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Schizophrenia is a complex and severe mental disorder
and is characterised by a heterogeneous set of different
symptoms. Although the current diagnosis of schizophrenia is still based on clinical assessments and operationalised symptom criteria, magnetic resonance imaging
(MRI) assessments are important for the differential diagnosis of brain pathologies and potential organic causes
of psychosis. In schizophrenia research, MRI and other
neuroimaging techniques are already indispensable and
of utmost relevance to a better understanding of disrupted
brain networks and neurotransmitter systems, as well as
neuroanatomical signatures related to schizophrenia. This
article aims to bridge the gap between the current clinical
utility of MRI and recent advances from MRI research in
identifying neural substrates related to the development
and treatment of schizophrenia. We first describe the current evidence and recommendations for the clinical utility
of structural MRI in the diagnostic workup of patients with
psychotic symptoms. The second part of this article provides a brief overview of how recent functional MRI research extends our knowledge of dopamine and reward
system dysfunction in schizophrenia over the last years.
Collectively, these studies provide growing evidence that
basic principles of information processing such as
salience evaluation and context-dependent efficient neural
adaptation are disrupted across different stages of the
schizophrenia spectrum and may be fundamental underlying neural mechanisms in the development of psychosis.
These findings are an important contribution to understanding the neural basis of schizophrenia, but they cannot yet be translated into individualised treatment. Future
work should therefore capitalise on the manifold potential
of multimodal MRI to further the development of MRI applications for diagnostics and individualised treatment in
schizophrenia.
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Introduction
Schizophrenia is one of the most severe mental disorders,
characterised by a complex clinical manifestation includ-
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ing positive (e.g., delusion, hallucination), negative (e.g.,
apathy, anhedonia, diminished expressivity) and psychomotor symptoms, as well as cognitive deficits and affective disturbances (depression and mania) [1]. Unspecific signs and impairments often occur in a prodromal phase
during adolescence with the first full blown psychosis typically emerging in late adolescence or early adulthood [2,
3]. The current diagnosis of schizophrenia is based on clinical assessments and operationalised criteria including specific symptoms and illness duration, and blood tests and
magnetic resonance imaging (MRI) are applied to rule out
organic causes for psychosis [4, 5].
Early descriptions by Emil Kraepelin in Munich and Eugen
Bleuler in Zurich suggested pathologies of the brain in the
aetiology of schizophrenia [6, 7]. However, over decades
research has been limited by the methodological techniques available at the time. Since the seminal findings of
enlarged lateral ventricles in patients with schizophrenia
described by Johnstone and colleagues in the mid-1970s
[8], neuroimaging has advanced our understanding of brain
abnormalities and pathophysiological mechanisms of
schizophrenia. Localised and large-scale morphometric
and functional alterations of multiple brain systems can
be found across all stages of the disease including clinical
high-risk individuals [9–11], early psychosis [12–14] and
chronic schizophrenia [15–17]. MRI-based biomarkers
predicting the transition from unspecific prodromal symptoms to psychosis [18–21], as well as distinguishing different subpopulations [22–24] and symptom dimensions
[25–28], have been frequently reported. Hence, although
diagnostic, clinical decision making and treatment still relies exclusively on clinical observations, the rapidly evolving research in neuroimaging promises to improve clinical
care of patients with schizophrenia in the foreseeable future. The MRI techniques currently applied for clinical use
and research in schizophrenia can be broadly divided into structural MRI and functional MRI. Structural MRI is a
noninvasive technique that distinguishes grey matter, white
matter and cerebrospinal fluid (CSF) to allow examination of the anatomy and pathology of the brain [29]. In addition to qualitative visual inspections, quantitative volumetric and morphometric measures derived from structural
MRI are widely used in research, and are also becoming
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more and more relevant for clinical applications. In contrast to structural MRI, functional MRI is a noninvasive
technique that indirectly measures brain activity by identifying temporal changes in cerebral blood volume, flow
and oxygen consumption in activated brain regions [30].
