Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 July 2021 d0i:10.20944/preprints202107.0289.v1

Review

Pharmaco-Magnetic Resonance as Tool for Monitoring the
Medication-Related Effects in the Brain May Provide Potential
Biomarkers for Psychotic Disorders

Katrin Aryutova 'and Drozdstoy Stoyanov * *

1 Department of Psychiatry and Medical Psychology, Research Institute, Medical University Plovdiv
4002 Plovdiv, Bulgaria

katrin.aryutova@phd.mu-plovdiv.bg (K.A.)
drozdstoy.stoyanov@mu-plovdiv.bg (D.S.)

Correspondence: drozdstoy.stoyanov@mu-plovdiv.bg

Abstract: Psychotic disorders occur as a result of pathobiochemical processes in the brain,
which disrupt the central neurotransmission of molecules such as dopamine and gluta-
mate. The dopamine hypothesis, adopted more than 2 decades ago, has repeatedly as-
serted its position as an etiopathogenetic substrate through the action of psychostimulants
and neuroleptics on the mesolimbic and mesocortical systems, giving insight into the
origin of positive and negative schizophrenic symptoms. On the other hand, cognitive
impairments in schizophrenia remain not fully understood but are thought to be present
during all stages of the disease, as well as in the prodromal the interictal and residual
phases. Over the last decade, functional magnetic resonance imaging has focused on re-
search of brain networks like the Default mode network, the Salience network and Central
executive network, enabling a deeper understanding of cognitive deficits, as well as other
phenomena such as disorganization of thought and behavior. The study of the nodes of
these networks, such as the precuneus and insula, informs about their complex significant
roles as structures responsible for important cognitive domains such as concentration, at-
tention, ability to understand and reproduce information, as well as memory functions. It
is suggested that the neurotransmission of dopamine and glutamate play a key role in
these processes and their successful modulation in the correct brain regions through psy-
chopharmacological and biomedical instrumental methods may lead to a significant re-
versal of conventional paradigms. Pharmaco-magnetic resonance imaging is a neuroim-
aging method that can provide the translation of scientific knowledge about the neural
networks and the disruptions in and between different brain regions, into clinically appli-
cable and effective therapeutic results in the management of severe psychotic disorders.
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1. Introduction

Psychosis is not a nosological entity, but rather a clinical condition consisting of nu-
merous symptoms that may be a common clinical outcome of a variety of causes. While
the concept and definition of psychosis is defined by the core clinical symptoms of delu-
sions, hallucinations, and disorganized thinking, these symptoms are most likely the com-
mon final consequences of a variety of different etiopathogenetic pathways, which may
all lead to an analogous clinical picture [1] .

Schizophrenia and other psychotic disorders are a heterogeneous group of mental
illnesses that are frequently categorized together for practical reasons. However, schizo-
phrenia is the most prevalent, debilitating, and socially significant disorder among this
group [2] . Schizophrenia is distinguished by a wide range of psychopathological features:
positive symptoms (psychotic symptoms), negative symptoms (avolition, alogia, autism,
affect flattening, social disengagement, etc.), and cognitive impairment (attention,
memory and executive functions deficits) [3] . Positive symptoms usually resolve and re-
lapse, although many individuals maintain protracted psychotic symptoms. Negative and
cognitive symptoms are often persistent and are correlated with long-term consequences
on social function [4] . The first episode of psychosis generally occurs in late adolescence
or early adulthood, although it is commonly precipitated by a prodromal stage [5] and
premorbid cognitive deficits [4] .

The diagnosis of schizophrenia is purely clinical, most often made after the first
manifestation of psychotic symptoms [6] . In practice, the criteria of the Diagnostic and
statistical manual of mental disorders — 5t edition (DSM-V) [7] and the International clas-
sification of diseases — 10t division (ICD-10) [8] are the “gold standard” used for diag-
nostic purposes. DSM-V and ICD-10 are guidelines with high reliability [9] , as they are
applied worldwide by clinicians. However, these manuals, as well as the available psy-
chometric tools (questionnaires, assessment / self-assessment scales), are considered un-
conventional diagnostic methods for the standard medical framework [10] . This is due to
the lack of evidence-based etiological explanations for schizophrenia and other psychotic
disorders [11] . Psychiatrists are the only medical professionals who do not examine the
organ they are treating, but instead rely on observations of behavior, reported complaints
from the patient and / or third parties, and their willingness to draw conclusions about
their patients' personal experiences [12] . This inevitably compromises both the diagnostic
and therapeutic process, which may be at the root of the treatment failures that are a com-
mon obstacle among schizophrenic patients.

