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General introduction

Schizophreniais a severe psychiatric disorder with a lifetime prevalence
rate of approximately 0.75% (1). The disorder is characterized by the
presence of positive symptoms (e.g., hallucinations and delusions),
negative symptoms (e.g., apathy and avolition), and cognitive symptoms
(2). ADSM-5diagnosis of schizophrenia requires at least two symptoms
(at least one from the positive symptom cluster) to be present over six
months (3). Schizophreniais associated with a high disease burden, due
to the early age of onset, typically in late adolescence (4), combined
with the persisting or fluctuating symptoms that a considerable part
of the patient group experiences despite adequate treatment (2). As
a result, schizophrenia is known as a relatively poor outcome disorder,
including a severe decline in social and occupational functioning,
although there is a substantial subgroup of patients with a better
prognosis (5). The clinical presentation is highly heterogeneous and
secondary to a complex neuropathology that, unfortunately, remains
incompletely understood.

Neurobiology of schizophrenia
Dopamine hypothesis

Several theories exist regarding the underlying neurobiology of schizophrenia. The dopamine
hypothesis is the most established and proposes thata combination of environmental and
genetic factors leads to striatal hyperdopaminergic functioning (6). Striatal hyperdopaminergia
isthoughttodisruptsalience attribution, leading to the positive symptoms. There is especially
strong evidence for increased presynaptic striatal dopaminergic functioning (6). Multiple
positron emission tomography (PET) studies, using ['8F]F-DOPA as a radiotracer, showed
increased striatal dopaminergic synthesis capacity in schizophrenia compared to controls
(7). Inaddition, patients with schizophrenia show larger radiotracer displacement after an
amphetamine challenge (which induces a large increase in extracellular dopamine), indicating
higher striatal dopamine release than healthy controls (8). The dopamine hypothesis
implicates that hypodopaminergic functioning in frontal areas relates to the negative and
cognitive symptoms of schizophrenia (6). However, especially for the cognitive and negative
symptoms, the dopaminergicabnormalities alone are insufficient to explain schizophrenia
pathology completely, and other neurotransmitter systems are increasingly recognized in
theories about the underlying mechanisms of schizophrenia pathology (9,10).
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Glutamate hypothesis

The second most recognized neurotransmitter systems in the neuropathology of schizophrenia
are the glutamate and y-aminobutyric acid (CABA) systems (9-11). Glutamate is the most
abundantexcitatory neurotransmitterin the brain and plays a crucial role in several processes,
including learning, memory, and other cognitive processes. GABA is the primary inhibitory
neurotransmitter in the brain and is especially involved in regulating brain activity. The
excitatory glutamate and inhibitory GABA are considered to be interdependentand a balance
between these two systems is essential for maintaining physiological homeostasis in the brain
(12). Abnormal levels of glutamate and GABA have been observed in specific brain regions
of patients with schizophrenia, and are thought to be implicated in the development and
persistence of the disorder (13-15). The glutamate hypothesis proposes that hypofunctioning
of N-methyl-D-aspartate (NMDA) receptors on GABAergic interneurons constitutes the main
deficit underlying schizophrenia (16,17). Hypofunctioning of the NMDA receptor causes a
reduction in CGABAergic neuronal firing. As a consequence, there is insufficient inhibition
of glutamatergic neurons, resulting in an excessive glutamate release. The dopamine and
glutamate hypotheses are not mutually exclusive. Combined, they propose that presynaptic
striatal hyperdopaminergiain schizophrenia might result from hyperactivation of glutamate
neurons due to NMDA receptor dysfunction on GABA interneurons (9).

Treatment-resistant schizophrenia

First-line pharmacological treatment for schizophrenia consists of conventional antipsychotic
medication. Although slight variations exist, all antipsychotics essentially have the same
mechanism by blocking striatal dopamine D, receptors and thereby opposing the striatal
hyperdopaminergicsignal (6). Molecularimaging studies of antipsychotics showed substantial
striatal D, receptor blockade with clinically effective doses that is needed for treatment
response (6). In general, this is effective at treating the positive symptoms of the disorder and
reduces the risk of relapse. However, the effect on negative and cognitive symptoms is limited
(18). Additionally, approximately 30% of schizophrenia patients are treatment-resistant and
do not sufficiently respond to these medications (19). Someone is considered treatment-
resistant when they experience persistent moderate to severe positive symptoms, despite
at least two different first-line antipsychotics with an adequate dose and duration (20,21).
Clozapineisthe only antipsychotic with proven effectiveness in treatment-resistant patients
(22). Nevertheless, clozapine is underutilized because psychiatrists are reluctant to start
clozapine, given the risk of serious adverse effects, including agranulocytosis, hyperglycemia,
and seizures (23). Risks for agranulocytosis can be monitored by performing regular white
blood cell counts and measuring clozapine levelsin plasma. Nonetheless, delay in effective
treatment for treatment-resistant patients can mount up to four years (24). This results in
lower quality of life, hospitalizations, more severe comorbidities, and larger suicide risk (25).
Inadittion, a delay in effective treatment results in a poorer prognosis (26,27). Elucidating the
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General introduction

underlying neurobiology of treatment-resistant schizophrenia may aid in better treatment e'
selection and resultin markers for earlier identification of treatment-resistant patients.

Neurobiology of treatment-resistant schizophrenia
Dopamine

Patients with treatment-resistant schizophrenia show little or no response to antipsychotics,
even with high levels of dopamine receptor blockade (28). This implies that there are
dopaminergicdifferences between treatment-resistant patients and responders. Indeed, no
increased striatal dopaminergic synthesis is detected in treatment-resistant patients, on the
contrary, dopamine function seems comparable to healthy controls (29-31). This may explain
why first-line antipsychotics are ineffective in treatment-resistant patients, asan important
component of antipsychotic function depends on blocking striatal dopamine receptors
to oppose elevated extracellular dopamine levels, and higher levels of striatal dopamine
lead to better treatment response of positive symptoms (32). It appears that, although the
dopamine hypothesis accounts for most of the patients, patients with treatment resistance
do not show striatal hyperdopaminergia.

Glutamate

The pathophysiology of treatment-resistant schizophrenia might be more reliant upon
non-dopaminergic metabolites, such as glutamate and GABA. Glutamate and GABA can be
examined in vivo using proton magnetic resonance spectroscopy (MRS). MRS is awidely used
scanning technique that is utilized to estimate concentrations of a variety of metabolites
and to obtain information on the biochemical composition of the brain (33). Several MRS
studies have shown elevated anterior cingulate cortex glutamate levels in treatment-resistant
patients compared to responders (34-37). Since the glutamate hypothesis proposes that
elevated glutamate in schizophrenia is secondary to NMDA receptor hypofunctioning, the
regulation of GABA release mightin turn be dysregulated (38,39).

Markers for treatment-resistant schizophrenia

Drawing upon the neuropathology in treatment-resistant schizophrenia, both dopamine
functioning and glutamate/GABA levels could be potential biomarkers for treatment
resistance. Such a marker could lead to earlier identification of treatment-resistant
schizophrenia, reduce delays in effective treatment, and improve outcomes. One study has
shown the predictive value of glutamate levels in the anterior cingulate cortex for treatment-
resistantschizophrenia (40), and another for GABA (38). Nevertheless, there are inconsistent
results regarding glutamate and GABA functioning in treatment-resistant schizophrenia
(13,39,41). Striatal dopaminergic synthesis capacity appears to be a more consistent marker
for treatment-resistant schizophrenia and has been shown to identify treatment-resistant
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patients from responders with good accuracy (42). However, the gold standard for assessing
striatal dopaminergic synthesis capacity, ['8F]F-DOPA PET imaging, is not feasible for routine
screening to identify treatment-resistant patients since it is costly, time-consuming and,
requires intravenous administration of a radiotracer.

Neuromelanin MRI

Neuromelanin-sensitive magnetic resonance imaging (NM-MRI) has been developed recently
to non-invasively measure nigrostriatal dopamine functioning (43). Neuromelanin is a by-
product of dopamine synthesis and accumulates as neuromelanin-iron complexes in the
dopaminergic neurons of the substantia nigra (44). These dopaminergic neurons form the
nigrostriatal pathway that projects to the dorsal striatum (45). The paramagnetic neuromelanin-
iron complexes lead to T1 reduction and, in combination with reduced magnetization-transfer
effects, result in high signal intensity in the substantia nigra using NM-MRI (46). NM-MRI
signal correlates with regional neuromelanin concentration in post-mortem substantia nigra
tissue and to PET measures of dopamine release in the dorsal striatum in vivo (47). NM-MRI
signal in the substantia nigra is increased in schizophrenia compared to healthy controls
(48), but has notyet been investigated in treatment-resistant schizophrenia.
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Aims and outline of this thesis

The overall aim of this thesis is to explore markers for earlier identification of treatment-
resistant schizophrenia. The main focus of the thesis is on developing and implementing
the novel NM-MRI technique as a clinical marker for treatment-resistant schizophrenia.
Earlieridentification of treatment-resistant patients could aid caregivers in getting “backin
control” of treatment decision makinginstead of being limited to a trial-and-error approach.
Consequently, this could lead to earlier adequate treatment and help treatment-resistant
patients to feel “back in control” again.

Part I: Development of NM-MRI

The first part of this thesis discusses the advancements inimaging the dopamine system using
MR, in particular NM-MRI (chapter 2). Furthermore, we validate NM-MRI as a reliable marker
(chapter3) and assess acceleration of NM-MRI to facilitate clinical applicability (chapter 4).

Part Il: Substantia nigrain schizophrenia

The second part addresses the role of the substantia nigra in schizophrenia pathology, by
integrating post-mortem and imaging findings (chapter 5). In addition, we explore the relation
between NM-MRI of the substantia nigra and ['8F]F-DOPA PET in schizophrenia (chapter 6).

Part I1l: Markers for treatment-resistant schizophrenia

The last section concentrates on potential markers for treatment-resistant schizophrenia.
First, we assess the potential of NM-MRI as a marker for treatment resistance (chapter 7).
Second, we investigate whether plasma dopa-decarboxylase activity can be used as a marker for
treatment-resistant schizophrenia (chapter 8). Third, we use MRS to examine glutamate and
GABA levels in treatment-resistant patients (chapter9). Lastly, we highlight the significance
of early detection of treatment-resistant schizophrenia and propose the concept of duration
of treatment resistance to facilitate future studies (chapter10).

Finally, the main findings of these studies will be summarized and discussed in the context
of existing literature.
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Abstract

The dopamine systemin the brainisinvolved in a variety of neurologicand psychiatric disorders,
such as Parkinson’s disease, attention-deficit/hyperactivity disorder and psychosis. Different
aspects of the dopamine system can be visualized and measured with positron emission
tomography (PET) and single photon emission computed tomography (SPECT), including
dopamine receptors, dopamine transporters, and dopamine release. New developments
in MR imaging also provide proxy measures of the dopamine system in the brain, offering
alternatives with the advantages MR imaging, i.e. no radiation, lower costs, usually less invasive
and time consuming. This review will give an overview of these developments with a focus on
the most developed techniques: pharmacological MRI (phMRI) and neuromelanin sensitive
MRI (NM-MRI). PhMRI is a collective term for functional MRI techniques that administer
a pharmacological challenge to assess its effects on brain hemodynamics. By doing so, it
indirectly assesses brain neurotransmitter function such as dopamine function. NM-MRI
is an upcoming MRI technique that enables in vivo visualization and semi-quantification
of neuromelanin in the substantia nigra. Neuromelanin is located in the cell bodies of
dopaminergic neurons of the nigrostriatal pathway and can be used as a proxy measure for
long term dopamine function or degeneration of dopaminergic neurons. Both techniques
are still primarily used in clinical research, but there is promise for clinical application, in
particular for NM-MRI in dopaminergic neurodegenerative diseases like Parkinson’s disease.
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Imaging of the dopamine system

Introduction

Visualization of the dopamine system in the brain is of interest due to its role in a variety
of neurologicand psychiatric disorders, such as Parkinson’s disease (PD), attention-deficit/
hyperactivity disorder (ADHD) and psychosis. Apart from its role in pathology, dopamine
is crucial for physiologic brain functions, e.g. motor control, reward and cognitive functions
such as working memory. There is a wide variety of radioligands available to image different
aspects of the dopamine system using positron emission tomography (PET) and single
photon emission computed tomography (SPECT). It is possible to obtain measurements of
dopamine production, storage, and reuptake capacity and of different types of dopamine
receptors (D1, D, and D3). These imaging techniques are frequently used in research setting
and have provided great insight in brain function. It is clear now that an optimal balance
between dopamine levelsand dopamine receptors is necessary in different regions and that
either too much (such as during stress or afteramphetamine stimulation) or too little (such
asin aging and neurodegeneration) leads to impaired cognitive function (1). For example,
we now know that the hallucinations and delusions in psychosis are related to increased
dopamine production in the striatum (2). This explains why blocking dopamine D, receptors
and decreasing dopamine signal transduction with antipsychotics reduces these symptoms.

Inthe clinical setting, imaging of the dopamine systemis primarily applied in diseases with
dopaminergic neurodegeneration, such as PD, progressive supranuclear palsy, multiple system
atrophy and Lewy body dementia. The most common clinical indications are 1) to distinguish
neurodegenerative parkinsonian disorders (usually PD) from non-neurodegenerative
parkinsonian disorders (e.g. essential tremor, vascular parkinsonism or medication induced
parkinsonism) and 2) to distinguish Lewy body disease dementia from Alzheimer’s disease. In
the case of PD, more than 30 percent of the dopaminergic neurons in the nigrostriatal pathway
have been lost at onset of symptoms (3) and this can be visualized. The most commonly
used radioligands are ['231]FP-CIT (also known as DaTscan) for SPECT and ['8F]FDOPA for
PET, although other radioligands may also be applied. ['23I]FP-CIT binds to the dopamine
transporter and ['8F]FDOPA is taken up by dopa decarboxylase, an enzyme involved in the
production of dopamine. Both techniques visualize the presynaptic dopaminergic neuronsin
the striatum and provide a sensitive measure of dopaminergic cell loss in neurodegeneration.

Whereas PET and SPECT are very useful for these different measures of the dopamine
system, their disadvantages are that they are costly, lead to radiation exposure and are
usually more time consuming than magnetic resonance imaging (MRI). Over the last decade,
new techniques have been developed that provide both direct and indirect measures of the
dopamine system. For example, invasive techniques like fast-scan cyclic voltammetry have
been applied in the human brain to assess dopamine fluctuations in patients that underwent
DBS surgery (4). But also novel MRI techniques have emerged that enable us to visualize
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the dopamine system. One technique that is promising, but still in the stage of preclinical
research, is the use of neurotransmitter-responsive nanosensors that can be imaged using
T2-weighted MRI (5). Other MRI methods have advanced to the clinical research stage and
they provide a great opportunity for studying the dopamine system in different populations
such as children and for performing longitudinal studies with multiple measures, with great
potential for clinical applications. The most developed and promising techniques today are
pharmacological MRI (phMRI) and neuromelanin sensitive MRl (NM-MRI). In this paper we
will review the present state of these imaging techniques and newest developments after
giving a short background of the dopamine system in the brain.

Dopamine system

The dopamine system in the brain consists of several pathways of which three are most
prominent (Fig. 1). The firstis the nigrostriatal pathway. This pathway consists of dopaminergic
neurons in the substantia nigra in the midbrain, whose axons project to the striatum. It is
involved in motor function and associative learning amongst others. The second pathway is
the mesolimbic pathway, consisting of dopaminergic neurons projecting from the ventral
tegmental area to the ventral striatum, including the nucleus accumbens. This pathway is
essential in reward processing and aversion. As both the nigrostriatal and mesolimbic pathways
project to the striatum, this is the most dopamine rich region of the brain. Subsequently, it
is the most common target of many dopaminergic imaging techniques. The third pathway
is the mesocortical pathway. The dopaminergic neurons of this pathway also originate in
the ventral tegmental area, but project to the cortex, mostly to the prefrontal cortex. This
pathway is involved in executive and cognitive functioning.

