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ABSTRACT

The etiology of psychotic disorders is multifactorial and developmental, influenced
significantly by genetic factors and various environmental factors, such as childhood
adversity. Psychotic disorders, such as schizophrenia, are associated with structural
and functional changes in the brain circuits, especially in the frontal and temporal
areas. We examined the amygdala subnuclei and hippocampus subfield structures in
patients with early psychosis and control subjects. We tested whether the morphology
of these structures is linked to psychiatric symptomatology, environmental factors, and
metabolic parameters (I, II). Finally, we examined whether antipsychotic drugs affect
cortical morphology with respect to different aspects of functional and structural
cortical organization (III).

We found that the volume of the lateral nucleus of the amygdala was smaller both
in clinical high-risk patients (CHR) and in first episode of psychosis patients (FEP), with
the basal nucleus only smaller in FEP. Adverse childhood experiences were associated
with the smaller lateral nucleus in FEP (I). Hippocampal subfield volumes were
consistently lower in FEP, especially in non-affective psychoses, with less marked
changes in CHR. These morphological changes remained stable during the one-year
follow-up. Higher fasting plasma insulin and insulin resistance were associated with
smaller hippocampal tail volumes in non-diabetic FEP. The glucometabolic deterioration
during the follow-up period, independent of antipsychotic drugs, was associated with
clinical outcomes such as the transition to psychosis and poor functioning in CHR (II).
Study III suggests multiple neurobiological mechanisms, potentially contributing to
antipsychotic-associated cortical thinning.

Specific morphological changes in the amygdala and hippocampus are observed
in the early psychosis. Some of these changes likely reflect early neurodevelopmental
vulnerabilities, while others may emerge at the onset of the first psychotic episode.
These features could serve as biomarkers for identifying individuals at high risk of
psychosis. The worsening of glucose metabolism parameters, linked to functional
impairment in CHR, suggests that careful management of metabolic health should be
included in early intervention programs. Finally, our findings on brain features
associating with antipsychotic-related cortical thickness could provide further leads in
the understanding of antipsychotic drug action.

KEYWORDS: first episode of psychosis, magnetic resonance imaging, clinical high
risk for psychosis, hippocampus, amygdala, cortex, glucose metabolism, childhood
adversity, antipsychotic medication
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TIVISTELMA

Psykoottisten hiirididen etiologia on monitekijdinen ja kehityksellinen, ja siihen
vaikuttavat geneettiset tekijit sekd ympéristotekijit, kuten lapsuuden haitalliset
kokemukset. Psykoottisissa hdiriossd, kuten skitsofreniassa, on havaittu aivojen
rakenteellisia ja toiminnallisia muutoksia erityisesti etu- ja ohimolohkoissa.

Tutkimme amygdalan ja hippokampuksen osa-alueiden volyymeja psykoosiriski-
potilailla, ensipsykoosipotilailla ja viestdverrokeilla sekd amygdalan ja hippokampuk-
sen osa-alueiden morfologian yhteytta psykiatrisiin oireisiin, ymparistdtekijoihin tai
glukoosimetaboliaan psykoosin varhaisvaiheissa (I ja II). Lopuksi tutkimme, ovatko
psykoosilddkkeet yhteydessd aivokuoren paksuuteen ja edelleen aivokuoren
rakenteellisiin tai toiminnallisiin ominaisuuksiin (III).

Havaitsimme, ettd amygdalan lateraalisen nukleuksen tilavuus oli pienempi seké
kliinisen korkean psykoosiriskin potilailla (CHR) ettd ensipsykoosipotilailla (FEP),
mutta basaalinukleus oli pienempi vain FEP:lla. Lapsuuden haitalliset kokemukset
liittyivét pienempéin lateraalinukleuksen tilavuuteen FEP:lla. (I). Havaitsimme, ettd
hippokampuksen osa-alueiden tilavuudet olivat laajalti pienentyneet FEP:lla, mutta
muutokset olivat vihdisempid CHR:lla (II). Ndma muutokset pysyivit muuttumatto-
mina vuoden seurannan aikana. Korkeampi paastoplasman insuliinipitoisuus ja
insuliiniresistenssi liittyivit pienempédin hippokampuksen hinnéin tilavuuteen ei-
diabeettisilla FEP:lla. Glukoosiaineenvaihdunnan heikkeneminen oli yhteydessd
psykoosiin sairastumiseen ja heikentyneeseen toimintakykyyn CHR:lla (II). III
osatutkimuksessa havaitsimme, ettd psykoosilddkkeisiin liittyvd aivokuoren
oheneminen saattaa johtua useista neurobiologisista mekanismeista.

Tiettyjd morfologisia muutoksia amygdalassa ja hippokampuksessa havaitaan jo
psykoosin varhaisvaiheissa. Osa néistd saattaa heijastaa varhaista hermoston kehi-
tyksellistd haavoittuvuutta, kun taas osa kehittyy vasta ensimmadisen psykoosijakson
kynnykselld. Tallaisia piirteitd voitaisiin kéyttdd biomarkkereina korkean psykoosi-
riskin yksiloiden tunnistamisessa. Glukoosiaineenvaihdunnan heikkeneminen on
yhteydessi toimintakyvyn heikentymiseen CHR:lla, joten glukoosimetabolian hallinta
on tirkedd varhaisen vaiheen interventio-ohjelmien osana. Tuloksemme antipsykoot-
tisen ladkityksen ja aivokuoren paksuuden vilisestd yhteydestd ja sen taustameka-
nismeista voivat tarjota uusia nikokulmia psykoosilddkkeiden vaikutusmekanismien
ymmartimiseen.

AVAINSANAT: ensipsykoosi, magneettikuvantaminen, kliininen psykoosiriski,
hippokampus, amygdala, aivokuori, glukoosimetabolia, lapsuuden haitalliset
kokemukset, antipsykoottinen ladkitys
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1 Introduction

“The world was a series of strange, unpredictable events, and I was trying to
find a pattern, a meaning, a way to make it all fit together.”
(Vonnegut, 1975)

In his memoir The Eden Express, Mark Vonnegut describes the onset of his
schizophrenia, where reality becomes fractured and chaotic. This description
captures the intense confusion, cognitive strain, loss of coherence and search for
meaning that defines many psychotic episodes. It illustrates the initial disintegration
of reality that often marks the onset of psychosis, where the individual is confronted
with a reality that no longer aligns with their previous understanding, beginning a
difficult process of trying to make sense of it.

Psychosis and psychotic disorders are thought to result from a complex
interaction between the genetic risk, differences in the brain development, and
exposure to environmental factors, such as childhood adverse experiences. The main
findings on the brain structure and function in schizophrenia, the most common type
of psychotic disorder, include smaller volumes of the hippocampus and amygdala,
thinner temporal and prefrontal cortices, and disrupted connectivity between these
areas and other central brain regions (van Erp et al., 2018). Some of these changes
likely represent endophenotypes—genetic traits less influenced by environmental
factors—while the phenotype is primarily shaped by the interaction between genetic
predispositions and environmental influences. This genetic and environmental
interaction defines how an organism’s phenotype is formed, manifesting as traits and
states. However, in psychotic disorders, these traits and states are likely
fundamentally altered and interlinked across various organ systems in humans.

Consequently, psychosis affects multiple dimensions of an organism’s
phenotype, including metabolism, immune and hormonal systems, brain function
and structure, behaviour, and ultimately resilience, relative to healthy controls. The
phenotype of a psychotic disorder is a combination of common diagnostic and
subclinical symptoms, with individual variation. It is further thought that psychoses
might be divided into multiple subtypes beyond the current diagnostic criteria, with
different emphasis on brain morphology (Guimond et al., 2021; Koen et al., 2023),
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systemic (Pillinger et al., 2023) and genetic alterations (Singh et al., 2022; Xia et al.,
2024) that might be further differently shaped by environmental factors (Trotti et al.,
2023).

The relationship between stress, metabolism, and psychosis is complex,
involving multiple biological, psychological, and social factors. In relation to
environmental factors, childhood maltreatment appears to increase the risk for
glucose metabolism disturbances (Deschénes et al., 2024; Kudinova et al., 2024; Li
et al., 2017; McKay et al., 2021; Souama et al., 2024) and psychosis (Croft et al.,
2019; Fusar-Poli et al., 2017; Marangoni et al., 2016; Trotta et al., 2015) and is
related to its outcome (Bailey et al., 2018; Thomas et al., 2019). Childhood
maltreatment is also related to reduced total amygdala volume and altered stress
responses in the first episode of psychosis (Aas et al., 2012). Further, antipsychotic
medications, known to alter the cortical grey matter volume (Fusar-Poli et al.,
2013b), are initiated at the time of the first psychotic episode to alleviate symptoms,
that reflect widespread disturbances in interacting central and systemic functioning.
The exact effects and mechanisms of metabolic disturbances, experienced childhood
adversities or the effects of antipsychotic medication on specific brain structures in
the timeline of psychosis development, are unknown. Therefore, it is important to
study these factors in relation to time—before, during, and after the onset of the first
psychotic episode.

Psychotic disorders share a psychotic symptom dimension within a continuum
of severity and duration. However, it is evident that there are also other converging
clinical symptom dimensions, phenomena and mechanisms related to the trajectory
leading to the onset of psychosis. Currently, there are no objective biological
measures or biomarkers, available to guide diagnostic or treatment decisions. Thus,
it is essential to study psychotic disorders as a transdiagnostic group with cross-
sectional and longitudinal designs near the onset of the first psychosis. These
observations might provide an opportunity to identify clinical characteristics and
mechanisms leading to optimized treatments and even early prevention strategies.

15



2 Review of the Literature

2.1 What is psychosis?

Human reality—defined as an experience of being—involves a conscious and
unconscious subjective purpose, relevance, sensations, thoughts, feelings and their
mutual interaction in relation to the present and past. The concept of human reality
also includes inter-subjectivity with social and cultural dimensions. The philosopher
Edmund Husserl (1859-1938) has used the term intersubjectivity as an interchange
of thoughts and feelings, both conscious and unconscious, between two persons, as
facilitated by empathy.

Psychosis is a state in which the sense of human reality fails. This means the
external reality is conflictingly interpreted and distorted internal representations are
formed. In other words, the basic structure of the self could depend on the balance
between intrinsic and extrinsic self-processing, that is unbalanced in psychotic
disorders. The concept of psychosis is a complex with philosophical, empirical,
phenomenological, and cultural dimensions. Schizophrenia was first described over
a century ago by Emil Kraepelin in his textbook under the name dementia praecox,
meaning "early-onset dementia" (Kraepelin, 1893). The concept of schizophrenia
was clinically introduced by the Swiss psychiatrist Eugen Bleuler in 1911 (Bleuler,
1911). Bleuler, in fact, considered psychotic symptoms in schizophrenia as a
secondary phenomenon and complication of the primary four problem areas: the 4
A’s representing affect, associative processing, autism (social cognition), and
ambivalence. In this way, he shifted the focus from seeing schizophrenia only as a
condition of psychosis to understanding it as a complex disorder involving broader
cognitive and emotional dysfunctions.

In this thesis we approach the concept of psychosis from the medical viewpoint,
based on the definition of diagnostic manuals and neuroscience but accepting a
dimensional view on psychotic disorders. This view defines psychosis as a disorder
of thought, perception, interpretation, speech and behavior. The basic collection of
symptoms in psychoses are hallucinations, delusions, as well as incoherent and
disordered thinking, speech, and behavior.
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2.2 Clinical characteristics of psychotic disorders

The first episode psychosis (FEP) is regarded as important for both clinical and
research reasons. As a concept, FEP includes diagnostic uncertainty, that may lead
to delayed treatment and inconsistent care. Also, the responsiveness to antipsychotic
drugs is better in the first episode of psychosis than what is seen in later relapses.
Some studies have found that in two years’ follow-up of FEP, approximately one-
third are diagnosed with an affective psychotic disorder, while around two-thirds fall
within the schizophrenia spectrum (Prakash et al., 2021).

Psychotic disorders, as defined by the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV), comprise conditions characterized by
specific symptomatology and defined temporal criteria. These include
schizophrenia, schizophreniform disorder, schizoaffective disorder, schizotypal
disorder, psychotic mania, psychotic depression, delusional disorder, brief psychotic
disorder, shared psychotic disorder, organic or substance-induced psychotic
disorders, and psychotic disorders not otherwise specified. In psychotic disorders
symptoms are divided into eight symptom dimensions: hallucinations, delusions,
disorganized speech, abnormal psychomotor behavior, negative symptoms,
cognitive deficits, depression and mania. The negative symptoms are anhedonia,
asociality, affective flattening, impoverishment of speech and language and loss of
motivation. These symptoms typically lead to a decline in daily functioning.

Psychotic disorders are increasingly conceptualized as dimensional constructs,
reflecting the growing recognition that psychotic symptoms exist on a spectrum, i.e.
in terms of severity and duration. However, diagnostic categories are still used.
Further, psychotic disorders are thought to be syndromes with a variety of symptoms,
including metabolic and immunological alterations, in addition to the cardinal
symptoms of psychotic disorders. Therefore, it is essential to conduct research across
diagnostic boundaries and incorporate both psychotic and systemic alterations. It is
important to study the shared phenomena of these clinical manifestations during the
development of a psychotic disorder to better understand the most prevalent
mechanisms behind the onset of a psychotic disorder and the antipsychotic drug
action.

2.2.1 Schizophrenia spectrum disorders, non-affective
psychotic disorders

Non-affective psychotic disorders (NAP) include schizophrenia, schizophreniform
disorder, schizoaffective disorder, brief psychotic disorder, shared psychotic
disorder and delusional disorder and psychosis not otherwise specified, defined by
DSM-IV. The subgroup of non-affective psychotic disorders are schizophrenia
spectrum  disorders, including schizophrenia, schizophreniform disorder,
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schizoaffective disorder, brief psychotic disorder, and delusional disorder, which
share common features with schizophrenia, but may vary in severity, duration, and
specific symptoms.

Schizophrenia is the most well-known and severe disorder on the spectrum, as
it is a serious mental illness widely affecting a person’s thinking, feeling and
behavior, and further areas of life, including personal, family, social, educational,
and occupational functioning. The lifetime prevalence of schizophrenia is 0.3-1.2%
worldwide and 1-1.5% in Finland (Charlson et al., 2018; GBD, 2022; Perila et al.,
2007) In Finland there are an estimated 50 000 patients with schizophrenia, and 0.8
- 4.3 for every 10 000 people is the yearly amount of novel schizophrenia cases
diagnosed. The prevalence rates of schizophrenia in Finland are high compared to
other countries. At the global level, the prevalence of schizophrenia is increasing
(Charlson et al., 2018; Solmi et al., 2023b). Both globally and domestically, there
are considerable differences in the rates of schizophrenia, which cannot be solely
attributed to variations in diagnostic practices or research methods (Perild et al.,
2008; Saha et al., 2006). The familial risk for schizophrenia among siblings is 5 to
10 times higher than in the general population. First-degree relatives of a person with
schizophrenia have an eight-fold higher risk of developing the disorder, and this risk
increases to 11-fold when two family members have schizophrenia (Le et al., 2020)
(Gottesman et al., 2010). The heritability in schizophrenia is high being up to 80%
in European and U.S. twin and family studies (Sullivan et al., 2003). Also, the risk
is 1.4 times higher in males compared to females. Heritability refers to the proportion
of variation in a trait or disorder within a population that can be attributed to genetic
factors rather than environmental influences.

People with schizophrenia are two to three times more likely to die early than
the general population (Allebeck, 1989; Crump et al., 2013; Keindnen et al., 2018;
Laursen et al., 2014; Saha et al., 2007). Thus, the life expectancy is approximately
15-20 years below that of the general population (Hjorthej et al., 2017; Laursen et
al., 2014). This is often due to physical illnesses, such as cardiovascular, metabolic,
infectious diseases, and cancer, as well as suicide, homicide and accidents.
Accelerated aging might be one factor in a shorter life (Constantinides et al., 2023;
Olfson et al., 2015; Wolkowitz, 2018).

The prognosis of schizophrenia is worse compared to other psychotic disorders,
such as bipolar disorder, psychotic depression and brief psychotic disorder (Nietola
et al., 2018). Slightly over two-thirds of persons suffering from schizophrenia
achieved clinical remission and slightly below a third, functional remission during a
three-year follow-up in a global multinational study of outcomes in schizophrenia
(Haro et al., 2011) Generally, psychotic disorders are a significant financial burden
in the developed countries (GBD, 2022).
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The diagnostic criteria defined by DSM-IV for schizophrenia are two symptoms
from the following symptom categories with a duration of at least one month:
delusions, hallucinations or disorganized speech, abnormal psychomotor behavior,
or negative symptom dimensions. At least one symptom needs to be delusions,
hallucinations, or disorganized speech. Secondly, social or professional functioning
is significantly disturbed. Thirdly, these combined symptoms have lasted at least six
months and other disorders are excluded. The symptom profile in schizophrenia can
vary from person to person, both in pattern and severity. Other typical related other
symptom complexes are depression and anxiety, as well as also somatic
disturbances, such as cardiovascular, bone, lung and metabolic diseases, including
glucose disturbances (Dieset et al., 2016).

222 Affective psychotic disorders

Affective psychotic disorders are a category of mental health disorders where
symptoms of mood disturbances, affective symptoms, are predominant and
accompanied by psychotic features such as delusions, hallucinations, or disorganized
thinking. These disorders, such as bipolar and major depressive disorder with
psychotic features according to DSM-IV, primarily affect a person’s mood and
emotions, but the psychotic symptoms are significant enough to impact one’s reality
perception. Affective psychotic disorders are characterized by a significant presence
of mood disturbances along with psychosis, whereas in schizophrenia, mood
symptoms are less central and often secondary to the main psychotic features.

Affective psychosis is conceptualized as a mood-congruent or mood-incongruent
psychotic phenomenon. In mood-congruent psychosis, the psychotic symptoms are
consistent with the individual’s mood state. For instance, in the depressive phase, the
individual may experience delusions of guilt or inadequacy, while in the manic
phase, the delusions may involve grandiosity or invincibility. Mood-incongruent
psychotic features are less common and involve delusions or hallucinations that do
not align with the individual’s mood, e.g., delusions of persecution during a manic
episode. There is currently limited knowledge regarding affective prodromal
symptoms; however, it has been observed that psychotic mania is often preceded by
affective symptoms, though in some cases no prior symptoms are present. (Salvatore
et al., 2021; Zhao et al., 2021)

223 Clinical high risk for psychosis

The prodromal phase of a psychotic disorder is the non-specific symptom period
before full psychotic symptoms appear, often called the clinical high-risk state.
These early symptoms are mild but may gradually worsen over time, leading to more
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recognizable psychotic symptoms. During the prodromal period of a psychotic
disorder, individuals may exhibit a range of subtle but significant changes in
behavior, thoughts, and emotions. Further, increased anxiety, sleep disorders,
withdrawal from social activities, and cognitive difficulties may occur. This phase
can vary in duration, lasting weeks to years. The prodromal phase is a critical time
for intervention, and increased awareness among individuals, families, and
healthcare providers can lead to better outcomes by addressing emerging symptoms
before they escalate into more severe psychosis.

The widely used clinical assessment tools to identify individuals who are at high
risk of developing a psychotic disorder are semi-structured interviews SIPS
(Structured Interview for Prodromal Symptoms), Comprehensive Assessment of At-
Risk Mental States (CAARMS), and SPI (Schizophrenia Proneness Instrument).
(Fusar-Poli et al., 2013a) In this thesis we define clinical high-risk for psychosis
(CHR) with a SIPS interview.

The SIPS interview includes a biopsychosocial history and ratings along four major
symptom dimensions on the Scale of Prodromal Symptoms (SOPS): positive,
negative, disorganized and general/affective symptoms. The SIPS/SOPS diagnoses
three types of prodromal syndromes, listed in order of the typical sample prevalence:

1. Attenuated Positive Symptom Prodromal Syndrome (APS): Attenuated
positive psychotic symptoms present at least once per week, started or
worsened in that past year (unusual thought content/delusional ideas,
suspiciousness/persecutory ideas, grandiosity, perceptual
abnormalities/distortions, and conceptual disorganization)

2. Brief Intermittent Psychosis Prodromal Syndrome (BIPS): Brief and
intermittent fully psychotic symptoms that have started recently.

3. Genetic Risk and Deterioration Prodromal Syndrome (GRDS): Either a
family history of a psychotic disorder in any first-degree relative and decline
of at least 30% in the past 12 months on the Global Assessment of
Functioning (GAF) scale or meets the criteria for schizotypal personality
disorder and has had a decline of 30% on the GAF in the past year.

There is evidence that only 20-35% of CHR individuals in the age range of 12 to 35
years will develop the first episode of psychosis within 2 years (Fusar-Poli et al.,
2012). During the prodromal phase, patients are at a greater risk of suicide, attempted
suicide, and aggression. Prodromal symptoms are often non-specific and sometimes
hard to differ from normal adolescence adjustment or other psychiatric conditions.
This leads to delayed treatment and poorly coordinated care, which may worsen the
course and outcome of an incipient psychotic disorder (McGlashan et al., 2006;
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McGorry et al., 2002). Further, building adherence to the treatment and increasing
insight is crucial during the risk phase. Better early identification and intervention of
the psychosis risk would therefore be important. However, it is important to highlight
the retrospective nature of the concept, alongside the heterogeneous outcomes
observed in individuals at a clinical risk for psychosis, including asymptomatic
presentations, affective disorders, and other manifestations.

224 Other psychoses

Psychosis can be one symptom dimension in many neuropsychiatric, neurologic,
neurodevelopmental, medical conditions or a consequence of substance use. Medical
conditions occasionally inducing psychotic symptoms include e.g. different forms of
neurodegenerative disorders, temporal epilepsy, brain tumor, central nervous
infections, autoimmune encephalitis and endocrinological disorders. Substances
inducing psychotic symptoms are particularly cannabis, amphetamines and possibly
hallucinogens (Myran et al., 2024). Also, medications such as anticholinergics,
corticosteroids and levodopa might induce psychotic symptoms.

225 Main treatment lines of psychotic disorders

The treatment of a psychotic disorder is based on an individual treatment plan. The
considerations in the treatment plan are: symptom severity and spectrum, phase of
illness, functional, cognitive and social capacity, somatic health, and the cultural
background of the patient. Antipsychotic medication combined with psychosocial
treatments form the cornerstones of psychotic disorder treatment (Schizophrenia.
Current Care Guidelines, 2024) (Bipolar disorder. Current Care Guidelines, 2024).
Typically, the first episode of psychosis is treated with second-generation
antipsychotics, that act onboth dopamine and serotonin receptors. Treatment
resistant psychosis is managed with clozapine, which is the most efficacious
antipsychotic drug (Wagner et al.,, 2021). Clozapine has a broad range of
mechanisms of action and thus, also adverse effects that limit its clinical use
(Pillinger et al., 2020). Clozapine is a second-generation antipsychotic but has a more
complex impact on multiple receptor systems affecting multiple neurotransmitter
systems, including dopamine, serotonin, noradrenaline, glutamate, histamine, and
acetylcholine. Other classes of drugs, such as mood stabilizers, antidepressants, and
anxiolytics, are also used based on individual needs. Sometimes, in addition to drugs,
neuromodulation is used, particularly electroconvulsive treatment.

Other combined treatment modalities for psychotic disorders are
psychoeducation, psychotherapies such as cognitive behavioral therapy and
cognitive remediation therapy, family interventions, training in socials skills and
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daily living, vocational rehabilitation and individually tailored supported
employment (Bighelli et al., 2021; Solmi et al., 2023a). Finally, the monitoring and
managing of somatic health is an important part of the treatment plan with a clear
positive effect on the overall prognosis of patients with a psychotic disorder (Crump
et al., 2013; Keinénen et al., 2018).

2.3 Etiological hypotheses of schizophrenia

Schizophrenia is recognized as a disorder with a multifactorial etiology and is the
most studied form of non-affective psychotic disorders. The etiological hypotheses
of schizophrenia are partly overlapping and cumulative. The primary etiological
model is a vulnerability-stress model that explains the phenotype of psychosis as a
result of the interaction of both genetic and environmental factors. The broader
concept of a vulnerability-stress model includes multiple interacting etiological
factors such as genetic anomalies, abnormal neurodevelopment, an imbalance of
brain excitation and inhibition, alterations in brain-gut axis communication,
abnormalities in multiple neurotransmitter systems and imbalances in their
excitation and inhibition. These interacting aberrant intrinsic factors are further
influenced by environmental stressors, particularly childhood adversities. These
hypotheses are summarized in a later section.

2.3.1 Vulnerability-stress model

The vulnerability-stress model is a theoretical framework that explains the
development and progression of schizophrenia or psychosis as the result of the
interaction between early biological vulnerabilities and environmental stressors
(Zubin & Spring, 1977) (Wahlberg et al., 1997) (Meehl, 1989). The development of
a psychotic disorder generally requires a combination of both internal and external
factors, thus the interaction between genes and environment (Sullivan et al., 2003).
The internal factors, such as inter-related genetics, are described as endophenotypes.
The biological vulnerability factors in psychoses may extend from these genetic
features to the brain’s structural and functional, as well as metabolic, immunological,
and hormonal factors. However, without a negative environmental modulation on
the psychosis endophenotype, psychosis may not develop, even in those who are
genetically and biologically vulnerable, and vice versa.

The biological vulnerability influences how individuals respond to
environmental factors, shaping their reactions to stressors. Thus, biological
vulnerability may also manifest as increased sensitivity to stress, that underscores
the cyclical and cumulative nature of the vulnerability-stress model. The pathway to
chronic schizophrenia presumably evolves in a periodic manner in the presence of
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challenging environmental factors. The simplified illustration of the vulnerability-
stress model modified from (Hietala & Tuulio-Henriksson, 2021) adjusted for the
resilience and temporal development of schizophrenia is presented in Figure 1.

To conclude, the vulnerability-stress model of schizophrenia suggests that
biological vulnerability does not itself induce schizophrenia. The onset of
schizophrenia is contingent upon an individual’s developmental genetic and
epigenetic vulnerability, which, when coupled with sufficiently intense or prolonged
stress at specific timepoints, can precipitate the development of the disorder.
However, the individual variation and further subtypes of psychoses in the disease
process should also be considered in the light of the complex factor combinations of
the vulnerability-stress model.

2.3.2 Genetic factors

There is strong evidence of genetic risk factors for schizophrenia with multiple
similar genetic changes, such as single nucleotide polymorphism (SNP) and copy
number variations (CNV), particularly deletions (Grozeva et al., 2010; Lee et al.,
2013; Sklar, 2008; Stefansson et al., 2009; Szatkiewicz et al., 2014; Tam et al.,
2009). Further, epigenetic changes in genetic regulation mechanisms, such as
methylation and histone modifications, are also observed. (Magwai et al., 2021) Both
common and rare genetic variants, such as SNP and CNV, respectively, are two types
of genetic variations that differently increase the risk of schizophrenia. Common
variants are frequent in the population and individually have a small impact on the
risk, while rare variants are much less common but can have a stronger effect on the
risk. Despite their different impact on the risk for schizophrenia, a recent study
showed that both common variants and rare gene variants seem to affect the same
core biological mechanisms such as neurodevelopment and synaptic plasticity that
likely contribute to schizophrenia (Singh et al., 2022).

There is evidence of a generalized neurodevelopmental role for many of these
genetic and epigenetic changes associated with the risk of schizophrenia (Jaffe et al.,
2018; Trubetskoy et al., 2022). The growing evidence suggests that several mild
genetic abnormalities cumulatively affect the risk of disease, i.e. altering the
normative neurodevelopment at different time points (B. Wang et al., 2023) (van der
Meer et al., 2024) At earliest neurodevelopmental stages, epigenetic regulation
might increase or decrease the effects of risk genes by altering the expression of
specific genes. This disturbed regulation of genetic activation might be due to
perinatal environmental factors such as maternal infection, severe maternal
depression, stress, malnutrition or toxins during pregnancy, perinatal brain damage,
childbirth complications and paternal age at conception. (Brown & Derkits, 2010;
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Davies et al., 2020; Khandaker et al., 2013; Khashan et al., 2008; Malaspina et al.,
2001)

2.3.3 Environmental factors

2.3.3.1 Childhood adversity

Childhood adverse events are associated with a higher risk and prevalence of mental
illness, especially psychosis, psychotic symptoms, and schizophrenia (Carvalho
Silva et al., 2024; Hughes et al., 2017; Kaufman & Torbey, 2019; Matheson et al.,
2013; Salokangas et al., 2020; Schreier et al., 2009; Trotta et al., 2015; van Dam et
al., 2012; Varese et al., 2012). For example, a previous meta-analysis determined
that reducing childhood adversities would decrease the incidence of schizophrenia
spectrum disorders by 37.84%. (Dragioti et al., 2022).

There are indications, that children with a genetic risk for schizophrenia are more
sensitive to these stressors, which further relate to clinical trajectories (Loewy et al.,
2019), and to accumulative biological vulnerabilities (Berthelot et al., 2022). Also,
psychosis patients with traumatic experiences might respond differently to
antipsychotics (Misiak & Frydecka, 2016; Thomas et al., 2019). Some meta-analyses
indicate that individuals at high risk for psychosis also experience higher levels of
traumatic events (Kraan et al., 2015; Peh et al., 2019). This further highlights the
significance of early life adversities, and their cumulative effect, but also, partly
heterogenous, adversity-related clinical trajectories, such as transition to psychosis,
symptom severity and comorbid psychiatric symptoms (Brew et al., 2018; Loewy et
al., 2019; Peh et al., 2019; Russo et al., 2014; Sahin et al., 2013). Thus, the
psychosocial stress, emotional atmosphere, stressful events and circumstances of
childhood can apply to both the etiology and prognosis of schizophrenia.

Childhood adversity encompasses a range of experiences, including physical,
emotional, or sexual abuse, as well as physical and emotional neglect. The emotional
atmosphere of a family can be disturbed by socioeconomical difficulties and social
isolation, such as parental unemployment, poverty, single parenthood, immigration
and belonging to an ethnic minority, that are related to the increased risk for
schizophrenia (Kirkbride et al., 2017). Other childhood stressors, such as parental
death, separation from a parent, have also been reported as risk factors for
schizophrenia and bipolar disorder. (Misra et al., 2019; Paksarian et al., 2015) The
most frequently reported traumas associated with psychotic symptoms are sexual,
physical and emotional abuse (Carr et al., 2013; Fisher et al., 2010; Read et al., 2005;
Salokangas, 2022). However, different adversity types are highly correlated
(Zorowitz & Tuominen, 2022) and many previous studies support the view of a dose-
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dependent relationship between the amount of childhood adversity and symptoms of
psychotic disorders (Read et al., 2005; Schenkel et al., 2005; Trauelsen et al., 2015).