Despite all the described shortcomings, psychiatry is currently in its "heyday" due to
the variety of neuroimaging techniques that offer opportunities to study structural and
functional aberrations in the central nervous system (CNS). Combining psychopharma-
cology with functional magnetic resonance imaging (fMRI) in the study of central psycho-
pharmacological mechanisms, could be a successful translational strategy in the search for
biomarkers for the validity of psychiatric diagnosis and treatment monitoring in clinical
practice.

This review will examine the etiological theories of schizophrenia, the current meth-
ods for identifying biomarkers by neuroimaging tools, the possibilities of incorporating
research findings into clinical practice, and the potential benefits of applying interdisci-
plinary efforts in the management of schizophrenia, emphasizing translational neurosci-
ence. We will visualize our desire to combine psychopathological, psychopharmacologi-
cal and neuroimaging techniques with the ultimate goal of finding the optimal therapeutic
method that could successfully treat not only the positive but also the negative and cog-
nitive symptoms that cause severe disability among schizophrenic patients.
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2. Etiological theories of schizophrenia.

Various theories on the origins of schizophrenia have been proposed in the past, in-
cluding the supernatural, somatogenic, and psychogenic theories. According to the super-
natural theory, psychotic phenomena are attributed to spells, sins, and the soul's posses-
sion by evil and demonic spirits. According to the somatogenic theory, behavioral dis-
turbances arise as a result of somatic disease, genetic anomalies, brain injury, or metabolic
imbalance. Psychogenic theory is concerned with psychotraumatic or stressful events that
result in maladaptive behavior [13] .

In modern times, with the understanding of the basic and specific biological mecha-
nisms in the CNS, several etiological directions have been formed, which are supported
by the relevant genetic, clinical, neuroimaging and especially psychopharmacological ob-
servations on the course of psychotic disorders.

2.1. Neurodevelopment vs Neurodegeneration

Since Bender [14] coined the term "developmental encephalopathy" in 1947 to de-
scribe schizophrenia, numerous studies have revealed strong links between delayed motor
development in children and the onset of the illness [15-17] . This finding might indicate
aberrant functional development of the cortical-subcortical brain circuits, which is a pre-
dictor of future behavioral disorders (in later childhood and adolescence) [18] as well as
an inability to organize the brain structure and function properly in adulthood [19, 20] .
Longitudinal studies have reported that people with schizophrenia develop cognitive im-
pairment, especially in executive functions, even before the full clinical manifestation of
psychosis [21-23] . These findings support the view that neurodevelopmental abnormali-
ties play a central role in the etiopathogenesis of schizophrenia [24] .

Numerous longitudinal studies, on the other hand, have discovered a progressive
decrease in cortical thickness over the course of the disease, which correlates with the af-
fected individuals' ongoing impairment in cognitive and social functioning [25-27] . This
concept underpins the neurodegenerative hypothesis, which states that schizophrenia is
caused by an organic neurodegenerative process that manifests itself in an individual's
behavior through the course of the illness and is most active in the early stages of the dis-
ease [28] .

Some scientists propose a conceptual model that consists of a set of pathological
mechanisms that occur during the stages of neurodevelopment, as well as later emerging
during the first psychotic episode brain-degenerative processes, which, when combined
with the same causal factors, eventually at some point lead to the clinical manifestation of
schizophrenia [29] .

2.2. Biochemical explanation of psychosis

In the second half of the twentieth century, the focus shifted from psychogenic to
neurobiochemical theory, thanks to the advent of neuroleptics. Their action on dopamine
D2-receptors in mesolimbic and mesocortical structures underlies the "dopamine hypoth-
esis" [30] for schizophrenia, rejecting the psychodynamic "schizophrenogenic mother" [31,
32] . The realization that schizophrenic psychosis is not consequence of a wrong model of
child rearing, but a true neurochemical disorder caused by a dysfunction in central dopa-
minergic neurotransmission [33, 34] , completely changed the understanding of the origin
of psychosis.