Striatum

Frontal
Cortex

Substantia Nigra

Nucleus Accumbens Ventral Tegmental Area

Fig.1. Schematic representation of the major dopaminergic pathways in the brain: the
nigrostriatal pathway (blue), the mesolimbic pathway (red) and the mesocortical pathway
(purple).
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These different pathways have a different constitution of the dopamine system. Signal
transduction in the dorsal striatum (nigrostriatal pathway) is largely conducted by dopamine
D1 and D, receptors, whereas in the ventral striatum (mesolimbic pathway) also D; receptors
areabundant. Inthe (pre)frontal cortex (mesocortical pathway) the primary receptor for signal
transduction is the D, receptor, although there is also a relatively low number of D, receptors.
Likewise, dopamine reuptake is facilitated by dopamine transporters in the striatum, but by
norepinephrine transporters in the cortex. Whereas dopamine degradation is performed by
monoamine oxidase (MAO) in the striatum, but by catechol-O-methyltransferase (COMT) in
the cortex. Knowledge of these regional differences can aid in the interpretation ofimaging
outcomes. Moreover, these differences are important for targeted treatment, e.g. with drugs
targeting specific types of receptors or transporters.

Pharmacological MRI (phMRI)

PhMRIis a collective term for functional MRI techniques that administer a pharmacological
challenge to assess its effects on brain hemodynamics, and by doing so indirectly assess brain
neurotransmitter function (6). A schematic example of the technique is shownin Fig. 2. The
choice of the pharmacological challenge determines the neurotransmitter system that is
visualized. For example, to obtain a readout of the function of the dopamine system, agonists
or antagonists of dopamine receptors and transporters are used, such as apomorphine,
amphetamine or methylphenidate. The technique is based on the principle that the
pharmacological challenge binds to its targeted receptor subtype, whose activation evokes
changesin neurovascular coupling that resultin hemodynamic changes. This hemodynamic
response consists of an increase in local cerebral blood flow (CBF), blood volume (CBV) and
oxygenation (7). In this review we will focus specifically on challenge phMRI (during rest) rather
than task phMRI (during the execution of a sensorimotor or cognitive task), as measuring
the hemodynamic response to the drug during rest reflects a more direct measure of the
dopamine response.

Two main MRI methods that have been used to assess changes in hemodynamic response
in response to a pharmacological challenge in humans are Blood Oxygen Level-Dependent
(BOLD) imaging and Arterial Spin Labeling (ASL). BOLD MRI makes use of the difference in
magnetic susceptibility between oxygenated and deoxygenated blood, detectable by T2*-
weighted sequences (8). Neuronal activation increases local blood flow and thus the inflow
of oxygenated blood, which far exceeds the consumed oxygen. As oxygenated blood has a
higher T2* this results in a net increase in the BOLD signal. ASL on the other hand, utilizes
blood as an endogenous contrast agent. Blood passing into the brainis labeled at the main
feeding arteries by applying aninversion pulse, after which the labeled blood travels to the
brain and creates small decreases in longitudinal magnetization. The perfusion contrast is
then generated by subtracting two acquired images, one with label and one without. The
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advantage of ASL over BOLD is that it is quantitative and that it is a more direct technique
because it measures CBF, whereas the BOLD signal is determined by changes in CBF, CBV
and oxygen consumption. Moreover, as a result of the subtraction it is not sensitive to signal
drift, which is a problem in BOLD imaging as the low frequencies of the drift often coincide
with the low frequency of the signal changes following the pharmacological challenge (9).
However, ASL suffers from a lower signal to noise ratio (SNR) and less spatial specificity
(larger voxels) compared to BOLD imaging. A third MRI method that has been used is CBV
imaging, but this uses an exogenous intravascular contrast agent that sensitizes images to
relative CBV and is therefore only used in animal phMRI.

A baseline pharmacological neuronal hemodynamic post-challenge
MRI scan challenge activation response MRI scan

o Do

post-challenge baseline phMRI response
MRI scan MRI scan on MRI scan

Fig.2. Schematic of phMRI experiment. A) A baseline MRl scan (e.g. perfusion scan) is performed after which
apharmacological challenge isadministered. Through its binding to target receptors, this challenge can elicit
neuronal activation and, subsequently, through neurovascular coupling, also a hemodynamic response, which
can be captured by a post-challenge MRI scan. B) Possible changes can be estimated using statistical analyses
comparing the pre- and post-challenge MRl and the resulting parametric maps can be overlaid on the MRl image.

Initial phMRI studies in animals used pharmacological challenges that primarily targeted the
dopamine system, and demonstrated thatadministration of e.g. amphetamine increased the
BOLDsignalin the striatum and cortex (10). Many of these studies focused on the validation
of phMRI compared to conventional techniques such as autoradiography, microdialysis
and PET and SPECT (10-12), and found that they were well correlated. For instance, phMRI
faithfully reproduced DA denervation (-42 % with PET vs. -45% with phMRI) (10) and a
strong correlation was found between the amplitude of the phMRI response in the SN and
the number of dopaminergic neurons on the side ipsilateral to neurotoxic (MPTP) injection
(12). Subsequent studies in rodents and non-human primates used unilateral lesioning with
dopamine neurotoxins (including MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) a
model for PD (13)) to demonstrate that the phMRI response to a dopamine challenge was
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restricted to the intact side, blunting the response on the lesioned side. Inducing remodeling
of the dopamine system using repeated amphetamine exposure further demonstrated
the sensitivity of phMRI to more subtle dopamine alterations (14). Together, these studies
demonstrated the possibility of phMRI to detect damage or dysfunction of the dopamine
system and opened up possibilities for use in humans. In subsequent validation studies in
humans, phMRI with a dopamine challenge was able to demonstrate a blunted dopamine
response in regular amphetamine users compared to controls, similar to ['231]IBZM SPECT
(15,16). Test-retest reliability has not been demonstrated for dopaminergic challenges, but
was demonstrated for phMRI with a ketamine challenge. Reliable responses were observed
atlow doses, but the researchers stress the need for correct modeling of the data, including
possible confounding effects, such as physiological variation and head motion, to increase
reproducibility (17).

One of the strengths of phMRIis thatit can be used to study numerous aspects of the dopamine
system, as different receptor subtypes can be visualized with different challenges. Indeed,
a large number of pharmaceuticals are available, which means that phMRI, compared to
PET which requires specific radiolabels, is ideally suited for drug discovery. However, it is
important to understand what aspects of the dopamine system the phMRI signal reflects
(18). Being a functional technique, the signal is likely more representative of mRNA levels
(19), extrasynaptic dopamine concentration or cyclicAMP levels (11), than that it reflects
measures such as receptor density for example. In that sense, it also does not have the
same sensitivity as PET and SPECT to assess receptor densities, as it is a non-invasive proxy
measure. The obtained response after a dopamine challenge is also not dopamine specific
perse, because the activated receptors will initiate a cascade on neuronal events downstream
from theinitial drug-to-target binding, which can also elicita neuronal response. Although
a disadvantage when one’s goal is to identify receptor subtypes, it also implies that the
phMRI response gives a more complete characterization the brain’s response to the drug,
and provide potential leads for experienced side effects. Notably, most medications are not
“clean”, i.e. they affect multiple neurotransmitter systems and multiple receptor subtypes,
which precludes a neurotransmitter-specific phMRI response.

PhMRI offers many opportunities for drug discovery and clinical research studies, but also
comes with some unique challenges, particularly in the field of data analysis and interpretation.
For a more complete overview of these challenges and possible solutions, which is outside
the scope of this review, see Jenkins et al. (6). Most phMRI studies employ intravenous
administration of the challenge, because this eliminates the issue of individual differences
in absorption levels. However, the brain’s response to pharmaceuticals is mostly slow and
does not always return to baseline within the scanning session. Therefore, it is difficult to
separate the neuronal phMRI response from other slow-varying frequency signals, including
scanner drift. Modelling the phMRI response also requires prior knowledge on the expected
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waveform, e.g. obtained from pharmacokinetic and pharmacodynamic (PK/PD) modelling, or
will have to rely on data driven approaches. This complicates the interpretation of the signal
asthere are numerous confounding variables that play a role. For example, the administered
challenges could induce systemic or cerebral vascular effects that are not due to binding
of the drug to the target receptor in the brain (20). Vasoactive drugs can induce changes in
blood pressure, pCO,, and vasodilation or constriction that are measured as hemodynamic
responses in the brain. Possible solutions are to obtain baseline measures of such vascular
characteristics (e.g. CBF from ASL), to monitor these during the scan (e.g. pCO,, heart rate,
respiration) or to correct for them by sophisticated post-processing techniques.

PhMRI has potential applications in the field of drug discovery and treatment prediction and
monitoring. For drug discovery studies itis important to make use of standardized methods
in order to define phMRI signatures for medications with proven clinical efficacy. In this way,
phMRI responses to novel compounds can be compared to reference medications and as
such be evaluated in terms of expected efficacy and side effects. Moreover, it could identify
converging mechanisms of action across drug classes. This has been effectively demonstrated
in rodent models for antipsychotics, antidepressants and anxiolytics, in which complex
whole-brain phMRI responses were condensed into sensible multivariate metrics (21). This
approach has the potential to be translated to human clinical trials as well, but is partially
hampered by issues of MR acquisition and post-processing standardization, as well as patient
group heterogeneity. Currently, phMRI is also used in clinical research studies, with a focus
on longitudinal designs and vulnerable patient populations. For example, we have used
phMRI as a technique to assess persistent effects of the ADHD medication methylphenidate
on brain developmentand dopamine function in children and adults with ADHD (22). Using
a slightly different approach, studies in PD have investigated hemodynamic responses in
patients on and off their levodopa medication (23,24). And a recent study has demonstrated
a method to evaluate the severity of dopamine denervation in PD (25). PhMRI is not yet
clinically used for diagnosis and progression of PD, or other neuropsychiatric diseases in
which the DA system is involved; possibly because the underlying mechanisms of phMRI
signals are not fully understood, and/or unfamiliarity with the technique. Advancementin
image acquisition and analysis techniques (e.g., Al for noise reduction) and the addition of
pharmacokinetic-pharmacodynamic (PK-PD) modelling could further advance DA phMRI
into the clinic. Indeed, a very recent phMRI study was able to stage PD disease using PK-PD
modelling (25).

Neuromelanin sensitive MRI (NM-MRI)

NM-MRIis an upcoming MRI technique that enables in vivo visualization of the substantia
nigra pars compacta (SN). It has gained increasing interest due to the role of the SN in a
variety dopaminergic disorders, including schizophrenia, cocaine addiction, Huntington’s
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and Parkinson’s disease (PD) (26-28). The SN in the mesencephalon is the location from where
dopaminergic neurons project to the striatum forming the nigrostriatal pathway. Visualization
of this relatively small brainstem area with use of MRI has been challenging foralong time.
The structure isvisible on T1, T2 and T2*/susceptibility weighted sequences, but usually with
rather low contrast. Loss of hyperintensity of nigrosome-1, a substructure posterolateral in the
SN, on susceptibility weighted imaging (swallow tail sign), has been indicated as a marker for
PDand Lewy body disease, although it needs a targeted 3D susceptibility weighted imaging
sequence and is not widely applied in clinical use. These conventional MRI techniques do
not permit semi-quantitative measures, accurate delineation or volume measures of the
SN. Therefore, NM-MRI has been introduced as a promising and non-invasive method to
indirectly assess dopaminergic functioningin the SN (29).

Neuromelanin is a black pigmented by-product of catecholamine synthesis. The most
common catecholamines are dopamine, noradrenaline and adrenaline. This black pigment
is predominantly found in the SN pars compacta, hence its name, and in the smaller locus
coeruleus, the major noradrenergic nucleus of the brain. Accumulation of neuromelaninin
the SN pars compacta is mainly driven by excess cytosolicdopamine that has not been taken
up into synaptic vesicles (30). After iron dependent oxidation of the cytosolic dopamine and
reaction with proteinsand lipids in midbrain dopamine neurons neuromelanin-iron complexes
are deposited inside autophagicorganelles (31,32). The accumulation of these neuromelanin
complexesinthe SN show a strong inverted U-shaped age effect (33). Neuromelanin production
isinitiated atapproximately three years of age, and its accumulation steeply increases until
the age of 20. Around the 3rd and 4th decade of age there is typically no significant change
in neuromelanin levels, and after the age of 47 neuromelanin levels in the SN decline (33).

The paramagnetic neuromelanin-iron complexes lead to T1 reduction, which is thought to be
the primary mechanism underlyingimage contrastin NM-MRI (34). Indeed, the first proposed
NM-MRI scan was an interleaved multi-slice turbo-spin echo (TSE) T1-weighted sequence
(29). Studies directly comparing post-mortem TSE NM-MRI with histological findings have
confirmed NM-MRI signal intensity to be closely related to the quantity and location of the
neuromelanin-containing dopaminergic neuronsinthe SN (35,36). Next to T1 reduction by
the neuromelanin-iron complexes, the contrastin NM-MRI is due to magnetization transfer
(MT) effect. Thisis probably partly related to higher macromolecular contentin the adjacent
white matter than in the grey matter of the substantia nigra (34,37-39) Therefore, an (off-
resonance) MT-pulse in often added to the TSE sequence, to suppress the contribution of
macromolecules to the signal, therewith increasing contrast (34,40).

Along with the development of the TSE NM-MRI, a Gradient Recalled Echo (GRE) NM-MRI
sequence has been introduced, which also includes an MT pulse (41) (Fig. 3). The GRE NM-MRI
isvalidated and compared with the TSE sequence and shows a higher sensitivity forimaging
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the SN (42). In addition, reliability studies yield excellent reproducibility for the GRE NM-
MRI (43-46) and mostimportantly the sequence correlates with regional NM concentration
(47), even in the absence of neurodegeneration (44). Through these promising results the
GRE NM-MRI has gained more recognition. There is still quite some variation in sequence
parameters between centers and further optimization of the sequence is ongoing, including
optimizing slice thickness, resolution, repetition time, flip angle, and acceleration of scan
duration, next to optimization of analysis methods (42,44,45,48,49). Based on the most
recent results approximately a 4-7-minute scan duration is needed for a 3D GRE NM-MRI
acquisition (37) and 3-6 min for reliable 2D GRE NM-MRI data (45). However, this may need
customization of the standard MT pulse provided by the major MRI system vendors.

A

Fig.3.A. Example of NM-MRI GRE sequence
with off resonance MT pulse. The substantia
nigraisvisible as hyperintense area (right
side marked with1). The crus cerebri (right
side marked with 2) is often used as reference
region to calculate a contrast ratio for
semiquantification.

B. Example of NM-MRI in a healthy control
(HC) and a patient with Parkinson’s disease
(PD).

In order to evaluate which dopamine functions are best reflected in NM-MRI, there are
several comparisons with different dopaminergic PET and SPECT imaging methods. NM-
MRI signal in the SN correlates positively with the availability of dopamine D, receptors
in the SN as measured with PET (50), which may suggest a local feedback mechanism of
autoreceptors on the dopaminergic cells (i.e. in case of more dopamine, increased cyto-
solic dopamine leads to more neuromelanin deposit, and increased synaptic dopamine
leads to higher expression of dopamine D, autoreceptors providing feedback to reduce
dopamine production). There is no association between NM-MRI signal and dopamine
transporter availability or dopamine synthesis capacity in the SN in young adults though
(50). However, when comparing NM-MRI with dopaminergic functions in the synaptic
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terminals of the nigrostriatal pathway, there is a positive correlation between NM-MRI
signal in the SN and amphetamine induced dopamine release in the striatum (44). This
indicates that NM-MRI could be used as an indirect marker for dopamine synthesis in the
nigrostriatal pathway. Furthermore, there are several positive correlations between SN
NM-MRI measures and striatal dopamine transporter availability in PD (51-55), support-
ingits role as a marker for dopaminergic neurodegeneration.