The basic principle of functional MRI relies on the coupling of cerebral blood flow and neuronal activity [31] and
the most commonly used measure is the blood-oxygen-level dependent (BOLD) contrast [32]. Since its advent in the
early 1990s [33, 34], functional MRI has become the most
important method for studying human brain function in response to sensory (e.g., visual, auditory) cognitive and behavioural processes.
In this article, we first describe the clinical utility of MRI
in identifying brain pathologies and potential causes of organic (secondary) psychosis during the diagnostic process
of schizophrenia. Second, we outline the current progress
in functional MRI research into underlying neurobiological mechanisms with a particular focus on dopamine and
reward system dysfunction in schizophrenia.

The role of MRI in the diagnostic workup of
schizophrenia
The exclusion of general medical conditions underlying
psychotic disorders is instrumental in the initial diagnosis
of schizophrenia. In about 3% of patients with a first manifestation of psychosis, organic pathologies are found to be
the underlying cause [4, 35]. With respect to primary brain
pathologies, tumours (e.g., meningiomas), inflammatory
processes such as acute viral and bacterial encephalitis, autoimmune encephalitis (e.g., anti-NMDA [N-methyl-D-aspartate] receptor encephalitis), head trauma and cerebral
vascular disease (e.g., infarcts,) are among the most important differential diagnoses [4]. It is important to note,
that to rule out inflammatory processes, MRI may need to
be complemented by serum and CSF investigations to detect infectious and autoimmune disorders without an initial
imaging signature.
Although the proportion of patients with organic psychosis
is small, the correct diagnosis can be lifesaving in individuals with acute brain pathologies and may guide treatment
selection in those with chronic differential diagnosis or comorbid conditions [35, 36]. Structural MRI has been widely recognised and accepted as an important diagnostic tool
in the detection of radiological abnormalities and the diagnosis of organic psychosis [4, 37–39]. However, the prevalence of radiological brain abnormalities and the clinical
significance of structural MRI in the initial work-up of all
patients with a first manifestation of psychosis remained
inconclusive. Lubman and colleagues reported brain abnormalities in 22.2% of patients with first-episode psychosis and in 50% of patients with chronic schizophrenia, with the need for urgent referral being reported in
2%, and 1%, respectively [40]. In this report among the
most commonly observed abnormalities were vascular lesions and infarcts, localised (e.g., hippocampal) or general atrophy, benign structurers (e.g., pineal cysts) and possible demyelinating diseases [40]. Recent studies confirmed
that neuroradiological abnormalities are frequent in patients with psychosis, with prevalence rates ranging from
11.1% to 15.3%, but remained mixed in their recommendation for clinical care [36, 41, 42]. Sommer and colleagues
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observed that the rate of clinically relevant abnormalities
was not higher in patients than in controls and none of
the radiological findings was causally related to organic psychosis [41]. These authors therefore concluded that
MRI scanning might not be a necessary part of routine
screening in psychotic subjects. In contrast, Falkenberg
and colleagues emphasised that, although brain pathologies causally related to psychosis are rare, they may be fatal if not detected [36]. Therefore, they suggest that MRI
scans should be routinely applied. Falkenberg and colleagues (2017) further showed that MRI assessments are
very well tolerated by the majority of patients (97.5% in
the clinical sample, 100% in a research sample) and therefore are practicable and logistically feasible in clinical routine [36].
Current national guidelines and treatment recommendations are likewise inconclusive in their recommendations
regarding MRI scans as a standard diagnostic tool in all patients with a first episode of psychosis. For example, the
National Institute for Health and Care Excellence (NICE)
guidelines emphasise that in suspected clinical cases,
structural MRI should be used to specifically exclude organic psychoses, but do not recommend routine use as
part of the initial work-up for first-episode psychosis [37].
