of psychotic disorders, it appears to be a 
common challenge to find participants with no comorbid symptoms. Moreover, 
excluding all the participants with any other psychiatric or neurological symptoms 
might result in a substantial selective bias in the sample and limit the 
generalizability of the findings to other populations. 

In Studies II and III investigating physiological fluctuation, there were only 
three participants with psychotic symptoms. In the analyses, we either excluded 
them or combined them to the group of participants with prodromal symptoms. 
Consequently, our findings cannot be directly generalized to patients with psychotic 
symptoms. However, the link between schizophrenia and increased physiological 
fluctuation in the brain has been demonstrated previously (Cheng et al., 2015). 
Moreover, there has been a demand to investigate early staged of psychosis in order 
to develop early preventive interventions (McGorry et al., 2007; Van Os et al., 
2009). Hence, the primary aim of this study was to investigate individuals at 
symptomatic risk for developing psychosis. 

Additionally, it is necessary to keep in mind that our findings about familial or 
genetic risk for schizophrenia cannot directly be generalized to all psychotic 
disorders. Specifically, psychotic disorders represent a very heterogeneous 
repertoire of disorders including, for example, acute psychotic disorder or a 
substance-induced psychosis (APA, 2013). There is evidence that the genetic 
overlap of schizophrenia and bipolar I disorder is substantial (International 
Schizophrenia Consortium, 2009), whereas the familial transmission between 
schizophrenia and reactive psychoses is comparatively low, suggesting a 
comparatively low genetic overlap between the disorders (Castagnini et al., 2013). 
Hence, from this perspective, our findings about familial or genetic risk for 



 

92 

schizophrenia might be more likely replicated in individuals with bipolar I disorder, 
for example, than in individuals with some other acute and transient psychoses. 

6.4.2 Strengths 

Studies I–III had also a variety of substantial strengths. Firstly, it has been 
recommended to investigate psychosis from a dimensional perspective (Van Os et 
al., 2009). That is, the development of psychosis is regarded as a multi-staged 
process, ranging from subclinical psychotic symptoms to full-blown psychosis 
(Van Os et al., 2009). While our main emphasis was on psychosis risk, we also 
compared our findings to the previous studies conducted among schizophrenia 
patients. Moreover, we compared the brain functioning of individuals at risk for 
psychosis to the brain functioning of healthy individuals. Taken together, Studies 
I–III provided wide perspectives to the continuum of psychosis, including healthy 
individuals, individuals at risk for psychosis, and patients with schizophrenia. 

In Studies I–III, we also used multidimensional indicators of psychosis risk. 
Specifically, we investigated first-degree relatives of schizophrenia patients, 
offspring of parents with psychosis-spectrum disorders, and polygenic risk score 
for schizophrenia. This is line with a previous recommendation stating that it is 
necessary to investigate both familial risk factors and genetic risk scores, when 
aiming to increase understanding of neurobiological phenotypes of schizophrenia 
(Birnbaum & Weinberger, 2013). Further, we evaluated familial and genetic risk 
factors for psychosis with reliable methods. In Study III, familial risk for psychosis 
was assessed using the Finnish Hospital Discharge Register. In the meta-analysis, 
most of the original studies had used health-care registers or structured clinical 
interviews when evaluating schizophrenia cases among participants’ first-degree 
relatives. The PRS, in turn, was calculated on the basis of the results of the genome-
wide association studies (GWAS) by the Schizophrenia Working Group of the 
Psychiatric Genomics Consortium (Ripke et al., 2014). Finally, symptomatic risk 
for psychosis was evaluated with a widely used structural interview (SIPS) that is 
demonstrated to be a reliable measure of prodromal syndromes (Miller et al., 2003). 
Taken together, Studies I-III approached psychosis risk from multiple different 
perspectives. 

In the meta-analysis, we had a relatively large number of original datasets and 
first-degree relatives of schizophrenia patients (41 datasets, 1638 FRs). The fairly 
large sample enabled us to investigate the functional and structural alterations of 
FRs separately during different cognitive tasks (e.g. working memory tasks, 
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inhibitory control tasks). Furthermore, the data also provided us possibilities to 
conduct a multimodal meta-analysis to investigate whether some brain regions 
exhibit conjoint functional and structural alterations. The use of multimodal 
analyses combining data from different brain imaging methods (e.g. VBM and 
fMRI) has been recommended also previously (Schultz et al., 2012). 