Consideringits potential as noninvasive proxy for dopamine functioning, NM-MRI has been
applied in multiple patient studies. The majority of studies focused on PD and showed a
reliable decrease of SN volume and NM-MRI signal in the SN of patients with PD (51,54-
67), foran example see Fig. 3B. These results are in line with the reduction of neuromelanin
concentrationinthe SN in PD, due to the degeneration of dopaminergic neurons (68). Since
clinical diagnosis of PD is challenging in a subset of patients (around 20%), in particular at
early disease stage (69), NM-MRI may contribute to diagnostics. A recent meta-analysis
evaluated the diagnostic utility of NM-MRI to differentiate PD from healthy controls and
yielded a high pooled sensitivity (82%) and specificity (82 %) for distinguishing PD patients
from healthy controls (70). There was high heterogeneity between the 10 studies included in
this meta-analysis though, both in sample characteristics (early and advanced PD patients),
NM-MRI sequence and NM-MRI analysis methods (volume and contrast measurements). In
clinical practice itwould be more important to distinguish PD from non-neurodegenerative
parkinsonism rather than from healthy controls. NM-MRI indeed shows high diagnostic
performance for differentiating essential tremor from PD with sensitivity ranging between
67-91% and specificity ranging between 80-93% (60-71). Combination of NM-MRI with
quantitative susceptibility mapping (QSM) may even further improve diagnostic accuracy
(51,72,73). As mentioned previously, NM-MRI also shows moderate to strong correlations
with dopamine transporter (DAT) SPECT and PET imaging, the current standard for diagnostic
imagingin parkinsonism (51-55). NM-MRI does not reach the high sensitivity and specificity
of DAT SPECT though, which is up to 98 and 100% respectively (74). Longitudinal imaging
in PD demonstrates further signal and SN volume reductions over time, as expected due
to progressive degeneration (75). Despite these promising results, NM-MRI needs further
developmentand standardization before it can be used as a diagnostic tool or for monitoring
of disease progression in PD.

Otherdisorders with dopaminergic neurodegeneration also show decreased NM-MRI signal
in the SN. The decrease in NM-MRI contrast in atypical parkinsonisms (multiple system
atrophy, progressive supranuclear palsy and corticobasal degeneration) and in idiopathic
rapid eye movement sleep behaviour disorder is similar as in PD (51,76-79). Moreover, in
Huntington’s Disease a decrease in NM-MRI signal compared to healthy controls has also
been observed (80). Discriminating PD from atypical parkinsonism is difficult although
advanced analysis shows potential (81).
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Apart from the potential of NM-MRI in neurodegenerative disorders, NM-MRI could be
an interesting tool to assess underlying dopaminergic pathology in psychiatric disorders
such as ADHD, schizophrenia and addiction. The first study using NM-MRI in a psychiatric
patient population showed increased NM-MRI signal in schizophrenia patients compared
to depressive patients and healthy controls (27). This finding of increased NM-MRI signal
in schizophrenia compared to controls has been replicated (82), although one study only
reportsanincreasein the VTAand not SN (83). Moreover increased NM-MRI signal in the SN
correlates positively with positive symptoms, i.e. hallucinations and delusions (44). This all fits
previous findings with PET imaging that dopamine synthesis in the nigrostriatal pathway is
increased in schizophrenia and related to positive symptoms (2). A recent study also provides
afirstindication NM-MRIsignalisincreased in the SN in cocaine addiction (28). Hence, NM-
MRl appears to be a potential biomarker for dopamine dysfunction in psychiatricdisorders.
It should be taken into account that NM-MRI is not able to measure short-term dynamic
changesin dopamine function (as can be assessed with SPECT/PET imaging and phMRI), but
is rather a reflection of long-term dopamine function due to the nature of neuromelanin as
adepositinthe dopaminergic cells.

Taken together, NM-MRI of the SN appears to be a promising tool as a proxy for dopaminergic
functioning in the SN. Considering its noninvasive quality and short scan duration it may
develop asarelatively easily accessible research tool for neuropsychiatricdisorders and has
the potential to aid diagnostics of dopaminergic neurodegeneration.

Conclusion

New developments in MR imaging provide highly promising proxy measures of the dopamine
systemin the brain. These measures will not replace dopaminergic PET and SPECT imaging,
which are more direct measures of the different components of the dopamine system (e.g.
receptors, transporters, dopamine release). However, they offer alternatives with the advantages
of MR imaging, i.e. no radiation, lower costs, usually less invasive and time consuming and
higherspatial resolution. The most developed MRI techniques are phMRIand NM-MRI. They
both have specific characteristics which make them feasible for different purposes (see Fig. 4).
PhMRI requires a pharmacological challenge and is a dynamic measure of dopamine function.
NM-MRI on the other hand is rather a reflection of long-term dopamine function. Whereas
phMRIvisualizes the whole brain, NM-MRl visualizes the SN and only provides information
about the nigrostriatal pathway. These characteristics make phMRI a useful technique to
study reactivity of the dopamine system, which is important for drug development and for
understanding the pathophysiology of dopamine related disorders related. phMRI opens
up new possibilities to dosoin a longitudinal setting with multiple measures and in specific
patient populations like children. Applications in clinical practice are not expected in short
term though. NM-MRI on the other hand has promise as marker for (chronic) dopamine
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function of the nigrostriatal pathway and as marker of dopaminergic neurodegeneration.
The firstapplication is primarily useful in research on dopamine related disorders. The latter
has the potential for clinical application in the diagnostic process of Parkinson’s disease and
neurodegenerative parkinsonisms. Optimization and standardization ofimaging and analysis
methods is still necessary though. NM-MRI will not reach the high accuracy of clinically
applied DAT SPECT. However, it is 2 more accessible and lower cost imaging method that
duetoitsshortscan duration (3-10 min) could be added to conventional MRI scan protocols.
Further development of these MR techniques for the dopaminergic system will prove what
their value will be for research and clinical practice.
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Fig. 4. Schematicscale of dopamine imaging techniques. Non-invasive techniques like phMRIand NM-MRI have
lower spatial and temporal resolution, as well as specificity for DA, than invasive in-vivo and ex-vivo methods (e.g.
microdialysis, voltammetry, autoradiography), which can only be applied in animal research though. Although
phMRIand NM-MRI are less specific for DA (receptors) than certain PET and SPECT tracers, they do not use
jonizing radiation and have comparable or better spatial resolution. The temporal resolution of NM-MRI is lower
due to the nature of neuromelanin as a deposit thataccumulates over time, however, advantages of NM-MRI over
the othertechniquesare shortscan duration and lower costs.
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Abstract

Background: Neuromelanin-sensitive MRl (NM-MRI) of the substantia nigra provides a
noninvasive way to acquire an indirect measure of dopamine functioning. Despite the
potential of NM-MRI as a candidate biomarker for dopaminergic pathology, studies about
its reproducibility are sparse.

Purpose: To assess the test—retest reproducibility of three commonly used NM-MRI sequences
and evaluate three analysis methods.

Study Type: Prospective study.
Population: A total of 11 healthy participants age between 20-27 years.

Field Strength/Sequence: 3.0T; NM-MRI gradient recalled echo (GRE) with magnetization
transfer (MT) pulse; NM-MRI turbo spin echo (TSE) with MT pulse; NM-MRI TSE without
MT pulse.

Assessment: Participants were scanned twice with a 3-week interval. Manual analysis,
threshold analysis, and voxelwise analysis were performed for volume and contrast ratio
(CR) measurements.

Statistical Tests: Intraclass correlation coefficients (ICCs) were calculated for test—retest and
inter-and intrarater variability.

Results: The GRE sequence achieved the highest contrast and lowest variability (4.9-5.7%)
and showed substantial to almost perfect test—retest ICC (0.72—0.90) for CR measurements.
Forvolume measurements, the manual analysis showed a higher variability (10.7-17.9%) and
scored lower test—retest ICCs (—0.13—0.73) than the other analysis methods. The threshold
analysis showed higher test—retest ICC (0.77) than the manual analysis for the volume
measurements.

Data Conclusion: NM-MRI is a highly reproducible measure, especially when using the GRE
sequence and CR measurements. Volume measurements appear to be more sensitive to
inter/intrarater variability and variability in placementand orientation of the NM-MRI slab.
The threshold analysis appears to be the best alternative for volume analysis.
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Introduction

In vivo visualization of the dopamine system is of interest due to its role in a variety of
psychiatric and neurodegenerative disorders, including Parkinson’s disease (PD) (1) and
psychosis (2). The substantia nigra (SN) in the mesencephalon is the location from where
dopaminergic neurons project to the striatum, forming the nigrostriatal pathway (3). A
novel neuromelanin-sensitive magnetic resonance imaging sequence (NM-MRI) provides
a noninvasive way to acquire an indirect measure of dopamine functioning in the SN (4).
NM-MRI has been successfully used to examine changesin the SN in PD and schizophrenia
(2,5,6) and seems promising as a biomarker in these disorders. Considering the non-invasive
nature of NM-MRY, it has the potential to be applied in clinical practice.

Neuromelanin (NM) is synthesized from cytosolic dopamine and dihydroxyphenylalanine
derivatives that have not been taken up into synaptic vesicles (7,8). After iron dependent
oxidation of the cytosolic dopamine NM-iron complexes are stacked inside autophagic
organelles that fuse with lysosomes, and lipid and protein components forming the final
autolysosomal NM-containing organelles (7,9). These NM-containing organelles accumulate
overageinthe SN (10), orrather show an inverted U-shaped age effect (11). The paramagnetic
NM-iron complexes lead to T1 reduction, which contributes to the NM-MRI contrast (4).

NM sensitive T1-weighted turbo spin echo (TSE) is the most frequently used NM-MRI
sequence and multiple studies have shown a reliable decrease of NM-MRI signal in the
SN of patients with PD (5,12-27). The TSE sequence can be performed with or without a
magnetization transfer (MT) pulse. An off resonance MT pulse suppresses the contribution
of macromolecules to the signal and can thereby increase contrast (4,24,28,29). A smaller
number of patient studies have been performed with an NM sensitive gradient echo pulse
(GRE) sequence with an MT pulse (6,30).

Despite the promise of NM-MRI as a biomarker, studies on the reproducibility and reliability
of the different sequences have been sparse. Reproducibility provides vital information for
study designs, since outcome measures with lower reliability have diminished power. One
study has shown a lower sensitivity forimaging the SN with a TSE sequence compared to a
GREsequence (31), but reproducibility was not compared. Reproducibility studies have been
performed for the GRE sequence and yielded excellent results for volume measurements
(32) and contrast ratio measurements (6,32,33) while using the TSE sequence, a study has
shown moderate reproducibility in the noradrenaline-rich locus coeruleus (34). A study
directly comparing the GRE and TSE NM-MRI sequences in terms of their reproducibility in
SN imaging would be useful.
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In addition to differences in image acquisition, there are also differences in the analysis of
NM-MRI data. Most studies have used an average contrast ratio based on a manual approach
in which the SN and a reference region are manually traced on one or more axial slices in each
NM-MRI scan. While this has shown differences between groups (15,19,20,24,35), it does
notassess the entire SN. Furthermore, this method is sensitive to inter/intra-rater variability
resulting from variability in the placement and orientation of the NM-MRI imaging slab within
and across studies. An intensity threshold method avoids the inter/intra-rater variability
and when applied to scans normalized to Montreal Neurological Institute (MNI) space it
can give an estimate of the entire SN, independent of slab placement (32). More recently,
Cassidy et al validated a voxelwise approach (6). This method is semi-automated using an
average mask of the normalized dataset instead of a subject specific mask. This approach
captures the voxel anatomical information in the scan and can be implemented for various
measurements including mapping the (sub)regional variation of the SN.

In order to further develop NM-MRI for research and clinical applications, it is important to
determine optimal acquisition and analysis methods. Therefore, the aim of this study was
to compare the test-retest reproducibility of three NM-MRI sequences in SN imaging; 1) the
GRE sequence with MT pulse, 2) the TSE sequence with MT pulse, and 3) the TSE sequence
without MT pulse and, also, to assess and compare the reliability of three analysis techniques;
i) manual analysis, ii) threshold analysis, and iii) voxelwise analysis.

Materials and Methods
Participants

This study was approved by the local Medical Ethics Committee. All participants gave written
informed consent prior to the first scan after the nature of the procedure had been fully
explained. Eleven healthy participants (mean (SD) age: 24.82 (2.04), range: 20-27 years,
seven male and four female) were included in the study. Prior to inclusion, all participants
were screened by means of an interview and excluded if they had a history of neurological
or psychiatricdisorders, used any medication (with the exception of contraceptives), or had
any MRI contraindications.

Image Acquisition

All MR data were acquired at a single center using a 3 Tesla Ingenia MRI system (Philips,
Best, The Netherlands) with a 32-channel SENSE head coil. All participants participated in
two identical NM-MRI scanning sessions, with a 3-week interval (mean [SD] days: 20.9 [1.4],
range: 18-24 days).

For slice placement and registration, transversal high-resolution structural T1-weighted
volumetricimages, with full head coverage were acquired (echo time [TE]/ repetition time
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[TR]) =4.1/9.0 msec; 189 slices; field of view [FOV] = 284 x 284 x 170 mm; voxel size: 0.9 x 0.9
x 0.9 mm, flip angle [FA]=8°). On these, the NM-MRI sections were placed perpendicular to
the fourth ventricle floor with coverage from the posterior commissure to halfway through
the pons.

The following three NM-MRI scans were acquired; 1) GRE MT off-resonance pulse (GRE MT
on) (TE/TR =3.9/260 msec, FA =40° 8 slices, slice thickness =2.5 mm, in-plane resolution =
0.39x0.39 mm2, FOV =162 x 199 mm, number of signal averages [NSA] = 2, magnetization
transfer frequency offset =1200 Hz and duration =15.6 msec, based on (6,33)); 2) TSE with
MT off resonance pulse (TSEMT on) (TE/TR=10/641 msec, FA=90° 8slices, slice thickness =
2.5 mm, in-plane resolution = 0.40x0.40 mm2, FOV =180x180 mm, NSA = 2, magnetization
transfer frequency offset=1200 Hzand duration =15.6 msec, based on (24)); 3) TSE without
MT pulse (TSE MT off) (TE/TR =10/500 msec, FA = 90°, 8 slices, slice thickness =2.5 mm, in-
plane resolution =0.40 x 0.40 mm2, FOV =180 x 180 mm, NSA =2, based on (20)).

Manual Segmentation

ITK-Snap (v. 3.6.0, www.itksnap.org) (36) was used to manually segment the SN. In addition,
the crus cerebri (CC) and red nucleus (RN) were segmented and served as reference areas
(6,20,33). Segmentation was performed by three independent raters (M.Z., K.B., EW.) and the
raters segmented both the test and retest scans twice. The interval between segmentation 1
and segmentation 2 was a minimum of 3 weeks and a maximum of 6 weeks. To ensure raters
had the same segmentation approach, a segmentation protocol was used and all attended
a training session. No raters had experience with the NM-MRI segmentations prior to this
study. For every sequence two contrast ratios (CR), CRsn.rn and CRsn.cc, were determined.
These were calculated as: CRSN—RN = (SSN _SRN)/SRN and CRSN—CC = (SSN - Scc)/Scc, where SSN,
Srn, and Scc represent the mean signal intensities of the SN, RN, and CC, respectively. For each
participant the two slices with the highest voxel intensity were segmented. Segmentation
of the CC consisted of six defaultcircles (three on each side of the SN), each with a diameter
of 8§ mm.

Standardized Analyses

Forthe standardized analyses, we preprocessed the NM-MRI scans using Statistical Parametric
Mapping’s (SPM 12; Wellcome Trust, London, UK). We first co-registered the NM-MRI retest
scans to the NM-MRI test scans and subsequently coregistered both to the T1-weighted test
scans. Tissue segmentation was performed using the T1-weighted test scan. All scans were
normalized into MNI standard brain space using DARTEL routines with a gray and white matter
template generated from all T1-weighted test scans and spatially smoothed with a 1-mm
full-width at half-maximum Gaussian kernel. For post-hoc analysis, the preprocessing was
performed without spatial smoothing to assess the effect of spatial smoothing. All images
were visually inspected following each preprocessing step.
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Semi-automated Thresholding Segmentation

For each sequence a large area around the (left and right) SN was manually traced on the
standardized average image with ITK-Snap. This was done carefully to avoid contamination
from CSF space. This mask was overlaid on the individual NM-MRI scans in MNI space and
voxels with signal intensity S, >3 standard deviations from Scc were considered part of the
SN. All high-intensity voxels generated by the thresholding method were visually inspected
to ensure no outlying/aberrant voxels were included in the mask.