Childhood maltreatment itself appears also to increase the risk of somatic
diseases, including HPA-axis (hypothalamic-pituitary-adrenal axis) dysregulation
(Bremne & Vermetten, 2001; Van Voorhees & Scarpa, 2004) and glucose
metabolism disturbances (Deschénes et al., 2024; Fuller-Rowell et al., 2019; Thomas
et al., 2008), also in psychoses (Tosato et al., 2020). These effects may be more
pronounced in individuals with vulnerability for psychiatric disorders in general
(Murphy et al., 2022) Although related mechanisms in the development of psychotic
disorders are not well understood, the roles of a dysregulated glucose metabolism
and stress system, as well as a higher number of childhood maltreatment have been
suggested. This interaction is supported by the prior research suggesting that
childhood adversity and adult stress are salient predictors of glucose metabolism
(Fuller-Rowell et al., 2019; Lee et al., 2018). Thus, early adversity plays a crucial
role in influencing individual differences in vulnerability to both physical and mental
disorders later in life (Kessler et al., 2010).

2.3.3.2 Other environmental factors

There is evidence of cannabis use during development that increases the risk for
schizophrenia and psychotic symptoms (Andréasson et al., 1987; Gage et al., 2016)
(French et al., 2015; Hides et al., 2009; Large et al., 2011), and is causally related
schizophrenia (Vaucher et al., 2018). Also, stimulant use has been observed to have
a significant influence on FEP incidence with an earlier onset (Gallagher et al., 2022;
Moran et al., 2015; Rodriguez-Toscano et al., 2023). The prevalence of
schizophrenia appears to be higher in urban areas than rural areas, and the difference
is not explained by social determinants of health (Vassos et al., 2012) (Suokas et al.,
2024). The urbanization-related factors, such as air pollution and green space
reduction, have been explored to relate to the risk of psychosis and schizophrenia.
(Vassos et al., 2012) (Grover et al., 2024)
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24 Functional brain changes in patients with
psychotic disorders and psychosis risk

2.4.1 Altered brain equilibrium and rhythm

Alterations in neurotransmitter systems, neurochemicals and brain metabolic
imbalances can increase susceptibility to psychosis (Stahl, 2018). Additionally,
stress-related changes may predispose individuals to these alterations and further
exacerbate psychotic symptoms (Cullen et al., 2024). In addition to alterations in
neurotransmitter systems and dysfunctional neuronal networks, abnormalities in the
brain rhythm, such as in the synchronized oscillatory and energy consumption-
related activity of neurons, may have a central role in the pathophysiology of
schizophrenia (Lisman, 2012; Spellman & Gordon, 2015; Uhlhaas & Singer, 2010).
Thus, traits and states, in the context of neurochemical, metabolic and electrical
balances, might be represented differently (Keshavan et al., 2008).

The dysfunction of neurotransmitter systems in psychoses is thought to arise
from an imbalance between excitatory and inhibitory processes within distinct
neurotransmitter systems. This imbalance worsens by unusual interactions not only
between different neurotransmitter systems, but also due to metabolic disturbances,
disrupted rhythms and the timing of brain activity. Hypothetically, the
neurodevelopmental abnormalities with genetic and environmental influences may
lead to disturbances in the neurotransmission between glutamate and Gamma-
AminoButyric Acid (GABA) neurons, that further project to dopamine and serotonin
systems near the manifestation of a psychotic disorder. Thus, the pre-existing
structural and functional brain abnormalities interact with these further defected
neurotransmitter systems and related electrical and metabolic changes.

At the neurotransmitter and synaptic level in schizophrenia, there is evidence of
dysfunction in dopaminergic, glutamatergic, serotonergic, GABAergic and
endocannabinoid (Borgan et al.,, 2019) signaling. A model, where glutamate
dysregulation, starting from the anterior hippocampus, particularly in Cornu
Ammonis 1 (CAl), impacts and causes dopamine and GABA dysfunction in
schizophrenia, is the most prevalent explanatory mechanism (Howes & Kapur, 2009;
Schobel et al., 2013).

2411 Excitation-inhibition imbalance and neural asynchrony

Neurotransmitter systems, their excitation-inhibition balance and structural defects
interact with the brain networks, influencing the connectivity and functionality of
the networks in schizophrenia. Disruptions in the excitation-inhibition balance can
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relate to abnormal brainwave patterns (Basar & Giintekin, 2008; Bruining et al.,
2020).

Brain oscillations represent important correlates of human information
processing and cognition (Begleiter & Porjesz, 2006). In schizophrenia, there are
well-documented abnormalities in brainwave patterns, particularly in the theta,
alpha, beta, and gamma frequency ranges (Spellman & Gordon, 2015; Uhlhaas &
Singer, 2010). These abnormalities are thought to reflect the underlying disruptions
in neural communication, connectivity, and the excitation-inhibition balance that are
central to the cognitive, perceptual, and emotional disturbances seen in the psychotic
disorders. In schizophrenia, studies have demonstrated disrupted synchronization of
brain waves—neural oscillations—in the prefrontal cortex, hippocampus, and
thalamus, regions critically involved in cognition, emotion, and perception. These
altered brain waves reflect the broader dysconnectivity between brain networks that
contributes to the disorder.

Neural dysconnectivity can also be measured using functional MRI (fMRI),
which detects blood-oxygen-level-dependent (BOLD) signals. These signals reflect
changes in oxygen consumption and the ratio of oxygenated to deoxygenated blood
in each brain region, providing an indication of neural activity and function. Resting-
state fMRI (rs-fMRI) is a specific type of fMRI that measures brain activity while
the participant is not engaged in any specific task, often referred to as the 'resting'
state. This allows researchers to study functional connectivity, which refers to the
temporal correlations in brain activity between different brain regions, without the
influence of external tasks. The default mode network is often identified using rs-
fMRI. The evidence suggests there are disruptions between and within-connections
especially in the default mode network, salience network, central executive network,
limbic network, and frontoparietal network in schizophrenia (Orliac et al., 2013;
Supekar et al., 2019) (Cole et al., 2011; Keyvanfard et al., 2023; Limongi et al., 2020;
Repovs et al., 2011; Ruiz-Torras et al., 2023). Further, the ability to shift between
the networks might be altered in schizophrenia (Woodward et al., 2016).
Frontoparietal network dysfunction has been observed already in an at-risk state
(Unschuld et al., 2014), and higher fMRI-activation in the right frontal gyrus during
cognitive tasks has been noted even in first-degree relatives of schizophrenia patients
compared to healthy controls (Saarinen et al., 2020).

While positron emission tomography (PET) is not directly used to measure
functional connectivity (i.e., synchronized neural activity over time), but it
contributes to our understanding regarding the functions of the brain network
functioning by offering insights into metabolic processes, receptor activity, and
neurotransmitter dynamics. Parameters that can be measured with PET are i.e.
metabolic activity, receptor binding, transporter levels, and blood flow. The main
findings from PET studies in schizophrenia indicate alterations in dopaminergic
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activity, notably hyperdopaminergia in the striatum (Fusar-Poli & Meyer-
Lindenberg, 2013; Hietala et al., 1995), alongside broader subcortical
hyperdopaminergic activity, but also hypodopaminergia (Slifstein et al., 2015) and
hypometabolism (Townsend et al., 2023) in the prefrontal cortex.

Additionally, reductions in frontal cortical metabolism, serotonin system
dysfunction and impaired glucose metabolism—particularly in the prefrontal cortex
and temporal lobes—have been documented (Brugger et al., 2020; Howes & Kapur,
2009; Kim et al., 2021; Tauscher et al., 2002; Townsend et al., 2023). Increased
metabolic activity and perfusion (Allen et al., 2018; Allen et al., 2016) in the
hippocampus, particularly in the anterior region, may disrupt normal neural
functioning and balance already in the early stages of psychosis.

These imbalances may arise from neurodevelopmental structural defects or
traits, progressively worsening particularly around the onset of the first psychotic
episode. This suggests that both functional and structural abnormalities interact and
contribute to the pathophysiology of schizophrenia and become more pronounced
during the transition to psychosis. Neural dysconnectivity thus represents both a trait,
long-standing vulnerability, and a state, acute psychotic manifestation, in the
development of psychosis. Thus, in schizophrenia, these characteristics indicate an
altered equilibrium within the brain, encompassing the excitation-inhibition
imbalance, neural asynchrony, brain metabolic changes, and modifications in neural
activity patterns. In a wider context, these may also be associated more extensively
with metabolic imbalances and dysregulations in multiple organ systems in
psychotic disorders. All this happens in interaction with environmental factors.

2412 Dopamine

The dopamine hypothesis of schizophrenia, hyperdopaminergia particularly in the
stratum, is the most known etiological theory with robust in vivo findings (Hietala
et al., 1995). However, it has been shown that lesions of dopamine neurons in the
prefrontal cortex result in increased levels of dopamine and its metabolites and D2—
receptor density in the striatum, while the application of dopamine agonists to
prefrontal areas reduced dopamine metabolite levels in the striatum. (Pycock et al.,
1980) (Howes & Kapur, 2009; Scatton et al., 1982) These findings suggest cortical
modulation of striatal dopaminergic function and provides a mechanism to propose
that schizophrenia is characterized by frontal hypodopaminergia resulting in striatal
hyperdopaminergia. However, evidence suggests that both genetic and
environmental factors contribute to disrupted glutamate and dopamine systems in
schizophrenia. Genetic factors primarily seem to affect glutamate function, while
few genetic variants directly impact dopamine (McCutcheon et al., 2020). This
indicates that abnormal dopamine signaling may largely result from other influences.
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Heterogeneity in dopaminergic function have also been suggested to relate at least
on treatment resistance in schizophrenia (McCutcheon et al., 2020).

2413 Hippocampus, glutamate, GABA and NMDA-receptors

In the glutamate theory of psychosis (Olney & Farber, 1995), it is thought that the
subtype of glutamate receptor, NMDA receptor (NMDAr), is neurodevelopmentally
hypofunctional in the prefrontal cortex. Glutamate is the main excitatory
neurotransmitter. These NMDArs are localized in GABAergic interneurons. In
addition to prefrontal cortex (Gao et al., 2022; Kaar et al., 2019), there is also
evidence of the role of dysfunctional hippocampus in glutamate signaling
(Tamminga et al., 2012). Hippocampal hyperactivity driven by GABAergic
interneuron deficits and NMDAr hypofunction is associated with the
hyperglutaminergic and further hyperdopaminergic state often observed in
schizophrenia (Grace, 2016, 2017; Heckers & Konradi, 2015; Kiemes et al., 2022;
Lodge & Grace, 2008; Santos-Silva et al., 2024). However, only increased thalamic
glutamate or glutamine concentrations, but no hippocampal or striatal, basal ganglia
or prefrontal glutamate alterations, have been observed in genetic high-risk
individuals (McCutcheon et al., 2021a).

The dysfunctional mesocortical dopamine projections are thought to be the
consequence of NMDA receptor hypofunction, dysfunction (Yang & Tsai, 2017)
that develops during the period from pregnancy to adulthood. These receptor level
dysfunctions in the development of schizophrenia are most likely related to changes
in synaptic plasticity, input and output connectivity, neuronal inhibition and
excitation, and further changes in homeostatic, functional and structural plasticity,
especially in the developing frontal and temporal lobes and brain regions and
circuitries connected to these (Gao et al., 2022). Thus, the dysregulation of dopamine
likely represents the final common pathway to psychosis (Howes & Kapur, 2009).

The deviant interaction of excitatory glutamate pyramidal neurons and inhibitory
GABA interneurons may be due to neurodevelopmental defects particularly in
GABA interneurons. These GABA interneurons lose their function and do not inhibit
the glutamate neurons inducing glutamate hyperactivity, which ultimately drives the
final dopaminergic pathway. The hyperactive hippocampus due to excessive
glutamate release, overstimulates the ventral tegmental area, leading to an increased
release of dopamine in regions such as the striatum. In the hippocampus, especially
its CA1 and subiculum subfields are suggested to have neurodevelopmental defects
that relate to its NMDA and GABA4 receptor dysfunction, functional and structural
loss of GABAergic interneurons, leading to the loss of GABA inhibition, and further
hyperactive glutamatergic pyramidal neurons and a hyperactive hippocampus in the
models of schizophrenia (Kiemes et al., 2022; Lieberman et al., 2018).
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2414 Serotonin

The serotonin network may both modulate itself and regulate directly and indirectly,
other neurotransmitter systems and thus affect widely a variety of behaviours and
phenotypes in psychiatric disorders. (Berger et al., 2009)  Serotonin (5-
hydroxytryptamine, 5-HT) also regulates the endocrine system and energy
metabolism by modulating the hypothalamic—pituitary—adrenal axis (Berger et al.,
2009; Gershon & Tack, 2007). SHT-circuits arise from the brainstem nuclei, such as
the median and dorsal raphe nuclei that project to a wide range of cortical and
subcortical brain areas, such as prefrontal cortex, locus coeruleus and ventral
tegmental area, hypothalamus and basal forebrain. Thus, serotonin interacts in a
neuronal network of all major neurotransmitter systems. For example, 5-HT in the
CNS has a complex regulatory influence on the neurotransmission involving
glutamate and GABA (Ciranna, 2006). This complex regulation is mediated by
various 5-HT receptor subtypes, leading to diverse effects. The serotonin theory of
psychosis suggests that hyperactivity and/or imbalance of serotonin, particularly via
the 5-HT24 receptor, presumably in interaction with dopamine can result in psychosis
(Jiménez-Trejo et al., 2024; Madsen et al., 2019; Quednow et al., 2020).

2.5 Morphological brain changes in patients with
psychotic disorders and psychosis risk

251 Brain morphology in clinical high-risk for psychosis

Previous studies have shown morphological changes in individuals at a clinical high
risk for psychosis. In CHR, cortical thinning has been found in the prefrontal,
anterior cingulate, inferior parietal, and parahippocampal cortices, and superior
temporal gyrus compared with healthy control subjects (Jung et al., 2011). Further,
there is evidence of cortical thinning in the banks of the superior temporal sulcus,
transverse temporal gyrus, pars triangularis (Del Re et al., 2021), as well as the
parahippocampal, orbitofrontal, cerebellar, paracentral, fusiform, and superior
temporal cortices in CHR individuals converting to psychosis, with less prominent
or no changes in subcortical volumes or areas. (Haas et al., 2024; Jalbrzikowski et
al., 2021; Pantelis et al., 2003; Velakoulis et al., 2006). However, these studies did
not study the hippocampus or amygdala on a subfield— or subnuclei-level,
respectively.

A recent machine learning study discovered that the surface area of specific brain
regions, including the right superior frontal, right superior temporal, and bilateral
insular cortices, strongly contribute in distinguishing CHR individuals converting to
psychosis, from healthy controls (Zhu et al., 2024). Further, abnormal age
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associations (ages 12-16) have been observed, especially in the left paracentral and
fusiform cortices, in those converting to psychosis. Thus, specific frontal and
temporal cortical alterations may have a neurodevelopmental origin that may relate
to later abnormal synaptic pruning defects and/or compensatory myelination during
adolescence (Jalbrzikowski et al., 2021). However, the evidence of accelerated
reduction in cortical thickness among CHR individuals who developed psychosis
have been found to apply only to those who were 18 years of age or older (Chung et
al., 2018). However, another systematic review further suggested that CHR subjects
show an accelerated decline in gray matter primarily in temporal, frontal, cingulate
and parietal cortices, particularly those who convert to psychosis, but may normalize
by early adulthood in remitters (Merritt et al.,, 2021). Thus, the cortical
neuroanatomical measures estimating the onset of psychosis are suggested to differ
depending on the age of onset and phase of prodromal symptoms.

In ultra high-risk patients, some evidence of aberrations in also white matter,
especially in the superior longitudinal fasciculus, the inferior longitudinal fasciculus,
and the inferior fronto-occipital fasciculus, have been found, suggesting the presence
of specific white matter alterations before the onset of first psychosis (Waszczuk et
al., 2021). Also, the study found that the normative increase in the regions of the
cingulum, thalamic radiation, cerebellum, retrolenticular part of the internal capsule,
and hippocampal-thalamic tracts was absent in CHR individuals. In those who
transitioned, white matter volume and fractional anisotropy reduced over time in the
inferior and superior fronto-occipital fasciculus, corpus callosum, anterior limb of
the internal capsule, superior corona radiata, and calcarine cortex (Merritt et al.,
2021).

Increased parietal and occipital lobe gyrification have been recently suggested to
predict conversion to psychosis in clinical high-risk patients (Basavaraju et al.,
2023). Since the gyrification index is considered a proxy marker of early cortical
neurodevelopmental abnormalities (Kalantar-Hormozi et al., 2023; White et al.,
2010), these findings collectively support the view that developmental maturation is
aberrant in psychotic disorders. Specific grey and white matter abnormalities appear
to be present already during the risk stage, particularly in the frontal and temporal
cortices. However, the mechanisms underlying age-related changes in cortical and
white matter structure in CHR individuals, or even in schizophrenia, remain poorly
understood, as does the extent to which these trajectories diverge from typical
neurodevelopment (Chiapponi et al., 2013).

252 Brain morphology in first episode of psychosis

Studies on the first episode of psychosis have revealed various abnormalities in the
brain structure that are associated with the onset of psychosis. These alterations are
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typically observed in regions critical for cognition, emotion regulation, and sensory
processing, and often involve reductions in gray matter volume, cortical thickness,
and abnormalities in white matter connectivity. Alterations in hippocampal volume
have been observed in the early stage of the first episode of psychosis (Brunner et
al., 2022). Also, particularly FEP patients with early persistent negative symptoms
following the first episode of psychosis have been found to have significantly
reduced left amygdalar and right hippocampal volumes (Makowski et al., 2017).
However, the hippocampal reductions appear to be less prominent, emphasizing the
anterior region (Chopra et al., 2023), in the first episode of psychosis, compared to
chronic schizophrenia (Velakoulis et al., 1999; Wood et al., 2001).

The grey matter volume reductions are located mainly in bilateral fronto—
temporal, insular and occipital areas, independent of antipsychotic medication. More
widespread changes relate to the more severe of symptoms and a longer duration of
illness (Vieira et al., 2021). However, recent machine learning techniques have been
recognizing the subtypes of schizophrenia patients with greater reductions in
subcortical and cortical structures and poorer outcomes and cognitive performance
(Chand et al., 2020; Chand et al., 2022; Q. Zhao et al., 2022). Also, morphological
subtypes have been found in the youth with psychosis spectrum symptoms (Chand
et al., 2022), and at the first episode of psychosis (Dwyer et al., 2023) using machine
learning. These findings suggest that a subtype of psychosis characterized by greater
cortical volumetric reductions—associated with poorer clinical outcomes and a
higher genetic liability for schizophrenia—may already be morphologically
distinguishable at the early stage of illness. This indicates that specific brain
morphological patterns, likely reflecting premorbid neurodevelopmental trajectories,
are present in FEP and may contribute to differential outcomes (Chand et al., 2020).
However, the age of onset may contribute to these subtype differences, with the early
onset of psychosis pertaining to a more severe psychotic disorder trajectory due to
the prior disturbances during critical early neurodevelopmental stages (Pan et al.,
2020; Remschmidt & Theisen, 2012; Zhan et al., 2023).

253 Brain morphology in schizophrenia and affective
psychoses

In particularly, hereditary subcortical and limbic volume and shape in families with
schizophrenia have been suggested (Roalf et al., 2015). Also, meta-analysis (S. Sun
et al., 2023) has suggested robust cortical thickness reduction in the inferior frontal
gyrus, insula, and superior temporal gyrus, among patients with schizophrenia,
particularly in those with chronic schizophrenia. Large-scale studies have revealed
that patients with schizophrenia have a smaller hippocampus, amygdala, thalamus,
accumbens, intracranial volumes, as well as a larger pallidum and lateral ventricle
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volumes, compared to healthy controls (Haijma et al., 2013; Ho et al., 2019; van Erp
et al., 2018; G. Zhao et al., 2022). The most pronounced reductions in cortical
thickness have been found in in the frontal and temporal areas, which have been
suggested to progress across the course of the illness (van Haren et al., 2011). Thus,
specific morphological changes may be potential endophenotypic markers in
schizophrenia. Earlier studies suggest that specific structural brain changes in
schizophrenia might be due to the neurodevelopmental defects that relate to genetic
and epigenetic changes and further gene expression (Li & Chen, 2022; Whelan et
al., 2016). Defects are most likely to originate from the temporal regions, which have
already been observed in clinical high-risk patients later converting to psychosis
(Haas et al., 2024).

There is evidence of shared etiology and genetics in bipolar disorder and
schizophrenia (Cheon et al., 2022; Lee et al., 2013). This might mean they share
common ancestry, genetic similarity, or involvement in the same biological
processes regarding the brain structure (Chang et al., 2018). Diffusion tensor
imaging (DTI) studies have shown the reduced structural integrity of white matter
pathways particularly in callosal and commissural fibers (Samartzis et al., 2014;
Vitolo et al., 2017), and in the fronto-temporal-limbic pathways, including the
uncinate fasciculus tract, that connects the amygdala with the frontal cortices, in both
schizophrenia (Vitolo et al., 2017) and bipolar disorder (Ho et al., 2019). Further, a
recent multimodal meta-analysis compared white matter changes between bipolar
disorder and schizophrenia and found a shared decrease in the bilateral corpus
callosum and corona radiata in both white matter volume and fractional anisotropy,
the latter reflecting the reduced integrity and function of white matter tracts, in both
bipolar disorder and schizophrenia (G. Zhao et al., 2022). However, volumetric
differences in the amygdala between patients with schizophrenia and those with
bipolar disorder have been observed (Ohi et al., 2022).

On the other hand, recent machine learning studies on schizophrenia have
suggested distinct subtypes based on differential morphological changes even within
the group of individuals diagnosed with schizophrenia. Subtype 1 showed
widespread grey matter volume reductions, which were the most prominent in the
thalamus, nucleus accumbens, medial temporal, insular, medial prefrontal and
frontal cortices, negatively correlating with illness duration, and worse premorbid
functioning and cognitive performance. Instead, subtype 2 had normal and stable
anatomy, except for a larger basal ganglia and internal capsule. (Chand et al., 2020;
Chand et al., 2022) These morphological subtypes have been observable even in the
youth with psychotic symptoms (Chand et al., 2022), and at the first-episode of
psychosis (Dwyer et al., 2023) with elevated schizophrenia polygenic risk scores
(Chand et al., 2022). The observations regarding these morphological subtypes
within the clinically high-risk population require further research.
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Although the findings on major depressive disorder with psychotic features are
more limited, they suggest morphological changes, particularly in the prefrontal
cortex (L. Zhang et al., 2021). However, a recent systematic review observed
overlapping affected areas are in the temporal, frontal, and limbic lobes of
hospitalized serious mental disorders, such as schizophrenia, bipolar disorder and
major depressive disorder (MDD) (Brenner et al., 2022). Patients diagnosed with
schizophrenia or MDD were reported to have gray matter reductions in the frontal,
temporal, insular, and limbic lobes, whereas affective psychoses patients, including
both bipolar disorder and MDD with psychotic features, had only temporal and
limbic lobe alterations reported.

2.6 Hippocampus subfields and amygdala
subnuclei In psychotic disorders — functional
neuroanatomy

2.6.1 Hippocampus and functional neuroanatomy

There is evidence that the hippocampal subfields and amygdala subnuclei have
distinct functions and connectivity patterns (Tamminga et al., 2010). The
hippocampus can be divided in multiple ways based on different anatomical and
functional characteristics. In humans, the hippocampus is divided into anterior and
posterior regions, while in rodents it is divided into partly anatomically
corresponding ventral and dorsal regions, respectively. In relation to posterior—
anterior division of hippocampus, posterior hippocampus might be more the
prominent for cognitive function and the anterior hippocampus for mood and affect
(Ayhan et al., 2021).

The hippocampus consists of distinct subfields, including the Cornu Ammonis
(CA) regions (CA1, CA2, CA3, CA4), presubiculum, subiculum, fissure, dentate
gyrus (DG), and fimbria. The preceding methodological MRI (Magnetic Resonance
Imagin) advances in automated hippocampal segmentation methods permit accurate
(Kahhale et al., 2023) in vivo measurements of hippocampal subfield volumes.
(Iglesias et al., 2015; Winterburn et al., 2013) These techniques have been used to
show that hippocampal subregions are differently affected in schizophrenia
(Haukvik et al., 2015; Ho et al., 2017b; Mathew et al., 2014; McHugo et al., 2024;
Vargas et al., 2018) and that varying effects might already be present in the
prodromal stage of the illness (Ho et al., 2017a; Vargas et al., 2018).

35



Reetta-Liina Armio

Ventral view Medial view Dorsal view Lateral view
Anterior
CAl
V _— Subiculum
Presubiculum Posterior

Figure 2. A surface rendering of hippocampal subfields from the lateral view that is based on a
segmentation of the MNI152 template and is used for illustration only. Modified and
reprinted from Original Publication 1l (Armio et al., 2024).

The hippocampus is known for its function in memory formation and retrieval.
The trisynaptic loop (entorhinal cortex-DG, DG-CA3, C3-CAl) is crucial in the
formation and stabilization of long-term episodic and spatial memories (Stepan et
al., 2015) It has been proposed that the trisynaptic circuit is responsible for the
generation of hippocampal theta waves. Oscillations, including theta waves, result
from the rhythmic patterns of synchronized electrical activity among the networks
of neurons. These waves are responsible for the synchronization of different brain
regions.

In schizophrenia, the hippocampus may be a primary region affected by deviant
brain development (Lipska et al., 1993) due to its high levels of neuroplasticity, as it
exhibits high levels of plasticity compared to other brain regions (Knight et al.,
2022). Moreover, the hippocampus is the most pronounced brain region in relation
to psychosis risk, with observed increases in blood perfusion. (Allen et al., 2018;
2016) Particularly the anterior hippocampus has been observed to be a putative
epicenter of early brain pathology during psychosis from which dysfunction may
spread to affect connected areas. (Chopra et al., 2023; McHugo et al., 2024) More
specifically, studies have observed diverse biological changes in the CA1 subfield
of the hippocampus in FEP and chronic schizophrenia, as well as in the CHR
population (Table 1) (Schobel et al., 2013; 2009).

2.6.1.1 CAA1 subfield in the development of schizophrenia

A loss of parvalbumin interneurons in the prefrontal cortex (PFC) and ventral
hippocampus is associated with diminished oscillatory activity in an animal model
of schizophrenia (Lodge et al., 2009), potentially contributing to hippocampal
hyperactivity and a subsequent hyperdopaminergic state. Studies on schizophrenia
patients have shown alterations particularly in theta and gamma rhythms (Newson
& Thiagarajan, 2018; Tanaka-Koshiyama et al., 2020; Uhlhaas & Singer, 2010)
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(Hirano et al., 2015), which are crucial for cognitive functioning, attention, and
memory. Interneurons, particularly GABAergic interneurons, known to be reduced
in number and/or dysfunctional in the hippocampus of schizophrenia patients, are
critical in generating and regulating neural oscillations across the brain (Lodge et al.,
2009).

An earlier study in mice observed that in the CA1 layer, a specific type of mid-
frequency gamma occurs at the peaks of theta waves; meanwhile, in the dentate
gyrus, fast and slow gamma oscillations happen at the troughs of theta waves
(Lasztoczi & Klausberger, 2017). Thus, hippocampal gamma oscillations in these
subfields control the neuron activity differently. Another recent study found that
neurons in the medial septum fire together with hippocampal theta waves and
influence changes in CA1’s beta and gamma oscillations, via enthorinal cortical and
CA3 inputs, in rodents (Kiraly et al., 2023). Disrupted gamma and theta oscillations
in these regions lead to impaired synchronization and abnormal information flow,
particularly between the hippocampus and prefrontal cortex.

Already in the CHR, hippocampal hypermetabolism has been observed to
originate in the CA1 region and subsequently extend to the subiculum following the
onset of psychosis, accompanied by structural and functional defects in these
hippocampal subfields (Schobel et al., 2013). Also, baseline cerebral blood volume
(CBV) abnormalities within the CA1 subfield have been shown to differentially
predict the clinical progression from a prodromal state to full psychosis, particularly
schizophrenia (Schobel et al., 2009). Recent studies support the idea that the
mechanism behind dopaminergic dysfunction is the neurodevelopmental disruption
of the hippocampus, especially due to the N-Methyl-D-Aspartate Receptor
(NMDAR) hypofunction in GABAergic interneurons in CA1 (Kiemes et al., 2022;
Schobel et al., 2013; Schobel et al., 2009; Zhang & Reynolds, 2002). NMDA
receptor hypofunction can lead to hyperdopaminergia through disrupted GABAergic
inhibition, creating a neurochemical imbalance and further hypermetabolic state.
These mechanisms are central in the development of psychotic symptoms.

The microstructural basis behind the variable and partly distinct defects is
suggested to pertain to the subfield-specific increases in the excitatory circuitry,
decreases in inhibitory neurotransmission, and damaged mitochondria in
hippocampal subfields, particularly in CA1 and CA3, that lead to hippocampal
hypermetabolism in schizophrenia (Farmer et al., 2023). Studies on schizophrenia
suggest decreased numbers of inhibitory synapses and decreased functional integrity
of parvalbumin interneurons in CA3 and increased numbers of excitatory synapses,
greater synaptic strength and decreased functional integrity in CA1 (Farmer et al.,
2023). Changes in the homeostatic function and fewer mitochondria have also been
shown in the molecular layer of the dentate gyrus in schizophrenia (Farmer et al.,
2023; Schoonover et al., 2021).
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These results highlight the role of the CA1 subfield in disruptions of theta and
gamma rhythms, as well as in metabolic and neurochemical changes. They also point
to broader desynchronization, particularly between the hippocampus, prefrontal
cortex (Soltani Zangbar et al., 2020) and amygdala, as observed in schizophrenia.
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Figure 3. A surface rendering of amygdala subnuclei, which is based on a segmentation of the
MNI152 template and is used for illustration only. Modified and reprinted from Original
Publication I (Armio et al., 2020).