The classical dopamine hypothesis for schizophrenia suggests that hyperdopamin-
ergia in the mesolimbic system causes psychotic symptoms [35] and hypodopaminergia
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in the mesocortical pathway is the reason for negative symptoms. This hypothesis is sup-
ported by the correlation between the action of antipsychotic drugs and their efficacy in
blocking dopamine D2 receptors [36] , as well as by the psychotic phenomena triggered by
the dopamine agonists [37] . Studies with amphetamine (psychomimetic drug) in un-
treated patients with schizophrenia have shown hyperdopaminergic activity in the stria-
tum. Using single-photon emission computed tomography (SPECT) neuroimaging, am-
phetamine-induced hyperdopaminergia was found to be significantly higher in patients
with schizophrenia compared to healthy controls [38-41] . The same abnormal effect has
been found in patients in first psychotic episode who had never taken antipsychotics [39]
. In addition, this hypothesis is supported by clinical and research observations of epileptic
seizures caused by lesions in the limbic regions that lead to florid psychotic production
[42], as well as observations on individuals with tumors in the limbic structures [43] .

Although the dopamine hypothesis has contributed significantly to the understand-
ing of the clinical effects of psychostimulants, as well as to the introduction of many mol-
ecules with antipsychotic effects, it has nevertheless led to certain limitations [44] . For
example, the perception of the dopamine hypothesis as an absolute etiological framework
limits investigations in neurobiology, shifting researchers' focus mainly to brain areas with
rich dopaminergic neurotransmission and somewhat ignoring findings in other potentially
significant areas in the brain. Although it provides a satisfactory explanation for the gene-
sis of psychotic symptoms, the disadvantage of the dopamine hypothesis is its inability to
explain cognitive and partly negative schizophrenic symptoms. The disturbances of the
dopaminergic neurotransmission and the therapeutic efficacy of D2-antagonists are insuf-
ficient for a systematic understanding of the complex psychopathology of schizophrenia.
Schizophrenic patients, in addition to the debilitating symptoms of psychosis, exhibit a lot
of cognitive deficits which create a significant deterioration in their ability to work and
negatively affect social skills [45] .

About four decades ago, an alternative etiological formulation for schizophrenia was
postulated based on the action of "dissociative anesthetics," a class of psychomimetic drugs
that includes phencyclidine (PCP) and ketamine. These substances are glutamatergic an-
tagonists that act by blocking the glutamate receptor of the N-methyl-D-aspartate (NMDA)
type [44] . Unlike dopamine agonists (amphetamines), NMDA antagonists such as PCP
and ketamine induce positive, negative, and cognitive symptoms that are virtually indis-
tinguishable from those seen in schizophrenia [46—49] . In addition, it has been suggested
that impaired dopaminergic neurotransmission in schizophrenia may itself be secondary
to the abnormal NMDA-receptor neurotransmission [50, 51] . Amphetamine-induced cen-
tral hyperdopaminergic activity in schizophrenia has already been shown to result from
disturbances in the glutamatergic neuronal systems that regulate dopaminergic cellular
activity [41] . In addition, abnormalities of glutamatergic afferent neurons from the pre-
frontal cortex (PFC) to the dopaminergic subcortical areas of the midbrain are likely to be
associated with this abnormal regulation, given the evidence of deficiencies in PFC func-
tion in schizophrenia [52-55] . In this sense, dopamine is regulated by cortical glutamate
in two ways: as a direct excitator and as an indirect inhibitor. Typically, in healthy individ-
uals, the descending glutamatergic pathway exhibits excitatory influence on the mesocor-
tical dopamine pathway, guiding higher brain regions in the cortex. Dopamine misfiring
may lead to cognitive impairments and symptoms of schizophrenia if NMDA receptors in
the midbrain are malfunctioning. The glutamate neurons that connect to the dopaminergic
neurons in the limbic system, on the other hand, have a GABA interneuron between them.
GABA acts as a brake by inhibiting the release of dopamine. Excess dopamine can contrib-
ute to the occurrence of positive symptoms of psychosis if this break is removed, for ex-
ample, by less glutamatergic activity (figure 1).
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Figure 1. Dopamine pathways’ regulation by the Glutamate pathways (green — dopaminergic; yellow — glutamatergic;
blue — GABA-ergic): (a) Descending glutamatergic pathway exhibits excitatory influence on the mesocortical dopamine
pathway, in case of disruption, cognitive deficits emerge; (b) Descending glutamatergic pathway connect to the dopamin-
ergic mesolimbic system via a GABA interneuron between them. In case of disruption, psychotic symptoms emerge.