Voxelwise Analysis

We used FSL (FMRIB Software Library, v. 5.0.10, Oxford University, UK) to create one standardized
average for each of the three sequences based on the 22 standardized NM-MRI scans (test and
retest). Template population masks for both the SN and CC were created for each sequence
by manual tracing with ITK-Snap on the standardized average image (Fig. 1b). For each scan
andvoxel in the SN mask a CR, was calculated as CRy = (Sy—Scc)/Scc. Voxels with a CRysmaller
than 0 or greater than 3 standard deviations from the mean were excluded.

A)

£

GRE MT on TSE MT on TSE MT off

Figure1. NM-MRI of the substantia nigra. (a) An individual example of the three NM-MRI sequences.
(b) Manual segmentation of subsantia nigra (SN) and crus cerebri (CC) mask on a standardized
image in MNI space. The mask of the SN is shown in red and the mask of the CCin blue. GRE: gradient
recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.

Statistical Analysis

Toassess reliability in test-retest, intra-rater, and inter-rater reliability the intraclass correlation
coefficient (ICC) was used (37). For the manual analysis the ICC estimates and their 95%
confident intervals (Cls) were calculated using SPSS 26.0 (IBM Corporation, Armonk, NY,
USA) and the ICC for the thresholding and voxelwise analyses were calculated using MatLab
(MathWorks Inc., R2016a, Natick, MA). The test-retest ICC was based on a single measures and
consistency two-way mixed-effects and the ICC for the intra-rater and inter-rater agreement
was based on a single measures and absolute agreement two-way mixed-effects model.
Standard thresholds were used for interpretability of ICC values: “almost perfect” for ICC
0.81-1.00, “substantial” for ICC 0.61-0.80, “moderate” for ICC between 0.41-0.60, “fair” for
ICC0.21-0.40, “slight” 0.00-0.20, and “poor” for ICC <0.00 (37).

Test-retest variability was assessed as a measure of agreement and was calculated using the

|test-retest|

following equation VAR= Festareted)/2

-100% and performed for the manual analysis on both

48



Reliability of NM-MRI

contrast ratios (CRsn-rny @and CRsn.cc) and SN volumes for all three sequences and raters.
Furthermore, Bland-Altman plots for test and retest were constructed as an additional
measure of agreement for the manual analysis. For the semi-automated thresholding
segmentation additionally the Dice Similarity Coefficient (DSC) was calculated to determine
reproducibility between the mean test and retest volume measurements. The DSC was
calculated with MatLab and defined as DSC = (2*volume (Test Retest)) / (volume(Test) +
volume(Retest)), where represents the intersection operator.

Results
Manual Segmentation

Inall subjects the SN was consistently detected as an area of hyperintensity (Fig, 1a). Tables 1
and 2 show the test-retest variability, test-retest reliability, intra-rater reliability and inter-rater
reliability based on the manual segmentation protocol for the CR and volume measurements,
respectively. For CR, variability was lowest for the GRE MT on sequence with CRsn.cc analysis.
Test-retest ICC was substantial to almost perfect (0.60-0.86) for all three sequences with
CRsn-cc analysis. Also, intra-rater ICC was substantial to almost perfect (0.75-0.97) for all
three sequences with CRsn.cc analysis, whereas the inter-rater ICC was substantial (0.63-0.81).
Since the CRsn.cc yielded better reproducibility than the CRsn.rn, further analysis focused
solely on the CRsn-cc (CRsn). For volume measurements, the TSE MT on sequence yielded the
lowest variability (10.74-11.47%) and highest ICCs with a slight to substantial test-retest ICC
(0.11-0.73) and intra- and inter-rater ICC varying from slight to almost perfect (0.34-0.87).
Bland Altman plots of the CRsy, depicted in Fig. 2, give a graphical representation of the
agreement for the CRsy and volume between the test and the retest for all three sequences.
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Table 1. Reproducibility and reliability based on the manual segmented CRSN of NM-MRI sequences

GREMTon TSEMTon TSE MT off

CRsN-RN CRsn-cc CRsn-RN CRsN-cc CRsn-RN CRsn-cc
Mean CR% (SD)
Rater 1 (test) 21.59 (2.26) 21.64 (2.13) 21.35(2.32) 13.51(2.20) 16.49 (2.96) 9.04 (2.20)
Rater 1 (re-test) 22.89 (2.69) 21.42(2.15) 20.90 (2.57) 12.96 (2.07 16.27 (3.54) 9.14 (2.13)
Rater 2 (test) 20.86 (3.21) 22.48 (2.18) 19.63 (3.45) 13.19 (2.25) 16.29 (3.42) 9.07 (2.21)
Rater 2 (re-test) 23.14 (2.80) 21.75 (2.35) 21.13 (2.15) 12.87(1.76) 16.76 (2.68) 8.98 (2.28)
Rater 3 (test) 21.59 (2.86) 19.72(1.93) 20.37 (3.05) 12.14(1.98) 16.54 (2.42) 7.73(1.72)
Rater 3 (re-test) 22.28 (2.81) 20.37 (2.10) 20.63 (1.91) 11.78 (2.01) 16.69 (2.29) 7.94(1.88)
Raters combined  21.35(2.74) 21.28 (2.33) 20.45 (2.97) 12.95(2.16) 16.44 (2.87) 8.61(2.09)
(test)
Raters combined  22.77 (2.71) 21.18(2.22) 20.89 (2.17) 12.54(1.97) 16.58 (2.80) 8.69 (2.11)
(re-test)
Test-retest Variability (SD)
Rater1 7.47 (5.94) 4.92(2.58) 7.35(5.55) 9.92 (7.38) 12.83(9.09) 8.70(9.23)
Rater2 13.51(9.72) 5.98 (4.25) 11.25(11.30) 7.41 (5.30) 14.87 (12.38) 15.68 (15.57)
Rater 3 7.86 (6.81) 5.73 (4.23) 8.65(9.25) 10.29 (9.18) 8.84(5.42) 16.55(9.39)

Test-retest ICC (95% Cl)

Rater1 0.74(0.28—-0.91)
Rater2 0.58(0.05-0.87)
Rater 3 0.69 (0.19-0.91)

0.84(0.51—-0.95)
0.79 (0.40-0.94)

0.79 (0.39—-0.94)

0.70(0.21-0.91)
0.61 (0.05-0.88)

0.55(-0.04—0.84)

0.76 (0.32-0.93)
0.85(0.54—0.96)

0.67 (0.15—0.90)

0.73(0.27-0.92)

0.86 (0.55—-0.96)

0.54 (-0.05-0.85) 0.60 (0.04—0.88)

0.75(0.320-0.93) 0.66 (0.13—0.89)

Rater I1CC (95% CI)

Intra-rater ICC (R1) 0.94 (0.86—0.98)
Intra-rater ICC (R2) 0.85 (0.68—0.94)

Intra-rater ICC (R3) 0.93(0.83-0.97)

Inter-rater ICC

0.75(0.57-0.88)

0.92 (0.80-0.97)
0.88(0.56—0.96)
0.93(0.83-0.97)
0.63(0.22—0.84)

0.80(0.58-0.91)
0.75(0.46—0.89)
0.55(0.17-0.78)
0.65(0.44—-0.82)

0.97 (0.92-0.99)
0.75(0.49-0.89)
0.90(0.79-0.96)
0.81(0.45-0.93)

0.86 (0.70—0.94)
0.81(0.58-0.92)
0.86 (0.69—0.94)
0.62(0.39-0.81)

0.85(0.68—0.94)
0.87 (0.66—0.95)
0.92(0.72-0.97)
0.79(0.44-0.92)

Given are the test-retest variability for each rater and ICC values with 95% confidence interval.
SN=Substantia Nigra, CR=Contrast ratio, CR%= Contrast ratio * 100, SD= standard deviation, R1=rater 1, R2=rater 2, R3 = rater 3,
ICC = Intraclass Correlation Coefficient, 95% Cl= 95 percent confidence interval, GRE=Gradient Recalled Echo, MT=Magnetization

Transfer pulse, TSE=Turbo Spin Echo
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Table 2. Reproducibility and reliability based on the manual segmented SN volumes of the NM-MRI sequences

GREMTon TSEMTon TSE MT off

Mean Volume mm3 (SD)

Rater1 (test) 355.52 (54.53) 337.93 (64.73) 328.15 (69.43)

Rater 1 (re-test) 373.91 (56.48) 362.99 (67.62) 306.11 (48.99)

Rater 2 (test) 333.87(35.48) 343.10(55.18) 302.84 (42.80)

304.31(37.37) e.

378.63 (36.38)

Rater 2 (re-test) 308.35(36.73) 340.14 (45.73)

Rater 3 (test) 365.56 (52.83) 386.50 (42.14)

Rater 3 (re-test) 391.11 (40.90) 414.67 (40.96) 380.67 (47.00)

Raters combined (test) 351.65 (48.73) 355.85(57.49) 336.54 (59.30)

Raters combined (re-test) 357.79 (57.03) 372.50 (60.08) 330.36 (56.41)

Test-retest Variability (SD)

Rater1
Rater2

Rater 3

14.31% (13.08)
13.04% (10.68)

14.47% (12.05)

10.74% (10.16)
10.99% (7.84)

11.47% (9.84)

13.03% (12.76)
17.88% (9.82)

12.76% (7.83)

Test-retest ICC (95% Cl)

Rater1
Rater2

Rater3

0.13 (-0.48-0.66)
0.05(-0.54—-0.61)
-0.10 (-0.64—0.51)

0.73(0.26-0.92)
0.57(-0.11-0.86)
0.11 (-0.50—0.65)

0.43 (-0.19-0.81)
-0.13 (-0.66—0.48)
-0.01 (-0.59-0.57)

Rater ICC (95% ClI)

Intra-rater ICC (R1)
Intra-rater ICC (R2)
Intra-rater ICC (R3)

Inter-rater ICC

0.84(0.67—0.93)
0.33 (-0.9-0.65)

0.82(0.30—0.94)
0.11(-0.07—0.36)

0.87(0.71—0.94)
0.35(-0.9-0.67)
0.72(0.45-0.87)

0.34(0.07-0.61)

0.64(0.32-0.83)
0.53(0.17-0.77)
0.58(0.12-0.81)

0.21 (-0.01-0.47)

Given are the test-retest variability for each rater and ICC values with 95% confidence interval.
R1=rater1, R2=rater 2, R3 =rater 3, SD=standard deviation, ICC = Intraclass Correlation Coefficient, 95% Cl =
95% confidence interval, GRE=Cradient Recalled Echo, MT=Magnetization Transfer pulse, TSE=Turbo Spin Echo

Semi-automated Thresholding Segmentation

The semi-automated thresholding segmented SN volumes were reproducible with a substantial

ICCreliability (0.67-0.77, see Table 3). In addition the semi-automated thresholding segmented

SN volume showed significant overlap between the two scans (Table 3), especially for the

GREMT on (0.91). The post-hoc non-smoothed preprocessed data yielded lower reliability

compared to the smoothed preprocessed data (Table 3).
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Fig.2. Bland—Altman plots representing the difference between the test and the retest of (a) manual segmented
contrast ratios and (b) manual segmented volumes. With the representation of the mean difference (dashed
lines) and the limits of agreement (dotted lines), from—1.96 SD to +1.96 SD; in purple Rater1, in blue Rater 2, in
green Rater 3. GRE: gradient recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.

Table 3. Mean Test—Retest reliability of the semiautomated analyses

GREMTon

TSEMT on

TSE MT off

Threshold analysis

ICC Volume (95% Cl)

DSC Volume (SD)

0.77 (0.31-0.94)

0.91(0.03)

0.71(0.18-0.92)

0.71(0.07)

0.67 (0.12-0.91)

0.68(0.13)

Voxelwise analysis

ICCCRy (95%Cl)
ICCCRsn (95% CI)

0.72(0.25-0.92)

0.90 (0.66-0.97)

0.52 (-0.05-0.84)

0.79 (0.36-0.94)

0.37 (-0.25-0.78)

0.66 (0.09-0.90)

Analysis without spatial smoothing

GREMTon

TSEMTon

TSE MT off

Threshold analysis

ICC Volume (95% Cl)

DSC Volume (SD)

0.78 (0.26-0.94)

0.86 (0.03)

0.64 (0.07-0.90)

0.72(0.08)

0.65 (0.08-0.90)

0.51(0.18)

Voxelwise analysis

ICCCRy (95%Cl)
ICCCRsn (95% CI)

0.63 (-0.00-0.87)

0.83 (-0.45-0.95)

0.38(-0.21-0.79)

0.61(0.01-0.89)

0.26 (-0.34-0.71)

0.64 (0.06-0.90)

The contrast ratios from the voxelwise analysis and the volumes from the semiautomated thresholding

segmentation

ICC: intraclass correlation coefficient; ICC CRv: average ICC of voxels in substantia nigra ROI for contrast ratio; ICC
CRsn: ICC for average contrast ratio in the substantia nigra ROI; DSC: Dice similarity coefficient; CRE: gradient
recalled echo; MT: magnetization transfer pulse; TSE: turbo spin echo.
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Voxelwise analysis

The standardized mask did not fit the retest scan of one participant, due to suboptimal
imagingslab placement (top part of SN was missing), therefore this participant was excluded
from the automatic analysis.

CR foreach voxel in the standardized average was calculated for test and retest (Fig, 3). Two-
way mixed, single score ICC and consistency values between test and retest per voxel were
calculated, creating a map of ICC values in the SN (Fig, 3). The mean ICC across voxels for
each sequence was calculated with the available data in at least 10 participants (Table 3).
Theresultsyielded a substantial ICC (0.72) for the GRE sequence, moderate ICC (0.52) for the
TSE MT on and fair ICC (0.37) for the TSE MT off. In addition, the ICC for the average CRsy in
the whole ICC mask was calculated for each sequence (Table 3). ICCvalues of the average CR
in the SN were almost perfect for the GRE sequence (0.90), substantial for TSE MT on (0.79),
and the TSE MT off (0.66). The post hoc non-smoothed preprocessed data yielded lower
reliability compared to the smoothed preprocessed data (Table 3).
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Figure 3. Contrast ratios A) and ICC values B) per voxel between test and retest measurementin the substantia
nigra for the three different NM-sequences. CR: contrast ratio; GRE: gradient recalled echo; MT: magnetization
transfer pulse; TSE: turbo spin echo.

Discussion

This study compared NM-MRI sequences with regard to their reproducibility and evaluated
different analysis methods in young healthy controls. Overall, the GRE MT on sequence
achieved the best reproducibility and reliability, for all analysis methods (manual, threshold,
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and voxelwise). For CR measurements, the CCwas a more stable reference region than the RN
and the test-retest, intra- and inter rater ICCs ranged from substantial to almost excellent.
The SN volume measurements were more variable, with poor to slight test-retest variability
and slight to almost perfect inter- and intra-rater ICCs for the manual segmention and a
substantial ICC for the threshold analysis.

The better performance of the GRE MT on sequence is an important result, as most NM-MRI
studies have been performed with TSE sequences (5,12-27). Our results for the GRE MT on
sequence are in line with previous reliability studies. Langley et al found a lower ICC (0.81)
for the CRsy for the threshold analysis, even though in our study the two MRI scans were
separated by a 3-week interval instead of a single session day (32). This difference might be
due tovariationin analysis design. For example, this study used SPM with DARTEL routines
for normalization to MNI space, whereas Langley et al used FSL (32). However, they found
a higher ICC (0.94) for the volume measurements using a semi-automated thresholding
method, although they yielded a lower DSC (0.80) for the volume measurement. The ICCis
more clinically relevant though than the DSC, however, since it measures the reproducibility
of CR and volume measurements instead of the reproducibility of the volume location and
center. The current study replicated the analysis design of Cassidy et al and, indeed, their
results (an ICC of 0.95 for the CRgy) are more comparable to ours (0.90), while they had only
an hourinterval between test and retest acquisitions (6). The voxelwise analysis also showed
similar results, with a mean ICC CR, of 0.72 compared to a median ICC of 0.64. This result
suggests thata longer period between test and retest (3 weeks instead of an hour) does not
resultinincreased variability. A recent study compared different acquisition parameters for
GRE MT on sequences and different voxelwise analysis toolboxes (33) with higher ICCs than
ours, which is most likely related to further optimized slab placement and co-registration
methods. These comparisons emphasize the influence of analysis and acquisition design.