2.6.2 Amygdala and functional neuroanatomy

The amygdala is a structurally and functionally diverse and complex region
composed of multiple subnuclei: the lateral nucleus, basal nucleus, accessory basal
nucleus, cortico-amygdaloid transition area, central nucleus, medial nucleus,
cortical nucleus, paralaminar nucleus, and anterior amygdaloid area, based on post-
mortem studies (Saygin et al., 2017). It plays major roles in emotional processing,
social cognition, fear and threat detection, valence attribution, emotional memories,
and others stress- related functions. (Beyeler et al., 2016; Hall et al., 2008; Pignatelli
& Beyeler, 2019) (Adolphs, 2010; Anticevic et al., 2012; LeDoux, 2007; Roozendaal
et al., 2009).

The differentiation of amygdala subnuclei refers to the distinct structural and
functional divisions within the amygdala. These subnuclei, such as the basolateral,
central, and medial nuclei, each have specialized roles in processing emotions,
memory, and responses to stress, and are connected to different regions of the brain
to regulate various emotional and behavioral functions.

The lateral nucleus of the amygdala is thought to be interconnected with the
hippocampus, sensory thalamus, medial prefrontal cortex, anterior cingulate cortex,
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and superior temporal gyrus, serving as a hub for receiving sensory input from these
areas (Whalen & Phelps, 2009). The lateral nucleus is the primary entry point for
sensory information into the amygdala (LeDoux, 2007), where the information is
integrated prior to transmission to the basal nucleus and other subsequent subnuclei.
Thus, it acts as a major input center of the amygdala, processing sensory cues,
particularly those linked to fear and threat-related stimuli (Bigot et al., 2024; Duvarci
& Pare, 2014; Janak & Tye, 2015).

The basal nucleus is involved in integrating information from the lateral nucleus
and further processing emotional and cognitive responses, as it is essential for
modulating social behavior and decision-making. The basal nucleus also participates
in fear conditioning thought it is more involved in the regulation and expression of
emotional responses (Beyeler et al., 2016). The basal nucleus has strong connections
with both the prefrontal cortex and the central nucleus. The accessory basal nucleus
also plays a role in emotional processing and memory formation, working alongside
the lateral and basal nuclei. It is connected to other amygdalar regions and cortical
areas involved in higher-order emotional processing.

In relation to psychoses, patients with 22q11.2 deletion syndrome (22q11.2DS),
a known genetic model for psychosis susceptibility, showed a distinct pattern of
brain connectivity characterized by reduced communication between the basolateral
amygdala (BLA) and the frontal regions of the brain, while there was increased
connectivity between the BLA and the hippocampus (Delavari et al., 2023). As
suggested by this recent study, early BLA-dysfunction and centro-medial nucleus
(CMA)-frontal dysconnectivity might be a markers of impaired tolerance to daily
stress in 22q11.2DS, a population with a heightened risk of mental health disorders,
such as schizophrenia. Additionally, a developmental drop in CMA-frontal
connectivity has been observed to be the most severe in patients at a higher risk for
positive psychotic symptoms (Delavari et al., 2023), as well as in patients with
attenuated psychotic symptoms and first episodes of schizophrenia (Kim et al.,
2020).

The functional disturbances in the amygdala subnuclei may at least partly
correlate with the altered structure. (Suarez et al., 2020) (Bullmore & Sporns, 2009)
Thus, the morphological and functional defects of the basal, lateral, central and
medial nuclei of the amygdala may be of neurodevelopmental origins pertaining to
stress sensitivity and stress-related functions in schizophrenia, but possibly with a
different temporal emphasis.
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Table 1. Key findings of MRI studies on amygdala subnuclei volumes in the development of
psychotic disorder (clinical high-risk subjects, first episode of psychosis, schizophrenia
and bipolar disorder).

Study Sample Size Key amygdala subnuclei findings
(Damm | 37 low-risk for bipolar- BSD vs Low-risk:
e etal., | spectrum disorders, Larger right lateral subnuclei in the BSD group.
2020) |47 high-risk for bipolar- BSD vs High-risk:
spectrum disorders, Larger left medial and left central subnuclei in the BSD
30 bipolar-spectrum group.
disorder groups (BSD) All groups:
No significant differences in the left basal or lateral
subnuclei between the groups
A greater number of lifetime hypo/mania episodes was
associated with a larger right central subnuclei and
smaller right basal subnuclei.
(Tesli | 24 violent schizophrenia SCZ-V vs CTR:
etal., |(SCZ-V), Smaller basal nucleus, accessory basal nucleus, the
2020) |51 non-violent cortico-amygdaloid transition area, and paralaminar
schizophrenia (SCZ-NV), nucleus volumes in SCZ-V.
90 CTR SCZ-NV vs CTR:
Smaller basal and paralaminar nucleus volumes in SCZ-
NV.
SCZ-NV vs SCZ-V:
No significant differences in amygdala nuclei volumes
between SCZ-V and SCZ-NV.
(Barth |452 schizophrenia Reductions in the amygdala subnuclei were the most
etal, |patients (SCZ), widespread in schizophrenia.
2021) | 346 bipolar disorder patients | The lateral, cortical, paralaminar, and central nuclei
(BD), reduced only in schizophrenia.
753 healthy controls (CTR) | Volume differences in the basolateral complex were the
most prominent in schizophrenia.
Bilateral total amygdala and all nuclei volumes, except
the medial and central nuclei were smaller in both SCZ
and BD compared to CTR.
(Bell et |29 Violent schizophrenia PSY-V vs CTR:
al., (PSY-V), A smaller basal nucleus, anterior amygdaloid area, and
2022) |67 Non-violent cortical amygdalar transition area in PSY-V.
schizophrenia (PSY-NV) PSY-NV vs CTR:
89 CTR A smaller cortical amygdalar transition area in PSY-NV.
(Hu et |40 SCZ with violent SCZ vs CTR:
al., behavior (VS), A smaller volume of the left basal nucleus in SCZ.
2023) |26 SCZ non-violent (NVS), |vVsS vs NVS:
28 CTR A smaller volume of the left amygdala central nucleus in
VS.
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2.6.3 Hippocampus and amygdala morphology in clinical
high-risk for psychosis

There is evidence of morphological alterations in both the hippocampal subfields
and amygdala subnuclei in the development of psychotic disorders. The main
findings of structural MRI studies in the clinical high-risk for psychosis, first-episode
psychosis, schizophrenia and bipolar disorder are listed for amygdala subnucleus and
hippocampal subfield volumetry in the Table 1 and 2, respectively.

There is no evidence of the hippocampal or amygdala total volume contributing
to transition to psychosis in CHR individuals (Hinney et al., 2020; Velakoulis et al.,
2006; Walter et al., 2016). However, based on the available studies on hippocampal
subfields, it appears that especially CA1 and the anterior hippocampus (Chopra et
al., 2023) could be biomarkers of CHR transitioning to psychosis (Ho et al., 2017a;
Ho et al., 2017b; Provenzano et al., 2020; Sasabayashi et al., 2021), and especially
to schizophrenia (McHugo et al., 2020).

Earlier studies on the amygdala subnuclei in clinical high-risk patients have not
been conducted. However, limited evidence of decreased amygdala total volume in
CHR (Chan et al., 2011), as well as altered dorsomedial amygdala shape in familial
high-risk youth, has been observed (Guimond et al., 2022).

264 Hippocampus and amygdala morphology in first
episode of psychosis

In FEP, reduced hippocampal subfield volumes of particularly the CA1, CA4, and
granule cell layer, but also reductions in the subiculum, and presubiculum, have been
found, independent of antipsychotic medication (Baglivo et al., 2018; Briend et al.,
2020; McHugo et al., 2024; Park et al., 2021). Smaller CA1, molecular layer,
subiculum, presubiculum, and hippocampal tail volumes have been found to be
associated with longer duration of untreated psychosis in FEP (Briend et al., 2020),
however correlations between the duration of illness and subfield volumes are not
congruent (Baglivo et al., 2018; P. Cao et al., 2023; Nakahara et al., 2018). Similar
studies on the amygdala subnuclei in FEP patients have not been conducted.

2.6.5 Hippocampus and amygdala morphology in
schizophrenia and bipolar disorder

Earlier studies show specific volume reductions in the hippocampus and amygdala
in psychotic disorders. In effect, there is evidence of shared genetic architecture
between schizophrenia and subcortical brain volumes, including the amygdala and
hippocampus (Cheng et al., 2022). However, a recent study on the hippocampal
subfield suggests that at least partly early neurodevelopmental genetic processes are
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also behind specific subfield alterations, by observing unique subfield-specific
molecular profiles in schizophrenia postmortem samples, implicating astrocytes in
the dentate gyrus, immune mechanisms in CA3, and synaptic scaling in CA1 (Perez
etal., 2021). The results suggest subfield-specific increases at least in the excitatory
circuitry, decreases in inhibitory neurotransmission and fewer or damaged
mitochondria.

Left hippocampal volume reduction, associated with stressful life events, global
functioning, and executive functioning, have been suggested to be a common feature
across schizophrenia spectrum disorders, bipolar disorder, and MDD (Brosch et al.,
2022). On the other hand, post-mortem studies on hippocampal morphology in patients
with schizophrenia generally support the notion that hippocampal subregions, and
anterior and posterior parts of the hippocampus, are differently affected by the illness
(Benes et al., 1991; Falkai et al., 2016). Overall, genetic factors seem to play a larger
role in the relationship between the anterior hippocampus and schizophrenia, while
environmental factors and disease progression may have a stronger impact on the
widespread hippocampal volume loss observed in the later stages (Choi et al., 2022).
A greater impact of genetic factors on the volumes of anterior CA volumes, applying
also to the CA1 and molecular layer of CA fields, have been observed (van der Meer
et al., 2020). There is also evidence that the hippocampal tail volume is linked to genes
associated with schizophrenia (Choi et al., 2022).

Some meta-analyses (Haukvik et al., 2022; 2018) found widespread subfield
reductions in both schizophrenia and bipolar disorder; CA1 being the most affected in
schizophrenia (Ho et al., 2017b; K. Wang et al., 2023), and bipolar disorder type 1
having more widespread reductions (Haukvik et al., 2022). Especially the CAl
subfield of hippocampus is suggested to be hyperactive (Nakahara et al., 2018),
hyperdopaminergic (Krieckhaus et al., 1992), deformed in shape (Zierhut et al., 2013),
and smaller in volume in schizophrenia (Haukvik et al., 2018; McHugo et al., 2020;
McHugo et al., 2024). However, the volume appears to be stable during the early years
of psychosis, in individuals who progress to schizophrenia (McHugo et al., 2020).

Volumetric studies suggest a smaller total amygdala volume in subjects with
schizophrenia than bipolar disorder (Ho et al., 2019; Mahon et al., 2012). More
specifically, a study, using a high-field 7T atlas, found that the left basolateral and
centromedial subnuclei complex show the largest proportion of atrophy in
schizophrenia as compared to psychotic bipolar disorder (Mahon et al., 2015). Shape
alterations, especially in the basolateral complex (lateral, basal, and accessory basal
nuclei), are more prominent and widespread in schizophrenia compared to bipolar
disorder (Mahon et al., 2015), both of which share volume reductions of the basal
nucleus, accessory basal nucleus, and cortico-amygdaloid transition area (Barth et al.,
2021).

42



Review of the Literature

To conclude, these findings highlight that the early neurodevelopmental
morphological alterations in the hippocampus and amygdala, particularly in the CA1
subfield and basolateral nuclei, likely precede those of later neurodevelopmental
defects of the cortical areas and centromedial subnuclei, and further those of more
widespread changes in the first episode of psychosis and finally, schizophrenia.
However, it is challenging to determine what is the exact timelines of these
alterations are during the developmental phases in the etiology of schizophrenia
(Figure 12).

Table 2.

Key findings of MRI studies on hippocampal subfield volumetry in the development of

psychotic disorders (clinical high-risk subjects, first-episode of psychosis, schizophrenia
and bipolar disorder).

Study Sample Size Key hippocampal subfield findings
(Mathew et | 49 schizophrenia (SCZ), | SCZ VS CTR:
al,, 2014) |50 controls (CTR) CAZ2/3 and dentate gyrus subfields were the most affected in
schizophrenia.
(Ho etal., |147 ultra-high risk UHR VS CTR:
2017a) (UHR), Progressive Decline in Hippocampal CA1 Volume in UHR
54 controls with poor outcomes.
(Ho etal.,, |Data set 1: Early atrophy of CA1 in schizophrenia, with extension to
2017b) 155 schizophrenia other hippocampal subfields in the progression of the
patients (DOI 7y), psychotic disorder.
79 CTR
Data set 2:
46 schizophrenia
patients (DOI 18y),
46 CTR
(Baglivo et |58 FEP, FEP vs CTR:
al., 2018) |76 CTR Left CA1, CA3, CA4, GCL, and ML volumes were lower in
FEP.
No correlation was found between the hippocampal subfield
volumes and duration of iliness (DOI).
(Haukvik et | Systematic review and | Volume reductions in all subfields in SCZ and BD compared
al.,, 2018) | meta-analysis: to CTRs.
9 studies CA1 as the most affected region.
(Nakahara | Systematic review Smaller CA1 volumes and CA1 hyperactivation in
etal, schizophrenia.
2018) Smaller CA1 and CA4/DG volumes in first-episode
schizophrenia.
More widespread reductions in subfield volumes with a
longer DOI.
(Vargas et |61 ultra-high risk (UHR), | UHR vs CTR:
al., 2018) |91 schizophrenia (SCZ), | Bilaterally smaller CA1, CA2/3, and C4/DG volumes in UHR.

70 controls (CTR)

UHR vs SCZ:
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(Wannan et
al., 2019)

(Briend et
al., 2020)

(Ohi et al.,
2021)

(Park et al.,
2021)

(Sasabaya
shi et al.,
2021)

(Y. Sun et
al., 2023)

(K. Wang
etal.,
2023)

(McHugo et
al., 2024)

52 chronic
schizophrenia-spectrum
disorder,

28 youth ROP

52 older controls,

28 younger controls

54 antipsychotic-naive
first episode psycosis
(FEP),

41 controls (CTR)

138 schizophrenia
patients (SCZ),

47 unaffected first-
degree relatives (FR),
162 controls (CTR)

41 First episode
psychosis (FEP),
27 controls (CTR)

51 ARMS,
77 schizophrenia,
87 controls

A systematic review

49 adolescent
schizophrenia patients
(SC2),

67 non-psyhcotic major
depressive disorder
patients (MDD),

34 controls (CTR)

90 individuals in the
early stage

(< 2y) of a non-affective
psychosis and 70 CTR.

Bilaterally smaller CA2/3, 4/DG, presubiculum, and
subiculum volumes in SCZ.
No differences in ROP compared to younger CTRs.

More widespread changes in chronic patients compared to
older CTRs.

FEP vs CTR:

Reduced CA1, CA4, GCL, subiculum, and presubiculum
volumes.

Smaller CA1, molecular layer, subiculum, presubiculum, and
hippocampal tail volumes were significantly associated with
a longer DUP.

SCZ vs CTR:

Larger right hippocampal fissure volumes and smaller
bilateral CA1, right presubiculum, bilateral parasubiculum,
bilateral molecular layer, right fimbria and bilateral HATA in
SCZ (uncorrected).

SCZ vs FR:

Smaller bilateral CA1, left presubiculum, bilateral ML, right
GCMLDG, right fimbria and right HATA volumes in SCZ
(Bonferroni corrected).

FR vs HC:
No significant differences.
FEP VS CTR:

Reduced hippocampal volumes in FEP, while CA4-dentate
gyrus showed the greatest reductions with 7 Tesla MRI.

Smaller CA1, left tail, right ML in both SCZ and ARMS
Smaller tail in chronic SCZ.

SCZ vs CTR:

Reduced volumes in the bilateral CA 1, GCMLDG,
subiculum, parasubiculum, ML, hippocampal tail and HATA;
in the left CA4 and presubiculum; and in the right fimbria.

SCZ vs HC:

Smaller CA1, ML, subiculum, parasubiculum. DG compared
to CT, most robust reductions in CA1 and ML.

SCZ vs MDD:

Greater trend of reductions in all subfields in SCZ,
particularly in CA regions.

Smaller anterior CA1 and DG volumes in the early stage of
non-affective psychosis.
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2.7 Childhood adversities affect hippocampus and
amygdala

Childhood maltreatment, such as sexual abuse, emotional or physical abuse, or
neglect, has a significant and lasting effect on the trajectory of brain development in
children (Teicher & Samson, 2013; Teicher et al., 2016). The brain structural
vulnerability might relate to disturbances in normative increased neuronal plasticity,
myelination, changes in synaptic integration and stability, but also synaptic pruning,
that occur in adolescence (Paolicelli et al., 2011). On the other hand, early and
chronic stress disrupts cellular homeostasis through mitochondrial dysfunction and
increased oxidative stress, which can lead to structural defects and a higher risk of
developing various diseases (Goh & Agius, 2010). Thus, particularly early life stress
may disrupt normative structural and functional development of the brain.

Recent population-representative birth cohort study showed that adversity-
related structural differences are evident across the entire brain, specifically in gray
matter across cortical and subcortical structures (Gehred et al., 2021). However, it
suggested that only the amygdala, hippocampus, and cerebellum show reductions
when examining both retrospectively and prospectively reported adverse
experiences. This might imply that the amygdala, hippocampus, and cerebellum are
particularly vulnerable, showing consistent and robust reductions. A meta-analysis
of published whole-brain voxel-based morphometry studies also demonstrated that
the most consistent gray matter abnormalities in individuals exposed to childhood
maltreatment are in prefrontal-limbic-temporal regions. (Lim et al., 2014) Further,
the diminished structural integrity of the brain circuitries between fronto-limbic
connections, involving the hippocampus, amygdala and prefrontal cortex, appears to
be specifically compromised by adversities also in healthy controls (Quidé et al.,
2024) (Lim et al., 2014).

Based on animal models, particularly the hippocampus, amygdala, corpus
callosum, anterior commissure, cerebral cortex, cerebellum and hypothalamus have
been shown to be affected by prenatal stress both macroscopically and
microscopically (Charil et al., 2010). However, one meta-analysis on general
population controls found only a modest association between childhood adversities
and lower hippocampal total volumes, but no association with the amygdala volumes
(Calem et al., 2017), while another suggested that hippocampal volume deficits from
childhood maltreatment may not be apparent until adulthood (Woon & Hedges,
2008). Thus, childhood adversity is suggested to have a relatively minor influence
on stress-related brain structures in individuals without significant mental health
issues (Calem et al., 2017; Janiri et al., 2017; Teicher & Samson, 2013).
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2.7.1 Morphology and function of amygdala and
hippocampus in relation to childhood adversities

Earlier studies suggest a greater sensitivity to adversity and stress in those who
develop psychiatric disorders (Aas et al., 2012; Calem et al., 2017; Lawson et al.,
2017; Salokangas et al., 2021). Adverse experiences are damaging to the developing
brain, particularly in children prone to schizophrenia, that are even more sensitive to
the environmental stressors (Haidl et al., 2020; Loewy et al., 2019). Also, the
temporal occurrence and number of stressful experiences is a critical factor in
neurodevelopmental processes, particularly in the hippocampus and amygdala
(Herzog et al., 2020) (Riem et al., 2015).

In first-episode psychosis, while the evidence supporting a relationship between
increased childhood trauma and reduced total amygdala volumes is relatively robust,
the association between childhood trauma and hippocampal volumes is less
consistent and more variable (Aas et al., 2012). The hippocampus is the only known
brain region where physiological neurogenesis continues into adulthood across
mammalian species and in humans. This heightened plasticity, while beneficial for
learning and adaptation, may also render the hippocampus more vulnerable to
disturbances caused by environmental factors. Consequently, its significant
neuroplasticity and neurogenesis ability could lead to increased susceptibility to
negative influences, such as stress, trauma, or metabolic pressure (Lieberman et al.,
2018) (Knight et al., 2022). In fact, already in subjects at an ultra-high risk for
psychosis childhood trauma scores have been found to be positively correlated with
rCBF values in the bilateral hippocampus and negatively associated with rCBF in
the left prefrontal cortex, regions central in psychosis etiology (Allen et al., 2018).

Studies have demonstrated that hippocampal function is disrupted in psychotic
states following early life stress (Borges et al., 2013) (Murphy et al., 2022),
potentially due to the abnormal input from the basolateral amygdala (Kim &
Diamond, 2002). The lateral nucleus of the amygdala shares strong connections with
the CA1 subfield of the hippocampus, and both the CA1 and CA3 subfields appear
to play central roles in modulating stress responses and influencing systemic glucose
regulation, including HPA-activity (Lowry, 2002). Thus, beyond adversity-related
structural effects, the hippocampus may be a primary region affected by deviant
brain development relating to its dysfunction (Lipska et al., 1993) (Knight et al.,
2022). This may be due to its high levels of neuroplasticity compared to other brain
regions (Knight et al., 2022).

The amygdala is recognized for its significant involvement in emotion and
motivation, playing an essential part in processing both fearful and rewarding
environmental stimuli. Within the amygdala, information is transmitted from the
lateral nucleus to the basal nucleus, which subsequently relays this information to the
hippocampus, nucleus accumbens, prefrontal cortex, and other amygdala subnuclei

46



Review of the Literature

(Roozendaal et al., 2009). The lateral nucleus is involved in reward processing (Hiroi
& White, 1991; Hsiang et al., 2014), fear conditioning, fear extinction processes
(Duvarci & Pare, 2014; Pape & Pare, 2010), and valence attribution (Janak & Tye,
2015). These all relate to stress reactions, since stress amplifies fear conditioning by
enhancing the negative valence attribution and solidifying fear memories, while it
simultaneously impairs fear extinction, making it harder to suppress conditioned fear
responses. Stress hormones like cortisol and norepinephrine increase activity in the
amygdala, intensifying the fear learning process.

In schizophrenia patients, higher levels of sexual abuse and physical neglect
during childhood have been found to associate with decreased connectivity between
the amygdala and the posterior cingulate/precuneus region (Cancel et al., 2017).
Further, especially BLA and its connections to PFC have been suggested to be
vulnerable to stress. During adolescence, stress-related heightened activity in the
basolateral amygdala may speed up the development of BLA-PFC plasticity (Uliana
et al., 2021). This increased BLA activity could interfere with the two-way
communication between the BLA and the medial prefrontal cortex (mPFC)
following stress in adulthood, particularly in the models of schizophrenia. (Delavari
et al., 2023; Uliana et al., 2021) Animal models of schizophrenia have stated that
impaired fear extinction is further related to abnormalities in connectivity between
the basolateral nucleus and medial prefrontal cortex (Uliana et al., 2018). Also,
human research has shown that fear extinction is impaired in patients with
schizophrenia and this impairment is related to abnormal medial prefrontal cortex
activation (2012; Holt et al., 2009). The functional connectivity between the
amygdala and prefrontal cortex have been noted to reduce only in early and chronic
schizophrenia. (Anticevic et al.,, 2014). However, more specifically reduced
communication between BLA and the frontal regions of the brain, and increased
connectivity between the BLA and the hippocampus have been observed in patients
with 22ql11.2 deletion syndrome, a known genetic model for schizophrenia
susceptibility (Delavari et al., 2023). Thus, the effects of excess stress and childhood
adverse experiences may have subnucleus-specific effects on the amygdala
subnuclei.

These results support the idea that the influence of childhood trauma on the risk
of psychosis may be mediated through brain circuit dysfunction including both the
amygdala and hippocampus.

2.7.2 Hippocampus and amygdala as central hubs in brain
networks related to childhood adversities

Both genetic and environmental influences can lead to dysregulated connectivity
within and between key brain networks, such as the default mode network (DMN),
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salience network (SN), central executive network (CEN), and frontoparietal network
(FPN), which may underlie symptoms such as hallucinations, delusions, and
cognitive impairments in psychoses (Menon et al., 2023) (Manoliu et al., 2014).

The DMN comprises a number of brain regions, ‘nodes’, that exhibit correlated
low-frequency activity at rest and are thought to play a role in processing information
related to the self in regions including the hippocampus and prefrontal cortex
(Menon, 2023). The SN comprises a group of brain nodes that are involved in
detecting and responding to salient stimuli in the environment, which can include
emotionally significant events or important changes in the surroundings. The key
brain regions in the SN are the anterior insula, anterior cingulate cortex, but also
prefrontal cortex and amygdala (Kowalski et al., 2021). The SN is involved in
processing emotional information and linking it to motivational states, which can
influence behavior.

The overall dysfunctions in brain networks of the DMN, SN, FPN and central
executive network (CEN) have been associated with several disorders including
schizophrenia, depression, anxiety, dementia and autism (Hardi et al., 2024; Menon,
2011; Menon et al., 2023). Also, in children who experienced multiple adversities, or
only elevated maternal depression, had worse mental health and differences in DMN,
SN and FPN functioning during adolescence (Bluhm et al., 2009; Hardi et al., 2024).
Recent study (Mu et al., 2024) has suggested that the risk of schizophrenia is causally
related to increases in the connectivity of the default mode and central executive
network and to decreases in the connectivity of the broader attention network. In
schizophrenia, dysregulation in the SN has been associated with the misinterpretation
of external stimuli as significant or threatening, and thus to psychotic symptoms
(Kowalski et al., 2021). Further, the SN plays a role in switching between the DMN
and the CEN, and both the switching (Nekovarova et al., 2014) and SN functioning
(Palaniyappan et al., 2012) are suggested to be disturbed in schizophrenia. Thus, in
individuals with schizophrenia, abnormalities in these brain networks can manifest in
various ways, influencing symptoms and functional outcomes, and are thought to
relate to childhood adversities (Dauvermann et al., 2021).

To conclude, the hippocampus, prefrontal cortex, amygdala and insula are
suggested to be important central hubs of the brain’s functional and structural
networks in relation to schizophrenia pathogenesis, but also in relation to early
childhood adversities.

2.8 The effects of antipsychotic medication on
brain morphology and function

Antipsychotic medications are the primary pharmacological treatment for
managing psychotic symptoms in conditions like schizophrenia and other
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psychotic disorders (Kaar et al., 2020). These medications effectively reduce
positive psychotic symptoms, such as hallucinations and delusions (McCutcheon
et al., 2021b). Over time, the continued use of these medications has been shown
to lower the risk of relapses, rehospitalizations, and aggressive or suicidal
behaviors, while also contributing to a reduction in the overall mortality in people
with schizophrenia.

Studies on healthy rodents and nonhuman primates have shown that the chronic
administration of antipsychotics reduce gray matter, particularly in the frontal and
parietal regions (Dorph-Petersen et al., 2005; Guma et al., 2018; Vernon et al., 2011).
The study on healthy rodents by Vernon et al. (2011) suggests that antipsychotic
drugs exert a selective effect on the cortex, particularly the frontal cortex, while
subcortical regions remain unaffected. Since previous studies on humans are mainly
association studies, they identify correlations but do not establish direct causality.
Also, caution should be applied when extrapolating results from animal studies to
humans. However, a recent randomized controlled trial supports a causal relationship
between antipsychotic use and a decrease in cortical thickness, at least in patients
with psychotic depression (Voineskos et al., 2020).

2.8.1 Antipsychotic drugs and physiological features of brain
function

In humans a number of longitudinal studies including studies in previously drug-
naive schizophrenia patients have demonstrated an association between cumulative
exposure to antipsychotics and decreased gray matter volume, particularly in
cortical gray matter (Fusar-Poli et al., 2013b; Ho et al.,, 2011), and more
specifically in the temporal and frontal cortical thickness (S. Sun et al., 2023; van
Erp et al., 2018; van Haren et al., 2011). The mechanisms behind these reductions
are largely unknown.

Antipsychotics may influence neuroplasticity. (Konradi & Heckers, 2001)
Neuroplasticity enables learning and memory, adaptation to new experiences, and
recovery from brain injuries by reshaping the existing neural circuits, adjusting its
structure, function, and connections in response to experiences, learning, or injury.
This adaptability occurs throughout life, though it is generally more pronounced in
childhood. Neuroplasticity changes may occur via synaptic pruning, changes in the
levels of brain-derived neurotrophic factor (BDNF) (Hong et al., 2003; Huang,
2013), or through glutamate or striatal dopamine regulation involved in plasticity.

Neurotrophins play key roles in growth and differentiation during development
as well as in plasticity and the survival of adult hippocampal and cortical structures.
In schizophrenia, the effects of abnormal BDNF function are likely related to
abnormal cortical development, that is more vulnerable to antipsychotic effects,
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but further, BNDF function might also be linked to antipsychotic-related cortical
thinning due to medication-specific effects (Fernandes et al., 2015). Indeed, there
is evidence typical antipsychotics decrease BDNF levels, while second-generation
antipsychotics maintain or increase serum BDNF levels (Favalli et al., 2012;
Gonzalez-Pinto et al., 2010). Thus, the reduced cortical thinning related
antipsychotic drug use may relate to these factors and their combination, but the
effect might be partly heterogenous based on the used antipsychotics (C. Wang et
al., 2023). Particularly the chronic and cumulative use of antipsychotics may
disrupt normal synaptic pruning processes, especially in vulnerable populations
and at vulnerable neurodevelopmental stages, potentially leading to cortical
thinning.

The effects of antipsychotic-related (AP-related) cortical thinning are suggested
to depend on efficient mitochondrial function, adequate regional blood supply,
functioning neurovascular coupling, and the ability to respond to oxygen demands
(Turkheimer et al., 2020). Thus, there are suggestions that antipsychotics might push
the cortex into an unsustainable metabolic envelope and increased state of oxidative
stress, which would in turn lead to adaptive changes in the cortical morphology
during treatment (Turkheimer et al., 2020). For example, regional cerebral blood
flow (rCBF) measures obtained by PET showed that both drug naive first-episode
psychosis patients and healthy volunteers using a single dose of antipsychotics, had
increased perfusion after their treatment with antipsychotics (Goozée et al., 2014).
The changes in rCBF were observed particularly in the frontal and basal ganglia
regions, but different antipsychotic generations had differential effects on rCBF. On
the other hand, medicated patients have been observed to have frontal
hypometabolism relative to controls, while metabolism in drug-free patients did not
differ significantly from controls (Townsend et al., 2023). Further, another study
found that administration of sertindole, a second-generation antipsychotic, was
associated with higher metabolic rates in the dorsolateral prefrontal cortex,
approaching normative levels, and lower metabolic rates in the orbitofrontal cortex
compared to haloperidol, a first-generation antipsychotic (Buchsbaum et al., 2009).
However, the relationship between these changes and treatment responses remains
unclear.