Although 40 years ago scientists declared glutamatergic neurotransmission as a tar-
geted strategy for the development of treatments for schizophrenia [56, 57] , the pharma-
ceutical industry became interested in this direction only about a decade ago [58] . Early
studies examined NMDA-receptor dysfunction through the lens of the widespread dopa-
mine hypothesis of schizophrenia [59-61] , while recent research is now focusing on
NMDA-receptor deficiency as a primary element in dysfunctional brain network leading
to dopamine-mediated psychosis in consequence [62-64] .

2.3. Schizophrenia as a syndrome of impaired functional brain connectivity.

The “dysconnection hypothesis” [65, 66] describes schizophrenia as a disorder
caused by a failure of functional integration in the brain and is based on a model of func-
tional (synaptic) connectivity, specifically an abnormal regulation of synaptic efficacy.

This hypothesis proposes that psychosis is best understood at a systems level, in
terms of abnormal synaptic efficacy that mediates the effect of intrinsic and extrinsic con-
nections. It suggests that the interactions between NMDA receptor activity and modula-
tory neurotransmitter systems are the fundamental pathophysiological substrate of schiz-
ophrenia. The core molecular mechanism that prevents individuals' capacities to identify
the right kinds of neuronal information for processing to generate coherent models of their
world so they can understand it properly, is a subtle but harmful failure of synaptic pro-
cessing that mediates the functional integration or connectiveness of distributed brain pro-
cessing [67] .

Functional connectivity is a term that describes observable interactions between
parts of the brain, but it does not specify how these connections are mediated and in what
direction they interact. An effective connectivity, which is closer to the intuitive concept of
connection, is utilized for a more thorough definition of the integration in the system (i.e.,
the influence that one neural system exhibits on another and the direction of interaction).
In electrophysiology, there is a tight connection between effective connectivity and synap-
tic efficiency at the synaptic level [68] .

Analyses of functional connectivity reveal various brain networks that represent dis-
tinct functions and diverse spatial topologies. Among the different brain networks that
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have been found to be malfunctioning in schizophrenia are the Salience network (SN), the
Default mode network (DMN), and the Central executive network (CEN), which together
form the so-called "triple network" [69] . SN consists of the anterior insula (Al) and the
dorsal part of the anterior cingulum (dACC). By integrating sensory, emotional, and cog-
nitive information, it engages in complex tasks including communication, social behavior,
and self-awareness [70] . This network's role is to control the dynamic changes in and be-
tween other networks, and it is essential for a rapid shift of focus. DMN is composed of
the precuneus (PC), posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC), and
lateral parietal cortex. It activates when individuals concentrate on their inner experiences,
such as dreaming, predicting the future, meditating, or recalling memories. DMN function
is inversely correlated to brain networks that focus on external stimuli [71-73] . When an
individual focuses their attention on a task, this network becomes deactivated [74] . CEN
is composed of the dorsolateral prefrontal cortex (DLPFC), the posterior parietal cortex,
the medial frontal gyrus (MFG), the superior frontal gyrus (SFG), the ACC, the paracingu-
lar gyrus, the ventrolateral prefrontal cortex (VLPFC), and subcortical areas such as the
thalamus. This network is involved in executive functions, as well as coping with inten-
tional, cognitively demanding activities [75], and intellectual ability control [76] . It is typ-
ically inactivated during rest [77-79] and plays a significant role in decision-making and
active attention modulation [80] . Impaired synchronization between the anti-correlated
DMN and CEN is postulated as a key pathophysiological feature of schizophrenia [81] .

2.4. An integral etiological framework for schizophrenia.

The concept that schizophrenia represents disintegration or fragmentation of the
mind is as ancient as the term “schizophrenia” itself, which was coined by Bleuler [82] to
highlight the "splitting" of the mind. Many of the presented by Bleuler fundamental symp-
toms (A-symptoms), such as "associative disorganization," emphasize the fragmentation
and the lack of a continuous integration of the cognitive process. The nature of this inte-
gration (functional integration) at the neuronal level is an essential component in theoret-
ical neurobiology [68] .

The typical onset of schizophrenia in the transition phase between late adolescence
and early adulthood is one of its main characteristics. Studies with rats demonstrate that
ketamine and PCP are not neurotoxic until the late adolescence. Furthermore, human in-
vestigations have shown that ketamine anesthesia does not cause psychotic symptoms in
prepubertal children when compared to anesthesia in adults [83] . Olney et al. [84] suggest
that this is due to a chain of neural connections involved in processes generating psychotic
phenomena and neurotoxicity that result from NMDA-receptor antagonism, and this
chain does not fully develop until the end of adolescence. According to Olney and Farber
[85] , impairment in the functioning of NMDA receptors (or the cells on which they are
expressed) exists from the early stages of development, but the onset of psychotic symp-
toms occurs only after the full development of neural connections in early adulthood. This
model supports the neurodevelopmental theory for schizophrenia, which speculates that
brain abnormalities occur early in life, but remain dormant until late adolescence, when
the pruning of neural connections occurs [86, 87] .