In this study a single measures and absolute agreement two-way mixed-effects model was
chosen for the intra-rater and inter-rater reliability, since the purpose was to compare the
absolute score from the raters on the same measurement (scan). For the test-retest ICC,
single measures and consistency 2-way mixed-effects was used. This ICC does not penalize
systematic variability across test and retest (eg, if the retest is consistently higher than the
test measurements). The consistency ICC has been used in previous reliability studies of
the GRE MT on NM-MRI (6,33). We observed, however, hardly any differences between the
absolute agreement and consistency ICC values.

A previous study has also compared different NM-MRI sequences and showed a higher CR
for the GRE sequence compared to a TSE sequence (31). Our study replicated this finding
and additionally indicated that a higher contrast goes together with better reproducibility.
Adding the MT pulse increased the contrast for the TSE sequences and also resulted in an
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overall better reproducibility. This supports previous work that has shown that contrast
in NM-MRI is associated with MT effects (next to T1 reduction by neuromelanin), which is
probably partly related to higher macromolecular contentin the adjacent white matter than
in the gray matter of the SN (4,28,38).

Itis reassuring to see that different analysis methods achieved substantial to almost perfect
reliability for the CR. The method with the highest ICC was the analysis in which all scans were
normalized to standard space, before calculating the CR for the whole SN mask. The choice of
analysis method may be based on a number of considerations. Manual segmentation might
be considered with a small sample size. Since it does not require a normalization step, there
is no introduction of normalization errors and the low complexity could increase clinical
applicability. Inaddition, manual segmentation might be more suitable for comparing two
anatomically different groups (eg, due to atrophy), since this could complicate the registration/
normalization process and defining the template mask. However, manual segmentation is
labor-intensive and susceptible to rater differences and imaging slab placement, especially
for the volume measurements. This is an important finding, since numerous studies on PD
have used the manual approach for volume measurements (5,14,19,21,22,24).For the manual
volume measurements, the test-retest ICCs were mainly poor to slight and considerably lower
than the intra-rater ICCs, which ranged from slight to excellent. For the CR measurements,
however, test-retest ICCs were fair to good, while intra-rater ICCs were all excellent. This
may indicate that the manual volume measurements were more susceptible to differences
in imaging slab placement between test and retest sessions. The thresholding method
could be a better alternative for volume measurements and could also be applied without
the normalization step. It is less susceptible to rater differences than the manual volume
analysis, since is detects the most intense voxels in a large region of interest (ROI) around
the SN, but variability from imaging slab placement (in particular, angle) would remain.
The normalization step does seem to reduce the test-retest variability, and thus reduce
variability from imaging slab placement, with a substantial ICC for the threshold method
appliedin this study. Moreover, a semi-automated approach would be less time-and labor-
consuming, especially for research studies with a large sample size. The voxelwise method
has the potential to explore the (sub)regional variation of the SN, yielding a substantial
combined CRy mean ICC, although some individual voxels, in particular those close to the
borders of the ROI, showed somewhat lower reliability.

Limitations

In the current study all imaging slabs were placed by one person (M.P) according to a
commonly used method to reduce variation However, we still had to exclude one subject for
the voxelwise analysis due to suboptimal placement. Correct placement of the NM-MRI is
challenging and susceptible to differences in acquisitionin and between studies. This would
suggest that using a detailed volume placement protocol, such as that described recently
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(33),isadvisable toincrease the reproducibility of the NM measurements. Furthermore, the
current raters were inexperienced with NM-MRI segmentation. We tried to overcome this
by employing a segmentation protocol and a training session. However, reliability might
increase with more experience.

Another limitation might be that MRI scan parameters such as TR and TE differed between
sequences and that adjustments might affect the reproducibility. The sequences that we
applied were based on previously published sequences. Unpublished data from our lab
has demonstrated that increasing the TR (to 633 msec) for the GRE MT on sequence leads
to higher CR, which mightimprove reliability. Thisisin line with data by Wengler et al who
showed higher CR at a higher TR (33), although in that study, other parameters such as
slice thickness, were also adjusted simultaneously. In addition, a recent study by Liu et al
showed that optimizing the FA increased the contrast-to-noise, which could also affect the
reproducibility (39). They found a different optimal FA for imaging the LC than for the SN.
This means that optimization of NM-MRI for SN measurements may not be the same as for
LC measurements. Since the LC is also an important structure that can be visualized with
NM-MRI, separate (or simultaneous) studies assessing the reproducibility and optimization
of NM-MRI of the LC are necessary (31,34,40). Further optimization of the sequences by
adjusting different MRl acquisition parameters is therefore of interest. Combining such an
optimization study with post mortem research is meaningful to evaluate the correlation
with regional NM concentration and to evaluate the reliability for quantification of neuronal
loss, forinstancein PD.

Due to the inclusion of only relatively young and healthy subjects, the results of this study
might not be generalizable to other populations. In addition, when using a clinical sample,
such as PD patients, the reproducibility of the SN may be decreased, since the NM signal
in PD patients is lower, leading to lower contrast and clinical symptoms may introduce
(movement) artifactsin NM-MRI images.

Conclusion

NM-MRICRis a highly reproducible measure, especially when using the GRE MT on sequence.
Differentanalysis methods can be applied for CR analyses; however, for volume analyses the
manual method is unreliable, whereas a thresholding method shows good results. Future
research with the GRE MT on sequence is encouraged to further optimize NM-MRI as a
noninvasive measurement of neuromelanin in the SN as a proxy biomarker for functioning
of the dopamine system in different neuropathology.
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Abstract

Purpose: Neuromelanin MRI (NM-MRI) isapplied as a proxy measurement of dopaminergic
functioning of the substantia nigra pars compacta (SN). To increase its clinical applicability,
a fast and easily applicable NM-MRI sequence is needed. This study therefore compared
accelerated NM-MRI sequences using standard available MRI options with a validated 2D
gradient recalled echo NM-MRI sequence with off-resonance magnetization transfer (MT)
pulse (2D-MToffRes).

Methods: We used different combinations of compressed sense (CS) acceleration, repetition
times (TR), and MT pulse to accelerate the validated 2D-MToffRes. In addition, we compared

arecently introduced 3D sequence with the 2D-MToffRes.

Results: Our results show that the 2D sequences perform best with good to excellent reliability.
Only excellentintraclass correlation coefficients were found for the CS factor 2 sequences.

Conclusion: We conclude that there are several reliable approaches to accelerate NM-MRI,

in particular by using CS.
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Introduction

Neuromelanin MRI (NM-MRI) is becoming a key instrument for in-vivo visualization of
dopaminergic functioning of the substantia nigra pars compacta (SN) and has potential for
clinical applicationin disorders characterized by dopaminergicalterations such as Parkinson’s
disease and schizophrenia (1). Several NM-MRI sequences have been investigated, but most
commonly used is the 2D gradient recalled echo NM-MRI sequence with off-resonance MT
pulse (2D-MToffRes), as its contrast ratio (CR) has been validated with postmortem regional
NM concentration and already successfully applied in clinical research (2). An important
drawback of the sequence isits scan duration of over 10 min. Customization of the standard
MT pulse can reduce scan duration to 4—7 min; however, thisis not readily applicable in clinical
practice (3). Instead, fora clinical protocol, it is essential to accelerate the scan using standard
available MRI options. Most recently, a 3D sequence using on-resonance MT pulse with a
scan duration of approximately 4 min has been introduced (4). Advantages of 3D scanning
are the potentially higher resolution for small structures such as the SN and a better contrast
to noise ratio. This sequence has not been validated or compared to other sequences, yet.
The aim of the current study is therefore to assess the performance in terms of CR in the SN
of several accelerated NM-MRI sequences using standard available MRI options, including
compressed sense (CS) and 3D scanning, and compare these with the validated 2D-MToffRes.
Sequences with good to excellent reliability are considered useful alternatives.

Methods

Participants

This study was approved by the Medical Ethics Committee of the Amsterdam Medical Centre.
All participants gave written informed consent prior to the scan after the procedure had been
fully explained. Nine healthy participants (aged 26.2 +3.3 years; 5 males) were included in
de CS protocol and 10 healthy participants (aged 26.3 + 6.1 years; 2 males) in the 3D protocol.
All participants were aged between 18 and 40 years. Prior to inclusion, participants were
screened by means of an interview and excluded if they had a neurological or psychiatric
disorder or had any MRI contraindication.

Image acquisition

AllMR data were acquired using a 3 Tesla Ingenia MRI system (Philips, Best, The Netherlands)
with a 32 channel SENSE head coil. For slice placement and registration, high-resolution
structural T1-weighted volumetric images were acquired (TE/TR=4.1/9.0 ms; 189 slices;
FOV =284 x284 x170 mm; voxel size=0.9x0.9 x0.9 mm, FA=8°). Two protocols with different
NM-MRI sequences were acquired (Table 1). In the CS protocol, we used CS factors 2 and 3
and adjusted repetition time (TR) to assure most efficient scanning (i.e., using only onesslice
package instead of three in the original 2D MToffRes). In the 3D protocol, we acquired 3D
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sequences with different FA and one 2D sequence without MT pulse preparation. For all NM-
MRI scans, the axial slice orientation was the anterior commissure to posterior commissure
line. To calculate the CRin the SN, we applied both manual and standardized analysis methods
with crus cerebri (CC) as reference region.

Manual analysis

The SN was manually segmented on the three consecutive slices and six consecutive slices,
forthe 2D and 3D respectively, with the highest voxel intensity using ITK-Snap (v. 3.6.0). The
CCwas segmented as reference region and consisted of six default circles three on each side
of the SN. Segmentation was performed by KT.T.J., who was trained and performed over a
100 segmentations of the SN on NM-MRI prior to this research. The CR ([Ssn—Sccl/Scc) was
calculated as described previously (2, 5), where SSN and SCC illustrate the mean signal
intensities of the SN and CC, respectively. In addition, we calculated the contrast to noise
ratio (CNR=[Ssn—Sccl/SDcc) as a measure forimage quality with the standard deviation of
the CC (SDcc) representing the noise (6).

Standardized analysis

Inaddition, the NM-MRI scans were analyzed using a pipeline from a previous study (3). All
NM-MRI data were normalized to MNI standard space and spatially smoothed with a 1-mm
full-width-at-half-maximum Gaussian kernel using ANTS software. Template masks of the
SN and CC were created by manual tracing with ITK-Snap on a standardized average image
of all 2D-MToffRes scans. The CR was calculated at each voxel in the SN mask using the CC
as reference region. The mean CR per participant was acquired by averaging the CR values
of all voxelsin the SN mask that had a non-negative value.

Statistical analyses

Statistical analyses were performed in SPSS (7). Sequences were compared with the validated
original 2D-MToffRes using the intraclass correlation coefficients (ICC) from a mixed
consistency model and Pearson correlation coefficients. ICC values>0.75 are considered
good and >0.90 excellent (8).
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Table 1. Scan parameters

Parameter TE TR FA°  Slices Slice Spatial FOV NSA  Accel. MT MTdur.  Acq.
(msec) (msec) gap resolution (mm) (mm) factor offset (msec) time
(Hz) (min)

CS-protocol
2D-MToffRes 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 - 1200 15.6 13:20
2D-noMTRes 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 - - - 04:26
2D-CS2 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 CS=2 1200 15.6 06:42
2D-CS3 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 CS=3 1200 15.6 04:28
2D-TRad 3.9 633 40 8 0.25 0.39x0.39x2.5 162x199 2 - 1200 15.6 10:47
2D-TRad-CS2 3.9 633 40 8 0.25 0.39x0.39x25 162x199 2 CS=2 1200 15.6 05:25
2D-TRad-CS3 3.9 633 40 8 0.25 0.39x0.39x2.5 162x199 2 CS=3 1200 15.6 03:36

3D-protocol
2D-MToffRes 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 - 1200 15.6 13:20
2D-MTonRes 3.9 260 40 8 0.25 0.39x0.39x2.5 162x199 2 - 0 8.5 08:54
3D-FA12 7.5 62 12 48 - 0.67x0.67x1.34 256x192 1 S=2 0 8.5 04:03
3D-FA15 7.5 62 15 48 - 0.67x0.67x1.34 256x192 1 S=2 0 8.5 04:03
3D-FA25 7.5 62 25 48 - 0.67x0.67x1.34 256x192 1 S=2 0 8.5 04:03

The CS protocol consisted of; 1) the original 2D NM-MRI with off resonance MT-pulse (2D-MToffRes); 2) the original 2D
NM-MRI without MT-pulse (2D-MTno); 3/4) the 2D-MToffRes with CS factor 2 and 3 (2D-CS2 and 2D-CS3, respectively); 5/6/7) the
2D-MToffRes with an adjusted TR of 633 msec (2D-TRad) and with CS factor 2 and 3 (2D-TRad-CS2 and 2D-TRad-CS3, respectively).
The 3D protocol consisted of; 1) the 2D-MToffRes; 2) the original 2D NM-MRI with on resonance MT-pulse (2D-MTonRes); 3/4/5)
a 3D NM-MRI scan with on resonance MT-pulse and a flip angle of 12,15 and 25 (3D-FA12, 3D-FA15 and 3D-FA25, respectively).
TE = echo time, TR = repetition time, FA = flip angle, FOV = field of view, NSA = number of signal averages, Accel.
factor = acceleration factor, MT = magnetization transfer, Acq. time = acquisition time, CS = compressed sense, S = sense

Results

An overview of the NM-MRI scans are depicted in Fig. 1. The scans demonstrated a CNR
between 2.18 and 4.47, with the highest CNR for the 2D sequence with a TR of 633 ms and
3D sequences. CR was lowest for the 3D sequence with a FA of 25 and highest for the 2D
sequence with a TR of 633 ms (Table 2). Only excellent ICCs were found for the sequences
with CS factor 2, with a TR of 260 ms and 633 ms (Table 2). The manual analysis performed
worse than the standardi
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CS-protocol

2D-MToffRes 2D-C52 2D-noMT 2D-TRad 2D-Trad-CS2 2D-Trad-Cs3
CNR: 2.83 CNR:2.18 CNR:2.92 CNR: 4.47 CNR:3.94 ONR: 3.00

3D-protocol

2D-MToffRes 2D-MTonRes 3D-FA12 3D-FA15 3D-FA25
CNR: 2.61 CNR: 2.66 CNR:4.26 CNR: 4.27 CNR: 3.24

Figure1. Overview of the NM-MRI scans. An example of the NM-MRI sequences of one participant of the CS
protocol and one participant of the 3D protocol, with the mean contrast to noise ratio (CNR) of all participants per
scan. MT, magnetization transfer; Res, resonance; CS, compressed sense; TRad, repetition time adjusted; FA, flip
angle

Table 2. Mean contrast ratio and reliability of the different sequences

Manual analysis Standardized analysis

Mean SD R p-value ICC pvalue Mean SD R p-value ICC  p-value
CS-protocol
2D-MToffRes  21.81 1.83 16.60 1.82

2D-noMT 2093 1.55 0.79 0.06 079 0.02 1672 131 0.83 0.04 079 0.02
2D-CS2 20.37 1.51 0.55 012 054 0.05 15.01 196 091 000 091 0.00
2D-TRad 2729 293 0.91 0.00 082 0.00 2005 227 086 0.00 084 0.00
2D-TRad-CS2  26.21  3.11 0.87 000 076 0.01 19.09 202 093 0.00 093 <0.001
2D-TRad-CS3  26.21 3.18 0.89 0.00 079 0.01 1930 1.74 0.87 0.01 0.86 0.00

3D-protocol

2D-MToffRes  19.33  2.06 14.94 1.42

2D-MTonRes  24.51 237  0.91 0.00 090 0.00 18.71 228 088 0.00 0.69 0.01
3D-FA12 2478 397 080 0.01 0.66  0.01 17.24 515 0.80 0.01 0.41 0.11
3D-FA15 22.56 3.58 0.87 0.00 0.75 0.00 13.23 325 0.77 0.01 0.56 0.04

3D-FA25 1595 1.91 0.84 0.00 0.84 <0001 9.64 227 066 0.04 060 0.03

TRad =repetition time adjusted, FA = flip angle, MT = magnetization transfer, Res = resonance, CS = compressed
sense, SD=standard deviation, R = Pearson’s correlation coefficient, ICC = Intraclass Correlation Coefficient
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Discussion

This study demonstrates that several directly applicable strategies to accelerate NM-MRI
show good to excellent reliability compared to the validated 2D-MToffRes sequence. The 2D
sequence witha TR of 633 ms and 3D sequences demonstrate the highest CNR, as expected
for the 3D sequences (4). However, in terms of reliability, the 3D sequences perform worse
than the 2D sequences. The 2D sequences with CS most reliably correspond to the validated
2D-MToffRes, especially using the standardized analysis protocol. The sequences with CS
factor 2 show excellent ICCs, which is unaffected by increasing TR.