To conclude, second-generation antipsychotics have heterogenous neurotrophic,
metabolic and antioxidant effects, but collectively there is evidence that
antipsychotic medication is associated with a thinner cortex, particularly in the
prefrontal, occipital and temporal cortex.
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2.8.2 Antipsychotic drugs and neurotransmitter systems

Antipsychotic drugs primarily exert their effects by interacting with various
neurotransmitter receptors in the brain, particularly dopamine and serotonin
receptors (Charron et al., 2015; de Bartolomeis et al., 2023; Schmidt et al., 1995).
Additionally, many antipsychotics, especially second-generation ones, block H1—
histamine receptors, leading to sedative effects, but also to increased appetite and
weight gain. Some antipsychotics block muscarinic M1-receptors, which are
involved in cognitive function and parasympathetic nervous system activity. The
blockade of alpha-1-adrenergic receptors through antipsychotics results in sedation
and orthostatic hypotension. Many second-generation antipsychotics, such as
risperidone and olanzapine, are antagonists of 5-HT»a, which is thought to contribute
to their efficacy in treating both positive and negative symptoms of schizophrenia
(Alvarez-Herrera et al., 2024) , while some second-generation antipsychotics can act
as agonists of 5-HTia receptors. Also, second-generation antipsychotics
predominantly act as antagonists or partial agonist at D,—receptors, some may exhibit
partial agonist activity, contributing to their varied therapeutic effects and side effect
profiles. (Sykes et al., 2017) In many cases, second-generation antipsychotics have
a higher affinity for these serotonin receptors compared to D>—receptors. (Schmidt
et al., 1995) In contrast, typical antipsychotics block dopamine D2-receptors.
(Chokhawala & Stevens, 2025)

Earlier rodent studies have linked particularly typical antipsychotic-related
cortical thinning to dopamine D2 receptors. (Guma et al., 2018). However, especially
the interactions between dopamine and serotonin receptors are known to alleviate
the positive symptoms of psychosis, such as hallucinations, delusions, and
disorganized thinking, as well as negative symptoms, such as social withdrawal and
flat affect. (McCutcheon et al., 2021b)

To conclude, while antipsychotics are effective in managing the psychotic symptoms
of schizophrenia via several neurotransmitter systems. However, their impact on
brain morphology is complex. Since previous studies on humans are mainly
association studies, they identify correlations but do not establish direct causality. In
schizophrenia, specific cortical inflammatory imbalances, metabolic alterations,
oxidative stress, impaired neuroplasticity, and morphological changes are proposed
as mechanisms underlying neurodevelopmental abnormalities and subsequent
psychotic processes. These alterations, particularly in the prefrontal and temporal
cortices, are considered potential therapeutic targets for antipsychotic treatments
(Tendilla-Beltran et al., 2021). However, it remains unclear whether the mechanisms
of antipsychotic action are central to their therapeutic effects, clinical outcomes, side
effects of antipsychotic medication, or a combination of these factors. Further, it is
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unknown whether these regions are more susceptible due to some underlying
molecular, vascular, physiological or functional features.

2.9 Psychotic disorders as systemic diseases

2.91 Metabolic system alterations

Some recent meta-analyses have shown that metabolic syndrome has a higher
prevalence in schizophrenia patients (Hagi et al., 2021; Pillinger et al., 2019)
(Mitchell et al., 2013b); worsening metabolic problems during the course of the
illness also have been found (Mitchell et al., 2013a; Vancampfort et al., 2015).
Similar findings regarding the higher prevalence of metabolic syndrome in bipolar
disorder have been observed (Vancampfort et al., 2013). However, there is evidence
of greater variability in the metabolic parameters of FEP relative to controls,
suggesting possible different biotypes related to, i.e., clinical outcomes (Pillinger et
al., 2023).

Some studies have also shown there is evidence of a slightly higher prevalence
of metabolic syndrome already in unmedicated patients at risk for psychosis,
including a higher blood pressure, increased waist circumference, and increased
fasting blood glucose (Cordes et al., 2017). Also, the lipidome and proteome, of
subjects who reported psychotic experiences at 18 years of age, have shown to be
altered already at 12 years of age, indicating that metabolic dysregulation may
contribute to an early vulnerability to psychotic experiences (Madrid-Gambin et al.,
2019). There are also observations that the unaffected siblings of individuals with
schizophrenia are already at a high risk for metabolic syndrome (Enez Darcin et al.,
2015), and have signs of abnormal glucose metabolism and insulin signaling
(Chouinard et al., 2019). Also, shared at-risk variants for both diabetes and
schizophrenia have been observed (Hansen et al., 2011; Liu et al., 2013). Further, a
potential shared role of inflammation in insulin resistance and schizophrenia has
been found, with causal evidence (Perry et al., 2021a). Thus, inflammation might be
a common factor linking insulin resistance and schizophrenia, offering potential new
targets for treatment or prevention.

2.9.11 Introduction to the development systemic glucose metabolism
disturbances in psychotic disorder

“Diabetes is a disease which often shows itself in families in which insanity
prevails”, wrote Henry Maudsley already in 1879 (Maudsley, 1879). Indeed, there
are observations of glucose metabolism disturbances from the pre-neuroleptic era
suggesting that schizophrenia itself might predispose individuals to abnormal
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glucose metabolism (Kohen, 2004). Also, impaired systemic glucose homeostasis
and insulin resistance have been observed already in the first episode of psychosis,
both in patients using antipsychotic medication (Pillinger et al., 2020) and in drug-
naive patients (Enez Darcin et al., 2015; Greenhalgh et al., 2017; Petrikis et al.,
2015). Especially the dysregulation of systemic glucose metabolism appears to be
pronounced in psychotic disorders already in the early phase of the illness.

There is inconsistent evidence of marked insulin changes during childhood and
adolescence in individuals with a later diagnosis of schizophrenia-spectrum disorder
by the age of 40 (Perry et al., 2021b; Sormunen et al., 2022). On the other hand,
higher fasting insulin level trajectory from mid-childhood has been associated with
a psychosis at-risk mental state and psychotic disorder, but not depression, in the
population, with the onset occurring by the age of 24 (Perry et al., 2021b). Since
puberty is a time of considerable normative metabolic and hormonal changes,
particularly with a marked decrease in insulin sensitivity that recovers at puberty
completion (Kelsey & Zeitler, 2016), it is possible, that this recovery is either not
completed, or not implemented correctly in psychotic disorders. This might partly
explain abnormalities in insulin resistance observed at the prodromal phase and
further the psychotic disorders. In the study by Sormunen et al (2022) the insulin was
not measured clearly above the pubertal age, and the prodromal periods could not be
defined, and additionally, Perry et al (Perry et al., 2021b) studied early-onset
psychoses where the CHR stage overlaps with the last data point measurements.
Based on these findings, it remains unclear whether insulin resistance in psychotic
disorders is more closely associated with incomplete recovery from pubertal insulin
resistance, neurodevelopmental disruptions in metabolic trajectories, or whether is
primarily linked to the initiation of the high-risk state, or all of these. Also, the
disrupted insulin sensitivity observed from mid-childhood associating with adult
psychosis, might also be a marker of a specific biotype of the psychotic disorder with
early glucometabolic alterations (Perry et al., 2021b).

2.9.1.2 Central systemic glucose metabolism regulation

The systemic metabolism and brain metabolism are intricately related, as they both
depend on the body’s overall metabolic processes. The brain glucose delivery seems
to be dependent on plasma glucose and cerebral blood flow. However, brain regions
with heterogeneous cell composition and cell-type-specific profiles of glucose
metabolism suggest that metabolic networks within the brain are complex (Claassen
etal., 2021; S. Zhang et al., 2021).

Glucose homeostasis is achieved through a complex interaction between glucose
detection systems and various processes that respond to changes in metabolism. The
brain receives metabolic signals from organs like the liver, pancreas, fat tissue, gut,
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and muscles. Specialized neuronal networks in the brain coordinate adaptive changes
in response to altered metabolic conditions (Roh et al., 2016). In healthy individuals,
the body closely controls food intake and energy use through homeostatic processes
to maintain a stable energy balance. Substantial evidence indicates that the brain,
particularly the hypothalamus, is primarily responsible for the regulation of energy
homeostasis. (Pan et al., 2023) (Herrera Moro Chao et al., 2022) (Morton et al., 2014)
(Huang et al., 2022) (Yoon & Diano, 2021) (Benzo, 1983) Further, the growing
evidence suggests that especially the hypothalamus and brainstem play a role in
directly controlling blood glucose levels. Energy balance is also strongly influenced
by various hormone systems, such as the hypothalamic-pituitary-thyroid—axis
(Cheng et al., 2023), the hypothalamic-pituitary-gonadal-axis, and the
hypothalamic-pituitary-adrenal-axis (Bose et al., 2009) (Janssen, 2022). A key
common link among these systems is their regulation via the hypothalamus
(Dumbell, 2022).

A direct measure of insulin resistance has been observed to be associated with
reduced hippocampal total volume in non-psychotic adults, suggesting the role of
the hippocampus in central glucose regulation, and/or bidirectional effects in healthy
individuals (Frangou et al., 2022). Evidence on the role of insulin signaling within
the amygdala and hippocampus, in systemic glucose homeostasis, has been
suggested (Soto et al., 2019). On the other hand, hyperglycemia has been shown to
alter the synaptic function and cause neuronal loss in the CA1 and CA3 subfields of
the hippocampus, as observed in some studies on diabetic rats. (Kamal et al., 1999)
(Sima et al., 2004), although these studies did not investigate the hippocampal tail.
This bidirectional relationship might create a self-perpetuating cycle. Thus, the
possible developmental defects in these subfields, possibly starting from CA1, might
be related to the development of dysregulation of both direct central glucose
metabolism regulation pathways but also indirectly via HPA—axis regulation, in
patients who develop psychosis.

To conclude, the hypothalamus is one of the core structures in the central
regulation of systemic glucose metabolism, either solely, or via the HPA-axis, or
both. Moreover, the roles of the hippocampus and amygdala in glucose homeostasis
have been suggested. The simplified illustration of plausible central regulation
patterns of peripheral glucose homeostasis via the HPA-axis, hippocampus-
amygdala-PFC-complex, liver, pancreas and gut-brain-axis, is presented in Figure
4.

29.1.3 Insulin signaling in psychoses

Dysfunctional insulin signaling at the molecular level is frequently implicated in the
pathogenesis of systemic insulin resistance. The hippocampus, amygdala,
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hypothalamus, midbrain dopamine neurons (Figlewicz, 2016), striatum, cerebral
cortex, and cerebellum are widely distributed with insulin receptors in rodents
(Agarwal et al., 2020; Hopkins & Williams, 1997; Kleinridders et al., 2014). It has
been suggested that central nervous system concentrations of insulin are proportional
to circulating plasma insulin levels (Schwartz et al., 1990; Strubbe et al., 1988), and
systemic insulin resistance has been observed to significantly affect brain glucose
metabolism (Chen et al., 2022). Human studies suggest that insulin enhances glucose
metabolism in the brain, especially in regions like the ventral striatum, prefrontal
cortex, amygdala, hippocampus, and cerebellum (Anthony et al., 2006; Bingham et
al., 2002). Thus, insulin resistance suggests a reverse effect and reduction in brain
glucose metabolism in these regions.

Insulin-like growth factor 1 (IGF-1) is involved in metabolic processes and can
modulate insulin sensitivity and glucose metabolism, thought it plays broader roles
in the growth, development, and the functioning of various organs, including the
brain. The ‘IGF-1 deficiency hypothesis’ of the schizophrenia pathogenesis suggests
that reduced levels or impaired function in IGF-1 may play a critical role in the
development of schizophrenia, however, the timeline and mechanisms are
inconclusive (Gunnell & Holly, 2004). Insulin receptor/IGF1R -deletion in both the
hippocampus and amygdala have shown to lead to impaired glucose tolerance in
mice (Soto et al., 2019). In the hippocampus, this appears to be due to a combination
of systemic insulin resistance and a decreased insulin secretion (Soto et al., 2019).
However, while insulin signaling is suggested to regulate both central and peripheral
glucose metabolism (Agrawal et al., 2021; Kullmann et al., 2020), the interplay
between central and peripheral glucose metabolism is complex even in the normative
physiological context. Therefore, further studies are needed to explore this
relationship in psychotic disorders.

Regarding psychotic disorders, the abnormalities in insulin signaling may be
intrinsic, meaning it could exist independently of external factors such as medication
or lifestyle, potentially arising from the underlying neurobiological alterations
characteristic of psychotic disorders (Agarwal et al., 2020). A recent study (Lee et
al., 2024) suggests, that hypothalamic and hippocampal insulin resistance may
already overlap with psychotic disorders during the first episode via pathways of
inflammation, endoplasmic reticulum stress (Cai et al., 2020), which is related to cell
apoptosis, and neuroplasticity. Further, it has been found that CNS (central nervous
system) insulin can regulate striatal dopamine levels by increasing dopamine
reuptake acutely but downregulating it chronically (Nash, 2017). On the other hand,
the short-term antagonism of dopamine D,-receptors via antipsychotics increases
insulin secretion (Lopez Vicchi et al., 2016; Nash, 2017). Also, both CNS insulin
and striatal dopamine can regulate peripheral glucose homeostasis (Agarwal et al.,
2020; Heni et al., 2014; Ter Horst et al., 2018).
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These results would suggest that prolonged insulin activity and increased insulin
sensitivity would lead to lower dopamine levels in the striatum, and further psychotic
symptom remission. Therefore, bidirectional insulin action may play a crucial role
in understanding the onset of first psychosis, the pathophysiology of schizophrenia,
and the development of new therapeutic approaches (Agarwal et al., 2021).

2.9.2 Stress system

The stress system involves a combination of functions from multiple systems,
including the nervous system, endocrine system, immune system and the enteric
nervous system. These systems work together to handle acute and chronic stress,
maintaining the body’s balance. The HPA-axis is the core component of the
neuroendocrine system, which is crucial for responding to stress. HPA-axis is
essential for controlling the body’s stress response by regulating several
physiological processes, including metabolism, immune function (Palma-Gudiel et
al., 2021), and emotional responses. Alterations in the HPA—axis, relating to both
glucose metabolism and stress regulation, have been observed in psychotic disorders
(Belvederi Murri et al., 2016; Berger et al., 2016; Girshkin et al., 2014; Myers et al.,
2021; Pillinger et al., 2017; Pillinger et al., 2019; Roh et al., 2016).

Psychological stress is common in many physical illnesses and is increasingly
seen as a risk factor for disease onset and progression (Hackett & Steptoe, 2017).
There is also evidence childhood adversity may relate to latent stress vulnerability
in adulthood (Clemens et al., 2020; Simon & Admon, 2023). A dysfunctional HPA-
axis may further contribute to these associations (Burghy et al., 2012; Li et al., 2015),
particularly in psychoses, in relation to heightened stress sensitivity and higher levels
of childhood adversities. Chronic stress can further lead to the overactivation of the
HPA-axis (Knezevic et al., 2023).

Earlier studies suggest the severity of the early maltreatment may be related to
the basal cortisol pattern (van der Vegt et al., 2009). Activation of the autonomic
nervous system and HPA-axis during stress leads to increased plasma glucose
availability through hormonal changes. Also, chronic stress can result in insulin
resistance and impaired glucose regulation. (McEwen, 2017; Yaribeygi et al., 2022)
Understanding this relationship is essential for addressing stress-related phenomena,
particularly in the context of psychotic disorder, as it pertains to both abnormal
glucose metabolism and a dysregulated HPA-axis (Soeters & Soeters, 2012).

Alterations in the HPA-axis function in psychotic disorders are likely related to
disturbances in stress responses and stress sensitivity, as well as disturbances in the
regulation of glucose metabolism. These alterations may partly develop during
neurodevelopmental stages leading to both glucose metabolism and stress system
regulation vulnerability (Figure 1 and Figure 12).
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2.9.2.1 Altered HPA-axis and stress responses in psychotic disorders

While regulating stress, HPA—axis activates a hormonal cascade of corticotropin
(CRH)—adrenocorticotropic hormone (ACTH)—cortisol, enabling the body to
respond to stress by mobilizing the body, energy and other resources, known as the
fight or flight state. Cortisol prepares the body to deal with stress by increasing blood
glucose levels, suppressing non-essential functions, such as digestion and
reproduction, to focus on the stressor, but also modulating immune function to
prevent inflammation. When the stress subsides, the system self-regulates to restore
balance through a negative feedback loop.

Emerging evidence indicates that the hormonal and autonomic pathways relating
to the hypothalamus may be disrupted in both schizophrenia and bipolar disorder
(Ruggeri et al., 2024). Regional-specific alterations in hypothalamic subunit
volumes have been observed, particularly the smaller paraventricular, supraoptic,
medial, and lateral mammillary nuclei in schizophrenia compared to controls, with
no such changes observed in bipolar disorder (Ruggeri et al., 2024). These results
have relevance to HPA-axis dysregulation, circadian rhythm disruption, and
cognition impairment particularly in schizophrenia. In contrary, an earlier study
observed larger anterior hypothalamus volumes, including the paraventricular
nucleus (PVN) and mamillary body nuclei, in schizophrenia patients and
nonpsychotic relatives, respectively (Goldstein et al., 2007).

HPA-axis function is measured through various tests, including the combined
dexamethasone and corticotrophin-releasing hormone (dex/CRH) test, the
dexamethasone suppression test, and basal cortisol level measurement. The first two
tests represent the dynamic function of the HPA-axis, while the latter assesses its
static state. The HPA-axis hyperactivity and a blunted HPA-axis response to stress
is suggested to be present already at the onset of psychosis (Borges et al., 2013).
Earlier meta-analyses have found increased morning cortisol levels in individuals
with both schizophrenia and bipolar disorder, but also in those transitioning to
psychosis (Girshkin et al., 2014; Walker et al., 2013). In schizophrenia, there is
evidence of an attenuated cortisol awakening response (CAR) reflecting
dysfunctional HPA-axis (Belvederi Murri et al., 2016). Also, in high-risk children
with a family history of illness, a blunted CAR has been observed relative to healthy
controls (Cullen et al., 2014). However, another meta-analysis found an attenuated
CAR in FEP, but not in psychosis risk states (Misiak et al., 2021). One study found
that people with bipolar disorder, both remitted and non-remitted patients, had a
significantly greater cortisol response to the dex/CRH-test compared to healthy
individuals, suggesting that their HPA—axis is dysregulated (Watson et al., 2004).

These findings suggest that certain abnormalities in the HPA—axis associated
with psychosis occur before the onset of the illness reflecting neurodevelopmental
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origins, possibly reflecting the trait-like characteristics of heightened stress
sensitivity, that is in line with the stress-vulnerability model.

2.9.2.2 Hippocampus, amygdala and prefrontal cortex regulate HPA-
axis function

There is a well-established relationship between the prefrontal cortex (PFC),
amygdala, hippocampus, and the hypothalamic-pituitary-adrenal axis, of which
detailed connections studied mainly in animal studies (Herman et al., 2005; Kamali
et al., 2023; Kim et al., 2024). In relation to the HPA-axis function, particularly the
prefrontal cortex and hippocampus (Bang et al., 2022), via the bed nucleus of the
stria terminalis (BNST) in the rostral amygdala, are the key regions that inhibit the
HPA-axis, while the amygdala is generally associated with the activation of the
HPA-axis.

The PFC (Rempel-Clower & Barbas, 1998; Sullivan & Gratton, 2002), anterior
cingulate cortex (ACC), and insular cortex modulate the HPA-axis through indirect
pathways that typically involve the amygdala, hippocampus, and BNST. The BNST
acts as a relay station for integrating emotional and stress-related information from
the hippocampus and amygdala to the hypothalamus (Lee & Davis, 1997). These
structures then relay the information to the PVN of the hypothalamus, which is the
primary output center for HPA-axis activation. The PFC is particularly crucial in
maintaining homeostasis by preventing excessive or maladaptive reactions to
stressors (Figure 4).

29.23 Hippocampal subfield defects of in HPA—axis dysregulation

The hippocampus provides negative feedback to the HPA—axis by inhibiting its
activity, particularly after the stressor has passed, helping to return the body to a
normal state (Bang et al., 2022). High levels of cortisol over long periods, chronic
stress, can damage the hippocampus (Kim & Diamond, 2002), reducing its ability to
control the HPA-axis, which can lead to prolonged stress responses. There is
inconsistent evidence of the association between reduced hippocampal volume and
an attenuated cortisol awakening response as well as the diurnal cortisol level, that
might be markers of increased stress vulnerability in first-episode psychosis patients
(Gunduz-Bruce et al., 2007; Mondelli et al., 2010; Pruessner et al., 2015),
highlighting the role of the hippocampus in the HPA-axis function.

The ventral hippocampus sends many indirect projections through the BNST to
the PVN, but a few direct projections to the PVN (Cole et al., 2022). More
specifically, hippocampal inputs to the hypothalamus arise mainly from the
subiculum and CA1 regions of ventral hippocampus.(Cenquizca & Swanson, 2006;
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Kishi et al., 2000). These connections further inhibit the HPA-axis function. Previous
studies on rodents have shown that lesions in the ventral hippocampus, including the
ventral subiculum and CAl, lead to increased neuroendocrine responses to
psychological stress and raise the expression of corticotropin-releasing factor mRNA
in the PVN of the hypothalamus, highlighting the role of subiculum and CA1l in
stress regulation (Cenquizca & Swanson, 2006; Kishi et al., 2000). However, the
detailed connections of hippocampal CAl are complex (Cenquizca & Swanson,
2007).

On the other hand, hyperglycemia induces changes in the synaptic function and
neuronal loss particularly in the CA1 and CA3 subfields, in the studies on diabetic
rats (Biessels et al., 1996; Hao et al., 2019; Kamal et al., 1999; Sima et al., 2004),
while stress has also been implicated in morphological changes and reductions in
dendritic spine density within the subiculum, CA1, CA3, and dentate gyrus (Belujon
& Grace, 2011; Conrad, 2006; Steullet et al., 2010). The effects on the hippocampal
tail were not investigated in these studies. These alterations in morphology might
further deteriorate the ability of the hippocampus to regulate the HPA-axis.

These findings highlight the bidirectional effects between the hippocampal
morphology, function and HPA-axis activity.

29.24  Amygdala subnuclei defects in HPA-axis dysregulation

The amygdala is involved in processing emotional responses, especially fear and
stress (see Chapter 2.7). It activates the HPA-axis when the brain perceives a threat,
triggering the release of stress hormones by HPA-axis response (Herman et al.,
2005). The activity of amygdala is balanced by inputs from both the hippocampus
and the PFC, as noted above.

The BLA receives strong innervation from the thalamus, hippocampus, and
medial prefrontal cortex (Stamatakis et al., 2014), and further targets the downstream
structures such as the BNST in rostral amygdala. All these regions are important for
processing and coordinating sensory and emotional information related to stress and
fear. (Maita et al., 2021; Stamatakis et al., 2014) The BLA, both independently, and
in interaction with the PFC, help modulate the HPA-axis function (Reppucci &
Petrovich, 2016).

The BLA is involved in higher-order emotional processing and helps modulate
how the amygdala integrates stress-related information and influences HPA activity.
The BLA influences stress responses particularly by sending signals to other regions
such as the central nucleus of the amygdala (CeA), BNST, and PFC (Whalen &
Phelps, 2009). The CeA is also an activator of the HPA—axis, primarily through
indirect pathways via BNST to the PVN (Maita et al., 2021). The CeA is a primary
output region for fear and stress-related signals. The medial nucleus of the amygdala
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(MeA) plays a key role in innate emotional behaviors by relaying olfactory
information to hypothalamic nuclei involved in reproduction and defense
(Keshavarzi et al., 2014). Though less studied, it also has connections to the BNST
and hypothalamus. The MeA may contribute to autonomic and hormonal responses
to stress. However, the CeA—BNST—PVN pathway is one of the main routes through
which the amygdala influences HPA-axis activation in response to fear, anxiety, and
stress.

To conclude, particularly the prefrontal cortex, hippocampus, and BNST are the
key regions that inhibit the HPA-axis, while the amygdala is generally associated
with the activation of the HPA-axis. Further, specific regions such as the basolateral
amygdala, central nucleus of amygdala, and CA1 and subicular subfields of the
hippocampus—in interaction with the PFC—modulate the HPA-axis function.
Indirect inhibitory control is achieved via these connections, primarily through PFC
regulation. These findings highlight that several brain regions linked to
schizophrenia, particularly those involved in emotion and cognition, contribute to
the complex regulation of the HPA-axis and further stress reactivity and related
hormonal and metabolic changes (Figure 4 and Figure 12).

Antipsychotic drug exposure
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<« Figure 4. Simplified illustrations of the interacting regulatory organs involved in glucose
homeostasis under the influence of environmental stressors and antipsychotic drug
exposure at the onset of first-episode psychosis. The plausible bidirectional regulatory
loops are illustrated only from the perspective of upstream central systemic glucose
regulation. Interactions between the systems have not been illustrated. In psychotic
disorders both the disorder and external factors, such as childhood adversities and later
antipsychotic exposure, may affect the brain regions regulating glucose homeostasis.
Especially paraventricular nucleus (PVN), ventromedial nucleus (VMN) and lateral
hypothalamic area (LHA) in hypothalamus might be important in processing the brain-
liver (O'Hare & Zsombok, 2016) conncetion, but based on recent rodent study, also
brain-pancreas (Faber et al., 2020; Papazoglou et al., 2022) connection, that further
regulate insulin secretion and affect peripheral glucose homeostasis. Another way for
the brain to maintain glucose homeostasis is by the modulation of pancreatic islet
function via the dorsomedial (Huang et al., 2022) and dorsolateral hypothalamus and,
i.e., the dorsal vagal complex of the brainstem. Plasma insulin levels are altered rapidly
by various perturbations that disrupt normal activity of these brain—liver and brain-
pancreas connections (Jo & Chua, 2013; Mirzadeh et al., 2022). Particularly the
prefrontal cortex (PFC), hippocampus, and bed nucleus of the stria terminalis
(BNST) are the key regions that inhibit the HPA-axis, while the amygdala is generally
associated with the activation of HPA-axis, that further affect glucose homeostasis.
Specific regions such as the basolateral amygdala (BLA), central nucleus of amygdala
(CeA), medial nucleus of the amygdala (MeA), and CA1 and subicular subfields of the
hippocampus—in interaction with the PFC—are suggested to modulate the HPA-axis
function. Indirect inhibitory control is achieved via these connections, primarily through
PFC regulation. The PFC exerts its influence primarily through indirect projections to the
paraventricular nucleus (PVN) of the hypothalamus via intermediaries such as the bed
nucleus of the stria terminalis (BNST), hippocampus, and amygdala. Also, the gut—
brainstem connections, via the vagus nerve, are suggested to be important mediators
in the regulation of blood glucose levels (Borgmann & Fenselau, 2024). The
hypothalamus is one of the core structures in the central regulation of systemic glucose
metabolism, either solely, or via the HPA-axis, or both, and the roles of hippocampus
and amygdala in glucose homeostasis have been suggested. Key cortical areas that
contribute to HPA-axis regulation include the PFC, insular cortex, and anterior cingulate
cortex (ACC). CRH = corticotropin, ACTH = adrenocorticotropic hormone. Created by
the author with BioRender.com.

2.9.3 Immune system

Several lines of research support immune system dysregulation in psychotic
disorders. There is evidence that infections and traumas of the central nervous system
during childhood and adolescence, are related to the risk of schizophrenia (Cheslack-
Postava & Brown, 2022; Sutterland et al., 2015; Xiao et al., 2009; Zhang et al.,
2018). Also, the prevalence of autoimmune diseases in schizophrenia is higher (Y.
Cao et al., 2023). In addition, there is also genetic support for immune dysregulation
in schizophrenia, i.e., shared genetic loci between blood cell counts and
schizophrenia (Astle et al., 2016; Corvin, 2014; Steen et al., 2023). While the role of
the immune system in schizophrenia has been increasingly explored, it has not yet
been conclusively proven (Birnbaum & Weinberger, 2020).

Based on previous meta-analyses, alterations in C-reactive protein levels,
lymphocytes and further pro-inflammatory and anti-inflammatory cytokine levels
have been observed in schizophrenia (Fernandes et al., 2016; Miller et al., 2011;
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Miller et al., 2013; Zhou et al., 2021). There are also similarities in the pattern of
cytokine alterations in schizophrenia, bipolar disorder and MDD during the acute
and chronic phases of illness (Goldsmith et al., 2016; Wang & Miller, 2018), which
may be related to shared vulnerability factors of the immune system between these
mental disorders. Inflammatory cytokines have also been shown to be altered already
in individuals at clinical high-risk for schizophrenia (Goldsmith et al., 2019;
Karanikas et al., 2017; Ouyang et al., 2022; Zeni-Graiff et al., 2016), and in FEP
(Laurikainen et al., 2020). These results suggest the different state- and trait-like
alterations of immune system function before and near the onset of the psychotic
episode.

294 Brain-gut—axis

The gut-brain axis is a bidirectional functional system composed of the gut
microbiota, the immune system, the enteroendocrine system, the enteric nervous
system, and the central nervous system (Carabotti et al., 2015). The microbiota and
the brain interact through multiple pathways, through the tryptophan
metabolism, immune system, the vagus nerve, and the enteric nervous system
(Ahmed et al., 2022; Loh et al., 2024; Morais et al., 2021). The gut microbiota
regulate the production, transportation, and functioning of neurotransmitters, such as
glutamate, GABA, serotonin, and dopamine, in healthy population (Strandwitz,
2018) but this regulation may altered in psychiatric and neurodegenerative diseases
(Chen et al., 2021; Strandwitz et al., 2019). Microbial influence particularly on
tryptophan metabolism (Gao et al., 2020), and particularly the serotonergic and
GABAergic systems are suggested to be important factors in gut-brain—axis
dysfunction already at the first episode of schizophrenia (Wang et al., 2024). Also,
dysbiosis has been demonstrated in patients with drug-naive first-episode
schizophrenia (Schwarz et al., 2018; Yuan et al., 2022). It is suggested the microbiota
is important for the normal development and maintenance of brain function (Obata
& Pachnis, 2016; Sharon et al., 2016). On the other hand, the developing
serotonergic system may exhibit heightened susceptibility to variations in microbial
colonization patterns prior to the establishment of a stable, adult-like gut microbiota
(Clarke et al., 2014; O'Mahony et al., 2015).