It has been suggested that glutamate may serve as a “bridge” uniting neurodevelop-
ment and neurodegenerative theories due to its active participation in neuronal processes
during all periods of human development. In early development, glutamate plays a role
in neural migration, in adolescence — in the plasticity and pruning of neurons, and later in
life, it is involved in neurodegeneration through the process of excitotoxicity [88] .

Neurotransmitters tend to alter the excitability of neurons not only by directly affect-
ing the postsynaptic membrane potential but also through modifying their responsiveness
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to other neurotransmitters. In the PFC, for example, dopaminergic terminal axons contrib-
ute to the development of synaptic complexes including excitatory (glutamatergic) projec-
tions on the pyramidal cells [89] . This synaptic arrangement represents the interplay of
dopamine and glutamate neurotransmission, both of which are involved in modulating
cortical connectivity. The brain connectivity is in a constant state of flow, where the neu-
ronal dynamics influences the neuronal processes and the synaptic specializations. There-
fore, connectivity is constantly changing (especially during growth). Brain plasticity (e.g.,
associative plasticity, self-organization, activity-dependent changes in synaptic efficacy, or
experimentally induced long-term potentiation) combines processes such as brain connec-
tivity and neuronal dynamics (i.e., interconnection). This is important because the "dys-
plastic" theories of schizophrenia and the theories of "impaired brain connectivity" are es-
sentially the same and by default, both pointing to the hypothesis of impaired neurodevel-
opment.

In summary, schizophrenia can be considered as a mental disorder of impaired brain
connectivity, the course of which is modeled by complex etiopathogenic factors, and at
each stage of development, certain abnormal neurobiological processes contribute to its
clinical manifestation. These processes start during the early development, followed by the
prodromal phase, during which neuronal maturation occurs, then, due to endogenous
neurochemical dysfunction, the full clinical manifestation of the disease occurs, reaching
the residual phases of schizophrenia, during which neurodegenerative disorders predom-
inate [90] .

3. The role of neuroimaging and Translational neuroscience in schizophrenia research

Understanding the complex dynamics of interactions between different brain areas
at rest and during conditional task performance is a relevant subject in research about
the underlying pathophysiological mechanisms of psychotic disorders. Disruptions in
communication between and within brain networks, and the pathophysiological pro-
cesses of their nodes enable translational neuroscience to obtain biological insight into
schizophrenia and to describe it as impaired connectivity disorder [91] .

A wide range of scientific fields and new methodologies are part of the translational
approach in psychiatry. Magnetic resonance imaging (MRI) such as quantitative struc-
tural imaging, voxel-based neuromorphometry, functional neuroimaging, and spectros-
copy are commonly used in research. Structural and functional MRI has the potential to
refine diagnoses, assist in making therapeutic decisions, and be incorporated as a method
of monitoring the effect of treatment by directly assessing the improvement of disease-
related brain dysfunctions. The different imaging modalities report diverse and specific
CNS impairments, some of which will be presented in the following lines.

Two of the most commonly used structural imaging techniques are: regions of inter-
est (ROI) and voxel-based neuromorphometry (VBM). The ROI method examines pre-de-
fined brain areas but is unable to detect diffuse abnormalities, while VBM measures dif-
ferences in local brain tissue concentration by reconstructing the image voxel-by-voxel at
the whole brain level [92] . To obtain high-precision data, both methods can be applied
simultaneously in the same study. Structural MRI investigations in psychotic individuals
have revealed a variety of anatomical abnormalities in the CNS. Reduced gray matter
(GM) volumes have been detected in several brain regions, including the frontal, tem-
poral, and parietal areas, the cingulate gyrus, and limbic structures (hippocampus, para-
hippocampus and thalamus) [93] .