We used CS to accelerate the sequences as CS does not affect the MT and T1-shortening effects,
butinstead undersamples k-space to reduce scan time (9). The paramagnetic neuromelanin-
iron complexes in combination with the high water content of neuromelanin compared to the
surrounding tissues lead to the T1-shortening and MT effects which are thought to underlie
the contrast (10). We assessed the CS sequences also with adjusted TR. Usinga TR of 260 ms
on our scanner resulted in separating the slices in 3 packages. This was less time efficient,
because of the incorporated waiting time due to specific absorption rate limits. Adjusting
the TR to 633 ms made it possible to fit all slices in one package, decreasing scan duration.
In addition, more slices in one package increases the multi-slice MT effect and thereby the
CR (11). Higher CR could result in easier manual tracing of the SN and may thereby explain
the better performance of the manual analysis (5). It should be noted though that the 3D
sequences with higher CR and CNR show lower ICCs. This underlines that higher CR and
CNR are not necessarily more reliable and stresses the importance of comparing optimized
sequences to a validated sequence or post mortem data.

The 3D sequences show a relatively high CNR and moderate to good ICCs using the manual
analysis; however, they fail to reach good ICCs using the standardized analysis. The manual
analysis is biased though by intra-rater differences and the circularity of acquiring the CRin
amask based on the highest contrast (5). Therefore, the results of the standardized analysis
are an important indication that the 3D sequences are less reliable for semi-quantification
thanthe 2D sequences. This findingisin line with the results of a meta-analysis on findings
in Parkinson’s disease, showing that studies using 2D sequences report a slightly better
diagnostic performance than studies using a 3D sequence (12). We should mention though
that the standardized analysis is validated for the 2D sequences and might be less accurate
for the 3D sequences (3). Advantages of the 3D sequences are the short scan duration and
high resolution. They may be useful foranatomical localization of the SN. However, for semi-
quantitative purposes, the 2D sequences with CS appear to be most reliable.

We also adjusted the MT effects by changing the MT pulse to the on-resonance MT pulse and by
omitting the MT pulse. The on-resonance MT pulse is more time efficient than the off-resonance
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MT sequence which requires a longer TR to avoid too high specificabsorption rates. Adjusting
the MT pulse did not appear to markedly affect the reliability. It should be noted that the 2D
sequence without MT pulse was scanned in one package and thereby the increased multi-slice
MT effect could have compensated the effect of the off-resonance MT pulse.

Interestingly, our results show some difference in CR for the validated 2D-MToffRes sequence
between the two protocols. It should be noted that the CS protocol and 3D protocol consisted
of different participantsamples and, albeit scanned on the same scanner, the protocols were
scanned more than a year apart during which two scanner software updates occurred. The
differenceis notlikely related to reproducibility issues since several NM-MRI 2D sequences
have demonstrated a good to excellent reproducibility (3,13), including the validated
2D-MToffRes sequence used in this study with a test—retest variability below 6% (5).

Finally, it will be essential to further validate the accelerated sequences in patient samples.
Our samples consisted of small and homogenous groups (e.g., similar age), making the
statistical results more prone to limited variation in data points. To conclude, there are several
reliable approaches to accelerate NM-MRI. CS or similar acceleration techniques appear to
be most suitable for semi-quantitative purposes.
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Supplementary material
Manual analysis

The SN was manually segmented on the three slices and six slices, for the 2D and 3D
respectively, with the highest voxel intensity using ITK-Snap (v. 3.6.0). The crus cerebri (CC)
was segmented as reference region and consisted of six default circles three on each side
of the SN). Subsequently, the contrast ratio (CR=[Ssn— Sccl/Scc) was calculated as described
previously (1), where Ssy and Sccillustrates the mean signal intensities of the SN and CC,
respectively.

Standardized analysis

Inaddition, the NM-MRI scans were analysed using a pipeline from a previous study (2). All
NM-MRI data were normalized to MNI standard space and spatially smoothed with a 1-mm
full-width-at-half-maximum Gaussian kernel using ANTS software. Template masks of the
SN and CCwere created by manual tracing with ITK-Snap on a standardized average image of
all 2D gradientrecalled echo NM-MRI sequence with off-resonance MT-pulse (2D-MToffRes)
scans. The CR was calculated at each voxel in the SN mask using the CC as reference region.
The mean CR per participant was acquired by averaging the CR-values of all voxels in the SN
mask that had a non-negative value.
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Abstract

Dysregulation of striatal dopamine is considered to be an important driver of pathophysiological
processes in schizophrenia. Despite being one of the main origins of dopaminergicinput to the
striatum, the (dys)functioning of the substantia nigra (SN) has been relatively understudied in
schizophrenia. Hence, this paperaims to review different molecular aspects of nigral functioning
in patients with schizophrenia compared to healthy controls by integrating post-mortem
and molecular imaging studies. We found evidence for hyperdopaminergic functioning in
the SN of patients with schizophrenia (i.e. increased AADC activity in antipsychotic-free/-
naive patients and elevated neuromelanin accumulation). Reduced CABAergic inhibition
(i.e. decreased density of CABAergic synapses, lower VGAT mRNA levels and lower mRNA
levels for GABA receptor subunits), excessive glutamatergic excitation (i.e. increased NR1
and Glur5 mRNA levels and a reduced number of astrocytes), and several other disturbances
implicating the SN (i.e. immune functioning and copper concentrations) could potentially
underlie this nigral hyperactivity and associated striatal hyperdopaminergic functioningin
schizophrenia. These results highlight the importance of the SN in schizophrenia pathology
and suggest that some aspects of molecular functioningin the SN could potentially be used
as treatment targets or biomarkers.
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Introduction

Schizophrenia is a severe mental disorder characterized by positive symptoms including
hallucinations and delusions, negative symptoms such as social withdrawal and avolition,
and cognitive symptoms including deficits in executive functioning and working memory
(1). A complex pathology is thought to underlie schizophrenia. The dopamine hypothesis
proposes a framework that links the interaction between multiple risk factors (e.g. drug use,
genes, and stress) and frontotemporal dysfunction to a final common pathway of dopamine
dysregulation, more specifically striatal hyperdopaminergia. Striatal hyperdopaminergia
is thought to alter the appraisal of stimuli, subsequently leading to the development of
psychotic symptoms. Converging evidence showed that the striatal hyperdopaminergia is
primarily located presynaptically (for descriptions of versions |, Il, and Ill of the dopamine
hypothesis see respectively (2-4)). Dopaminergic neurons primarily originate from two
midbrain structures: the substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA). Projections from the SNc to the dorsal striatum form the nigrostriatal dopaminergic
pathway, while projections from the VTA to the nucleus accumbens/ventromedial striatum
form the mesolimbic pathway and from the VTA to cortical regions (in particular the frontal
cortex) the mesocortical pathway. The mesocortical pathway and frontal hypodopaminergia
have beenimplicated in the cognitive symptoms of schizophrenia (3). Originally, dysfunction
of the mesolimbic pathway was thought to underlie the striatal hyperdopaminergia and the
psychotic symptoms, but insights from neuroimaging studies suggest that dopaminergic
dysfunction in schizophrenia is greatest within the nigrostriatal pathway (as reviewed in (5)).
Several studies have identified the associative striatum as the main region of increased striatal
dopaminergic functioningin psychosis (6-8). The associative striatum receives dopaminergic
innervation from primarily the ventral tier of the SNc (9) and it has been hypothesized that
the increase in striatal dopamine functioning might be related to upstream alterations
in the substantia nigra (SN). Despite the importance of dopamine dysregulation in the
pathology of schizophrenia, and the SN as the main origin of dopaminergic neurons of the
nigrostriatal pathway, this midbrain structure has been relatively understudied in patients
with schizophrenia.

Dopaminergicabnormalities on their own do notexplain all facets of schizophrenia pathology.
Other neurotransmitters, such as glutamate and y-aminobutyric acid (CABA) are likely
to be involved. This suggestion is based on the observation that blocking of N-methyl-D-
aspartate (NMDA) receptors on GABAergic interneurons in the cortex by antagonists, such
as phencyclidine (PCP) and ketamine, results in schizophrenia-like symptoms in healthy
individuals and worsens these symptoms in patients (for review see (10,11). Alterations in
GABAergic and glutamatergic functioning have been widely studied in schizophrenia (as
reviewed in (12,13)) and the glutamate hypothesis suggests hypo-functioning of NMDA
receptors on GABAergic interneurons in the cortex, which leads to excessive glutamate
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release (14). The dopamine and glutamate hypotheses are not mutually exclusive. In fact, the
glutamate hypothesis can function as an extension of the dopamine hypothesis, and combined
they propose that presynaptic striatal hyperdopaminergia in patients with schizophrenia
might be secondary to alterations in glutamatergic functioning (15). Most of the studies
on GABAergic and glutamatergic functioning in schizophrenia did not investigate the SN,
even though the SN pars reticulata (SNr) is mainly involved in GABAergic signalling (16).
This suggests that nigral glutamatergic and CABAergic functioning might also be relevant
for schizophrenia pathology.

Hence, we aim to review the molecular alterations that occur in the SN of patients with
schizophrenia, investigate how these changes may contribute to schizophrenia pathology
and identify knowledge gaps. We investigated these aims by reviewing post-mortem and
molecularimaging studies (i.e. by use of Positron Emission Tomography [PET], Single Photon
Emission Computed Tomography [SPECT], proton Magnetic Resonance Spectroscopy ['H-MRS],
or neuromelanin-sensitive Magnetic Resonance Imaging [NM-MRI]) that investigated
different molecular aspects of nigral functioning in patients with schizophrenia compared
to controls. We first focus on the dopaminergic signalling pathway within the SN. Next, we
discuss the nigral glutamatergicand GABAergicsignalling pathways. We then overview other
molecularalterationsin the SN that might be relevant for schizophrenia pathology. Finally,
we integrate the different topics, place our findings in the context of what has been found
by animal studies, and identify avenues for future research.

Dopaminergic alterations in the substantia nigra
of patients with schizophrenia

Within dopaminergic synapses, tyrosine hydroxylase (TH) converts tyrosine into |-3,4-
dihydroxyphenylalanine (L-DOPA) and is the rate-limiting enzyme for dopamine production
(17) (Fig. 1). Multiple post-mortem studies reported elevated TH protein levels in the SN
(18-20) and increased TH messenger RNA (mRNA) levels in the SNc (21) of patients with
schizophrenia compared to controls (Table 1). However, other studies found no differences
in TH protein levels in the SN (22) or TH mRNA levels in the SN (22,23) or midbrain (which
includes the SN and ventral tegmental area [VTA]) (24). In addition, decreased TH protein
levelsinthe SN/VTA (24) and lower TH mRNA levels in the SN of patients with schizophrenia
relative to controls have also been reported ((25); same cohort as (22), but using a more
sensitive quantitative polymerase chain reaction [qPCR] platform). The opposing study
outcomes might be explained by differences in exposure to antipsychotic medication, illness
duration, cohort size, and sampling area (i.e. SN versus SN/VTA). Rodent studies, however,
suggest thatantipsychotic medication does either not change (24) or reduces TH levels (26).
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Figure1. Systematic overview of the dopaminergic, glutamatergicand GABAergic signalling pathways.

A.Schematicoverview of the dopaminergicsignalling
pathway: TH converts tyrosine into L-DOPA, which
isthen converted into dopamine by AADC. VMAT-2
transports and stores dopamine in synaptic vesicles
before dopamineis released into the synaptic cleft.
Excess cytosolicdopamineis packaged as NM
complexesinside autophagicorganelles aftera process
of iron-dependent oxidation, protein aggregation,

and polymerization. Exocytosis of the synapticvesicles
containing dopamine induces dopamine release into

B. Schematic overview of the glutamatergic/GABAergic
signalling pathway: Gln is converted to Gluand Glu to
Cln by Glutaminase and GIn synthetase, respectively.
GAD ssynthesizes GABA from Glu. The VGLUT and
VGAT transport and store Gluand GABA, respectively,
in synapticvesicles before release in the synapticcleft.
Afterrelease, Glu binds to ionotropic receptors (NMDA,
AMPA, and kainate) and metabotropic receptors
(mGlu,-g). GABA binds to the ionotropic receptor
(GABA,) and metabotropic receptor (GABAg).

the synapticcleft. After dopamine release, dopamine
binds to dopamine metabotropicreceptors (D,-s). The
presynaptic DAT is responsible for the reuptake of
dopamine from the synaptic cleftinto the presynaptic
terminal.

Abbreviations: AADC, aromatic acid decarboxylase; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid
receptor; DAT, dopamine transporter; D;.5, dopaminergic (metabotropic) receptors; GABA, y-aminobutyricacid;
GABA,, ionotropic GABA receptor; GABAg, metabotropic receptor; GAD, glutamicacid decarboxylase; Gln, glutamine;
Glu, glutamate; kainate, kainate receptor, L-DOPA, |-3,4-dihydroxyphenylalanine; mGlu,.g, metabotropic glutamate
receptors; NM, neuromelanin; NMDA, N-methyl-D-aspartate receptor; TH, tyrosine hydroxylase; VGAT, vesicular
GABA transporter; VGLUT, vesicular Glu transporter; VMAT-2, vesicular monoamine transporter 2.

Additionally, in the largest cohort of 27 patients, Purves-Tyson et al found no correlation
between (1) measures of antipsychoticdrug treatmentorillness duration and (2) TH mRNA
or protein levels in the SN, supporting that these factors did not change the molecular
parameters (22). TH activity might be differently regulated in different subregions of the
midbrain, as Perez-Costas et al found decreased and unaltered TH protein levels in the
rostro-caudal and mid-caudal parts of the SN/VTA in patients with schizophrenia compared
to controls, respectively (24). Even though these findings underline the importance of regional
differences in TH activity in the midbrain, this analysis only included eight patients and six
controls. The current data does, therefore, not support a clear increase or decrease of TH
protein-and mRNA levelsin the SN and underlines the need for larger well-powered studies
that consider regional differences within the SN/VTA.
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Afterthe conversion of tyrosine to L-DOPA, L-DOPA is subsequently converted into dopamine
by aromatic L-amino acid decarboxylase (AADC). Ex vivo post-mortem studies have found
unaltered AADC mRNA levelsin the SN of patients with schizophrenia (22,23), although there
was a trend for lower AADC mRNA levels in patients in one of the studies (22). Aditionally,
two in vivo ['8F]-FDOPA PET imaging studies reported no significant differences in ['8F]-FDOPA
uptake inthe SN (27) or SN/VTA (28) between patients with schizophrenia and healthy controls
(HC). The study of Elkashefet al may have been less sensitive to detect group differences due
to the lower scanner resolution of earlier generation PET scanners (28). In contrast, two other
studies showed elevated ['8F]-FDOPA uptake in the SN (18) and midbrain of patients with
schizophrenia (29). These inconsistencies might be explained by differences in antipsychotic
medication usage. Although five weeks of antipsychotic treatment did not alter nigral
['8F]-FDOPA uptake in the study of Jauhar et al (30), a decrease of ['8F]-FDOPA uptake in the
caudate nucleus, putamen, thalamus, and cortex following at least twenty days of treatment
with haloperidol has been reported (31). Furthermore, Howes et al performed a post-hoc
analysis and found an increase in nigral ['8F]-FDOPA uptake in antipsychotic-free patients
compared to HC (18). No differences were found for antipsychotic-treated patients, suggesting
amedication effect that downregulates AADC levels, and consequently ['8F]-FDOPA uptake.
Additionally, Allen etal found a significantincrease of ['8F]-FDOPA uptake in the SN/VTA of
antipsychotic-naive or -free people at ultra-high risk (UHR) for psychosis who subsequently
made the transition to psychosis relative to UHR individuals who did not (32). Furthermore,
atrend was found foran elevation in the SN/VTA ['8F]-FDOPA uptake in antipsychotic-naive
transitioned UHR subjects compared to HC. Taking the ex vivo and in vivo data together, there
seems to be increased AADC activity in the SN in schizophrenia, but only in antipsychotic-free
or-naive patients, whereas antipsychotics seem to reduce AADC activity.