Also, gut microbial balance and the intestinal barrier integrity have been found
to relate to worse systemic insulin resistance in mice (Gueddouri et al., 2022).
Moreover, the gut microbiota has been associated with the development of obesity,
metabolic syndrome, and the onset of type 2 diabetes, primarily through mechanisms
involving reduced glucose tolerance and increased insulin resistance (Iatcu et al.,
2021). Further, stress has a profound influence on the microbiota and gut-brain axis

62



Review of the Literature

across various stages of life (Cryan et al., 2019), and there is evidence of a crosstalk
between the HPA-axis and the gut-brain axis (Misiak et al., 2020).

To conclude, altered gut microbiota and a dysfunctional gut-brain axis are
associated with HPA-axis dysregulation, insulin resistance, and alterations in
neurotransmitter production and function—particularly serotonin—all of which are
interlinked factors observed in psychotic disorders.
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Objectives of the study

This thesis aims to narrow the knowledge gaps concerning specific brain
morphological changes in early psychosis in relation to environmental and systemic
stressors, such as the deterioration of glucose metabolism and childhood adversity,
but also in relation to antipsychotic drug use.

The objectives were as follows:

64

To investigate amygdala subnuclei volumes and their association with
clinical parameters, such as childhood adverse experiences, symptoms,
antipsychotic drug exposure, and duration of illness, in first-episode
psychosis, clinical high-risk patients and population controls.

To examine hippocampal subfield volumes and their associations with fasting
plasma glucose metabolism measures and antipsychotic exposure in first-
episode psychosis, clinical high-risk patients, and population controls. A
longitudinal research design was utilized in analyses concerning
hippocampal morphometry and outcome measures, such as functioning,
remission, and transition.

To explore the effects of lifetime antipsychotic exposure on the cortical
thickness, and investigate related molecular, physiological and functional
mechanisms in the Turku discovery sample of first-episode psychosis and
individuals at clinical high-risk for psychosis. These analyses were replicated
using independent data from a large Enhancing Neurolmaging Genetics
through Meta-Analysis -consortium (ENIGMA) meta-analysis on
schizophrenia patients.



4 Materials and Methods

4.1 Study subjects

All study protocols were approved by the Ethics Committee of the Hospital District
of Southwest Finland and the studies were conducted in accordance with the
Declaration of Helsinki. Written informed consent was obtained from all participants
prior to their participation in the study. The subjects for Studies I-III were recruited
through the VAMI-project (Vakavien Mielenterveyshdirididen etiologia ja hoito —
research program; The Etiology and Treatment of Severe Mental Health Disorders —
research program).

FEP and CHR individuals were recruited from psychiatric services of the Turku
City Psychiatric services (fused with the Hospital District of Southwest Finland in
2017). The general population control group was recruited from the same geographic
area using a random sample of the national population register. DSM-IV Axis I
diagnoses were confirmed using the Structured Clinical Interview for DSM-IV
disorders (SCID-I/NP). The follow-up time transition to psychosis in CHR was
defined with SCID-I/NP, conducted at the follow-up timepoint. The included
diagnoses of the FEP are listed in Table 3. Approximately 50% of the patients had
a baseline diagnosis within the schizophrenia spectrum in Studies I-III. In this study
we excluded organic and substance-induced psychoses. The clinical high-risk status
of all subjects in Studies I-III were assessed using the structured interview for
prodromal syndromes (Miller et al., 1999).

Participants who did not meet the criteria for a psychotic disorder were further
evaluated for one of three psychosis-risk syndromes: 1) brief intermittent psychotic
symptoms psychosis-risk syndrome, 2) attenuated psychotic symptom psychosis-
risk syndrome, or 3) genetic risk and deterioration psychosis-risk syndrome, based
on the SIPS criteria in the 3.0/5.0 version of the Structured Interview for Prodromal
Syndromes (SIPS/SOPS). The presence of any one of these syndromes classified
individuals as being in the clinical high-risk group.
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Table 3. Diagnoses of the study group of the first episode of psychosis, and the subgroups of
affective, non-affective psychoses, and schizophrenia spectrum disorders (in italics)
according to DSM-IV. Sample sizes are drawn from Study |l

Diagnoses of non-affective psychoses Number of diagnoses
Schizophrenia 8
Schizophreniform disorder 18
Schizoaffective disorder 4
Brief psychotic disorder 5
Delusional disorder 4
Psychosis not otherwise specified 17
Diagnoses of affective psychoses

Bipolar disorder with psychotic features 13
Major depressive disorder with psychotic features 9
411 Study |

The intent-to-study groups consisted of age- and sex -matched 86 first-episode
psychosis patients (FEP), 56 clinical high-risk patients (CHR), and 87 population
controls (CTR) between 18 and 50 years of age. Population controls were excluded
if they had a history of a psychotic disorder or a current psychotic disorder, or a first-
degree relative with a psychotic disorder. Seven controls had a diagnosis of a non-
psychotic axis-I DSM-IV disorder. The exclusion criteria were: 1) intelligence
quotient (IQ) under 70, 2) somatic or neurological illness possibly affecting the brain
structure or function, 3) previous head injury with loss of consciousness for over five
minutes, 4) alcohol or illicit drug dependence during the preceding six months, 5)
coincidental MRI findings in a clinical neuroradiological assessment, 6) visible
motion artifact in T1-scan, and 7) failed segmentation. One patient was excluded due
to the lateral nucleus outlier volume based on standard residuals and Cook’s distance.
After the exclusions, the final sample comprised 75 first-episode psychosis patients,
45 clinical high-risk patients, and 76 population controls.

4.1.2 Study |

The intent-to-study groups consisted of age- and sex -matched 88 FEP, 56 CHR, and
96 population controls between 18 and 50 years of age. The exclusion criteria were
same for Studies I-I1II. One control participant was excluded due to a CA3 volume
being a statistical outlier, and one patient was excluded due to the whole
hippocampus volume being a statistical outlier, based on standard residuals and
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Cook’s distance. Additionally, individuals who did not attend laboratory
assessments, those diagnosed with diabetes mellitus, and those whose laboratory
samples were affected by hemolysis were excluded from the glucose metabolism-
related analyses. The final baseline sample comprised 78 first-episode psychosis
patients, 48 clinical high-risk for patients for psychosis patients and 83 randomly
selected general population controls of similar age and sex. At the follow-up, the
number of retained participants in each group were 34 FEPs, 23 CHRs, and 53 CTRs.

41.3 Study I

4.1.3.1 Early psychosis — Turku discovery sample

The intent-to-study group consisted of age- and sex-matched 87 FEP and 56 CHR
between 18-50 years of age. The exclusion criteria were same for all three studies.
Further, one CHR patient was excluded for having incomplete records of past
antipsychotic use. In total 131 individuals were included in the final discovery
sample.

4.1.3.2 Schizophrenia — ENIGMA replication sample

The results from the discovery sample were analyzed for replication using data from
a large meta-analysis (N>2168) conducted by the ENIGMA Consortium on cortical
thickness in schizophrenia (van Erp et al., 2018). The independent ENIGMA sample
consists of more chronic schizophrenia (population DOI = 10.5). The mean age of
the ENIGMA sample was 32.3 years.

4.2 General methodology

4.2.1 Magnetic resonance imaging protocols

Tissues in the human body contain free hydrogen nuclei, protons. In different tissues,
such as fluid, fat, and muscle, these protons exist in varying magnetic environments.
In magnetic resonance imaging, these differing properties of tissues are highlighted
using distinct pulse series, known as sequences. Magnetic resonance imaging (MRI)
is intended to enhance tissue contrast in the images, providing significantly better
soft tissue resolution compared to techniques like computed tomography (CT) or X-
rays.

MRI is based on the behavior of proton spins in a strong magnetic field. In a
strong external magnetic field, proton spins align either with or against the direction
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of the external field. Out of the millions of spins, a slightly larger number aligns
parallel with the external primary magnetic field, resulting in a net magnetization
vector of the spins, known as longitudinal magnetization, which is oriented in the
same direction as the primary magnetic field. The protons also rotate, or "precess,"
at a frequency known as the Larmor frequency, given by the formula f = y x Bo,
where Bo is the magnetic field strength and y is the gyromagnetic ratio. This
frequency depends on the strength of the magnetic field, and in a 3-tesla magnetic
field, it is approximately 127.74 MHz. The tesla is the unit of measurement for
magnetic field strength, also referred to as magnetic flux density. The T1-weighted
image formation is presented in Figure 5.

T1-weighting is the most used imaging technique when assessing structural
contrast in anatomical images. Images are termed T1-weighted when the contrast is
primarily derived from tissue-specific T1-relaxation times. In addition to relaxation
times, the relative proton density also influences the contrast. In T1-weighted
images, the fluid appears black, gray matter is represented in dark gray, and white
matter appears light gray. The weighting of the imaging sequence can be adjusted to
T1 by modifying the TR and TE times (TR, time to repeat; TE, time to echo). T1-
weighted images can be obtained using either gradient echo-based or spin echo-
based sequences for image formation. In this study, a gradient echo-based T1-
weighted sequence was utilized. In a T1-weighted gradient echo-based sequence,
refocusing is achieved using gradients. Refocusing refers to the restoration of spin
phase coherence, which enables the generation of the echo signal used for image
formation (Chavhan, 2022).

In our studies (I-III), a 3D T1 sequence was used to visualize brain structures.
All subjects were scanned with a Philips Ingenuity TF 3-T PET MR scanner using
T1-weighted (Ultrafast Gradient Echo 3D, TR-time 8.1 ms, TE-time 3.7 ms, flip
angle 7°, Field of View (FOV) 256 x 256 x 176 mm3 and voxel size 1 X1 x 1 mm3)
sequence. The T1-weighted images were inspected for motion during the scan
session and sequences were repeated when excessive motion was present. Quality
control, to detect motion artifacts and tissue misclassifications, was done by visual
inspection for all T1-weighted images and according to datasets to all segmented
cortex, hippocampus, and amygdala in the coronal, axial and sagittal planes by R.-
L.A. Reconstructed cortical surfaces were manually corrected and reprocessed as
needed by R.-L.A. All MRI scans were examined by a neuroradiologist for
coincidental findings.
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422 Segmentation procedures with FreeSurfer

4.2.2.1 Segmentation of amygdala (Study 1)

The amygdala subnuclei were segmented using a previously developed and
validated algorithm (Saygin et al., 2017) available in the FreeSurfer development
version (freesurfer-Darwin-OSX-ElCapitan-dev-20180207-e9879ec181)
(https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfieldsAndNucleiOfAm
ygdala). This algorithm employs Bayesian modeling to segment and estimate the
volumes of nine amygdala subnuclei. The underlying amygdala atlas was created by
manually segmenting and hand-labeling post-mortem amygdala samples with high-
resolution 7T MRI. The algorithm was validated by demonstrating its ability to
distinguish healthy controls from patients with Alzheimer’s disease and autism (Saygin
et al., 2017). To further assess the reliability of this method, we scanned 5 healthy
participants twice during the same day. The scans were separated by approximately 5 h.
Each scan was segmented with the algorithm and test-retest metrics were calculated. The
segmentation algorithm showed excellent test-retest reliability, with the variability
ranging from 1.1 to 5.5% and intraclass correlation values from 0.83 to 0.99.

All nine subnuclei were included in the primary analyses: the lateral nucleus,
basal nucleus, accessory basal nucleus, corticoamygdaloid transition area, central
nucleus, medial nucleus, cortical nucleus, paralaminar nucleus, and anterior
amygdaloid area. It's important to note that this segmentation distinguishes between
the lateral, basal, and accessory basal nuclei, which are commonly grouped together
as the basolateral nucleus (LeDoux, 2007).

To further evaluate the method’s reliability, we conducted two scans on five
healthy participants within the same day, with a roughly 5-hour interval between
scans. Each scan was processed using the segmentation algorithm, and test-retest
metrics were calculated. The algorithm demonstrated strong reliability, with
variability ranging between 1.1% and 5.5%, and intraclass correlation values ranging
from 0.83 to 0.99.

4.2.2.2 Segmentation of hippocampus (Study Il)

From the preprocessed T1 images, the 12 hippocampal subfield volumes were
segmented using the longitudinal FreeSurfer pipeline in version 7.1.1 (Iglesias et
al., 2015; Samann et al., 2022)
(https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfieldsAndNucleiOfAm
ygdala). The underlying hippocampus atlas was created by manually segmenting and
hand-labeling post-mortem hippocampus samples with high-resolution 7T MRI
delineate its subfields. The small head and body subdivisions were merged to
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represent each entire subfield, reducing the number of comparisons. Eight subfields
were selected for the statistical analysis: the subiculum, cornu ammonis 1 (CAl),
presubiculum, molecular layer of the subiculum and cornu ammonis regions (ML),
the granule cell layer and molecular layer of the dentate gyrus (GCMLDG), cornu
ammonis 2 and 3 (CA2 and CA3), cornu ammonis 4 (CA4), and the hippocampal
tail. The hippocampal-amygdaloid transition area (HATA), hippocampal fissure, and
parasubiculum were excluded due to the lower reliability in segmenting these
regions, given their small volumes relative to the voxel size.

Lateral nucleus
Basal nucleus

Accessory basal nucleus

Cortico-amygdaloid
transition area

Presubiculum
Subiculum
CAl

CA2/CA3
CA4

Dentate Gyrus

Molecular Layer

Figure 6. Above Segmentation of the amygdala (upper: axial and coronal orientations) and
hippocampus (lower: coronal orientation) shown on a MNI152 template. Only part of the
subnuclei is visible.
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4223 Measuring cortical thickness (Study Ill)

All participants underwent an MRI scan with a Philips Ingenuity TF 3-Tesla
PET/MR scanner. T1-weighted (Ultrafast Gradient Echo 3D, TR = 8.1 ms, TE-time
= 3.7 ms, flip angle 7°, FOV = 256x256x176 mm3 and voxel size 1x1x1 mm3)
images were collected from all subjects. The T1 images were preprocessed using the
longitudinal pipeline in Freesurfer v7.1.1. (Fischl, 2012) We measured the cortical
thickness with a group analysis of FreeSurfer
(https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/GroupAnalysis ).

The regional effects of lifetime antipsychotic exposure on the cortical thickness
were assessed using vertex-wise analyses, performed with the glm-fit function
in Freesurfer 7.1.1. The cortex is often represented as a mesh of vertices. Each vertex
corresponds to a point on the cortical surface. A vertex-wise analysis allows to
analyze various metrics, such as thickness, curvature, or surface area, at each vertex
individually rather than aggregating data across larger regions, such as entire lobes.

Figure 7. Demonstration of a cortical thickness measure (green arrow) acquired from a
segmented T1-weighted MRI sequence. Created by the author with BioRender.com.

4.2.3 NeuroMaps (Study III)

NeuroMaps is a computational toolbox designed to integrate and analyze data from
various sources of human brain mapping (Hansen et al., 2022; Markello et al., 2022).
It provides standardized tools to compare and analyze normative brain maps derived
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from different modalities, such as structural, functional, and molecular imaging,
including neuroreceptor atlases. It facilitates the understanding of how different
aspects of brain organization, e.g., molecular, functional, and structural, are related
to each other. In Study III our own Turku discovery sample and further replication
sample of ENIGMA neuroimaging data were loaded into NeuroMaps. Specifically,
in this case, the maps of antipsychotic related cortical thinning were compared
against the existing normative maps or templates based on the different modalities
and brain organizations in the standard template space (Figure 8).

The vertex-wise map of the effects of lifetime antipsychotic exposure on cortical
thickness from the Turku sample was first parcellated using the Desikan-Killiany
cortical atlas. The ENIMGA replication data was parcellated similarly. Selected
feature annotations provided by the NeuroMaps were also parcellated using the same
atlas. Group level statistical maps, parcel-wise partial correlation values and the code
for the validation and replication of all NeuroMaps analyses and figures are available
online: https://github.com/ltuominen/AP_brainorganization.

424 NeuroSynth (Study IIl)

NeuroSynth (https://neurosynth.org) is a database used for a large-scale, automated
meta-analysis of functional magnetic resonance imaging (fMRI) data (Poldrack et
al., 2011; Yarkoni et al., 2011). It defines the normative cognitive function networks
from the fMRI results of multiple articles and analyzes them to find patterns of brain
activity related to various cognitive functions or psychological states based on the
text-mining of scientific articles. With NeuroMaps we investigated our data samples
of antipsychotic related cortical thinning in relation to the existing normative
cognitive fMRI maps in the standard template space (Figure 8).

4.3 Clinical variables

In Studies I-III, symptoms were assessed using either the Positive and Negative
Symptom Scale (SCI-PANSS) or the Brief Psychiatric Rating Scale (BPRS) (24-
items, version 4.0) (Kay et al.,, 1987; Overall, 1974). The PANSS scores were
converted to correspond to the BPRS 18-item scores and the BPRS 24-item scores
reduced to correspond to the BPRS 18-item scores (Leucht et al., 2013). Thus, in the
studies I-III, the total symptom score refers to the sum of those 18 items, positive
symptoms score to the sum of the 8 positive symptom items and negative symptoms
score to the sum of the 5 negative symptom items. All items were rated on a scale of
1to7.

In Studies I-I11, all daily doses of antipsychotics before each scanning date were
recorded using available medical records. These doses were then converted to
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chlorpromazine (CPZ) equivalent daily dosages (Leucht et al., 2016) and summed to
calculate the total cumulative lifetime exposure to antipsychotics at each study time
point. Medications administered on an as-needed basis were excluded.

4.3.1 Childhood adversity, Study |

In Study I, the primary clinical variable examined was childhood adverse
experiences. Childhood adversity was be measured with the Trauma and Distress
Scale (TADS), which divides experiences in five categories; emotional abuse,
physical abuse, physical neglect, emotional neglect, sexual abuse, and total trauma
score (Salokangas et al., 2016). In our study, the TADS is based on retrospective
evaluation, meaning that participants reflect on and report their childhood
experiences when completing the assessment.

4.3.2 Parameters of glucose metabolism, Study Il

In Study II, the primary clinical variables examined were fasting plasma glucose,
fasting plasma insulin and insulin resistance at the baseline and at one-year follow-
up time point. The homeostatic Model Assessment, HOMA2-IR
(https://www.dtu.ox.ac.uk/homacalculator/), was used as a proxy for insulin
resistance instead of HOMA1-IR. (Song et al., 2016; Wallace et al., 2004). HOMA2-
IR is considered to be a more accurate measure of insulin resistance and beta-cell
function, as it represents both the hepatic glucose output and peripheral glucose
uptake. Blood samples. including fasting plasma glucose and fasting plasma insulin,
were acquired from the subjects. The fasting glucose values included in the analysis
were at non-diabetic level ranges (below 7.0 mmol/l; ranging from 4.0 mmol/l to 6.5
mmol/l).

All antipsychotic daily doses preceding each scanning date were documented
using available medical records. The daily doses were then converted to CPZ-
equivalent daily dosages (Leucht et al., 2016) after which they were summed up to
obtain the total cumulative lifetime antipsychotic exposures at each study time point.
The information on the use of antidepressive and mood stabilizing medications were
also collected.

4.3.3 Outcome trajectories, Study |l

For the analysis of clinical outcome trajectories, we divided patients into two groups
based on their follow-up assessments, considering the levels of functioning,
remission status, and transition to psychosis. The CHR group was split into two
subgroups: those who transitioned to psychosis (CHR converting, CHR-C, n = 11)
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and those who did not (CHR non-converting, CHR-NC, n = 37), resulting in a 23%
transition rate within the CHR group over the one-year follow-up period. However,
only seven of the eleven CHR-C individuals were available for analysis due to
dropouts. Functioning was assessed using the GAF scale, which was categorized into
two groups: poor functioning (GAF < 65) and good functioning (GAF > 65) based
on follow-up evaluations. The remission status, thus remission or non-remission,
was determined using scores from the BPRS, along with three additional items from
the Scale for the Assessment of Negative Symptoms (SANS) or the Positive and
Negative Symptom Scale (SCI-PANSS) measured at the follow-up time point
(Andreasen et al., 2005).

43.4 Study I
4.3.4.1 Early psychosis — Turku discovery sample

Effect of antipsychotic effect on cortical thickness

The main clinical variable used in Study III is lifetime antipsychotic exposure that
was collected and calculated from electronic medical records of the psychiatric
services of the Hospital District of Southwest Finland by M.W. and R.-L.A.
Medications administered on an as-needed basis were excluded. Four FEPs (4.9 %)
and 22 CHRs (44.9 %) were antipsychotic-naive, and the rest of the sample were
exposed to antipsychotics. The average daily dose at the time of scanning in those
who were taking antipsychotics was 321.84 (£ 233.09) mg chlorpromazine in the
FEP group and 167.06 (£129.33) mg chlorpromazine in the CHR group. The most
frequently prescribed antipsychotics were risperidone, quetiapine, olanzapine, and
aripiprazole. None of the patients were on clozapine. In the discovery sample, 12%
of the participants had used first-generation antipsychotics during their lifetime
exposure.

In addition to the prescribed antipsychotic medications, we recorded the duration
of inpatient stays and the number of admissions for each participant in a mental
health hospital. Symptom scores, measures of function, length of hospitalizations,
and number of admissions were utilized as indicators of illness severity. The GAF
scale and the Social and Occupational Functioning Assessment Scale (SOFAS) were
utilized to evaluate functioning (Endicott et al., 1976; Morosini et al., 2000).
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The association between underlying cortical structural or functional features
and antipsychotic-related cortical thinning

Associations between regional antipsychotic effects on cortical thickness and
regional variations in underlying brain features were examined using the NeuroMaps
toolbox (Markello et al., 2022). For the discovery analyses, we selected a total of 33
unique normative structural and functional features of cortical organization provided
as a part of the NeuroMaps toolbox. These included neuroreceptor maps for
dopamine, serotonin, acetylcholine, glutamate, GABA, cannabinoid, histamine, and
opioid systems, measures of blood flow, metabolism, average cortical thickness,
myelination, and synaptic density. Further, we measured associations between
antipsychotic related cortical thinning and the resting state functional MRI
connectivity measure of unimodal-transmodal functional gradient, which explores
how brain activity transitions from simple sensory tasks (basic sensory areas,
unimodal) to complex cognitive tasks (higher-order processing areas, transmodal)
across different brain regions. Finally, we collected magnetoencephalography
(MEG) -derived neural oscillatory power distributions for six canonical frequency
bands (alpha, beta, delta, low gamma, high gamma and theta) from published studies
(Hansen et al., 2022). Six receptors and transporters were measured using more than
one PET-tracer. These duplicate neuroreceptor maps were included in a
supplementary analysis for completeness. PET-measures of cortical dopamine
transporters were omitted, as the sensitivity of these tracers in the cortex remains
uncertain.

4.3.4.2 Schizophrenia — ENIGMA replication sample

Effect of antipsychotic effect on cortical thickness

In the replication analyses with the ENIGMA sample, the current daily dose of
antipsychotics was utilized instead of the lifetime antipsychotic exposure measured
in the discovery sample. In the subset of patients from the ENIGMA sample for
whom the antipsychotic medication dose at the time of scanning was available, 2,236
(66%) were on second-generation (atypical) antipsychotics, 447 (13%) were on first-
generation (typical) antipsychotics, and 265 (8%) were on a combination of both
second- and first-generation antipsychotics. The current antipsychotic dose was
converted to chlorpromazine equivalents based on Woods’ calculations
(www.scottwilliamwoods.com/files/Equivtext.doc).
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NeuroMaps: The association between underlying cortical structural or
functional features and antipsychotic related cortical thinning

For the replication analyses using the ENIGMA sample, we selected only the
features that were statistically significantly (pspin < 0.05) associated with the effects
of lifetime antipsychotic exposure in the discovery sample in NeuroMaps analyses.
These replicated analyses were serotonin SHT»a, and SHT4 receptors, nicotinic
04P2* receptors, cannabinoid receptor 1, p-opioid receptors, fMRI functional
gradient, neurophysiological measures of delta, low and high gamma, theta power,
and intrinsic time scale, synaptic vesicles and cerebral metabolic rate for glucose.

NeuroSynth: Post-hoc analyses on the associations between underlying
cognitive features and antipsychotic-related cortical thinning

We used the Neurosynth database to conduct voxel-wise meta-analyses for 123
cognitive terms from the Cognitive Atlas (Poldrack et al., 2011; Yarkoni et al.,
2011). These terms include umbrella terms (e.g., “attention,” “emotion”), specific
cognitive processes (e.g., “visual attention,” “episodic memory”), behaviors (e.g.,
“eating,” “sleep”), and emotional states (e.g., “fear,” “anxiety’). The terms were then
grouped into 11 categories (“Action,” “Learning and Memory,” “Emotion,”
“Attention,” “Reasoning and Decision Making,” “Executive/Cognitive control,”
“Social Function,” ‘“Perception,” “Motivation,” “Language,” and “other”)
(http://www.cognitiveatlas.org/concepts/categories/all) (Poldrack et al., 2011).

4.4 Statistical methods
441 Study |

Differences in amygdala subnuclei between FEP, CHR and CTR and
associations with childhood adverse experiences

The subnuclei volumes were averaged across both hemispheres in further analyses
to avoid unnecessary multiple comparisons, since there were no significant
differences in subnuclei volumes between the left and right hemispheres, nor any
group by hemisphere by subnuclei interactions.

First, we tested overall group differences in the total amygdala volume using
ANCOVA, controlling for age, sex, and total intracranial volume. After which, a
linear mixed-effects model was used to examine whether there was a group by
subnucleus interaction.
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Then we tested whether the TADS total score was linearly associated with
subnuclei volumes. The models were fit separately for each group and limited to the
subnuclei that were smaller in either FEP or CHR. In all statistical analyses, p-values
< 0.05 were considered statistically significant. Multiple comparisons were corrected
using the false discovery rate (FDR) correction at p-value < 0.05. All analyses were
carried out with R version 3.5.2 (Eggshell Igloo)(R Core Team, 2017). A detailed
description of the statistical methods used in Study I can be found in the appendices.

442 Study |

Analyses of hippocampal volumetry and glucose parameters

Cross-sectional analyses

The differences in hippocampal subfield volumes across FEP, CHR, and CTR groups
were analyzed using a linear mixed-effects model. Subfields were treated as a
repeated measure within subjects, with volume as the dependent variable. Group
status, subfield, their interaction, and the covariates (age, sex, body mass index
(BMI), and total intracranial volume (TIV)) were the independent variables. Post-
hoc pairwise comparisons of subfield volumes between groups were performed
using estimated marginal means, with the false discovery rate correction applied.

The relationships between glucose metabolism parameters and hippocampal
volumes (both subfield and total) were tested separately for the FEP, CHR, and
control groups. This analysis was done for all metabolic indexes and volumes, as
well as at both time points, using a linear model.

Longitudinal analyses

We used a linear mixed-effects model to analyze baseline and one-year follow-up
data, aiming to detect longitudinal changes in hippocampal subfield volumes, total
hippocampal volumes, and glucose parameter values over time across the FEP, CHR,
and CTR groups. Post-hoc comparisons of volume or glucose parameter changes
within each group between the baseline and one-year follow-up were conducted
using estimated marginal means.

As above, a mixed-effects linear model was used to assess whether reductions in
subfield volumes at baseline, baseline glucose parameter levels, or longitudinal
changes in volumes and glucose parameters during the follow-up were linked to
clinical outcomes, such as the transition to psychosis, level of functioning, or
remission status at the follow-up.

The effect of lifetime antipsychotic exposure at each MRI scan time point was
controlled by using it as a covariate for each test of this study separately. All analyses
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were carried out with R version 4.2.1 (2022-06-23) “Funny-Looking Kid” (R Core
Team, 2022). A detailed description of the statistical methods used in Study I can be
found in the appendices.

443 Study I
4.4.3.1 Early psychosis — Turku Discovery sample

Effect of antipsychotic drugs on cortical thickness

We started by estimating how lifetime antipsychotic use affects the overall thickness
of the brain’s cortex. The average cortical thickness across the whole cortical mantle
was used as the outcome measure and lifetime antipsychotic exposure, age, sex, and
group as explanatory variables in a linear regression model. Because illness severity
might explain both increased antipsychotic use and reduced cortical thickness, we
performed a series of sensitivity analyses. The regional effects of lifetime
antipsychotic exposure on cortical thickness were assessed using vertex-wise
analyses, performed with the glm-fit function in Freesurfer 7.1.1. In this analysis,
vertex-wise cortical thickness was predicted using lifetime antipsychotic exposure
with age, sex, and group as covariates.

NeuroMap and NeuroSynth

The association between the cortical structure or function and antipsychotic-related
cortical thinning was studied with NeuroMaps and post-hoc analyses on the
associations between underlying cognitive features and antipsychotic-related
cortical thinning were investigated with NeuroSynth.