By contrast, the current Deutsche Gesellschaft für Psychiatrie und Psychotherapie (DGPPN) S3 guidelines recommend structural MRI diagnostic work-up in all cases
of first manifestation of schizophrenia [4]. The Schweizerische Gesellschaft für Psychiatrie und Psychotherapie
(SGPP) treatment recommendations for schizophrenia followed this latter recommendation and support the routine
use of structural MRI in the initial work-up of first-episode
psychosis patients [38].

The role of MRI in studies of neurobiological
mechanisms – the dopamine hypothesis
In this section we describe one exemplary mechanism that
demonstrates the scientific importance of MRI in understanding the neurobiology of schizophrenia. We aim to illustrate how MRI research furthers our understanding of
the pathophysiological mechanisms and could ultimately
advance the development of precision medicine for patients with psychosis.
One of the best-described neurobiological models of schizophrenia is the dopamine hypothesis [43], tracing back
to the discovery of chlorpromazine and the antipsychotic
effects of dopamine receptor blockage in the 1950s and
1960s [44–47]. Neuroimaging studies including MRI and
positron emission tomography (PET) have demonstrated
structural, functional and chemical brain abnormalities of
the dopaminergic reward systems and dopamine transmission [17, 48–50] (Please note that PET relies on the intravenous injection of radiotracers to measure changes in
metabolic processes and is thereby fundamental different
from MRI, which is purely based on magnetic fields, magnetic field gradients and radio waves.) Although the detection of BOLD signals with functional MRI cannot directly
measure dopaminergic signalling, the combination of this
noninvasive technique with computational modelling has
made decisive contributions to refining the dopamine hypothesis of schizophrenia [51]. Dopamine neurones projecting from the midbrain to limbic and cortical structures
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are crucial for controlling motivation, information processing and reward learning [52–55]. Phasic dopamine bursts
are elicited in response to salient events (e.g., unexpected
rewards or aversive stimuli), and thereby differentiate relevant from non-relevant information in order to guide
choice and behaviour [52].
The aberrant salient hypothesis suggest that deficits in
these mechanisms are involved in the development of psychosis [56–59]. Elevated and dysregulated presynaptic striatal dopamine function may be the cause for “chaotic”
spontaneous phasic bursts in response to irrelevant stimuli
and lead to “aberrant valuation and gating of thoughts and
perceptions”. Over time, this aberrantly salient information processing might lead to hallucinations and the formation of delusions [57–59]. An example of aberrant salience
attribution may occur in a delusional patient who attributes high relevance to non-relevant events such as the
eye-blink of a television presenter. This conceptual view
has found support from functional MRI work in patients
with schizophrenia. Elevated ventral striatal and midbrain
BOLD activity was observed in response to neutral “‘irrelevant” stimuli compared with “relevant” reward stimuli
[60–63] and correlated with higher severity of positive
symptoms [62, 64]. Other functional MRI studies reported
a general oversensitivity of striatal activity in different
stages of the schizophrenia spectrum [65–68]. Aberrant
higher striatal reward signals were associated with positive
symptoms in clinical high-risk individuals [68], healthy individuals with schizotypy, first episode psychosis [65] and
chronic schizophrenia [66, 67]. Furthermore, combining
functional MRI and PET in healthy subjects, Boehme and
colleagues demonstrated a direct link between increased
aberrant salience attribution and elevated dopamine synthesis capacity [69]. Thus, there is converging evidence
that disrupted dopamine function and aberrant salience
processing are related to the development of positive psychotic symptoms.
Mesolimbic and mesocortical dopamine pathways have also been implicated in the development of negative symptoms of schizophrenia [43, 70–72]. But how can negative
symptoms, the reduction of motivation and goal-directed
behaviour, co-occur with elevated striatal dopamine transmission in psychosis? Maia and Frank (2017) provided a
possible explanation for this apparent contradiction [51].