According to recent findings from the ENIGMA consortium, there is a considerable
decrease in the amygdala and a significant increase in the pallidum, which is directly as-
sociated to the longevity of the disorder [94] which can be interpreted as evidence in favor
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of the neurodegenerative hypothesis of schizophrenia. Brain abnormalities are also found
in patients with first psychotic episode, mainly as a reduction in GM volumes in the ver-
mis, superior temporal gyrus (STG), operculum, etc. [95] . STG is a cortical zone that be-
longs to the auditory cortex, and the reduction in its GM volumes is associated with au-
ditory hallucinations [96] , which are a typical schizophrenic symptom. Another persistent
finding is enlarged lateral ventricles and elevated cerebro-spinal fluid volume [97] . A
recent study performed by our research group, consisting of a multimodal analysis of dif-
ferent MRI modalities, using artificial intelligence (unsupervised machine learning
method) comparing paranoid syndrome in schizophrenia and depressive syndrome in the
context of mood disorder, found that regions located in the left and right opercular part
of IFG, right supramarginal gyrus, left STG, left anterior orbital gyrus, supplementary
motor cortex, and several occipital areas are highly discriminatory for convergent cross-
validation of biological features of disease [98] . One of the most consistent anatomical
findings in schizophrenia is the abnormal insula structure. According to meta-analyses,
GM volume of the bilateral insula is reduced, and while evident in other mental illnesses,
the reduced insula volume, is most pronounced in psychotic disorders [99-101] . This ob-
servation is present even in patients experiencing their first psychotic episode [102], and
a progressive structural decrease is recorded throughout the course and chronicity of the
condition [103] .

FMRI research results collected during the performance of various tasks (task-related
fMRI) by identifying activations in different brain areas when applying various sensory
stimuli, constitute a large part of the data published in the literature related to neuroim-
aging. Numerous task-related neuroimaging studies with emotionally charged visual
stimuli have demonstrated reduced accuracy in recognizing emotions and prolonged re-
sponse time in patients with schizophrenia [104-106] . In addition, task-related hyperac-
tivation in the components of the DMN was observed in psychotic patients, while in
healthy controls, was reported deactivation in the same network [107] .

Our research team, led by Stoyanov, has developed and integrated an innovative
neuroimaging paradigm [108] aimed at translational cross-validation of the von Zerssen’s
Paranoid-depressive scale (PDS) [109] through its simulant implementation during func-
tional imaging in individuals with paranoid and depressive syndrome. The obtained re-
sults confirm previous findings [107] - activations in the components of DMN in psy-
chotic patients, which are completely absent among depressed patients. The novelty and
distinctiveness of our design is that activations in DMN components are detected in schiz-
ophrenia patients during cognitive processing of paranoid-specific items on the scale. This
discovery has a huge impact because it not only confirms prior findings from separate
research, establishing a biomarker that is diagnostically specific for paranoid syndrome,
but it also biologically validates von Zerssen’s PDS. In this sense, psychiatry acquires a
psychometric tool that is evidence-based and can be freely used in clinical practice. PDS
can be implemented not only for initial diagnostic assessment, but also for monitoring the
progress of the disease, as well as for monitoring the therapeutic effect, as the initial es-
tablishment of this scale was precisely in order to assess the effectiveness of treatment.

FMRI at rest (resting-state fMRI) — examines the complex interactions between pre-
defined ROIs using General linear model (GLM) and Dynamic causal modeling (DCM)
analysis. The study of functional connectivity at rest reveals a number of neural networks
that represent specific patterns of synchronous activity [80] . Resting-state fMRI is used to
identify dysfunctional integration or abnormal connectivity in the brain, either between
individual brain regions or in between brain networks [110] .

Studies have shown that impaired coordination of DMN / CEN / SN is associated
with disorientation between internally and externally focused attention and cognitive im-
pairment, which are typical signs of psychotic disorders [111] . Impaired synchronization
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between DMN and CEN results in an inability of the DMN to deactivate during cognitive
load. Zhou et al. [112] , by conducting a fMRI study on 3 target groups — individuals with
first psychotic episode without cognitive deficits, individuals with first psychotic episode
with cognitive decline, and healthy controls, managed to prove that reduced task-related
DMN suppression is a psychosis-specific biomarker for cognitive impairment, as the find-
ing is established only in the group of psychotic individuals with cognitive decline.

Studies conducted by our team on resting-state effective connectivity prove a strong
aberrant brain connectivity in schizophrenia [108, 113] —an inhibitory influence (}=) from
prefrontal cortex to Salience network (anterior insula) and an excitatory connection (T=)
from dACC to AL The SN is composed of two major cortical structures — the dorsal part
of the anterior cingulum and the anterior insula. In healthy individuals, SN activation is
often observed throughout a variety of cognitive tasks [114] . Its major purpose is to enable
brain connectivity switching between the anti-correlated default mode and task-related
states [115] . The Al is an integral location for the mediation of dynamic interactions be-
tween major brain networks, which involve both external and internal sensory processing.
This brain area executes a wide range of cognitive and affective functions, including self-
awareness, emotional response and empathy.