4432 Schizophrenia — ENIGMA replication sample

To replicate the findings from the discovery sample, we used data from an ENIGMA
consortium study to study correlations between the current chlorpromazine-
equivalent dose and cortical thickness. As above, the association between the cortical
structure, function, or cognitive features and antipsychotic-related cortical thinning
were studied with NeuroMaps and NeuroSynth. A detailed description of the
statistical methods used in Study I can be found in the appendices.
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Figure 8. » Visualization of the methods in the Study Ill. The associations between normative
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maps of the brain molecular, physiological and functional features (1) and
antipsychotic drug use —related cortical thinning in early psychosis Turku discovery
sample (2), and replication of the discovery findings between normative maps (1) and
antipsychotic drug use —related cortical thinning in the Enigma schizophrenia sample
(3) were studied. The boxes outlined with dashed borders were not examined in this
study. The early psychosis discovery sample consists of both first episode of
psychosis and clinical high-risk patients. The antipsychotic drug use was measured
as lifetime exposure in the Turku discovery sample and as a daily dose in the
schizophrenia sample. Created by the author with BioRender.com.
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5 Results

5.1 Study I: Amygdala subnuclei morphology in
early psychosis and link to Childhood adversity

We found that there were subnucleus volume specific effects of groups (group by
subnucleus interaction Fig1544 = 2.203, p = 0.0040) while controlling for age, sex,
and the total intracranial volume. The post-hoc pairwise comparison analysis
revealed that the volume of the lateral nucleus was smaller in both the FEP (FDR p
< 0.001, estimated difference between the groups in mm® (ED) = 24.84, pooled
standard error of the difference (SEpoolcd) = 7.41, unadjusted pooled standard
deviation of the difference (SDpooted) = 79.04) and CHR (FDR p <0.001, ED =25.52,
SEpooied = 8.57, SDpooled = 76.47) compared to the control group. Also, the basal
nucleus was smaller in the FEP (FDR p <0.001, ED =21.03, SEpooted = 7.41, SDpooled
= 53.39), but not in the CHR (FDR p = 0.5750, ED = 8.36, SEooled = 8.57, SDpooted =
54.25), when compared to the control group (Table 4).

Table 4. Reductions in amygdala subnuclei volumes in pairwise comparisons between first-
episode psychosis (FEP), clinical high-risk psychosis (CHR) and population controls

(CTR).
Amygdala subnuclei A) Volume reduction B) Volume reduction
compared to CTR compared to CHR
FEP CHR FEP
Lateral nucleus l l n.s.
Basal nucleus l n.s. n.s.
Accessory basal nucleus n.s. n.s. n.s.
Central nucleus n.s. n.s. n.s.
Cortico-amygdaloid transition area n.s. n.s. n.s.
Medial nucleus n.s. n.s. n.s.
Cortical nucleus n.s. n.s. n.s.
Anterior amygdaloid area n.s. n.s. n.s.
Paralaminar nucleus n.s. n.s. n.s.

* An arrow indicates a statistically significant reduction in subfield volumes relative to population
controls (A) or CHR (B). n.s.= non-significant.
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In the FEP group, we found that there was a significant inverse association
between the TADS total score and lateral nucleus (beta =—1.45, ts» = —2.852, FDR
corrected p = 0.0354) while controlling for age, sex, and intracranial volume.

5.2 Study Il: Hippocampus subfield morphology in
early psychosis and link to glucose metabolism

5.2.1 Volumes of hippocampal subfields

The hippocampal subfield volumes did not differ significantly between FEPs, CHRs
and CTRs (subfield by group interaction Fi41442 = 1.33, p = 0.183) at the baseline.
However, the pairwise repeated measures analysis showed that in the FEP group, the
volumes of the subiculum (FDR p = 0.044, ED =18.88, confidence interval (CI) =
[4.22-33.5], SEpooted = 10.52, SDpootcd = 47.68), presubiculum (FDR p = 0.020, ED =
10.98, CI [6.90-36.2], SEpeoted = 10.52, SDpooled = 34.08), molecular layer (FDR p <
0.001, ED = 29.98, CI [15.32-44.6], SEpooled = 10.52, SDpooted = 57.41), CA1 (FDR
p < 0.001, ED = 31.44, CI [16.78-46.1], SEcolea =10.52, SDpoolea = 83.72),
GCMLDG (FDR p =0.044, ED = 18.28, CI [3.62-32.9], SEpe01ed = 10.52, SDpooted =
27.56), and tail (FDR p < 0.001, ED = 34.44, CI [19.78-49.1], SEyooea =10.52,
SDpoolea = 71.16) were significantly reduced compared to CTRs, whereas no
statistically significant differences were observed in the combined CA2 and CA3
subfield (FDR p = 0.148, ED = 13.64, CI [-1.02-28.3], SEpoolea = 10.52, SDpootea =
30.57), or CA4 (FDR p=10.058, ED =17.20, CI [2.54-31.9], SEpooted = 10.52, SDyooled
= 23.71), after FDR corrections (8 subfields and 3 contrasts per subfield; total 24
tests per FDR correction). FEPs also had just significantly smaller CA1 volumes
(FDR p = 0.044, ED = 21.24, CI [4.31-38.2], SEpootled = 12.15, SDpootea = 81.40)
compared to CHRs, but no differences in other subfields were observed between FEP
and CHR. Also, the hippocampal tail (FDR p =0.010, ED =27.28, CI [10.40-44.2],
SEpooiecd = 12.10, SDpoolca= 72.84) was significantly smaller in CHR compared to CTR
(Table 5).

Based on these, and taken in to account the conversion to psychosis during the
1-year follow-up time, in the CA1 and tail; only CHR-NC had a smaller tail volume
(FDR p < 0.001, ED = 35.22, CI [16.83-53.6], SEpooled = 13.19, SDpooted = 69.84)
compared to CTR, but there was no significant difference between CHR-C and CHR-
NC (FDR p=0.142, ED = 34.650, CI [2.92-66.4], SEpooled = 22.76, SDpooled = 77.06)
in the tail volume. The CA1 volumes did not differ significantly between CHR-C
and CHR-NC (FDR p = 0.657, ED = -13.63, CI [-45.36—18.1], SEpeotea = 22.76,
SDpooled = 82.64). The CA1 was not statistically significantly reduced in CHR-C
(FDR p =0.513, ED = 20.71, CI [-9.01-50.4], SEpooted =21.31, SDpooted = 87.55) or
CHR-NC (FDR p =0.662, ED = 7.08, CI [-11.31-25.5], SEpooted =13.19, SDpoolea =
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83.61) compared to CTR. However, a trend level reduction in FEP versus CHR-NC
(FDR p =0.079, ED = 24.36, CI [5.91-42.8], SEjooted =13.23, SDpooled = 80.01), but
not in FEP vs CHR-C (FDR p=10.672, ED = 10.74, CI [-18.99—40.5], SEpooica =21.32,
SDpooted = 83.30), was observed in CA1 at the baseline. All pairwise comparisons of
the baseline subfield volumes of subgroups based on follow-up outcomes are
presented in the original publication. Hippocampal subfield volumes remained stable
during the one-year follow-up time in FEP and CHR.

5.2.2 Glucose metabolism

There was a subfield specific effect of fasting insulin and insulin resistance in FEP
at the follow-up time point (subfield by insulin Fz 47, = 3.73, p = 0.011; subfield by
insulin resistance Fz471 = 3.45, p = 0.017). We found a statistically significant
association between smaller hippocampal tail volume and the deterioration of fasting
plasma insulin or insulin resistance index (insulin: t =-3.42, beta =-7.41, 95% CI [-
11.9, -2.9], p = 0.003 FDR p = 0.024; insulin resistance: t = -17.85, beta = -58.90,
95% CI[-96.0, -21.8], p = 0.003, FDR p = 0.024) in non-diabetic FEP, at the follow-
up time point. Adjusting for lifetime exposure to antipsychotic medication, or the
use of antidepressants did not change these results. There were no significant
associations between subfield volumes or the total hippocampal volume and glucose
parameters in any group at the baseline, or in CHR and CTR at the follow-up time
point.

There was a statistically significant increase in insulin (t74 = 3.334, p = 0.0013,
estimate = 4.49, 95% CI [1.8, 7.2], Effect size (ES) (Cohen’s d) = 1.12, ES 95% CI
[0.4, 1.8],) and insulin resistance (t74 = 3.232, p = 0.0018, estimate = 0.549, 95% CI
[0.2, 0.9], ES (Cohen’s d) = 1.08, ES 95% CI [0.4,1.8]) levels in CHR, but not in
FEP or CTR during the follow-up period. While observing the subgroups of CHR
further, we observed that during the follow-up period, insulin (t;3=3.705, p=0.0004,
estimate = 9.97, 95% CI [4.6, 15.3], ES (Cohen’s d) = 2.5, ES 95% CI [1.1, 3.9],)
and insulin resistance (t73 = 3.539, p = 0.0007, estimate = 1.205, 95% CI [0.5, 1.9],
ES (Cohen’s d) = 2.4, ES 95% CI [1.0, 3.8],) levels significantly increased in the
CHR-C, but not in CHR-NC (Figure 9). In addition to CHR transition, this increase
in plasma insulin levels and insulin resistance was further related to poorer GAF and
worse symptoms at the follow-up in the CHR group. These results were not affected
by adjusting the model for lifetime antipsychotic exposure.
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Table 5. Reductions in hippocampal subfield volumes in pairwise comparisons between first-
episode psychosis (FEP), clinical high-risk psychosis (CHR), and population controls

(CTR).

Hippocampus
subfields at baseline

A) Volume reduction
compared to CTR

B) Volume reduction
compared to CHR

Tail
Presubiculum
Subiculum

CA1

Molecular layer

GCMLDG

CA2 and CA3
CA4

FEP

— — —— — —

n.s.

n.s.

CHR
n.s.
n.s.
n.s.
n.s.

n.s.

n.s.

n.s.

FEP
n.s.
n.s.
n.s.
n.s.

n.s.

n.s.

n.s.

*An arrow indicates a statistically significant reduction in subfield volumes relative to population
controls (A) or CHR (B). n.s.= non-significant. CA = cornu ammonis, GCMLDG = The Granule Cell
layer and Molecular Layer of the dentate gyrus.
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Results

5.3 Study lll: Association between antipsychotic
drug exposure and cortical thinning in early
psychosis

We found that, higher lifetime antipsychotic exposure was associated with thinner
mean cerebral cortex when covarying for age, sex and group (clinical high risk or
first-episode psychosis) (regression coefficient = -0.00000113, 95%CI = -
0.000001666— -5.892429¢-07, df = 126, t-value = -4.159, p-value = 0.000059).
Cortical thinning was the most prominent in the prefrontal, parietal and cingulate
cortices (Figure 10). Biological features, associated with antipsychotic-related
cortical thinning, were studied in the discovery sample and replicated in the
ENIMGA sample. We found that antipsychotic-associated cortical thinning was
related with several molecular, physiological, functional and, post-hoc studied,
cognitive features of the brain. The most prominent common biological mechanisms
both in the early psychosis discovery and replication data of schizophrenia patients
relating to antipsychotic drug —induced cortical thinning were: 1) the serotonin
system, 2) functional networks, and 3) neural oscillatory power distributions typical
for regions involved in higher cognitive functions, such as motivation, but also
executive and cognitive control.

Figure 10. Cortical areas of the most
prominent cortical thinning related to
lifetime antipsychotic exposure in the
discovery Turku sample were the
prefrontal cortex, parietal cortex and
posterior cingulate cortex (in blue), N =
131. The model includes age, sex, and
diagnostic group as nuisance variables.
The color bar indicates p-value and
results are permutation corrected for
multiple comparisons at p < 0.05. Two
upper images show a lateral view, while
two lower images show a medial view.
Modified and reprinted from Original
Publication 1l (Tuominen, 2024).

p<10° s p=0.05
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Table 6. Shows below, the similar patterns of cortical thinning associated with antipsychotic
medication observed in both the Turku Early Psychosis cohort and the ENIGMA
Schizophrenia sample. The downward arrow indicates a negative association, while the
upward arrow indicates a positive association between the studied normative feature
and antipsychotic-related cortical thinning (more antipsychotic-related cortical thinning
and more the studied feature). CBV = cerebral blood volume, HTT = hydroxytryptamine
transporter, HT = hydroxytryptamine.

Normative features of cortical thinning - Class Direction of
related brain organization correlation
5-HTT serotonin l
5-HT2A serotonin T
5-HT4 serotonin T
a4p2* acetylcholine T
p-opioid opioid T
Cannabinoid 1 cannabinoid T
Functional gradient functional T
Alpha power functional l
Low Gamma power functional T
Theta power functional T
T1/T2 (myelination maps) structural l
Synaptic vesicles structural T
CBV metabolic l
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A) FEP discovery sample B) Schizophrenia replication sample
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Figure 11. The image shows a normative serotonin receptor and transporter levels associating
differently with antipsychotic medication related cortical thinning in the FEP sample (A).
The discovery findings are further replicated in the schizophrenia sample (B). 5-HT =5-
hydroxytryptamine, 5-HTT = 5-hydroxytryptamine transporter.
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6.1 Main findings

In Study I, we observed that the lateral nucleus of the amygdala was smaller in both
CHR and FEP patients, whereas the basal nucleus was significantly reduced only in
FEP. Adverse childhood experiences were linked to smaller lateral nucleus volumes
in FEP.

In Study II, hippocampal subfield volumes were consistently reduced in FEP,
particularly in non-affective psychoses, but the reductions were less pronounced in
the CHR group. These structural changes remained stable over a one-year follow-
up. Additionally, higher fasting plasma insulin and insulin resistance were associated
with smaller hippocampal tail volumes in non-diabetic FEP patients at the follow-
up. Clinically, insulin resistance worsened in CHR during the follow-up, correlating
with poorer clinical outcomes, such as the transition to psychosis and reduced
functioning.

In Study III we found that, higher lifetime antipsychotic exposure was associated
with a thinner cerebral cortex. Lifetime exposure to antipsychotic medications
remained significantly linked to reduced mean cortical thickness when accounting
for illness severity. In the discovery sample of early psychosis, antipsychotic-related
cortical thinning was the most pronounced in the prefrontal, parietal, and cingulate
cortices, with no regions showing increased thickness. Specifically, exposure to
approximately 90 g of chlorpromazine equivalent antipsychotic medication was
associated with a 0.1 mm decrease in cortical thickness. This corresponds to using
100 mg of CPZ daily over 900 days, which is associated with a 0.1 mm thinning of
the cortex. We compared antipsychotic related cortical thinning in the discovery and
replication sample of ENIGMA to assess comparability and observed that the
antipsychotic-related cortical thinning was similar in the two samples. Finally, Study
III identified multiple novel neurobiological mechanisms that may underlie
antipsychotic-associated cortical thinning, offering new insights into the effects of
antipsychotic drugs. These were the serotonin system, functional networks and
neural oscillatory power distributions, identified as typical for regions involved in
higher cognitive functions.
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6.2 Amygdala subnuclei are reduced in early
psychosis

In relation to the previous literature, our findings of Study I showing reductions in
the lateral and basal nuclei in FEP, and the reduction in the lateral nucleus in CHR,
are novel, as no prior studies have addressed this topic, by now, specifically in early
psychosis. Recent studies have confirmed widespread reductions in amygdala
subnuclei also in schizophrenia (Barth et al., 2021; Tesli et al., 2020), but the results
on bipolar spectrum disorder are more conflicting (Barth et al., 2021; Damme et al.,
2020) (Table 1). In schizophrenia, the basolateral amygdala reductions are suggested
to be the most prominent. The main limitations of comparing of the studies on
amygdala subnuclei are partly different segmentation and/or the segmentation
procedure of these structures, since only a few studies separate the BLA into its
subnuclei—lateral, basal, and accessory basal nuclei; the difference in the phase of
the illness, and the unknown duration of untreated psychosis, which might relate to
progressive volume loss (Goff et al., 2018).

The most replicable findings together with our study are volume reductions
particularly in the basolateral amygdala in FEP and schizophrenia (Table 1). In
Study I, the most robust reductions also in CHR were observed in both the lateral
and basal nuclei. However, the statistical power of the smaller sample might have
limited the results to the lateral nucleus only. The effects in the basal and lateral
nucleus were not explained by antipsychotic drug exposure and are likely to have a
neurodevelopmental origin. Our findings in CHR further suggest that particularly a
smaller lateral nucleus may be a biomarker for the psychosis risk. A spread of
amygdala subnuclei reductions from the lateral to basal nucleus after the onset of
psychotic disorder could be interpreted as progressive morphology change and could
be associated with the clinical progression of schizophrenia and multiple
environmental or GxE effects. Yet, longitudinal high-resolution MRI imaging
studies on early psychosis are needed to further characterize the time course of
morphological changes in the amygdala subnuclei.

Given the amygdala's role in processing emotions and stress (Anticevic et al.,
2012; LeDoux, 2007; Roozendaal et al., 2009), salience attribution, valence
attribution (Beyeler et al., 2016; Hall et al., 2008; Pignatelli & Beyeler, 2019), fear
learning and social cognition (Adolphs, 2010), amygdala volume reductions may be
associated with disruptions in these functions, which are often impaired in psychotic
disorders. More specifically, the BLA and particularly lateral nucleus are important
in valence attribution (Beyeler et al., 2016; Bigot et al., 2024; Janak & Tye, 2015),
fear conditioning and fear extinction processes (Duvarci & Pare, 2014; Pape & Pare,
2010). Thus, our finding on a reduced lateral nucleus in both CHR and FEP might
relate to the broader impairments in emotion processing, stress reactivity, and
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salience detection often seen in psychotic disorders, providing a possible
neuroanatomical basis for these functional disruptions.

To conclude, the structural reductions in the lateral nucleus observed in CHR
and FEP in Study I may contribute to the hallmark symptoms of psychotic disorders,
including emotional dysregulation, heightened stress sensitivity, and impaired
salience attribution. This is particularly relevant, as the lateral nucleus is considered
the main sensory input region to the amygdala (LeDoux, 2007), relaying information
to the basal nucleus and further to the hippocampus, nucleus accumbens, and
prefrontal cortex (Roozendaal et al., 2009), acting as a central node in these critical
neural circuits.

6.2.1 Lateral nucleus of amygdala and childhood adversities

Particularly in first-episode psychosis, the evidence supports a relationship between
increased childhood trauma and reduced total amygdala volumes (Aas et al., 2012),
similar studies on the subnuclei-level have not been conducted before. In Study I,
we found that higher levels of childhood adversity experiences were associated with
a lower volume of the lateral nucleus in the first episode of psychosis. Thus, our
study adds that especially lateral nucleus appears to be the most affected subnuclei
in relation to childhood adversities in FEP. Since we did not study associations
between lateral nucleus volumes and childhood adversity in CHR-C, due to the
cross-sectional study design, it is not possible to determine whether such an
association exists or emerges only in those who transition to their first psychotic
episode.

The amygdala is central in relation to the effects of childhood adversity on the
brain structure and function. Particularly in schizophrenia patients, higher levels of
sexual abuse and physical neglect during childhood have been found to be associated
with decreased connectivity between the amygdala and the posterior
cingulate/precuneus region (Cancel et al., 2017). To add, specific regions such as the
basolateral amygdala, central nucleus of the amygdala, and the CA1 and subicular
subfields of the hippocampus—in interaction with the PFC—modulate the HPA—
axis function and in stress reactions. HPA-axis dysfunction has been connected to
childhood adversities (Bremne & Vermetten, 2001; Van Voorhees & Scarpa, 2004).
Further, the amygdala is an essential node in the salience network and default mode
network (Xu et al.,, 2024), which have been suggested to be dysfunctional in
schizophrenia (Nekovarova et al., 2014; Palaniyappan et al., 2012), and related to
childhood adversities (Dauvermann et al., 2021; Hardi et al., 2024).

The evidence from animal models suggests the crucial role of the BLA in stress
sensitivity (Gyawali & James, 2022; Pesarico et al., 2022). More specifically, based
on animal models, there is also some evidence that the lateral nucleus may be
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particularly vulnerable to stress during the development, already due to prenatal
stress (Charil et al., 2010) (Kraszpulski et al., 2006). The observed reduction in the
lateral nucleus in Study I might relate to the reduced numbers of neurons and glial
cells (Charil et al., 2010; Kraszpulski et al., 2006), disruptions in the GABAergic
interneurons (Zhang & Rosenkranz, 2016), dendritic abnormalities (Wang et al.,
2012) of the lateral nucleus, or reduction in intercalated cell (ITC) clusters (Aksoy-
Aksel et al., 2024; Millhouse, 1986), that further relate to alterations in the amygdala
function (Kraszpulski et al., 2006). This is important particularly in relation to
heightened stress sensitivity (Delavari et al., 2023), disturbed emotion regulation,
valence attribution or fear extinction (Aksoy-Aksel et al., 2024), and further
psychosis. These findings suggest that the lateral nucleus may be particularly
vulnerable to the harmful effects of early life stress.

6.3 Hippocampal subfields are reduced in early
psychosis

Study II showed that the hippocampus has specific volume reductions in the early
phase of psychosis. In FEP, particularly non-affective psychosis patients had more
widespread reductions in hippocampal subfields, such as the hippocampal tail,
presubiculum, subiculum, CA1, molecular layer (of the CA fields and subiculum),
and GCMLDG. Earlier studies suggest a generalized hippocampal subfield volume
reduction in early psychosis, especially in schizophrenia, with a possibly more
pronounced effect on the CA1 area (see Table 1). Our results on FEP are in line with
these.

Since in CHR, the hippocampal tail volume was statistically significantly
reduced, particularly in those not converting to psychosis, it is possible that some
CHR-NC transition to psychosis only after the one-year follow-up period. Also, due
to the heterogeneity of CHR, this could suggest that the volume reduction in the tail
of the CHR is not specific to psychosis, or it may be influenced by the effect of
antidepressants (Nogovitsyn et al., 2020; Qi et al., 2021) or untreated duration of
comorbid depression (MacQueen et al., 2008; Maller et al., 2018; Nogovitsyn et al.,
2020) or other non-psychotic disorders. However, we did not find associations
between hippocampus subfield volumes and antidepressant use in any group. The
severity of possible comorbid depression was not assessed in our study.

It has also been suggested that CA1 morphology change could be related to the
transition to psychosis. (Ho et al., 2017a; McHugo et al., 2020; Provenzano et al.,
2020) More broadly, the role of the CA1 subfield has been highlighted multimodally
in the progression and etiology of schizophrenia and related psychoses (see Chapter
2.6.1.1.). In our study, the CAl volume was not significantly smaller in CHR-C
compared to CTR, even though the volume reduction was greater in CHR-C
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compared to CTR than between CHR-NC and CTR. Furthermore, the volume of
CA1 showed a trend-level difference between FEP and CHR-NC, but no similar
difference was observed between FEP and CHR-C. This suggests that the CAl
volume in CHR-C could be more similar to that of FEP than to CHR-NC. In our
sample of CHR-C, the majority convert to non-affective psychosis. The
heterogeneity of our results might relate to the fact some CHR might convert to non-
affective psychoses while others convert to affective psychoses, which affects
hippocampal morphology differently (see Table 2). This is further supported by our
results on NAP having more widespread reductions in hippocampal subfields
compared to affective psychosis. Thus, our results on the alterations in CAl
morphology as the transition risk in CHR, particularly to schizophrenia, are mainly
in line with earlier studies.

Only a few MRI studies on hippocampal subfields have used a longitudinal
design. In line with our one-year follow-up results, McHugo et al (McHugo et al.,
2020) found that the subfield volume remains stable during the two-year follow-up
period after the onset of the first psychosis, as well as in CHR and further CHR-C
and CHR-NC. The findings of our study and the earlier study suggest that the
hippocampal subfield volumes remain predominantly stable in early psychosis.
These results support the view that morphological changes in the hippocampus may
be manifested earlier in the course of psychosis. While there may be early
neurodevelopmental alterations, particularly in the CA1 subfield, the exact timeline
for later widespread changes remains unclear. However, a progressive decline in the
CA1 volume in individuals at ultra-high risk for psychosis who do not remit has been
observed in an earlier longitudinal study (Ho et al., 2017a). We did not find
longitudinal changes in subfield volumes in relation to the follow-up remission status
or poor or good functioning measured with GAF in CHR, CHR-C or CHR-NC in
Study II. This might be due to the sample characteristics, particularly the phase of
the psychotic disorder, the rate of transition, the age of the onset of psychotic or
prodromal symptoms (Chung et al., 2018) and the shorter follow-up time of the
Study II.

In the future, it might be useful to examine the correlation between subfield
volumes and the duration of untreated psychosis, as it might explain the progressive
hippocampal volume loss and its potential episodic pattern near the onset of the first
psychosis (Briend et al., 2020). This could clarify whether delayed treatment
contributes to the progressive nature of hippocampal alterations in first episode of
psychosis but also in CHR. Finally, CHR is heterogeneous group, as it includes
patients with diverse symptom profiles and varying levels of risk for transitioning to
different types of psychosis, i.e., affective or non-affective. Some may develop other
mental health disorders, while others may experience psychosis much later. Bigger
sample sizes are needed to study these subgroups separately. Only about one-third
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of CHR subjects typically develop psychosis, which can make it challenging to draw
definitive conclusions, especially in small sample studies with negative results.
Negative results in such samples might reflect the variability and heterogeneity
within the FEP and CHR groups, as well as limitations in statistical power due to
their smaller subgroup sizes. This applies to both Studies I and II. Further cohort
studies targeting children and adolescents who later develop psychosis, as well as
longitudinal studies near the onset of the first psychosis, are needed to investigate
both amygdala and hippocampal substructures. These studies are essential for better
understanding of the timeline of both hippocampus subfield and amygdala subnuclei
abnormalities and their roles in the emergence of psychotic disorders. However, the
purpose of this thesis was to study common morphological phenomena in early
psychosis; from this perspective, the hippocampal tail and CA1 subfield may play a
crucial role.

6.3.1 Hippocampal subfields and childhood adversities

It has been suggested that there are clinically and neurobiologically distinct subtypes
also in individuals with childhood adversity experiences as well, particularly relating
to the hippocampus and amygdala (Teicher & Samson, 2013). However, the results
are inconclusive (Hanson et al., 2015; Paquola et al., 2016; Samplin et al., 2013;
Woon & Hedges, 2008), and may be partly explained by suggested sex differences
in adversity effects on hippocampus and amygdala functional connectivity (Herringa
et al., 2013) but also morphology (Samplin et al., 2013), or different vulnerability
periods between the hippocampus and amygdala during the neurodevelopment
(Cullen et al., 2024). Other related factors, that might explain the inconsistent
findings, are the normative nonlinear development of both the amygdala and
hippocampus (Wierenga et al., 2014), and the timing and severity (Croft et al., 2019;
Herzog et al., 2020; Ogle et al., 2013; Riem et al., 2015) of adversities during stress
sensitive developmental periods.

There is no evidence supporting an association between childhood adversities
and the hippocampal volume in FEP (Aas et al., 2012). Similarly, we did not find
any associations between TADS scores and the hippocampal subfield or total
volumes in either the FEP or CHR groups in Study II (unpublished data), which is
consistent with these findings. This might be due to the more prominent effects of
childhood adverse events on the amygdala, instead of the hippocampus; this idea is
supported also by meta-analysis on general population (Calem et al., 2017).
Additionally, hippocampal dysfunction, rather than altered subfield morphology,
may primarily be linked to childhood adversities in early psychosis (Aas et al., 2012).
However, altered connections between the BLA and particularly CAl are strong
(Pikkarainen et al., 1999), and have been observed to link to adversities and stress
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adaptation (W. H. Zhang et al., 2021), thus, at least the indirect effects on
hippocampal subfields are presumably also involved.

To mention possible sources of biases, TADS is a retrospective questionnaire,
which limits its strength and power, as retrospective data collection may be subject
to the recall bias, inaccuracies in participants’ memories, and the influence of time-
related factors that can affect the validity and reliability of the reported information.
This might lead to lower rates of reported maltreatment (Goodman et al., 2003), and
possibly a smaller observed effect. Further, a psychotic disorder might however
influence how participants respond to TADS, as cognitive and perceptual alterations
associated with the disorder could bias their answers. However, the trauma ratings
have demonstrated strong internal consistency, as well as reliability and validity.
(Fisher et al., 2011; Salokangas et al., 2016) Finally, post-traumatic stress disorder
(PTSD), a potential comorbidity that could particularly impact the amygdala,
hippocampus, and prefrontal cortex, was not accounted for in our analyses
(Alexandra Kredlow et al., 2022; Haris et al., 2023). Future studies incorporating the
PTSD assessment would be valuable to disentangle the overlapping effects of these
conditions on brain morphology.

In conclusion, these findings based on earlier findings and our results suggest
that the impact of childhood trauma on the risk of psychosis may be mediated by
brain circuit dysfunction, involving particularly the changes in the amygdala
morphology, with an emphasis on the role of the lateral nucleus. Our results propose
that early adversities might already affect the lateral nucleus during early
neurodevelopment in the progression of psychotic disorders. Due to essential
connections between the basal nucleus, lateral nucleus and hippocampal subfields,
particularly the subiculum and CAl, the effects presumably also involve the
hippocampus and its function (see Chapter 2.8), but not its subfield morphology near
the onset of first psychosis (Figure 4 and Figure 12).

6.4 Synthesis: Hippocampus and amygdala
subnuclei as part of neural circuitry
predisposing to psychotic disorders

In schizophrenia, one or more of the vital developmental normative processes may
be disrupted due to neurodevelopmental gene-environment interactions. Both early
and later neurodevelopmental structural vulnerability factors are likely related to the
progression of psychotic disorders. In the light of the earlier literature (see Table 1
and 2) and the results of our Studies I through II1, it is possible that the hippocampus,
amygdala, frontal and temporal cortices are some of the most vulnerable structures
of the brain in the context of the evolvement and neurodevelopment of psychotic
disorder. Thus, their alterations as the central nodes of brain networks can result in
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the disintegration of these networks by seriously disrupting the flow of information,
integration and synchrony (Sporns, 2013). Structural changes in these regions have
been frequently observed in individuals with psychotic disorders, often emerging in
from early neurodevelopmental stages to young adulthood, which are critical periods
for brain maturation. (Chiapponi et al., 2013) This is in line with a previous study
that found the dysfunction of the amygdalar subnuclei, particularly early alterations
in the BLA, drives stress and later psychosis symptoms (Delavari et al., 2023).