It has been proposed that elevated striatal dopamine and
“chaotic” firing in response to irrelevant stimuli lead to a
blunting of phasic dopamine in response to reward stimuli. As a consequence, reward anticipation and learning
is impaired and may result in negative symptoms such
as apathy or anhedonia [51, 73]. This hypothesis is supported by animal models reporting the co-occurrence of
increased spontaneous and decreased reward-related phasic dopamine firing in striatal hyperdopaminergic states
[74], and human functional MRI showing impaired reward
learning and blunted ventral striatum activation after
methamphetamine application in healthy participants [75].
In line with this notion, numerous functional MRI studies
revealed that blunted striatal reward signals are associated
with higher severity of apathy and anhedonia in schizophrenia [26, 76–83]. Collectively, these findings link
dopamine dysfunction to a dual mechanism of (a) abnormal increased salience coding of irrelevant stimuli associ-
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ated with positive symptoms and (b) blunted absolute coding of reward values associated with negative symptoms in
schizophrenia.
Complementary to a model of absolute reward coding
deficits, it has been argued that information processing
deficits in schizophrenia emerge from a more subtle failure
to efficiently adapt to the current information context.
Adaptive coding (or range adaptation) describes a fundamental principle of the brain using a limited firing rate
of neurones to accurately represent the theoretically infinite range of inputs in a natural environment. Initially described for efficient representation of stimuli in the sensory systems [84–87], adaptive coding was later observed in
dopaminergic neurones processing reward range and magnitude [88–91]. Midbrain dopamine neurones adapt their
firing rate in response to rewards relative to the range of
all possible rewards rather than simply coding the absolute
reward magnitude (fig. 1) [89]. Hence, reward values are
discriminated with higher sensitivity when the variability
is smaller (small reward range) than when it is larger, enabling an efficient neural adaption on the predicted or experienced reward range (fig.1). This general principle of
adaptive reward coding has been identified in several human functional MRI studies showing that reward signals
of the corticostriatal reward system adapt to the current
reward context [94–97]. Disrupted adaptive coding in the
midbrain, ventral striatum [98] and prefrontal cortex [99]
after administration of dopamine D2-receptor antagonists
in healthy volunteers highlighted the relevance of intact
dopamine function for efficient adaptive coding. Building
on these findings, we hypothesised in a recent study that
adaptive coding would be critically involved in the development of information processing deficits in schizophrenia. In a proof-of-concept study we tested this hypothesis
and compared a sample of patients with chronic schizophrenia with healthy control participants. Using functional MRI, we found that patients with schizophrenia do not
show efficient adaptation to the current reward context in
regions of the corticostriatal reward network (dorsal striatum and inferior frontal gyrus) [92]. Specifically, these
brain regions exploited only a fraction of the available response range to encode reward. Thus, patients with schizophrenia showed a severely diminished neural discriminability of particularly small rewards compared with
healthy controls. Importantly, patients with more severe
psychotic symptoms showed a stronger deficit in neural
adaptation [92]. Although this proof-of-principle study
provided initial evidence for impaired adaptive coding in
chronic schizophrenia, it remained unclear whether these
deficits already emerge prior to or early in the disease
course. To address this question, we applied functional
MRI in a schizophrenia spectrum sample including healthy
individuals with high schizotypy (n = 27) and patients with
first episode psychosis (n = 26) as well as a control group
(n = 25). Across the complete sample, we first identified
a network of reward-sensitive regions mapping on limbic, paralimbic and prefrontal regions (fig. 2) [93]. Within these reward-sensitive networks, prominent deficits in
adaptive coding were identified in the striatum and insula
across the complete psychosis continuum (fig. 3). Critically, these deficits were even detectable in unmedicated individuals with high schizotypy (fig. 3). Across all individuals
of the psychosis continuum impaired adaptive reward codPage 3 of 8
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Figure 1: A simple model of efficient and inefficient adaptive coding. (A) A simple model of adaptive coding of reward. To efficiently encode all
possible reward amounts with a limited coding range, reward adaptation corresponds to dynamically adjusting the response sensitivity to the
currently available rewards. This relative coding mechanism allows optimal discrimination between different amounts of reward in any given
context, enabling efficient processing of reward information. (B) Contrast of optimal and inefficient adaptive coding. This plot illustrates two potential consequences of inefficient adaptation to the range of possible rewards. With too much adaptation, the response function is too steep
(a), leading to a miscoding / incomplete representation of reward information. With too little adaptation, the response function is too shallow
(c), which leads to poor discriminability of reward amount due to restricted coding range. Response function (b) shows optimal adaptive reward coding, where the slope of the response function adapts to efficiently represent the full range of reward. Figure adapted from Kirschner et
al. (2016). Taken with permission from Kirschner et al. 2016, 2018 [92, 93].