In summary we suggest that the observed task-related hyperactivity of the DMN
may be a consequence of the inhibition from the PFCl{=AI which disrupts the insula’s
balancing function as a dynamic switch between the anti-correlated DMN and CEN. In
addition, the SN hyperconnectivity (d1ACCt=Al) points to the conclusion that schizo-
phrenic patients stay in a “resting-state of aberrant salience”, instead of a “resting-state of
default mode”. Such a conceptual model helps to understand schizophrenia as a behav-
ioral disorder caused by disintegration in key brain networks. Abnormal SN hypercon-
nectivity and fronto-insular inhibition at rest prevent SN function from acting as a dy-
namic switch. This disruption could also explain the inability of DMN components to both
activate at rest and deactivate during cognitive load. The fundamental disruption of SN
in schizophrenia prevents switching between anti-correlated DMN and CEN, thus inter-
fering with their basic functions.

4. Implications of neuroimaging findings for the treatment of schizophrenia

Disruptions in communication within and between brain networks, as well as the
pathological processes involving their nodes, are a promising translational neuroscience
discovery that could lead to a systematic biological understanding of psychotic disorders
and to their categorization as impaired brain connectivity disorders. In this regard, a fun-
damental question is whether advancement in this field has contributed to the develop-
ment of more effective therapeutic solutions for schizophrenia?

Given the controversial efficacy of standard therapies (psychopharmacology and
psychotherapy), a significant proportion of patients do not achieve full remission (i.e., be-
come asymptomatic) or maintain symptom relief. This lack of efficacy has prompted the
search for alternate treatments, which include the use of more invasive procedures for
treatment-resistant cases of schizophrenia [116] . As a result, the focus shifts to methods
for neuromodulation or modification of connections between different pathways and neu-
rotransmitter systems in the brain. This interest is motivated by the improved neurobio-
logical views of disorders in mood, cognition, behavioral, and the ability to regulate them
through direct and focal modutation of brain activity [91] .

Unconventional therapeutic instrumental methods have shown to be beneficial for a
variety of psychiatric disorders (e.g., electro-convulsive therapy for depression, mania,
and catatonia; transcranial magnetic stimulation for treatment-resistant depression; tran-
scranial direct current stimulation for cognitive deficiency in schizophrenia; deep brain
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stimulation for obsessive-compulsive disorder, addiction, and severe forms of depression).
Unfortunately, their usage for schizophrenia is still limited in standard clinical protocols,
and these technologies remain in the shadow of psychopharmacology [91] .

However, we remain positive about the possibilities for improving the therapeutic
approach to psychosis, as some of the modern neuroimaging techniques can provide avail-
able resources for non-invasive analysis of complex interactions and biochemical imbal-
ances that cause the characteristic manifestation of the disease. The study of the pharma-
cokinetic and pharmaco-dynamic processes occurring in the CNS under the load of various
chemicals could help both to identify psychosis-specific biomarkers and to develop an ef-
fective strategy for monitoring and predicting the effect of drug treatment.

5. Pharmacological magnetic-resonance imaging,.

One of the most essential elements of comprehending inter-individual differences or
clinical results is to investigate the neurochemical substrates of brain function. Positron
emission tomography (PET) has allowed for a direct assessment of brain chemistry in vivo.
The dynamics of regional uptake of neurotransmitter-specific radio-ligands in PET can be
used to identify regional neurochemical modulation of brain activity. PET mostly uses
18FDG, a direct reflection of regional glutamate transmission, to offer a quantifiable meas-
ure of glucose metabolism [117] . PET is considered as a “gold standard” for identification
of chemical imbalances in the brain and has been investigating for a long time the neural
correlates of psychiatric conditions like exogenous psychosis caused by ketamine [118, 119]
, depression [120, 121] and euphoric intoxication [122] . The downfall of PET is that it is an
expensive tool which operates with specific ligands, and it is not appropriate tool for re-
peated research due to the dose-radiation restrictions protocols, with some Ethics commis-
sions completely forbidding it in healthy individuals. Besides it can capture a single “snap-
shot” binding to a receptor molecule, within limited time between administration and
semi-elimination of the radio-ligand. Therefore PET has very limited resolution in time,
unable to capture dynamic non-linear brain network process in real time.