After dopamine synthesis, the vesicular monoamine transporter 2 (VMAT-2) is responsible
for transporting and storing dopamine (and other monoamines) from the cytoplasm into
secretory vesicles (as reviewed in (33)). One post-mortem study found a significant decrease
in VMAT-2 mRNA levels in the SN of patients with schizophrenia compared to controls (22).
This might suggest the presence of a compensatory mechanism to reduce dopaminergic
signal transduction (i.e. less dopamine is stored and subsequently released). However, VMAT-
2 binding, as assessed by (+)-a-[""C]DTBZ PET, was elevated in the ventral brainstem (which
includes the SN/VTA and the raphe nuclei) of patients with schizophrenia in comparison with
HC (34). Importantly, these findings should be taken with caution due to the relatively poor
resolution of the PET camera and the possibility that ventral (+)-a-[""C]DTBZ uptake in the
brainstem predominantly reflects serotonergicinstead of dopaminergic projections. Despite
the observation that nigral VMAT-2 mRNA levels were not correlated with antipsychotic
medication usage or illness duration (22), additional studies are required to understand
potential changes in VMAT-2 in the SN in schizophrenia.
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Excess cytosolic dopamine, which is not accumulated into synaptic vesicles, subsequently
gets packaged as neuromelanin complexes inside autophagic organelles after a process
of iron-dependent oxidation, protein aggregation, and polymerization (35). Therefore,
neuromelaninis thoughtto be an indirect marker of dopamine synthesis (36). In vivo studies
reported both significant elevations (37,38) and no alterations in NM-MRI signal in the
SNc of patients with schizophrenia relative to age-matched HC (36,39,40). The findings of
increased NM-MRI signal in the SN of patients are in line with the finding of reduced nigral
VMAT-2 mRNA levels (22). A decrease in nigral VMAT-2 gene expression might contribute
to lower levels of VMAT-2 protein and this might result in less efficient vesicular packing of
dopamine. This would cause more build-up of dopamine in the cytosol and consequently
more formation of neuromelanin complexes. Itis noteworthy that Watanabe etal included
roughly twenty more patients and controls (N=52 patients, N=52 controls) than the other
studies (38) (Table 1). Therefore, limited sample sizes in the other studies might have
hampered finding group differences in nigral NM-MRI signal. Furthermore, illness severity
might contribute to the findings, as neuromelanin levelsin the SN have been found to correlate
positively with psychotic symptom severity and are significantly greater in patients with high
psychosis severity (positive subscale scores >19 on the positive and negative syndrome scale
[PANSS]) (39). Alternatively, chronic exposure to antipsychotic treatment might decrease
dopaminergicsignalling, which could correct for differences in neuromelanin. In addition, as
neuromelanininthe SN is known to accumulate during ageing (41), differences in NM-MRI
signal in the SN between older patients and controls might be masked by the age-related
accumulation of neuromelanin. Taken together, preliminary evidence suggests increased
neuromelanin accumulation in the SN of patients with schizophrenia, although the effect
of age, antipsychotic medication, and illness duration and severity should be re-examined
in large longitudinal studies.

Following vesicular packaging, dopamine release can be induced by an action potential
that causes exocytosis of synaptic vesicles (42). In the SN, Tseng et al reported a significant
increase in psychosocial stress-induced dopamine release in antipsychotic-naive patients with
schizophrenia (N=9) compared to HC and a positive correlation between psychosocial stress-
induced [''C]-(+)-PHNO displacement in the SN and whole striatum across all subjects (43).
In contrast, Slifstein et al reported a trend towards lower amphetamine-induced dopamine
release capacity in the midbrain (SN/VTA) of antipsychotic-naive (N=6) and antipsychotic-free
(N=14) patients with schizophrenia relative to HC using [''C]-FLB457 PET (44). A possible
explanation for this inconsistency is the use of different PET tracers. Whereas [11C]-FLB457
is a very high-affinity antagonist tracer for the dopamine D, receptor, ['"'C]-(+)-PHNO is
a dopamine Ds receptor preferring PET agonist tracer. Agonist tracers appear to be more
sensitive to detecting dopamine release compared to antagonist tracers (45). Furthermore,
psychosocial and psychostimulant challenges are proposed to affect endogenous dopamine
release differently due to distinctive activation pathways (43). Stress induces dopamine release

89


https://www.sciencedirect.com/science/article/pii/S0924977X22009191#tbl0001

Chapter | 5

endogenously by upregulating cell firing, whereas amphetamine elicits dopamine release
pharmacologically by interfering with dopamine signalling (46). In addition, previous exposure
to antipsychotic medication might have downregulated dopamine release capacity in the
second study, as antipsychotic medication does not only block postsynaptic striatal dopamine
D3 receptors, but also presynaptic D3 autoreceptors in the midbrain, which are known to
beinvolved inregulating dopamine release (47). mRNA levels of the dopamine D2 receptor
splice variant DRD2S are decreased in the SN of post-mortem schizophrenia compared to
controls (22) and the D2S splice variant plays a role in presynaptic autoreceptor functioning.
This might suggest that there is reduced local autoinhibition via D,/; autoreceptors, and
thus less inhibition of somatodendritic dopamine release (i.e. increased nigral dopamine
release). Overall, the small number of studies in combination with small sample sizes
limits the interpretation of the data and provides no definitve evidence yet for increased or
decreased dopamine release in the SN.

After exocytosis, the presynaptic dopamine transporter (DAT) is responsible for the reuptake
of dopamine from the synapticcleftinto the presynaptic terminal (48). Post-mortem studies
of patients with chronic schizophrenia reported a significant decrease in DAT mRNA in the
SN compared to controls ((25); same cohortas (22)), but no change in DAT protein levels (22).
The lack of alteration in DAT protein levels may suggest that alterations in DAT mRNA do not
influence protein levelsin the midbrain or that protein functioning may be changed causing
DAT transcription to be altered via feedback mechanisms. Otherwise, DAT utilisation and
breakdown may be decreased or translation of DAT protein may be increased, both resulting
in no change in DAT protein levels and a decrease in DAT mRNA (22). Two in vivo ['TC]PE2I
PET studies reported greater DAT binding in the SN/VTA of patients with schizophrenia
compared to HC (49), as well as, no significant differences in the SN (50). The aforementioned
studies included mostly antipsychotic-treated patients. However, it has been shown that
antipsychotic medication does not affect DAT binding (49,51,52). Furthermore, DAT binding
seems not to be correlated with the duration of iliness or age of onset (49). Taken together,
these studies suggest that DAT protein levels in the SN are unaltered or may be increased.
Although no alterations in DAT binding have been reported in the striatum of patients
with schizophrenia (53), increased DAT functioning in the SN could theoretically serve as a
compensatory mechanism to reduce hyperactive functioning of the dopaminergic system
in schizophrenia by reducing extracellular dopamine levels. Further studies are required to
investigate this hypothesis and understand potential changes in nigral DAT functioning in
schizophrenia.

Dopamine thatis released into the synaptic cleft can bind to dopamine receptors. In the SN,
dopamine receptors primarily belong to the dopamine D, and Ds subtypes (54,55). The nigral
D, receptors are mainly functioning as inhibitory autoreceptors that regulate the release of
dopamine (56,57). Purves-Tyson et al reported significantly lower mRNA levels of one dopamine
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D, receptorsplice variant (i.e. DRD2S) in the SN of post-mortem schizophrenia compared to
controls, while other splice variants displayed a trend towards reduced expression (i.e. DRD2L
and DRD2Longer) (22). mRNA levels of dopamine D receptor splice variants (i.e. DRD3 full-
length and DRD3 non-functional) remained unaltered. Different splice variants have been
associated with different functions, with D2S playing a role in presynaptic autoreceptor
functioning and D2L mainly acting at postsynapticsites (58,59). Another post-mortem study
showed an increased [3H]spiperone binding, which is a measure of dopamine D, receptor
availability, in the SN of neuroleptic-free and -treated patients compared to controls (60). In
vivo ["'C]-(+)-PHNO PET, ['8F]-fallypride PET, and ['23|]-epidepride SPECT studies report
increased (61), decreased (62,63), and unaltered (43,64-66) dopamine D5 receptor availabilities
in the SN or midbrain of patients with schizophrenia relative to HC. A meta-analysis that
combined most of these studies reported no change in dopamine D3 receptor availability in
the SN of patients with schizophrenia (67). Thisis in line with the results of a meta-analysis
thatreported nosignificant differences in D,/s receptor availability in the striatum between
HC and patients with schizophrenia (53). Although the vast majority of studies investigated
antipsychotic-naive and -free patients (43,64-66), some studies did include patients that
were treated with antipsychotic medication during the measurements or when passing
away (22,60,62). As antipsychotic medication binds to dopamine D,; receptors, PET and
SPECT tracers compete with antipsychotic medication, as well as, endogenous dopamine for
binding to the dopamine D3 receptors and therefore antipsychotic medication potentially
affects the results. However, no differences in nigral dopamine D,; receptor availabilities
have been found between antipsychotic-naive and -free (65), or antipsychotic-free and
-treated patients (60). Furthermore, Purves-Tyson et al reported no significant correlations
between mRNA levels of different dopamine receptors and antipsychotic use (22). In sum,
the results of individual studies do not perfectly align (potentially also due to small sample
sizes). Meta-analytic evidence, however, suggests no alterations in the availability of nigral
dopamine D3 receptors. Unfortunately, PET and SPECT imaging cannot distinguish between
D, and Ds receptor binding (68) and, therefore, in vivo alterations of specific receptor types
cannot be excluded. This remains a topic for future research.

Finally, cytoarchitecture describes the density, morphology, and distribution of cells of the
central nervous system (69). Changes in cytoarchitecture of dopaminergic cells in the SN
could, therefore, theoretically influence the functioning of the nigrostriatal pathway. One
post-mortem study reported significantincreases in nuclear length, nucleolar volume, and
nucleararea of nigral dopaminergic neurons in schizophrenia (70). However, no alterations
were found with regard to the somal cross-sectional area. Another study did not find significant
alterationsin the total number of dopaminergic neurons, total neurons, or their ratio in the
SN/VTA of patients with schizophrenia compared to controls (71). Knowledge regarding
nigral neuroarchitecture in schizophrenia and how alterations affect pathology is limited
and could be of interest to future research.
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Glutamatergic alterations in the substantia nigra of
patients with schizophrenia

Yamaguchi et al found expression of vesicular glutamate transporter (VGLUT) 2 mRNA in
the SNc of rats and therefore suggested that there are neurons within the SNc that can
participate in glutamatergic neurotransmission (72). Another animal study showed that
there are glutamatergic afferents to neurons in the SNc, which mainly originate in the
pedunculopontine and subthalamic nuclei (73). This glutamatergic input may affect the
nigrostriatal pathway by excitatory effects on the dopaminergic neurons and thus could
potentially play a role in schizophrenia pathology.

A post-mortem study found that the density of glutamatergic synapses in the central area
of the SN, i.e. the area with dopaminergic projections to the associative striatum, was not
significantly altered in antipsychotic-treated patients with schizophrenia compared to controls
(74). Within the glutamatergic synapse, VGLUT1-3 store glutamate from the cytoplasm
into synapticvesicles (75). Two post-mortem studies found no differences in nigral VGLUT1
and VGLUT2 levels between patients with schizophrenia and controls (19,74). Likewise,
VGLUT1 and VGLUT2 levels were similar in the medial, central, and lateral parts of the SN
in patients with schizophrenia compared to controls (74). Importantly, the sample sizes of
both studies were small and most patients were not antipsychotic-naive. As antipsychotic
medication reduces the concentration of striatal glutamate (76), this might have prevented
the researchers from finding group differences. In addition, Schoonover et al found higher
VGLUT2 levels in the SN of antipsychotic-free patients compared to controls, whereas no
significant differences were reported between antipsychotic-treated and -free patients (19).
Interestingly, Mabry et al found VGLUT1 levels to be significantly negatively correlated to
glutamicacid decarboxylase (CAD) 67 levels in the central area of the SN of controls, whereas
this correlation was positive in patients with schizophrenia (74). Similar patterns were found
inthe medial and lateral regions of the SN. As GAD67 synthesizes GABA from glutamate, this
finding suggests a deviation in the modulation of glutamate concentrations by GAD67 in
schizophrenia. In sum, VGLUT1 levels seem not to be altered in patients with schizophrenia,
although VGLUT2 levels might be increased in antipsychotic-free patients.

Afterthe release of glutamate into the synaptic cleft, glutamate can bind to ionotropic NMDA,
kainate, and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, as
well as metabotropic glutamate receptors (mGluy.g) (77). A post-mortem study investigated
the expression of NMDA (i.e. NR1, NR2A-D, and NR3A), AMPA (i.e. GluR1-4), and kainate
receptor subunits (i.e. GluR5-7 and KA1-2) in the SNc of patients with schizophrenia and
controls (21). Only NR1 and GluR5 mRNA levels were significantly increased in the SN of
antipsychotic-treated and -free patients. Furthermore, the expression of several NMDA
receptor-associated proteins (i.e. PSD-93, PSD-95, NF-L, SAP102, and Yotiao) in the SNcdid
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not differ between both groups. Altogether, increased nigral NR1 mRNA levels in patients
with schizophrenia might lead to the upregulation of NR1 subunits available for the formation
of functional NMDA receptors (21). This could subsequently result in elevated expression
of NMDA receptors since NR1 is the obligatory subunit to form NMDA receptors (78). Even
though hypofunctioning of NMDA receptors in the cortex is widely implicated in the glutamate
hypothesis of schizophrenia (12), future research needs to examine whether elevated nigral
NR1 mRNA expression could resultinincreased expression of the NMDA receptorin the SN. In
addition to NR1 abnormalities, Mueller et al reported nigral GluRS alterations in schizophrenia
(21). Amodificationin GIuRS expression may change kainate receptor functioning, as GIuRS
homomers and GluR5/6 containing receptors both desensitize faster and recover slower
from desensitization than homomeric GIuRé6 receptors (79). So far, only one study, with a
limited sample size, indicates increased NR1 and GluR5 mRNA levels in the SNc of patients
with schizophrenia. No evidence exists for dysregulation of other glutamate receptorsin the
SN in schizophrenia. To our knowledge, no PET studies on glutamate receptors have been
performed although radiotracers for mGIuR5 (e.g. ['8F]FPEB) and mGIuR1 (e.g. ['8F]FIMX)
have been developed. It would be of interest to confirm the post-mortem findings in vivo.