ing of the caudate and putamen was associated with higher
symptom severity, thus suggesting a dimensional mechanism [93]. Haarsma and colleagues provided further support for corticostriatal impairments in neural adaptation,
reporting imprecise neural adaption of the prefrontal cortex
in first-episode psychosis patients and in relation to higher
schizotypy scores in healthy individuals [99]. Collectively,
these findings suggest that impaired adaptive coding may
be a general information-processing deficit already occurring prior to disease onset and ranging across the entire
schizophrenia spectrum.

Conclusion
Despite some controversy over frequency and routine use,
structural MRI is an important diagnostic tool for identifying brain pathologies and ruling out differential diagnoses such as organic causes of psychosis in patients with
schizophrenia. With the rapidly growing developments in
neuroimaging, machine learning, artificial intelligence and
ever-increasing computing power, it is very likely that the
clinical utility of MRI techniques in schizophrenia will expand in the foreseeable future. MRI-based biomarkers for
early detection, MRI-guided drug development and MRIbased innovative treatment strategies are only a few examples of how neuroimaging may improve clinical care of
patients with schizophrenia. Neuroimaging measures predicting the transition to psychosis [19, 21] and functional outcome [100] in clinical high-risk individuals, as well
as the observation that psychosis prediction models combining clinical and imaging features can outperform predictions solely based on clinical features [100], outline the
great potential for MRI-based biomarkers in the clinical
care of schizophrenia [101].
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In research of the underlying biology of schizophrenia,
neuroimaging in general, but in particular MRI techniques,
are already now indispensable and of utmost relevance.
This article provided – as an example – a brief overview
how functional MRI in combination with computational
neuroscience methods has extend our knowledge of
dopamine and reward system dysfunction in schizophrenia
[51, 57]. We summarised recent functional MRI studies
providing support for the aberrant salience hypothesis and
a disturbance in absolute reward coding in schizophrenia
[51]. We further presented recent findings from our own
work and that of others suggesting that deficits in adaptive
coding of rewards could be a complementary explanation
of impaired information and reward processing in psychosis [92, 93, 98, 99]. Of note, these studies found evidence that adaptive coding deficits already emerge early
in and even prior to disease onset [93, 99]. Neural adaptation is a basic principle of the human brain to efficiently
navigate in an ever-changing environment. Deficits in this
core mechanism are devastating for perception, emotion
and cognition, and might be of fundamental importance for
the development of psychosis. Although these findings are
an important contribution to our understanding of some of
the fundamental deficits, they cannot yet be translated into individualised treatment for schizophrenia. Future work
should therefore leverage the manifold potential of MRI to
advance the development of new MRI applications for the
clinical care of patients with schizophrenia that go beyond
the exclusion of the differential diagnosis.
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Figure 2: Reward-sensitive regions. Neural activity coding reward amount. The contrast (pmod low + pmod high) identified (A) the right caudate (circle) and right putamen as well as (B) the right insula (p <0.05, whole brain peak level FEW-corrected). Plots display the response during low and high reward (A) in the right caudate and (B) right insula for each group separately. HC = healthy controls; SPT = individuals with
schizotypal personality traits; FEP = first-episode psychosis patients. Taken with permission from Kirschner et al. 2018 [93].
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