Therefore, the focus is on pharmacological MRI (ph-MRI) which is an accessible in-
strument as an alternative for studying the chemical imbalances in the brain. Ph-MRI is
an innovative technology for assessing regional network effects and treatment response
to specific medications. In general, there are two types of ph-MRI. The first is usually done
as a drug challenge study, in which MRI signal changes are evaluated after an acute ad-
ministration of the substance of interest. Apparently, there are several adaptations on this
fundamental paradigm, such as drug antagonistic effects or investigating the acute effects
of one medication on the chronic effects of another (useful perhaps for studying drug ad-
dictions). The second type of ph-MRI is the observation of pharmaco-modulatory effects
of drugs on a traditional task-related fMRI study, such as dopaminergic medicines' effects
on cognitive tasks [123] .

The main purpose of phMRlI is to recognize the location of drug action fingerprinting
in order to measure the connection between drug dose, neural reaction, and treatment sig-
nificance over time (pharmacokinetic/pharmacodynamic modeling); and to assist in mak-
ing go—nogo decisions about the efficacy of drug treatment in clinical trials—all with the
goal of accelerating up the drug discovery. By enabling a controlled regulation of a specific
pathway and analyzing its causal influence on other signals and systems, pharmacological
probing tests can be useful for fundamental neuroscience and validation studies [117] .

The dopamine and glutamate neurotransmitter systems are the main targets for ph-
MRI in schizophrenia. Suitable ligands for examining the dopamine system are Cocaine,
Amphetamine, L-DOPA, while Ketamine, phencyclidine (PCP), LY2140023 are appropri-
ate substances for studying the glutamate systems [123] . The main advantage of Ph-MRI
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is that it can investigate the effects of pharmacological agents at the network level and
remotely from areas of high target receptor densities, whereas PET and molecular studies
can define target receptor occupancy and affinity without necessarily translating effects to
large-scale networks [124] . As a result, ph-MRI provides a "system evaluation" of networks
underpinning a drug's behavioral effects, irrespective of its pharmacological mechanism
of action [125] . Because functional MRI can monitor the cumulative effect of these interac-
tions across many brain areas, ph-MRI has the potential to generate “mechanism-related
activation maps” that may be used as targets for drug testing [126] .

Given the intricacy of the clinical presentation and the underlying malfunctioning
brain circuits, pharmaco-fMRI (ph-MRI) investigations can assist to determine initial treat-
ment response, mechanisms of therapeutic efficacy and adverse effects, and potentially
accelerate CNS drug development. Ph-MRI studies reveal stable and reproducible altera-
tions on disease-relevant networks, as well as sensitivity to early pharmacological impacts
on disease-related functional architecture. Improved disease phenotyping, or biomarkers,
utilizing sophisticated imaging techniques will substantially assist future CNS medication
research and development.

5. New generation neuroimaging tools

In recent years, great progress has been made in the study of dopamine pathways
and the understanding of disorders of its neurotransmission.

These methods give both direct and indirect measurements of the dopamine
system. Invasive methods such as fast-scan cyclic voltammetry, for example, have been
used to evaluate dopamine abnormalities in individuals who had deep brain stimulation
(DBS) surgery [127] . The use of neurotransmitter-responsive nanosensors that can be
detected with T2-weighted MRI [128] is one promising method that is still in the
preclinical stage of development. Other MRI approaches have progressed to the clinical
research stage, and they allow researchers to examine the dopamine system in a variety
of groups, including children, and to do longitudinal studies with multiple measures, all
of which have significant therapeutic promise.

6. Conclusions

Schizophrenia and other psychotic disorders affect a huge number of people around
the world, thus destroying the lives of patients, burdening their loved ones and society,
and leading to significant and global economic losses. To improve the prognosis of these
diseases, it is necessary to refine the diagnostic and therapeutic process. The search for
objective biomarkers in psychiatry is crucial due to the available diagnostic subjectivity,
which compromises clinical practice. Despite the colossal progress in neuroscience, there
seems to be a lack of consistency in the results, or there are difficulties in incorporating
them into clinically applicable instruments. Therefore, the focus is on the translational
neuroscience, combining neuroimaging, psychopathological and psychopharmacological
methods into pharmacological-magnetic resonance imaging to identify pathognomonic
biomarkers that are psychosis-specific. In addition to etiological and diagnostic value,
such a finding would have high practical value as a method for monitoring the therapeutic
response.
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