In Studies II and III, the NFBC 1986 sample consisted of roughly same-aged 
participants in their young adulthood (with the mean age of 23 years). This is in 
line with previous recommendations that the neurophysiological correlates of 
schizophrenia should be investigated in early adulthood (Cooper et al., 2014), so 
that the confounding effects of negative symptoms and use of antipsychotic drugs 
on brain functioning could likely be ruled out. Previously, the typical age at onset 
of schizophrenic psychosis is found to be around 21–23 years (Hare et al., 2010; 
Öngür et al., 2009). Hence, it is likely that at least most of the participants had not 
experienced psychotic symptoms before the study measurements. 

Finally, we used a novel method to investigate physiological fluctuation in 
fMRI data (i.e. CVBOLD). This method provided new perspectives since it enabled 
us to investigate cardio-respiratory functioning in the brain (instead of merely 
neural functioning) and to examine functional alterations also in the white brain 
matter and cerebrospinal fluid (not only in the gray matter). This method had never 
before been used in the research field of prodromal syndromes. Additionally, those 
brain regions, which included alterations of physiological fluctuation in 
symptomatic psychosis risk, overlapped only slightly (6%) with the regions that 
were found to be affected in schizophrenia patients in the meta-analyses of previous 
VBM and fMRI studies. Hence, this suggested that the method of CVBOLD may 
reflect such a signal source that has not been measured in most fMRI studies. Taken 
together, Studies I–III provided a multidimensional viewpoint to psychosis-related 
functional alterations in the brain since we investigated both neural and 
physiological alterations. 
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7 Conclusions 

7.1 Main findings 

Overall, this study aimed to increase understanding about the relationship of 
psychosis risk with functional and structural alterations in the brain. Firstly, the 
results showed that FRs have higher activity in the right frontal gyrus during 
cognitive tasks when compared to healthy controls. The functional alterations in 
FRs correlated positively with the brain regions that exhibited increased activity 
during cognitive tasks in healthy individuals. Instead, FRs had no alterations in the 
gray matter volume. Overall, the alterations in FRs were very restricted and only 
slightly overlapping with the brain regions that are affected in schizophrenia 
patients. Additionally, we showed that polygenic risk score for schizophrenia or 
familial risk for psychosis were not related to physiological fluctuation in the brain. 
Finally, the findings demonstrated that symptomatic risk for psychosis was related 
to higher physiological fluctuation especially in the deep gray matter structures and 
in the white matter around the central spaces of cerebrospinal fluid. Consequently, 
alterations in physiological fluctuation may emerge after the onset of psychotic-
like symptoms. 

7.2 Implications for research 

Studies I–III have a variety of implications for future studies. Firstly, while 
investigating functional alterations during cognitive tasks in FRs, we noted that 
most of the previous fMRI studies have focused on impairments in working 
memory and executive functioning in FRs. Instead, only a few studies have used 
tasks related to social cognition or processing speed, although those abilities are 
suggested to be substantially impaired in individuals at risk for psychosis (Kelleher 
et al., 2013; Kim et al., 2011). Additionally, social cognition is impaired long before 
the onset of psychosis and has a crucial role for every-day functioning (Addington 
et al., 2008). Hence, further fMRI studies during a wider set of cognitive tasks 
would provide new perspectives for developing early interventions for high-risk 
populations. 

In this study, we conducted multimodal meta-analyses of the previous VBM 
and fMRI studies in FRs. Future research could more widely utilize multimodal 
imaging methods. This could help constituting a more coherent synthesis of the 
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brain-level alterations in individuals at risk for psychosis. For example, some 
previous studies have combined fMRI and PET (positron emission tomography) 
data and suggested that individuals at risk for psychosis may exhibit increased 
activity and increased dopaminergic transmission in the striatum (Fusar-Poli et al., 
2011b). Additionally, some studies in schizophrenia patients have combined 
diffusion tensor imaging (DTI) with magnetization transfer imaging (MTI) 
(Kubicki et al., 2005). Along with this, there has been a demand for studies 
combining multiple imaging methods in the research field of psychotic disorders 
(Schultz et al., 2012). In the context of physiological fluctuation, the combination 
of PET and fMRI imaging could possibly provide valuable new insights. This is 
because dopaminergic transmission, for example, plays a role in optimizing the 
neurophysiological signal-to-noise ratio (Winterer & Weinberger, 2004) that is a 
close concept to physiological fluctuation. 