Early structural BLA and CAl, and later prefrontal cortex defects during
neurodevelopment might represent trait-like features of the brain’s structural
vulnerabilities, which further predispose individuals to state-like features, such as
psychotic symptoms and the deterioration of glucose metabolism. These
developmental structural abnormalities evolve in interaction with, i.e., immune,
stress and metabolic systems, but also with environmental factors. Our findings on
the reduced lateral nucleus volume associating with a higher exposure of childhood
adverse experiences in FEP, as well as earlier studies on the amygdala and
hippocampal volume and function relating to childhood adversities underlines this
link. Further, our finding of the reduced lateral nucleus volume being altered in high-
risk patients, highlights the trait-like feature of lateral nucleus abnormality already
in an at-risk state. The structural vulnerability, i.e., trait features, further affects the
connectivity, functionality, and synchronization of closely interconnected brain
regions, such as connections from the BLA, to the hippocampal subiculum, CAl,
entorhinal cortex, PFC, and hypothalamus (Delavari et al., 2023; Petrovich et al.,
2001). Moreover, the effects of a reduced volume in the hippocampus and amygdala
likely relate to wider dysfunctionality between these regions. The significance of
these findings in relation to the etiology of psychosis may be linked to the fact that
basal and lateral nucleus has crucial partly bidirectional connections to other brain
regions such as the CA1 subfield of the hippocampus, BNST and further PVN of the
hypothalamus, as well as the prefrontal cortex (Figure 12). All of these are essential
regions in the development of psychosis, particularly in relation to altered
metabolism, disrupted neurotransmitter function, and aberrant functional networks
observed in psychotic disorders, particularly in schizophrenia (Figure 4).

Overall, in the development of a psychotic disorder, there is a complex
interaction among various biological factors — including structural brain changes,
neurotransmitter dysfunction, excitation-inhibition imbalance, and alterations in the
gut-brain axis, immune, metabolic, and stress systems. Thus, the high risk for a
psychosis state may already result from the involvement of these multiple
dysfunctional organ systems, defected biological factors in interaction with
environmental factors, that jointly form the combination of vulnerability traits and
further states in the acute phase of psychosis. It is presumable, that the predisposing
trait-like characteristics are particularly related to the structure and function of the
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BLA, CAl, and PFC, with a different temporal emphasis, that further lead to the
onset of the first psychosis. (Figure 4 and Figure 12).

Figure 12. » Simplified illustration of the most prominent neurodevelopmental defects in the
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hippocampus and amygdala in the development of the first psychotic episode. The
effects of environmental factors (orange arrows) may vary depending on their
cumulative nature, timing and quality (protective versus unprotective), relating to the
age of onset of the first psychotic episode. Modified from (Delavari et al., 2023).
Created by the author with BioRender.com.
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6.5 Insulin resistance is linked to hippocampal
morphology in early psychosis

In Study II, we also found that elevated fasting plasma insulin levels and insulin
resistance were linked to smaller hippocampal tail volumes only in non-diabetic first-
episode of psychosis patients at the follow-up time point. Further, the worsening in
insulin resistance was observed during the follow-up in CHR, and it was associated
with poorer outcomes, including the transition to psychosis and decreased functional
ability. These results were not explained by lifetime antipsychotic exposure. Our
findings suggest that metabolic dysfunction may contribute to hippocampal
structural changes already in early psychosis, particularly after the onset of the
illness. This is supported, since we did not identify any explanatory differences in
the characteristics of the FEP or CHR samples when comparing the baseline to the
follow-up. This suggests that patients appear to be missing at random, and the data
does not seem to be particularly selective regarding the association between tail
volume reduction and insulin resistance, which was observed in FEP only at the
follow-up time point. Thus, it is possible that the different stage of the illness is the
major explanation for the tail atrophy and its relation to glucose metabolism
deterioration.

As a proxy for insulin resistance, we used HOMAZ2-IR (Song et al., 2016;
Wallace et al., 2004), which is considered to be a more accurate measure of insulin
resistance and beta-cell function as it represents both hepatic glucose output and
peripheral glucose uptake. Hence, it is possible to speculate that our results on higher
systemic insulin resistance and lower hippocampal subfield and amygdala subnuclei
volumes in FEP and CHR-C may particularly reflect abnormalities in the central
glucose metabolism regulatory pathway, which controls hepatic glucose production.
The association between a lower tail volume and higher insulin resistance in FEP
appears to be particularly essential in this process. Specifically, the hepatic pathway
involves the hippocampal and amygdalar connections to the PVN and the LHA of
the hypothalamus, mainly via the BNST (Figure 4). The PVN is one of the key
nuclei of the hypothalamus that further regulate hepatic glucose metabolism (Pan et
al., 2023). Further, cannabinoid type 1 (CB1) -receptors, altered in FEP (Borgan et
al., 2019) (Dickens et al., 2020), are highly expressed in the hippocampus, and there
is evidence that activating CB1 receptors in the central nervous system alone can
disrupt the body’s ability to maintain stable blood glucose levels, through hepatic
glucose production (O'Hare et al., 2011). Also, insulin receptor/IGF1R deletion in
both the hippocampus and amygdala have shown to lead to impaired glucose
tolerance (Soto et al., 2019). Thus, changes in both insulin receptors and/or CB1
receptors might be one mechanism behind the observed associations between the
hippocampeal tail volume and deterioration of systemic insulin resistance in FEP.
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In CHR or CHR-C, the hippocampal tail volume was not associated with insulin
resistance, unlike in FEP during the follow-up. The tail volume was smaller in FEP,
particularly in NAP, but also in CHR, particularly in CHR-NC. However, the
difference in the hippocampal tail volume between CHR-C and CHR-NC or NAP
and affective psychosis was not significant after multiple corrections. This may
suggest that the processes influencing the tail volume differ between CHR-C, CHR-
NC, and further between affective and NAP groups. This discrepancy may also
reflect differences in the stage of illness, with metabolic dysregulation and its impact
on hippocampal morphology potentially becoming more pronounced as the
psychosis progresses from the CHR to the FEP stage and further NAP and
schizophrenia. However, the relatively small sample sizes of CHR-C, CHR-NC,
NAP and affective psychosis limit the power of results and need further studies.

To add, our findings of the correlations between a smaller hippocampal tail
volume and worse insulin resistance in Study II might partly reflect the effect of
related sources of biases or other factors that have been found in connection to
psychotic disorders. These sources of biases might be a dysfunctional blood brain
barrier (Butler et al., 2010; Davidson & Stevenson, 2024; SCHARRER, 1940;
Schobel et al., 2009; Spallazzi et al., 2019), mitochondrial function (Roberts, 2017;
Whitehurst & Howes, 2022) (Holper et al., 2019; Kung & Roberts, 1999; McDermott
& de Silva, 2005; Najjar et al., 2017; Zaki et al., 2022), and defected insulin and
glucose transporters (McDermott & de Silva, 2005), as well as, alterations in
cytokine (Rochfort & Cummins, 2015) or dopamine levels (Heni et al., 2014; Ter
Horst et al., 2018) (Agarwal et al., 2020), and/or imbalances in brain oscillations
(Walker et al., 2021) —all of which have been observed in psychotic disorders. All
these mechanisms might be involved in the observed heightening of insulin
resistance near the onset of the first psychosis.

Bidirectionally, impaired glucose metabolism may affect the hippocampal
structure, while the dysfunctional hippocampus may, in turn, further contribute to
disrupted glucose regulation. These effects may be primarily due to the effects of
hyperglycemia on mitochondrial function, which can lead to an increase in reactive
oxygen species and disrupt axonal transport, that contribute to the development of
i.e. structural changes particularly in the hippocampus (Morella et al., 2022). The
results of our Study II support this, since we found a negative association between
the tail volume and insulin or insulin resistance significant only at the follow-up.
This association was not observed in CHR. This delayed association may suggest
that sustained metabolic dysfunction over time is required to induce observable
structural changes. In psychoses this might be more prominent due to the pre-existing
alterations in hippocampus morphology and function. Also, the heterogeneity of the
groups may have influenced the results.
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To conclude, these results suggest that subfield-specific findings related to
glucose metabolism may provide additional temporospatial insights in relation to
neurodevelopmental subfield alterations in early psychosis. While some subfield
abnormalities are detectable already in CHR, other subfields show volume
reductions that are associated with higher insulin and insulin resistance only at the
follow-up of FEP. These findings may reflect distinct trait- and state-related changes
during the different stages of psychosis progression. However, the mechanisms
driving the specificity of these associations remain unclear. The hippocampus is the
only known brain region where physiological neurogenesis continues into adulthood
across mammalian species and in humans. Thus, its significant neuroplasticity and
neurogenesis ability could lead to increased susceptibility to negative influences,
such as stress, trauma, or metabolic pressure (Lieberman et al., 2018). Also, the
hippocampus is highly metabolically active and sensitive to changes in energy
metabolism. There is also evidence of differential metabolism between anterior and
posterior hippocampus, with specific network connectivity (Maleki Balajoo et al.,
2023). This recent study also suggest that *metabolic subregions’, which account for
anterior—posterior differentiation, offer a more sensitive model than anatomical
segments to study hippocampal subregional local metabolism. Further research is
needed to explore these potential mechanisms of bidimensional hippocampal
differentiation and clarify the nature of these associations in psychotic disorders.

6.5.1 Synthesis: The hippocampus is associated with
impaired glucose tolerance inherent in schizophrenia?

Both in psychotic disorders and diabetes, there have been observed associations
between higher insulin resistance and lower volume in the hippocampus (Milne et
al., 2018), in multiple subfields, including the tail (Monereo-Sanchez et al., 2023;
W. Zhang et al., 2021). In fact, already in non-psychotic healthy adults the
hippocampal total volume has been observed to be associated with a direct measure
of insulin resistance, suggesting the role of the hippocampus in central glucose
regulation (Frangou et al., 2022). One study on diabetes mellitus type 1 (T1DM) and
type 2 (T2DM) demonstrated distinct cerebral grey matter effects, TIDM was
associated with thalamic and cortical atrophy while T2DM was related particularly
to global cerebral atrophy and hippocampal atrophy (Moulton et al., 2015). Also,
fewer white matter connections between the hippocampus and frontal lobe have been
observed in T2DM (Liu et al., 2020; van Bussel et al., 2016). This might highlight
the similarities and overlaps in both schizophrenia and diabetes. However, the
glucose disturbances seem to progress in parallel to the psychosis onset, which
directs to the idea that the mechanisms other than only comorbid are shared.
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In Study II, we report, for the first time, an association between a reduced
hippocampal tail volume and elevated insulin resistance in FEP patients, even in
non-diabetic states. Further, we found that insulin and insulin resistance worsened in
CHR during the follow-up period. The worsening of glucose metabolism was
statistically significant only in CHR-C, but not in CHR-NC. Also, the hippocampal
tail volume associating with insulin and insulin resistance was observed only in FEP.
Since widespread reductions in subfields, including the hippocampal tail have been
recently reported in T2DM (Monereo-Sanchez et al., 2023), but not in prediabetes,
it is possible that a more progressive decline in the tail volume associating with
dysfunctional glucose metabolism already in the prediabetic state in FEP, may
correlate to the mechanisms in psychosis etiology rather than diabetes, or their more
complex combination. Observations of altered glucose metabolism in chronic
schizophrenia as a part of the psychotic disorder originated in the late 19" century
(Kohen, 2004; Maudsley, 1879). Based on the earlier findings in progressive tail
volume loss in chronic schizophrenia (Sasabayashi et al., 2021), the glucose
homeostasis disturbances and tail volume reductions, may be related to a more
chronic non-affective psychosis, or more specifically to chronic schizophrenia. In
line with this, the associations between a smaller tail volume and increased insulin
resistance in FEP, were observed only at the follow-up in Study II. Specifically, this
highlights that the insulin resistance-related volume loss, which begins in the
hippocampal tail, manifests after the onset of the first psychosis, and may correspond
with a worsening clinical course or more severe progression of schizophrenia over
time.

In conclusion, the glucose disturbances accompanying psychotic disorder
suggest that the link between the two could be mechanistically interrelated, with
partly shared brain abnormalities, rather than purely coincidental or a comorbid
psychotic disorder and diabetes. This highlights the potential for shared
neurobiological mechanisms and co-occurrence, such as insulin signaling,
inflammation and reduced hippocampal volume, but also the role of the
hippocampus and amygdala in glucose regulation (Gralle et al., 2021; Soto et al.,
2019), that contribute to both diabetes and schizophrenia. However, in psychotic
disorders, impaired glucose metabolism might be connected to a broader and more
intricate disruption of bioenergetic coupling processes, already present in the high-
risk state and in non-diabetic states (Bryll et al., 2020; Morella et al., 2022; Sullivan
et al., 2018; Whitehurst & Howes, 2022). Even though it is not possible to draw
direct causal conclusions between brain morphology and clinical variables regarding
their causes, effects, or their temporal order, these findings emphasize that
understanding psychotic disorders requires integrating these different modalities at
different time points in the progression of psychotic disorder to capture its
multifaceted character.
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6.6 Insulin resistance is linked to transition to
psychosis and worse clinical outcomes in high-
risk individuals

In Study II, we found that insulin resistance in the CHR group deteriorated over the
follow-up period, aligning with worse outcomes, including the transition to
psychosis and impaired functioning, measured with GAF. It is possible to assume
that this effect stems from individual health behaviors, such as exercise (Sormunen
et al., 2017) and diet, which may be influenced by symptom severity. However, a
recent longitudinal study observed worsening fasting glucose levels in individuals
with recent-onset psychosis, even as lifestyle habits improved (Shin et al., 2020),
clinical symptoms diminished, and antipsychotic medication use decreased (Alonso
et al., 2022). These findings together with our results support the view that declining
glucose metabolism may be more closely linked to the progression of psychotic
illness itself rather than to unhealthy behaviors or the metabolic effects of
antipsychotic medication, which is also in line with the historical perspective
(Andreassen, 2017; Kohen, 2004; Maudsley, 1879). Our findings are further
supported by recent studies indicating a partial shared genetic basis for
schizophrenia, cardiometabolic, and inflammation-related traits (Perry et al., 2022).

We did not find an association between clinical outcome and glucose metabolism
deterioration in FEP, but only in CHR. In general, FEP patients already had higher
insulin resistance levels at the baseline, while the worsening was most prominent in
CHR-C. Thus, the worsening of insulin resistance in the CHR, particularly in those
who transit to psychosis, might be the initial marker of the state change related to the
impending onset of psychosis itself. These findings could be discussed further in the
context of how disruptions in the glucose metabolism regulatory networks and
structures may contribute to systemic metabolic dysfunctions observed near the
onset of the first episode of psychosis. The findings of Study II suggest that
specifically hippocampal subfield abnormalities and worsening glucose metabolism
in early psychosis are interconnected, and deteriorating insulin resistance may play
a role in the progression of psychotic disorders and their outcome already in the
clinical high-risk state.
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Figure 13. lllustration of a theoretical model depicting overlaps between the progression of glucose
metabolism disturbances, hippocampal subfield volume changes in first-episode
psychosis (FEP), and the deterioration in clinical outcomes in clinical high-risk subjects
(CHR), as derived from our research findings from our longitudinal Study Il. Functionality
is assessed using the Global Assessment of Functioning (GAF) scale. Created by the
author with BioRender.com.

6.7 Antipsychotic drug use associates with cortical
thinning in early psychosis and schizophrenia

It is likely that the molecular mechanisms of antipsychotic drug action, the illness
itself, and environmental factors all contribute to cortical thinning seen in psychotic
disorders. These factors are also interconnected and cumulative. The effects of both
psychotic and non-psychotic illness processes might be present (Patel et al., 2021).
Therefore, the observed cortical thickness in both previous studies and our Study III
reflects a combination of processes occurring throughout a longer period of life.

In schizophrenia and psychotic disorders, the effects of antipsychotic medication
on cortical thickness (Fusar-Poli et al., 2013b; Ho et al., 2011; Konttajérvi et al.,
2024; S. Sun et al., 2023; van Erp et al., 2016; van Haren et al., 2011) have been
consistently found in particular in frontotemporal regions (Chung et al., 2018) that
may also be relevant regions as far as the illness pathology is concerned. A recent
randomized controlled trial supports this causal relationship, at least in psychotic
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depression (Voineskos et al., 2020). These results are mainly in line with ours from
Study III that shows the most prominent cortical thinning in the prefrontal, cingulate,
and parietal cortices. However, conflicting evidence exists, with some studies
finding no effect of antipsychotics on grey matter volume in previously
antipsychotic-naive first-episode psychosis patients (Chopra et al., 2021), while an
earlier study suggests the excessive thinning of the cortex appears to relate to the
outcome and antipsychotic medication type, at least in schizophrenia (van Haren et
al., 2011). These discrepancies might relate to the features of the sample population,
particularly to the phase of the psychotic disorder. Compared to our results on
antipsychotic-related cortical thinning, the same cortical regions have been observed
to be thinner already in CHR (Jung et al., 2011).

Environmental factors, such as childhood adversities (beta range of significant
cortical regions [-0.32;-0.48]) (Gold et al., 2016) and allostatic load (partial
correlation r = -0.64) (Chiappelli et al., 2017), the combination of these, particularly
in schizophrenia, may relate to the observed cortical thinning. Also, lifestyle habits
and metabolic conditions, such as insulin resistance (Shin et al., 2020) and obesity
(Gémez-Apo et al., 2021), have been observed to be associated with a thinner cortex.
The effect of insulin resistance on cortical thickness should be tested in future
analyses with our data samples as well. However, adiposity-related insulin resistance
has been found to be associated with lower cortical thickness only in middle-aged
women older than 50 years (beta = -0.28) (Shin et al., 2020), which is above the total
age range of the discovery sample and above the mean age of the replication sample.
Still, the effects could be different and manifesting at an earlier stage in psychotic
disorders compared to healthy controls.

Other lifestyle factors, including substance abuse, such as tobacco (r = -0.09)
(Rabinowitz et al., 2022) (Li et al., 2022), alcohol (r = -0.10) (Rabinowitz et al.,
2022), and cannabis use (r = -0.54 to -0.67) (Wittemann et al., 2021), but also
physical activity (beta=0.001) (Angelo et al., 2022), have been proposed as potential
confounding variables in studies on cortical morphological changes (Zipursky et al.,
2013). The shared genetic etiology between cortical brain morphology and substance
use behaviors suggests that genetic variants associated with substance use behaviors
may be causally related to brain structure differences (Rabinowitz et al., 2022). In
the early psychosis discovery sample, substance use at a dependency level was an
exclusion criterion, thus controlling for this factor to some degree. The effects of the
BMI on cortical thickness are inconclusive (Chen et al., 2023). However, in our
sensitivity analyses of the discovery sample the inclusion of the BMI in the model
did not affect the significancy of the thinning effect of AP-medication on the cortex.

Based on earlier studies, the overlapping thinner cortical regions from CHR-C
to chronic schizophrenia are in the prefrontal and temporal cortices. Our observed
antipsychotic-related cortical thinning in both early psychosis and schizophrenia
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samples overlap with these regions. These findings might suggest that both illness-
and antipsychotic-related mechanisms associating with a thinner cortex might be
linked and/or complementary and located in the same cortical regions. However, as
our sensitivity analyses, controlling for factors indicative of illness severity—such
as symptom scores, functional measures, total days hospitalized, and frequency of
hospital admissions—did not alter the results, it is plausible that the observed effects
of antipsychotics on cortical thickness are more pronounced than the effects
attributable to illness severity in our samples. This point of view is also important
due to the heterogenous group of particularly CHR, that may also have other non-
psychotic manifesting symptoms (Rutigliano et al., 2016) (Simon et al., 2011). Thus,
illness severity in FEP and CHR might be represented differently, though it was not
prominently related to an AP-related thinner cortex in either group in our sensitivity
analyses.

Finally, the correlations between antipsychotic use and cortical thickness were
somewhat weaker in the ENIGMA cohort, and several factors may account for this.
First, the ENIGMA dataset utilized daily dose as the measure of antipsychotic
exposure, whereas the Turku sample assessed lifetime exposure. Second, the patients
in the ENIGMA dataset tend to be older, have a longer duration of illness, and have
been using antipsychotic medication for a longer period. Moreover, the variability
introduced by data being collected across multiple sites and scanners in the
ENIGMA study could contribute additional ‘noise,” resulting in a weaker
correlation. These factors likely explain the diminished associations between
antipsychotic use and cortical thickness observed in the ENIGMA cohort.

6.7.1 Neurodevelopmental deficits modulate antipsychotic-
related cortical thickness?

Particularly the younger age of onset and progressive antipsychotic exposure-related
structural brain changes in schizophrenia have been found to be associated with one
another (Konttajarvi et al., 2024). This finding might be explained by critical
or vulnerable neurodevelopmental windows—periods when the brain is still
developing and thus more sensitive to external influences, such as antipsychotics.
These results suggest that the neurodevelopmental phase during the onset of the
psychosis and/or during the antipsychotic exposure is crucial. The earlier timing of
medication exposure might relate to altered developmental trajectories resulting in
more excessive antipsychotic exposure-related cortical thinning.

Our findings support this view, since we observed a relationship between
diminished T1/T2-relationship and antipsychotic related cortical thinning.
Variations in the T1/T2-ratio can be related to brain maturation processes during
neurodevelopment. A higher T1/T2-ratio could potentially indicate a reduction in
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myelin among other contributing factors (Glasser & Van Essen, 2011). This suggests
that areas with a thinner protective myelin sheet may be more sensitive to the effects
of antipsychotic drugs leading to cortical thinning. This might be true particularly in
schizophrenia, where there is evidence of impaired developmental myelination
(Bergstrom & Fu, 2024; Do et al., 2015; Karlsgodt et al., 2008; Stedehouder &
Kushner, 2017). Also, normatively, the hippocampus and frontal lobes, key regions
in schizophrenia etiology, undergo the majority of their myelination during
adolescence and do not finish until early adulthood (Arnold & Rioux, 2001). These
factors together suggest the effect of antipsychotics on cortical thinning could be
more pronounced in psychotic patients with ongoing disturbed myelination
processes or/and pre-existing disturbances in myelination developed during atypical
neurodevelopment. A lower degree of myelination may render the cortex more
vulnerable to the effects of antipsychotic medication, but alterations in myelination
might also serve as a potential target for antipsychotic medications (Ersland et al.,
2017; Tishler et al., 2018). This is supported by the earlier postmortem studies of
intracortical myelin deficits in the pathophysiology of schizophrenia, and further
notions that targeting these deficits may represent a mechanism of action for
antipsychotic medications (Tishler et al., 2018).

Since we used normative measures of brain organization from NeuroMaps, it is
possible that the finding is slightly distorted due to the absence of pre-existing
neurodevelopmental vulnerability factors of multiple systems present in psychotic
disorders. This might be interpreted that our results present optimally at least the
heterogenic effect of antipsychotic medication on cortical thickness, while brain
organization is represented by normative maps. Also, we do not know how
antipsychotics would affect the healthy brain during different neurodevelopmental
stages. This cannot be directly concluded from nonhuman primate or rodent studies
(Dorph-Petersen et al., 2005; Guma et al., 2018; Vernon et al., 2011), particularly in
relation to our results of AP-related cortical thinning localizing to higher-order
cortical regions.

To conclude, the antipsychotic related cortical thinning might be due to the
interaction of the antipsychotics with pre-existing neurodevelopmental alterations,
but also due to direct mechanisms on cortical organization—most likely this is
related to the interaction between the two preceding factors. Since antipsychotics are
effective in treating positive symptoms of psychosis, the cortical thinning could be
part of its favorable effect. This need to be studied further.
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6.8 Antipsychotic-related cortical thinning
associates with multiple-levels of normative
brain organization

Study III uncovered several novel neurobiological mechanisms, related to molecular,
physiological and functional features, potentially responsible for antipsychotic-
related cortical thinning, providing new perspectives on the impact of antipsychotic
medications. Similar studies on antipsychotic-related cortical thinning and its
association with multiple levels of brain organization in early psychosis or
schizophrenia have not been conducted earlier.

In the discovery sample of Turku early psychosis that combines both FEP and
CHR patients, we identified 18 features associated with antipsychotic-related
cortical thinning. The features positively correlating with cortical thinning were
serotonin 5SHT»a and 5HTs4 receptors, nicotinic a4p2* receptors, cannabinoid
receptor 1, p-opioid receptors, fMRI functional gradients, neurophysiological
measures such as delta, theta, and low and high gamma power, intrinsic time scale,
synaptic vesicles, and cerebral metabolic rate for glucose. In other words, regions
with higher levels of these features (e.g., elevated serotonin SHT,4 receptor density)
exhibited more pronounced antipsychotic-related cortical thinning. Conversely,
negatively correlated features included the serotonin transporter, vesicular
acetylcholine transporter, alpha power, T1/T2 ratio, and cerebral blood volume
levels.

The findings of Study III on the schizophrenia sample from the ENIGMA dataset
revealed that from those 18 that were significant in the early psychosis discovery
sample, 13 were replicated. The replicated measures were 5-HTT (serotonin
transporter), 5-HT2a, 5-HTs4, nicotinic a4b2* receptors, m-opioid receptors,
cannabinoid 1 receptors, fMRI functional gradient, alpha, theta, low gamma, and
power, T1/T2 ratio, synaptic density and cerebral blood volume. These results
suggest that antipsychotic-related changes in the cortical thickness involve multiple
biological mechanisms that overlap in both early psychosis and schizophrenia, at
least when examined through normative map comparisons.

6.8.1 The role of serotonin system in antipsychotic-related
cortical thickness

Our results suggest that antipsychotic-related cortical thinning is related to multiple
neurotransmitter systems, particularly the serotonin system. This is in line with
earlier results that suggest serotonin to increases neurite extension, dendritic
stabilization and generation of new synapses, whereas the depletion of serotonin has
been found to lead to the loss of synapses (Mazer et al., 1997). Further, particularly
second-generation antipsychotics exhibit varying levels of affinity for serotonin
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receptors (Amato, 2015), suggesting that the serotonin system may play a role in
mediating part of the cortical remodeling associated with antipsychotic medications.
In our study sample, the majority of the patients use second-generation
antipsychotics, which might explain the association between the serotonin system
and cortical thickness.

Serotonin receptors are widely distributed throughout the brain, and each subtype
has a distinct pattern of expression and function (Kumar & Mann, 2014). However,
the serotonin receptors most commonly found in the prefrontal cortex, such as 5-
HTia, 5-HT2a, 5-HT3a, and 5-HTs, are distributed among specific groups of
pyramidal neurons and inhibitory interneurons (Puig & Gulledge, 2011). Serotonin
receptors, particularly in PFC, are essential for regulating cortical activity and
influencing neural oscillations (Puig & Gulledge, 2011). More specifically, serotonin
influences the speed and strength of slow brain waves in the PFC by activating 5-
HTsa-receptors, generally leading to increased neural activity. (Puig et al., 2010)
Thus, given that disturbances in neural oscillations are observed in psychotic
disorders, the serotonergic effects of antipsychotic drugs, and further cortical
thickness alterations, may also influence oscillatory powers. However, our
correlation matrix from Study III suggests, that the associations with AP-related
cortical thickness between brain oscillations (theta, low gamma and alpha) and the
serotonin system (5-HT»a and 5-HTT) appear not to be clearly correlated, but
possibly interacting via the mu-opioid and cannabinoid system.

Further, particularly second-generation antipsychotics block 5-HT»a receptors in
the prefrontal cortex. This serotonin system’s modulation of dopamine via 5-HT»a
receptor blockade may also be linked to cortical thinning associated with
antipsychotic use and symptom remission. On the other hand, the effects of serotonin
have been linked to reduction in antipsychotic-related side effects (Miller et al.,
1990; Praharaj et al., 2015). Thus, the serotonin system might be integral to both the
efficacy and side effect profile of antipsychotic medications (Kapur & Remington,
1996).

There are inconsistent results in post-mortem studies and PET-studies of
schizophrenia regarding the decreases in 5-HT> receptors in the prefrontal cortex in
schizophrenic patients (Lewis et al., 1999). More recent studies show that
antipsychotic treatment decreases 5-HT»a receptor density in the prelimbic cortex
and nucleus accumbens and increase 5-HT»a receptor density in the striatum. It is
suggested that the activation of either 5-HT, receptors or of 5-HT»a receptors
selectively is required for the full expression of antipsychotic-induced dopamine
receptor hypersensitivity (Charron et al., 2015). Thus, the observed alterations in 5-
HT, receptors might represent compensatory changes resulting from the psychotic
disorder itself or the mechanisms of antipsychotic drugs, presumably both. However,
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it is conclusive that the role of serotonin is essential in psychotic disorders and
psychotic symptoms, and it is related to antipsychotic effects on cortical thickness.

In Study III, we found higher levels of cortical serotonin SHT»4 and 5HT4 —
receptors relating to greater cortical thinning. Instead, we found a negative
association between the serotonin transporter and antipsychotic-related cortical
thinning. Since serotonin transporters and receptors have different roles and
functions in serotonin signaling, our results suggest that the mechanisms differ also
in relation to antipsychotic effects and cortical thinning (Amato, 2015) (Figure 11).
This is interesting, since serotonin reuptake inhibitors, which block 5-HTT and
increase serotonin in the synaptic cleft, have been shown to promote neuroplasticity
and increase cortical thickness and better outcome, at least in MDD (Bartlett et al.,
2018). On the one hand, higher 5-HTT levels may represent a more regulated
serotonin system, ensuring stable neural signaling and potentially preserving cortical
structure, which can act as a protective factor against the cortical thinning typically
induced by antipsychotic treatment. On the other hand, blocking 5-HT»a receptors
can indirectly affect 5-HTT by altering the serotonin signaling dynamics. Further,
psilocybin, a serotonergic psychedelic that produces a schizophrenia-like symptoms,
also affects the brain via serotonin-2A receptor activation (Shao et al., 2021). It
suggests that psilocybin leads to neural adaptations and structural remodeling in the
brain, particularly in the frontal cortex. This indicates that psilocybin can induce
synaptic rewiring and influence cortical structure, possibly through serotonergic
pathways. Thus, it is presumable that there are more specific and distinct
mechanisms behind serotonin-related effects on cortical thickness and psychotic
symptoms; part of those presumably represent the treatment response and part of
those, the side effects of antipsychotic medication.

Our results suggests that while serotonin signaling plays a crucial role
in modulating the cortical structure, elevated receptor densities, especially in the
context of antipsychotic treatment, may be linked to neuroplastic changes that
promote cortical thinning. Thus, the relationship between serotonin, its receptors,
transporters, and cortical thickness is multifaceted, with both serotonergic signaling
and receptor dynamics possibly influencing the brain structure in different ways.
However, the exact cellular and molecular mechanisms by which the effects on the
serotonin system would lead to altered cortical thickness remain unknown.