Previously, it has been noticed that patients diagnosed with schizophrenia may 
have no symptom in common (Fanous & Kendler, 2006), due to the substantial 
heterogeneity of schizophrenic symptom profiles. Additionally, there is evidence 
that different symptom dimensions are associated with different neuropathologies 
(Sorg et al., 2012; Whalley et al., 2007). A large part of studies, however, have 
investigated diagnosis-based outcomes (e.g. schizophrenia). In the future, studies 
could more widely use dimensional measures of psychotic symptomatology. 
Additionally, there is a need for further studies investigating possible curvilinear 
associations of symptom dimensions with neural alterations. That is, whether the 
associations of symptoms with neural alterations become especially strong after 
some critical point of symptom severity has been reached. 

There is evidence that antipsychotic drugs increase the risk for weight gain, 
altered lipid metabolism, metabolic syndrome, and cardiovascular morbidity 
(Newcomer, 2007). In Study II, we found that symptomatic risk for psychosis is 
related to higher physiological fluctuation that reflects brain metabolism and 
cardiophysiological activities. Participants with antipsychotic medications, 
however, were excluded from the analyses. Hence, future studies could investigate 
whether antipsychotic drugs have effects on the level of physiological fluctuation 
in the brain. 

Our findings suggested that CVBOLD may rather reflect such a signal source that 
likely has not been measured in most previous VBM and fMRI studies. Hence, our 
findings implied that investigating physiological fluctuation could provide new 
perspectives to the pathological processes behind psychiatric diseases. In our study, 
however, the imaging methods did not provide possibilities to obtain fluctuation 
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with very high frequency. Hence, future studies could investigate physiological 
fluctuation in the brain using ultra-fast imaging methods that could also shed more 
light on the glymphatic clearance mechanisms in the brain (Kiviniemi et al., 2016). 

Finally, in the future, VBM studies could include more clear effect sizes of the 
associations and illustrate the practical significance of the obtained brain 
pathologies more clearly. For example, one study reported that schizophrenia 
patients have significant loss of gray matter volume in the brain, referring to annual 
loss of 0.59% of the gray matter (Olabi et al., 2011). Interestingly, sex differences 
in the gray matter volume on average (e.g. Gennatas et al., 2017; Gur et al., 1999) 
may be even larger than the difference between schizophrenia patients and healthy 
controls that was obtained in Olabi’s et al. (2011) study. Hence, clear illustrations 
of the effect sizes of brain abnormalities in schizophrenia patients or high-risk 
groups would provide more implications for clinical practice. 

Additionally, future fMRI studies could investigate the state-dependence of 
activity differences during cognitive tasks between schizophrenia patients and 
healthy controls. For example, there is evidence that sleep deprivation results in 
altered activity patterns of the brain during executive functioning tasks in healthy 
individuals (Habeck et al., 2004). Interestingly, altered activity patterns are 
obtained in such brain regions that are partly overlapping those regions that are 
found to be affected in schizophrenia patients (e.g. in the frontal regions) 
(Kraguljac et al., 2013; Mendrek et al., 2005; Minzenberg et al., 2009). In this light, 
it would be interesting to compare functional alterations during cognitive tasks 
between sleep-deprivated healthy controls and schizophrenia patients, for example. 

7.3 Implications for clinical practice 

Currently, there are a wide variety of cognitive remediation interventions that are 
provided for individuals at elevated risk for psychosis (Glenthøj et al., 2017). The 
interventions aim to promote a wide variety of cognitive skills (Glenthøj et al., 
2017). Further, in many cases, cognitive remediation interventions appear not to be 
differently tailored for different high-risk populations. Our findings, however, 
showed that familial risk for schizophrenia (without clinical risk for psychosis) may 
be related to very restricted neuropathologies. During cognitive tasks, the only 
functional alteration in FRs was hyperactivity in the right frontal gyrus that is 
responsible for attentional control and response inhibition (Aron et al., 2003; 
Chikazoe et al., 2007; Hampshire et al., 2010). This suggests that in familial high-
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risk populations for psychosis, cognitive remediation interventions could focus on 
attentional control and response inhibition. 

Previously, patients with epilepsy, Alzheimer's disease, and acute ischemic 
stroke are found to have alterations in the physiological fluctuation of the brain 
(Makedonov et al., 2013, 2016; Kananen et al., 2018; Khalil et al., 2017; Wang et 
al., 2008). This study was the first to demonstrate that also prodromal syndromes 
are linked with increased physiological fluctuation in the brain. Hence, our findings 
suggest that an abnormal level of physiological fluctuation cannot be used as a 
diagnostic marker of a specific set of neurological diseases since it is also a 
characteristic of prodromal syndromes. 

There is a great amount of previous evidence demonstrating that schizophrenia 
is related elevated somatic morbidity. The most common comorbid somatic 
diseases include metabolic syndrome (Mitchell et al., 2011; Oud & Meyboom-de 
Jong, 2009), coronary heart disease (Oud & Meyboom-de Jong, 2009), 
hypertension (Batki et al., 2009), and chronic lung disease (Truyers et al., 2011). 
Moreover, the somatic diseases of schizophrenia patients are reported to be under-
treated (Laursen et al., 2011; Mitchell & Lord, 2010). Along with this, 
schizophrenia is related to even 15 years shorter expected life time than in the 
general population (Hennekens et al., 2005), with the most common causes of death 
being cardiac diseases (29%), lung cancer (19%), and pulmonary disease (17%) 
(Capasso et al., 2008). Taken together, previous evidence has shown that there are 
severe cardio-respiratory diseases among schizophrenia patients. 

Our findings provided further evidence by demonstrating that psychosis risk is 
related to alterations of physiological fluctuation (reflecting brain metabolism and 
cardio-respiratory functioning) in the brain. This has two particular implications for 
clinical practice. Firstly, health care professionals could be aware of that there may 
be cardio-respiratory abnormalities (not only neuronal abnormalities) also in the 
brain (not only in other organs such as lung or heart). Secondly, it is known that 
many neuropathologies of schizophrenia patients are related to exposure to 
antipsychotic drugs or long duration of the disease (Fusar-Poli et al., 2011a; Radua 
et al., 2012a; Sarpal et al., 2015; van Erp et al., 2018). Our study, however, suggests 
that some abnormalities of the cardio-respiratory functioning may be present 
already during the at-risk-phase of psychosis. Hence, altered physiological 
fluctuation in the brain may represent a cardio-respiratory indicator of psychosis 
proneness. The implications of the current study for research and clinical practice 
are summarized in the following list. 
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Research implications: 

– Future studies could more widely utilize multimodal imaging methods 
– There is a need for fMRI studies investigating functional abnormalities in FRs 

during a wider set of cognitive tasks 
– As schizophrenia patients compose a very heterogeneous population, brain 

imaging studies could more commonly focus on symptom dimensions (instead 
of merely diagnostic categories) 

– Future studies could examine whether antipsychotic medications have effects 
on the level of physiological fluctuation (cardio-respiratory functioning) in the 
brain 

– Physiological fluctuation in the brain could be investigated using ultra-fast 
imaging methods 

– VBM studies in the field of psychotic disorders could illustrate the practical 
significance of brain pathologies more clearly 

– fMRI studies could investigate the state-dependency of functional alterations 
during cognitive tasks in schizophrenia patients 

Clinical implications: 

– Cognitive remediation interventions provided for individuals at familial high-
risk could focus on training attentional control and response inhibition 

– Abnormal level of physiological fluctuation cannot be used as a diagnostic 
marker of specific neurological diseases since it is also characteristic of 
prodromal syndromes of psychosis 

– It is necessary to be aware that there may be cardio-respiratory abnormalities 
in the brain in individuals at symptomatic risk for psychosis 
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