6.8.2 Other neurotransmitter systems in antipsychotic-
related cortical thickness

Elevated levels of nicotinic a4p2*-receptors were linked to cortical thinning.
Although antipsychotics do not directly inhibit this receptor, they may function as
negative allosteric modulators of a4p2*-receptors, reducing the receptor’s activity
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(Grinevich et al., 2009). Further, acetylcholine is involved in cortical maturation and
plasticity, suggesting that some effects of antipsychotics may also be mediated
through this neurotransmitter system (Bruel-Jungerman et al., 2011).

Notably, all currently used antipsychotics act on dopamine D2-receptors.
Interestingly, in this study, dopamine D2 or D1 -receptor levels did not show any
association with antipsychotic-related cortical thinning. Since the earlier rodent
studies linking antipsychotic-related cortical thinning to dopamine D2-receptors
have observed mainly typical antipsychotic-related (haloperidol) cortical thinning
(Guma et al., 2018), and since our samples in both the discovery and replication
sample examined mainly second-generation antipsychotic drug use, this might be
explained by the type of the antipsychotics. In the Turku sample, 12%, had used first-
generation antipsychotics, compared to 13% in the ENIGMA study.

Also, we observed a positive association between antipsychotic-related cortical
thickness and CB1-receptors or p-opioid-receptors. As antipsychotics do not directly
target these receptors, their role in this context remains to be clarified. However,
since there is also evidence that since activating CB1-receptors in the central nervous
system alone can disrupt the body’s ability to maintain stable blood glucose levels
(O'Hare et al., 2011), these effects on cortical thickness might be related to metabolic
effects. While p-opioid receptors are not primary targets in the treatment of
schizophrenia, their role in cortical functioning and their potential interaction with
other neurobiological systems, such as dopamine and serotonin, makes them a
relevant area of study for understanding the complex neurobiology of schizophrenia.

Indeed, in the correlation matrix we show positive correlations between the AP-
related thinner cortex and 5-HT2a-, 5-HT4-, 04p2*-, CB1-, or p-receptor, as well as
synaptic vesicle associations. In the ENIGMA analyses the synaptic vesicles were
measured with uniporter-coupled calcium-binding protein-J (UCBJ), which reflects
synaptic density rather than targeting any single neurotransmitter system. These
correlations across multiple neurotransmitter systems with AP-related cortical
thinning suggest that the effects may be interconnected temporospatially and/or
mediated by shared biological mechanisms. Since antipsychotics do not directly
affect synaptic density (Halff et al., 2021; Onwordi et al., 2020), and given the
complex interactions of serotonin and other neurotransmitter systems —both within
and across receptor classes—as well as normative brain feature data, direct
interpretations remain challenging. However, these results suggest that multiple
neurotransmitter systems, particularly the serotonin system, are likely involved in
the complex mechanisms of the action of antipsychotics on cortical thickness.
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6.8.3 The role of brain physiological features in
antipsychotic-related cortical thickness

In Study III, we observed associations between antipsychotic-cortical thickness and
multiple physiological features of the cortex. Our replicated findings on
physiological features in both the discovery and ENIGMA samples were that the AP-
related thinner cortex was associated with lower alpha power, higher low gamma
power, higher theta power, but also lower CBV. Further, in the discovery sample of
early psychosis only, we found that the AP-related thinner cortex was associated
with higher delta power, higher high gamma power, and an intrinsic timescale, but
also a higher cerebral metabolic rate for glucose. These findings were nonsignificant
in the schizophrenia sample. The differences between the findings of our early
psychosis sample and replication sample of schizophrenia patients are discussed in
a later section.

There is evidence of abnormal CBV decreases in the dorsolateral prefrontal
cortex in schizophrenia, that is independent of antipsychotic drug use (Schobel et al.,
2009). Further, frontal cortical hypoperfusion has been observed in patients with
schizophrenia. (Percie du Sert et al., 2023) In our study, we observed that
normatively lower cortical CBV might be related to higher antipsychotic-related
thinning both in early psychosis and schizophrenia, but the findings were not
significant in relation to CBF. These results suggest that particularly the prefrontal
cortex might be more vulnerable to antipsychotic effects due to illness-related lower
CBYV, and this phenomenon might be present both in the early and later stages of
psychotic disorders. The observed frontal cortical hypoperfusion in patients with
schizophrenia (Percie du Sert et al., 2023) might explain the prefrontal cortex
susceptibility to structural changes, which may be partly related to
neurodevelopmental defects in the frontal cortical blood supply and vascular system.

Further, in the discovery sample, we found a higher cerebral metabolic rate for
glucose (CMRGlu) associating with greater antipsychotic related cortical thinning,
but a lower CBV associating with greater antipsychotic-related cortical thinning.
This imbalance between heightened metabolic demand and insufficient vascular
support may lead to increased structural fragility. In the replication sample of
schizophrenia only a negative association between AP-related cortical thinning and
CBYV was statistically significant. Normatively cerebral blood flow is adjusted to the
cerebral metabolic rate due to flow-metabolism coupling (Papasilekas et al., 2021).
In the discovery sample, we did not examine the correlations between AP-related
cortical thickness linked to CBV and AP-related cortical thickness linked to
CMRGlu, thus, it is unknown whether these mechanisms relating to antipsychotic-
related cortical thickness are compensatory and/or related. However, it could be
hypothesized that the increase in CBV might be related to reduced antipsychotic-
related cortical thinning, and this could be compensatory particularly in regions with
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a higher cerebral metabolic rate. On the other hand, these associations between
physiological features and AP-related cortical thinning may be a pre-existing
physiological characteristic that renders certain cortical regions more susceptible to
the effects of antipsychotics. However, trait-like neurodevelopmental physiological
characteristics and state-like compensatory functions are presumably related. In this
context, as our study focused on normative cortical organization, these findings may
serve as hypotheses for future research in cohorts with psychotic disorders.

6.9 Antipsychotic-related cortical thinning localizes
to regions with higher-order cognitive functions

Direct relationships between cortical thickness and total cognition, evaluated with
cognitive domains, such as episodic memory, reasoning ability, perceptual speed,
and vocabulary, have not been observed (Habeck et al., 2020). However, the study
revealed a more complex, distributed pattern of regional cortical thickness related to
education, indicating more complex interactions or distributed patterns between
cortical thickness and cognitive functions. However, in Study III, we observed that
antipsychotic-related cortical thinning may be more pronounced in regions involved
in higher cognitive functions. These replicated higher-order cognitive parameters
were particularly gamma power, theta power, and functional gradient.

Gamma oscillations are the most energy-intensive brain waves due to the rapid
and synchronized firing of neurons across networks, especially during complex
cognitive tasks (Mably & Colgin, 2018; van Vugt et al., 2010). They are linked to
higher-order cognitive functions and require more energy than alpha waves, which
are more prevalent in calm, awake states and basic cognitive processes (Galow et al.,
2014; Klimesch, 2012). Low gamma oscillations are crucial for cognitive functions
such as attention, sensory processing, and memory. Alpha oscillations are linked to
attentional control, relaxation, and sensory filtering (Klimesch, 2012), while theta
waves are more clearly associated with higher-order processes, such as memory
encoding (Herweg et al., 2020), learning, and cognitive flexibility (Yeung et al.,
2016).

We found that the power of gamma and theta oscillations show a positive
correlation with antipsychotic-related cortical thinning, but alpha oscillation
correlated negatively with the thinning. This is interesting, since the oscillation
patterns, particularly theta and gamma oscillation, are known to be altered especially
in the hippocampus and prefrontal cortex in schizophrenia (Riirup et al., 2020;
Soltani Zangbar et al., 2020). Further, alterations in these oscillations have been
implicated in schizophrenia, particularly in the context of deficits in higher-order
cognition (Riirup et al., 2020). Our findings are in line with these results.
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The idea of AP-related cortical thinning localizing to higher-cognitive cortical
regions is further supported by our replicated results showing that antipsychotic-
related cortical thinning is more pronounced in regions with higher levels of synaptic
vesicles, that are generally indicative of increased synaptic activity, enhanced
plasticity, and potentially greater neural processing capability. Also, in the discovery
sample, the AP-related thinner cortex was associated with a higher level of CMRGlu,
indicating that the regions susceptible to antipsychotic effects require more energy,
which is typical particularly for cortical regions involved in higher cognitive
functions.

Based on our correlation matrix, the links of the AP-related thinner cortex and
higher gamma or higher theta power further correlated positively, suggesting similar
temporospatial manifestations and/or mutual physiological processes between theta
and gamma oscillations in relation to AP-related cortical thinning. Both gamma and
theta power were positively associated with AP-related cortical thinning, whereas
alpha power showed a negative association with AP-related cortical thinning. The
observed differences in associations between AP-related cortical thinning between
theta, gamma and alpha oscillation, might be partly explained in their need for energy
and cerebral blood volume, and the stage of myelination. Indeed, in the replication
sample, we found that increased AP-related cortical thinning was associated with
reduced CBYV, but also with reduced alpha power and reduced myelination. All these
negative associations between replicated physiological features and antipsychotic-
related cortical thinning were positively correlated with each other. It could mean
that AP-related cortical thinning linking to reduced CBV, alpha power and
myelination might occur simultaneously and/or in the same cortical regions, and/or
as part of a linked physiological process. In other words, AP-related cortical thinning
is not typical for regions with high alpha power, high CBV or myelination. These
factors, particularly heightened vascular function and increased myelination, might
be protective factors.

Finally, a higher functional gradient was associated with greater AP-related
cortical thinning. The functional gradient is a resting state functional MRI
connectivity measure that explores how brain activity transitions from simple
sensory tasks (basic sensory areas, unimodal) to complex cognitive tasks (higher-
order processing areas, transmodal) across different brain regions. This further
suggests AP-related cortical thinning is related to higher cognitive functions.

These results suggest that antipsychotic-related cortical thinning localizes
regions and/or relates to features associated with higher-order cognitive functions.
Consequently, as a follow-up analysis, we tested whether AP-related cortical
thinning would correlate positively with the fMRI activation of higher cognitive
functions and negatively with activations during somatosensory tasks. We found that
brain regions associated with motivation and executive/cognitive control exhibit
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consistent positive correlations with antipsychotic-related cortical thinning, while
regions primarily involved in perceptual processing appear to be more resistant to
the effects of antipsychotics. These findings are in line with our primary findings on
AP-related cortical thinning localizing to regions of higher-order cognitive
functions.

6.10  Comparison of antipsychotic-related cortical
thinning and normative brain organization in
early psychosis and schizophrenia

In Study III, we observed associations between antipsychotic-cortical thickness and
multiple physiological features of the cortex. Our replicated findings on
physiological features in both discovery and ENIGMA samples were that the AP-
related thinner cortex was associated with lower alpha power, higher low gamma
power, higher theta power but also a lower CBV and higher functional gradient. The
majority of the findings of the discovery sample were replicated.

In the discovery sample of early psychosis only, we found lower levels of
vesicular acetylcholine transporter (VAChT), higher delta and high gamma power,
as well as higher intrinsic timescale and higher CMRGlu to be associate with greater
AP-related cortical thinning. This is particularly interesting, since the recently
approved antipsychotic drug xanomeline modulates muscarinic receptors, a type of
acetylcholine receptor, specifically through M;- and M, -subtype agonism,
presenting a promising alternative with a reduced risk of side effects. (Paul et al.,
2022) (Kaul et al., 2024b) (Kaul et al., 2024a) Both muscarinic receptors and
acetylcholine transporters are involved in acetylcholine signaling.

The differences in the replicated findings between early psychosis and
schizophrenia may be related to variations in illness progression, particularly with
respect to metabolic, physiological, and higher cognitive processes. On one hand,
some of these unreplicated findings might be more specific to the CHR population
and/or diagnostically more heterogenous FEP group. On the other hand, the
replicated findings could reflect features more characteristic of a chronic population,
more stable trait-like features of the schizophrenia. In addition to sample
characteristics, the statistical power of a moderately sized discovery sample—such
as manageable random variation and a moderate risk of type I errors—may
contribute to these differences, though the findings are less prone to being false or
exaggerated compared to smaller samples.

Further, the key differences at least partly explaining these discrepancies
between the discovery and replication samples of ENIGMA might be the different
illness stage, differences in the sample demographics, and/or the methods used to
measure antipsychotic drug exposure. In the replication sample, schizophrenia
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patients were older and there were slightly more males. In the discovery sample of
early psychosis, the lifetime antipsychotic exposure was measured, whereas in the
ENIGMA, the current daily dose of antipsychotics was assessed. In the Turku sample
12% had used first-generation antipsychotics, compared to 13% of the daily dose in
the ENIGMA study. Also, the discovery sample is a single site study with a
homogenous catchment area using a single scanner, while the schizophrenia sample
is scanned at multiple locations with various scanners and protocols. Furthermore,
since the discovery sample includes both FEP and CHR patients, while the ENIGMA
replication sample consists only of individuals with schizophrenia, the replicated
findings likely primarily validate the morphological alterations associated with
psychotic disorders considering that only approximately 1/3 of individuals in the
CHR group develop psychosis within two years. Also, brain organization in early
psychosis and chronic schizophrenia might differ (Holmes et al., 2023). However,
since the majority of the results in the discovery sample were replicated, these
multiple mechanisms might be shared in both early and later stages of psychotic
disorders, particularly in schizophrenia.

Finally, here we examine how the normative features of brain organization relate
to antipsychotic-related cortical thickness in either the early psychosis or
schizophrenia sample; thus, the brain organization maps in psychotic disorders are
not observable in our results. (Figure 8.) Therefore, our findings on the observed
features of brain organizations provide only research hypotheses for further
investigation of the antipsychotic-related cortical thinning in more specific study
designs.

6.11 Strengths and limitations of Studies |-l

Strengths

1. Our studies included comprehensive characterizations of two representative
baseline samples (Study I and III) and a longitudinal one-year follow-up
period between the baseline and follow-up samples (Study II). Further, we
replicated our early psychosis sample findings with a large schizophrenia
replication sample (Study III).

2. We utilized advanced, ex-vivo based, methods to segment the hippocampal
subfield and amygdala subnuclei volumes, as well as to measure the cortical
thickness. Additionally, we used a more precise measure of antipsychotic
medication usage, assessing lifetime cumulative antipsychotic exposure.
(Studies I-III).

3. In Study III, we used innovative approaches integrating NeuroMaps,
NeuroSynth and cortical thickness measures, to incorporate diverse
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normative physiological and cognitive features to study antipsychotic-related
cortical thinning in early psychosis.

In Studies I-111, the entirety of the Turku discovery sample data was scanned
with the same scanner and the quality control of the segmentations and MRI
data was made by the same individual (R.-L.A.).

Limitations

1.
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The CHR group is highly heterogeneous and does not optimally represent the
true risk of psychosis. It is heterogeneous both in terms of diagnostic
psychiatric outcomes and the stage of the illness. Not all individuals in the
CHR group will develop psychosis during the follow-up period; some may
develop other mental health disorders, while others may experience
psychosis much later. Therefore, the CHR group also reflects the risk for
other mental health disorders. Efforts to address this heterogeneity have been
made by further dividing the group into CHR-C and CHR-NC. Due to the
cross-sectional study design, this was not possible in the Study .

The study samples, particularly in subsamples, such as CHR-C, CHR-NC,
NAP, and affective psychosis, are relatively small, thus the replication with
larger sample sizes is needed.

The connections between systemic and CNS phenomena are difficult to
investigate, since, i.e., systemic metabolism and brain morphology involve
multiple mediating factors. Based on the associations alone, no definitive
conclusions can be drawn regarding causality. More experimental studies,
such as randomized controlled trials and longitudinal designs, are needed to
establish causality i.e. between metabolic alterations, antipsychotic
medication, and cortical thickness.



I

7.1

Conclusions, future directions and
clinical implications

Main conclusions

Study I showed that the volume of the lateral nucleus of the amygdala is
affected in both CHR and FEP. In FEP, a volumetric reduction of the basal
nucleus is also present. Further, among FEP patients, greater childhood
adverse experiences are associated with a smaller lateral nucleus of the
amygdala supporting a role of environmental stressors in altered subnuclei
morphology during the development of psychosis.

The longitudinal Study II indicates that increased fasting plasma insulin and
insulin resistance are linked to reduced hippocampal tail volumes in non-
diabetic patients after the onset of the first episode of psychosis. Further,
insulin levels and insulin resistance appear to worsen during the one-year
follow-up in CHR individuals, particularly among those who transition to the
first psychosis. In the CHR, the worsening of glucometabolic parameters is
further associated with clinical outcomes, particularly with impaired
functioning. These alterations appear to be independent of lifetime
antipsychotic exposure.

The longitudinal Study II shows that hippocampal subfield volumes are
consistently lower in FEP, especially in non-affective psychoses. The
reductions in CHR are less marked. These volume defects remain stable
during the one-year follow-up period. The most pronounced volume
reductions in the FEP group are localized to the hippocampal tail, CAl
subfield and molecular layer of CA fields, independent of lifetime
antipsychotic exposure.

Study III shows that antipsychotic exposure is associated with a thinner mean
cerebral cortex, and more specifically antipsychotic-related cortical thinning
is the most prominent in the prefrontal, parietal and cingulate cortices in the
early psychosis. Lifetime antipsychotic exposure remained statistically
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significantly associated with the mean cortical thickness while covarying for
indicators of illness severity.

5. Study III suggests, using independent early psychosis discovery and
replication sample of schizophrenia patients, that antipsychotic-related
cortical thinning has regional heterogeneity, and it is associated with multiple
biological mechanisms. These mechanisms include the serotonin system, as
well as functional networks and neural oscillatory power distributions typical
for regions involved in higher cognitive functions.

The results from Studies I-III support the notion that, in addition to specific
morphological changes in the amygdala, hippocampus, and cortex, systemic changes
also occur, particularly around the onset of the first psychotic episode. These
morphological changes may follow specific temporal and spatial patterns, and are
associated with systemic and environmental factors, as well as various biological
mechanisms related to antipsychotic treatment.

7.2 Future directions and clinical implications

Further research is needed to elucidate whether the improved management of glucose
homeostasis with medical treatment during the early stages of the first psychotic
episode is associated with a long-term prognosis, functional outcomes and further
brain morphology and functioning during the follow-up. This could also be
important for the development of new therapeutic approaches. There is some recent
evidence suggesting that improving glucose metabolism in schizophrenia may
enhance cognitive functioning and also strengthen functional connectivity,
especially in the prefrontal cortex (Shao et al., 2023).

In Study III, we identified several novel neurobiological mechanisms that may
underlie antipsychotic-associated cortical thinning. Specifically, the role of serotonin
receptors in modulating the cortical thickness could be tested directly in animal
models, potentially offering new insights into treatment targets. Further, it could be
investigated how antipsychotic medication -related cortical thinning and its
normative (and non-normative) underlying mechanisms differ between individuals
who show a good response to the medication after one year of follow-up and those
who show a poor response in psychotic disorders. Also, in Study III both discovery
and replication samples pooled different antipsychotics together despite their
significant pharmacological differences. In the Turku sample, the largest subgroup
of people who were exposed only to a single antipsychotic consisted of 24
participants on risperidone, prohibiting further subgroup analyses in this sample. In
the future, to elucidate the role of different biological substrates in mediating the
effects of antipsychotics on cortical thickness, it would be important to have large
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enough samples that allow separation of the effects of different antipsychotics on
cortical thickness.

Future studies should also consider examining the direct measures of stress
response and HPA-axis function, including dynamic tests such as the dex/CRH and
dexamethasone suppression tests, and static assessments like basal cortisol levels,
near the onset of the first psychotic episode. These measures should be explored in
relation to metabolic changes, functional outcomes, disease severity, and childhood
adversities, but also in relation to the amygdala subnuclei, hippocampal subfield and
cortical morphology, and the interactions between these clinical and morphological
measures. For example, using our study samples I and 11, based on childhood adverse
experiences, it would be interesting to further study the associations between glucose
metabolism parameters, subnuclei or subfield volumes, and their outcome
trajectories. These studies would clarify and help to understand the associations
found in studies I-I1I. Studying these factors early in the course of psychotic illness
would be essential for developing a better understanding of the disorder and
identifying early biomarkers that may be related to clinical outcomes and treatment
mechanisms.
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Appendices

Statistical methods

Study |

Differences in amygdala subnuclei between FEP, CHR and CTR

The subnuclei volumes were averaged across both hemispheres in further analyses to avoid
unnecessary multiple comparisons, since there were no significant differences in subnuclei volumes
between the left and right hemispheres, nor any group by hemisphere by subnuclei interactions.
First, we tested overall group differences in the total amygdala volume using ANCOVA, controlling
for age, sex, and total intracranial volume. After which, a linear mixed-effects model was used to
examine whether there was a group by subnucleus interaction: volume ~ intercept + 1 (group) +
2 (subnucleus) + B3 (group by subnucleus interaction) + 4 (age) + B5 (sex) + 36 (total intracranial
volume) + random (subject) + error (€). The subnucleus was treated as a repeated measure within
subjects, with volume as the dependent variable, and group, subnucleus, their interaction, age, sex,
and intracranial volume as the independent variables. The model also included a random intercept
for each subject to account for subject-specific effects.

Effect of childhood maltreatment on amygdala subnuclei

We then tested whether the TADS total score was linearly associated with subnuclei volumes. The
models were fit separately for each group and limited to the subnuclei that were smaller in either
FEP or CHR. We used the following linear model, fitted with robust regression using the MM-
estimation method: volume ~ intercept + 31 (TADS total score) + 32 (age) + B3 (sex) + B4 (total
intracranial volume) + error (€), where B values represent the regression coefficients, and ¢
represents the residual error. In all statistical analyses, p-values < 0.05 were considered statistically
significant. Multiple comparisons were corrected using the false discovery rate (FDR) correction at
p-value < 0.05. All analyses were carried out with R version 3.5.2 (Eggshell Igloo) (R Core Team,
2017).
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Study |

Analyses of hippocampal volumetry and glucose parameters in clinical
groups of FEP, CHR and CTR

Cross-sectional analyses

The differences in hippocampal subfield volumes across FEP, CHR, and CTR groups were
analyzed using a linear mixed-effects model: volume ~ intercept + 1 (group) + 32 (subfield) + B3
(group by subfield interaction) + B4 (age) + B5 (sex) + B6 (TIV) + B7 (BMI) + random (subject) +
error (g). Subfields were treated as a repeated measure within subjects, with volume as the
dependent variable. Group status, subfield, their interaction, and the covariates (age, sex, BMI, and
TIV) were the independent variables. Post-hoc pairwise comparisons of subfield volumes between
groups were performed using estimated marginal means, with the false discovery rate correction
applied.

Pairwise group differences of measured fasting plasma glucose and insulin, and calculated insulin
resistance (HOMA2-IR) were tested using Student’s t-test in FEP, CHR and CTR both the baseline
and follow-up time points. The relationships between glucose metabolism parameters and
hippocampal volumes (both subfield and total) were tested separately for the FEP, CHR, and control
groups. This analysis was done for all metabolic indexes and volumes, as well as at both time
points, using a linear model: volume ~ intercept + 31 (glucose parameter) + 32 (age) + 33 (sex) +
B4 (BMI) + B5 (total intracranial volume) + error (€).

Analyses of the longitudinal data

We used a linear mixed-effects model to analyze baseline and one-year follow-up data, aiming to
detect longitudinal changes in hippocampal subfield volumes, total hippocampal volumes, and
glucose parameter values over time across the FEP, CHR, and CTR groups. These models also
included participants who did not have measurements at both time points. Separate linear mixed-
effects models were used for each volume and glucose parameter, with the subject ID as a random
effects variable. Post-hoc comparisons of volume or glucose parameter changes within each group
between the baseline and one-year follow-up were conducted using estimated marginal means.

The model included a binary independent variable that indicated the time point and its interaction
with the group variable. The model used for the volume changes in time was: volume ~ intercept +
B1 (group by time) + B2 (time) + B3 (group) + B4 (sex) + B5 (age) + Be (total intracranial volume) +
B7 (BMI) + random (subject) + €. For glucose parameter changes in time, the model was: glucose
parameter value ~ intercept + B1 (group by time) + 32 (time) + B3 (group) + B4 (sex) + B5 (age) +
7 (BMI) + random (subject) + €.

Analyses of hippocampal volumetry, glucose parameters and clinical
outcomes

As above, a mixed-effects linear model was used to assess whether reductions in subfield volumes
at the baseline, baseline glucose parameter levels, or longitudinal changes in volumes and glucose
parameters during the follow-up were linked to clinical outcomes, such as the transition to
psychosis, level of functioning, or remission status at the follow-up. Additionally, we used a linear
model to test whether the associations between glucose metabolism parameters and volumes were
influenced by clinical outcome trajectories.
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The effect of lifetime antipsychotic exposure at each MRI scan time point was controlled by using it
as a covariate for each test of this study separately. In all statistical analyses, two-tailed p-values <
0.05 were considered statistically significant. Baseline pairwise multiple comparisons of volumetric
differences and analyses on the associations between volumes and glucose parameters were
corrected using the false discovery rate (FDR) correction at p-value < 0.05. Exploratory analyses
are presented in the original publication. All analyses were carried out with R version 4.2.1 (2022-
06-23) “Funny-Looking Kid” (R Core Team, 2022).

Study Il

Early psychosis — Turku Discovery sample

Effect of antipsychotic drugs on cortical thickness

We started by estimating how lifetime antipsychotic use affects the overall thickness of the brain’s
cortex. The average cortical thickness across the whole cortical mantle was used as the outcome
measure and lifetime antipsychotic exposure, age, sex, and group as explanatory variables in a
linear regression model: mean cortical thickness ~ intercept + 31 (lifetime antipsychotic exposure)
+ 32 (age) + B3 (sex) + B4 (group)+ €. The Robust MM-estimation method from the “robustbase”
library in R (v4.2.2) was employed due to its resistance to the influence of outliers, ensuring more
reliable results in the presence of possible atypical data points (R Core Team, 2017). Because
illness severity might explain both increased antipsychotic use and reduced cortical thickness, we
performed a series of sensitivity analyses. In these, we added measures of overall symptom or
iliness severity as additional variables in the regression model to account for this potential influence.
The sensitivity analyses involved adding one of the following measures at a time as an extra variable
in the regression analyses: total symptom score, GAF, SOFAS, total number of days spent in a
mental health hospital, or the number of hospital admissions.

The regional effects of lifetime antipsychotic exposure on cortical thickness were assessed using
vertex-wise analyses, performed with the gim-fit function in Freesurfer 7.1.1. In this analysis, vertex-
wise cortical thickness was predicted using lifetime antipsychotic exposure with age, sex and group
as covariates. We conducted 1,000 permutations to adjust for multiple comparisons, using a cluster-
wise p-value significance level of 0.05 and cluster-forming p-values of 0.05 and 0.01 for a more
stringent analysis. Additionally, Bonferroni correction was applied to adjust for the multiple
comparisons conducted across both hemispheres.

NeuroMaps: The association between cortical structure or function and antipsychotic-
related cortical thinning

For the discovery sample, the vertex-wise map of the effects of lifetime antipsychotic exposure on
cortical thickness from the Turku sample was first parcellated using the Desikan-Killiany cortical
atlas (Desikan et al., 2006). This choice of parcellation was made to ensure consistency with the
ENIGMA data, which is available solely in this parcellation format. The selected feature annotations
from the NeuroMaps were parcellated using the same Desikan-Killiany cortical atlas for
consistency. Pairwise Pearson’s correlation r between the parcellated lifetime antipsychotic
exposure effect on cortical thinning and parcellated brain features were calculated, and statistical
significance was assessed using a conservative null model that preserves the spatial-
autocorrelation of brain maps (“spin test”) (Alexander-Bloch et al., 2018; Vasa & Misi¢, 2022). In
the spin test, for each pairwise comparison, the coordinates of the parcels are projected onto a
sphere and then randomly rotated. The original parcels are reassigned the value of the nearest
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rotated parcel, and this process is repeated 10,000 times. Next, correlations are calculated between
the original non-rotated pair and each of the permuted maps. The original Pearson’s correlation
coefficient (r) is then compared to this distribution of values to determine the permutation p-value
(pspin)- In the spin test, a null distribution of correlations is created by randomly rotating one of the
brain maps used in a pairwise correlation and repeating the correlation (10,000 repetitions). The
empirical correlation is compared against this null distribution to calculate a permutation p-value
(pspin). All associations were corrected for multiple comparisons using false discovery rate
correction.

NeuroSynth: Post-hoc analyses on the associations between underlying cognitive
features and antipsychotic-related cortical thinning

As a follow-up analysis to investigate the functional relevance of our primary findings, we examined
potential associations between antipsychotic-related cortical thinning and various cognitive
functions, hypothesizing that such thinning would be more pronounced in cortical regions that are
involved in higher cognitive functions. For this purpose, we utilized the NeuroSynth database
(neurosynth.org), which contains probabilistic maps of brain activation and deactivation derived
from over 14,000 fMRI studies. We conducted voxel-wise meta-analyses for 123 cognitive terms
from the Cognitive Atlas, as previously described. The probabilistic meta-analytical maps were
parcellated using the Desikan-Killiany atlas, and their association with antipsychotic-related cortical
thinning was studied in both the discovery sample using spin tests, as described earlier. To
determine if the categories were generally linked to cortical thinning related to antipsychotic use,
we performed a two-sided permutation test. This involved comparing the average correlation of
each category to a null distribution created by randomly permuting category memberships 10,000
times. Additionally, to gain more insight into the relationship between antipsychotic-related cortical
thinning and cognitive functions, we analyzed the top and bottom 10% of individual term
correlations.

Schizophrenia — ENIGMA replication sample

Effect of antipsychotic effect on cortical thickness

To replicate the findings from the discovery sample, we used data from an ENIGMA consortium
study to study correlations between the current chlorpromazine equivalent dose and cortical
thickness. As before, we calculated the correlations for each Desikan-Killiany parcel while
controlling for age and sex in up to 2175 individuals, depending on the parcel.

NeuroMaps and NeuroSynth: The association between underlying cortical structural,
functional or cognitive features and antipsychotic-related cortical thinning

In the replication sample, we examined the relationships between antipsychotic-related cortical
thinning and the selected structural and functional brain organization features, that were statistically
significant in the discovery sample, using NeuroMaps. Further, based on the fundings from
NeuroMaps we explored potential links between antipsychotic-related cortical thinning and various
cognitive functions as described above.
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