Invivo studies using proton magnetic resonance spectroscopy ("H-MRS) have been conducted
to investigate concentrations in the brain of glutamate, glutamine, and their combination
Glx (as it is difficult to distinguish the signal of glutamate from glutamine at 3T or lower
magnetic field strengths). TH-MRS is a non-invasive neuroimaging technique that can be used
to measure the concentrations of chemical components within tissues. Often the metabolite
concentrations are reported as a ratio to creatine (Cr; a marker of energy metabolism) or
N-acetyl-aspartate (NAA; a marker of neuronal integrity). Reid et al reported no significant
alterations in GIx/Cr levels in the SN of antipsychotic-treated patients with schizophrenia
or schizoaffective disorder compared to HC, although they found a trend towards increased
GIx/NAA in the SN of patients (p =.05). An older post-mortem study by Toru et al reported
nosignificant changesin nigral glutamate levels between patients with schizophrenia and
controls (20). Glutamate levelsin the SN are therefore most likely unaltered in schizophrenia,
or possibly slightly increased. Fora more definitive answer, future research should preferably
investigate the glutamatergic system with high magnetic field (7T instead of 3T) MRI, use
absolute quantification instead of a reference metabolite, and assess the potential effect of
antipsychotics on glutamate levels.

Overall, although most aspects of glutamatergic functioning seem unaltered in the SN of
patients, otheraspects supportincreased glutamatergic neurotransmission (i.e. increased NR1
and Glur5 mRNA levels, possibly increased VGLUT2 levels in antipsychotic-free patients, and
possibly slightly increased Clx levels). Since glutamate is an excitatory neurotransmitter, an
increase in glutamatergic transmission on the dopaminergic neurons in the SN may increase the
excitation of the nigrostriatal pathway and may contribute to nigrostriatal hyperdopaminergia.
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GABAergic alterations in the substantia nigra of patients
with schizophrenia

The large majority of inputs to dopaminergic neurons in the SNc are inhibitory CABAergic
afferents, which project from the globus pallidus, neostriatum, and SNr (80). The inhibitory
neurotransmitter GABA is therefore an important regulator of the nigrostriatal dopaminergic
pathway.

One study investigated synaptic density and reported a significant decrease in the density
of CABAergicsynapses in the central area of the SN (projecting to the associative striatum)
in antipsychotic-treated patients with schizophrenia compared to controls (74). This may
be in line with Feinberg’s excessive synaptic pruning hypothesis, which postulates that a
critical step in the development of schizophrenia is an incorrectly programmed synaptic
pruning process (81).

Most studies thatinvestigated nigral GABAergic functioning have focused on measuring CAD,
which synthesizes CABA from glutamate (82). The first post-mortem study in antipsychotic-
treated patients with schizophrenia found no alterations in nigral CAD levels compared
to controls (83). Another post-mortem study reported a moderate, albeit not significant
increase in GAD67 levels, an isoform of GAD, in the SN of antipsychotic-treated patients
with schizophrenia compared to controls (74). In addition, a sub-analysis in which the SN
was subdivided into medial, central, and lateral sections also revealed no significant group
differences (74). These findings are in concordance with the study by Toru et al, which reported
no changesin nigral GABA protein levels between patients with schizophrenia and controls
(20). In contrast, Schoonover et al did reporta significantincrease in GAD67 protein levelsin
the caudal SN of antipsychotic-treated patients with schizophrenia compared to controls (19).
This was not demonstrated for antipsychotic-free patients. Subsequently, it was proposed that
CADé67 levels of antipsychotic-treated patients may be increased due to medication usage,
potentially asa compensatory response to inhibit dopaminergic functioning (74). Thisisin line
with ananimal study that showed that the antipsychotic drug olanzapine, but not haloperidol
orsertindole, increased GAD67 mRNA in the SNrof rats (84). Furthermore, chronic treatment
with haloperidol, but not olanzapine or sertindole, resulted in increased GABA receptor
binding in the SNrofrats (84). A more recently published study, however, reported reduced
GAD mRNA and protein levels in the SN of antipsychotic-treated patients with schizophrenia
compared to controls (25). These findings suggests that although antipsychotic treatment
might increase GAD levels, this may not be the case for all antipsychotics. As GAD protein
levels were found to positively correlate with illness duration in patients with schizophrenia
(25), longer illness durations may further increase GAD67 levels in patients, although this
might also be related to longer antipsychotic exposure.
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Within the CABAergic neurons, the vesicular CABA transporter (VGAT) is responsible for
the vesicular storage and exocytosis of GABA (85). Purves-Tyson et al reported significantly
decreased VGAT mRNA in the SN of patients with schizophrenia compared to controls (25). This
finding may indicate less storage capacity for GABA and, therefore, possibly less CABA release
and GABAergicinhibition in the midbrain of patients. After exocytosis, GABA can bind to the
ionotropicreceptor (GABAA) and metabotropic receptor (GABAg). One post-mortem study found
significantly decreased mMRNA levels of GABAa receptor alpha subunits 1-3 (GABRA1-3) and 5
(GABRAS) in the SN of patients with schizophrenia compared to controls (25). In contrast, no
significant group differences were observed with regard to GABRA3 protein levels.

Taken together, these findings suggest reduced GABAergic neurotransmission in the SN in
schizophrenia, with lower density of GABAergic synapses and lower VGAT mRNA levels. Also mRNA
levels for GABA, receptor subunits are lower although it is not clear yet whether this also leads to
reduced receptor expression. Antipsychotic treatment may partly revert the reduced GABAergic
neurotransmission by increasing GAD levels, although this may not be the case for all antipsychotics.
Allthese data are based on post-mortem findings and in vivo research of the CABAergic system with
PETimagingand MRS may further support these findings and might give more insightin the effect of
antipsychoticsand illness duration. Reduced cortical CABAergic neurotransmission in schizophrenia
patients is indeed found in a study using ["'C]flumazenil PET combined with blocking the GABA
membrane transporter GAT1, although there was no data reported on the SN (86). This study is in
line with the suggestion of reduced GABAergic transmission in the SN, where due to lower density
of GABAergicsynapses, less storage and subsequent release of GABA, there might be less inhibition
of the nigrostriatal dopaminergic pathway contributing to hyperdopaminergia.

Neuroinflammatory processes contribute to abnormalities
in nigral functioning

Previous research has reported elevated expression of cytokines and other mediators of
inflammation in the periphery and brains of patients with schizophrenia ((87,88); as reviewed
in (89)). These findings suggest a role of inflammation in schizophrenia (as reviewed in (90)).
As inflammatory mediators, such as chemokines and cytokines, influence the maintenance,
development, and functional properties of dopaminergic neurons in the midbrain (91,92),
inflammatory processes in the SN might affect the nigral dopaminergicand othersignalling
pathways. One post-mortem study found increased mRNA levels of pro-inflammatory
cytokines (i.e. IL1B, IL6, TNF-a, IL6ST, and IL17RA) and an acute-phase protein (i.e. serpin
family A member 3 [SERPINA3]) in the SN of patients with schizophrenia (93). In a subsequent
analysis, mRNA levels of the pro-inflammatory cytokines (expect IL1A) and SERPINA3 were
found to be elevated in patients with a high inflammatory biotype (i.e. high expression of
inflammatory transcripts in the midbrain) compared to patients with a low inflammatory
biotype (i.e. low expression of inflammatory transcripts in the midbrain) and controls.
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Multiple cells within the brain can produce cytokines, such as microglia, astrocytes, and other
glial cells. The glial hypothesis of schizophrenia has become a prominent theory of cognitive
impairment and proposes that initial perturbations in glial cells (particularly astrocytes) can
resultinanomalies in neurotransmitters and neurons, which are involved in the pathogenesis of
schizophrenia (94). Purves-Tyson etal reported no alterations in mRNA levels of multiple microglial
markers in the SN (93) (i.e. allograft inflammatory factor 1 [AIF1], cluster of differentiation 68
[CD68], human leukocyte antigen [HLA], and translocator protein [TSPQ]). However, CD68 and
TSPO mRNA were elevated in patients with a high compared to a low inflammatory biotype
and compared to controls. Another post-mortem study found that the density of astrocytes
was significantly decreased in the SN of antipsychotic-treated patients with schizophrenia
compared to both patients with major depressive disorder and controls (70). Since astrocytes
eliminate excessive extracellular glutamate from the synaptic cleft, decreased astrocyte density
issuggested to resultin relatively higher synaptic levels of glutamate, which may contribute to
the hyperexcitability of dopaminergic synapses. In contrast, Purves-Tyson et al found higher glial
fibrillary acidic protein (GFAP) mRNA levels, which is used to index astrocyte activity, in the SN
of patients with schizophrenia compared to controls (93). Patients with a high inflammatory
biotype had significantly higher GFAP mRNA levels compared to patients with a low inflammatory
biotype and controls. These results may indicate a compensatory mechanism to counteract the
decreased astrocyte density in a subgroup of patients.

During neuroinflammatory conditions, CD163+ macrophages enter the brain tissue. Multiple
lines of research suggest that macrophages also infiltrate the brain in schizophrenia (95,96).
Specifically, Purves-Tyson et al found increased macrophage density (i.e. CD163+ cell density),
as well as, higher levels of macrophage markers (i.e. intracellular adhesion molecule 1
[ICAM1] mRNA, CD163 mRNA and protein expression, and fibronectin T mRNA) in the SN
of patients with schizophrenia and a high inflammatory biotype compared to controls (97).
This increase in macrophage markers appears to be related to an increase in complement
synthesis, as elevated nigral C1gA, C3, and C4 complement mRNA levels were also found in
patients with a high inflammatory status compared to controls (97). This is of relevance since
microglia regulate synaptic pruning via the complement pathway and as previously described
inthe section on GABAergicalterations, there is reduced GABAergic synaptic density which
may be a result of aberrant synaptic pruning (81). However, no corresponding increases in
C3 and C4 complement protein levels were found (97). In conclusion, as schizophrenia is a
heterogeneous disease, alterationsin nigralimmune-related transcripts, complement synthesis,
and markers of microglia and macrophages might be presentin subgroups of patients and
tend to be elevated particularly in patients with a high inflammatory biotype. Future research
is needed to unravel the link between these alterations and the well-known dysregulation
of dopaminergic neurotransmission in schizophrenia. The finding that astrocyte density is
decreased in the SN in schizophrenia may resultin higher synaptic levels of glutamate, and
might thereby directly affect the nigrostriatal pathway through increased excitation.
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Disrupted copper homeostasis in the substantia nigra

The copper hypothesis of schizophrenia is a relatively old theory that proposes that excess
tissue copper can cause schizophrenia. Although elevated copper in the blood of patients
has been reported in many studies (as reviewed in (98)), the hypothesis has never been
convincingly refuted nor demonstrated. As copper can affect the production, as well as, the
breakdown of dopamine, copper might also be relevant for the signalling pathways within
the SN. Endothelial cells at the blood-brain barrier take up copper from the bloodstream
via the copper transporter-1 (CTR1) (99). Subsequently, copper is released into the brain
parenchyma via the copper transporter ATP7A (99). One post-mortem study compared
dysbindin (i.e. dysbindin isoforms 1A and 1B/C), a protein which controls copper transport,
and copper transport protein (i.e. ATP7A, ATP7B, and CTR1) expression and copper content
in the copper-rich SN between patients with schizophrenia and controls (100). ATP7A C
terminus protein levels were increased, transmembrane CTR1 and dysbindin 1B/C protein
levels were decreased, and ATP7A N terminus and extracellular CTR1, dysbindin 1A and
ATP7B protein levels were unaltered in the SN of patients with schizophrenia compared to
controls. Additional post-hoc analyses revealed significantly lower N terminus ATP7A protein
levels in unmedicated patients compared to controls and medicated patients, whereas C
terminus ATP7A protein levels were increased in medicated patients compared to controls.
Finally, a reduced amount of nigral copper was observed in patients with schizophrenia
compared to controls. Medicated patients demonstrated significantly lower levels of copper
than controls. This was not the case for unmedicated patients. Although we cannot rule out
the possibility that antipsychotic medication modulates copper homeostasis, there may be
a copper-deficient state within the SN of patients. So far, it remains poorly understood how
disrupted copper homeostasis might be related to the pathology of schizophrenia. Some
researchers have hypothesized that the blood-brain barrier is leaky in schizophrenia (101).
This potentially results in the uncontrolled leaking of copper into the brain, which incorrectly
triggers asignal of excess copper. Subsequently, CTR1 prevents additional copper transport
(100). Copper-decreasing experimental manipulation, through for example administering
the copper chelator cuprizone, has been shown to result in increased dopamine levels (via
inhibition of dopamine-B-hydroxylase [DBH]), decreased oligodendrocytic protein expression,
and demyelination in animals (102,103). Further research is needed to validate these findings
in humans and to clarify the association between a copper-deficient state and schizophrenia.

Summary of molecular alterations in the substantia nigra

The available literature suggests that molecularalterations occur in the SN of patients with
schizophrenia. These changes entail alterations in dopaminergic, glutamatergic, and GABAergic
functioning, as well as, the functioning of the immune system and copper homeostasis (Fig. 2).
Overall, there is some evidence for hyperdopaminergia in the SN of patients (i.e. increased
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AADC activity in antipsychotic-free/-naive patients and elevated neuromelanin accumulation).
These findings are in line with the well-established finding of striatal hyperdopaminergia
in schizophrenia (i.e. increased dopamine synthesis capacity and dopamine release in the
striatum) and show that the hyperdopaminergiais not only presentin the striatum. Within
the SN, the hyperdopaminergia might be compensated by reduced functioning of VMAT-2,
which subsequently could limit the release of dopamine. In addition, the hyperdopaminergia
could theoretically be compensated by increased functioning of DAT. However, the current
literature does not support such a compensatory mechanism. Hyperdopaminergia in the
SN of patients with schizophrenia might be secondary to alterations in other molecular
aspects of the SN. Reduced GABAergic function in the SN (i.e. lower density of GABAergic
synapses, lower VGAT mRNA levels and lower mRNA levels for GABA4 receptor subunits) may
contribute to the nigrostriatal hyperdopaminergia by providing reduced inhibition. Due to
antipsychoticuse, nigral GAD levels, and potentially other aspects of CABAergic functioning
in the SN, might change to increase the inhibition of dopaminergic neurons and thereby
compensate for the hyperdopaminergic state. Accordingly, evidence has emerged that the
tail of the VTA may act as a GABAergic brake to inhibit dopaminergic neurons of the SNc (104).
Therefore, CABAergic dysregulation in the VTA might also contribute to the presynaptic
hyperdopaminergiainthe SN. Increased glutamatergic excitation of the SN may also contribute
to nigrostriatal hyperdopaminergia. The increased glutamatergic neurotransmission may be
duetoincreased NR1 and Glur5 mRNA levels, increased VGLUT2 levels in antipsychotic-free
patients (which might be indicative of elevated glutamate release), and reduced density of
astrocytes (since astrocytes remove extracellular glutamate this might resultin prolonged
neurotransmission). As increased GFAP mRNA levels have also been reported in schizophrenia,
this might be a compensatory mechanism to counteract the decreased astrocyte density.
Finally, nigrostriatal hyperdopaminergia could also be related to alterations in theimmune
system and copper functioning, through the influence of inflammatory mediators on the
functioning of dopaminergic neurons in the midbrain (91,92) or due to a possible inability
to break down monoamines in a copper-dependent way, respectively.
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Hyperdopaminergia in the SN of patients with
schizophreniais most likely a manifestation ofa
hyperactive dopaminergic nigrostriatal pathway
compared to HC. The nigrostriatal pathway projects
from the SNcto the associative striatum. GABAergic
projections from the neostriatum, GP. and SNr to the
SNcmight provide reduced inhibition in patients
with schizophrenia compared to HC and thereby
contribute to the nigrostriatal hyperdopaminergia.
Inaddition, the nigrostriatal hyperdopaminergia

Additional insights into the
in schizophrenia

excitation of the SNccompared to HC via glutamatergic
projections that originate in the PPN and STN. Finally,
molecular changes with regard toimmune and copper
functioning within the SN could also contribute to the
nigrostriatal hyperdopaminergia.

Abbreviations: DA, dopamine; CN, caudate nucleus;
CABA, y-aminobutyricacid; Clu, glutamate; GP,

globus pallidus; PPN, pedunculopontine nucleus; SNc,
substantia nigra pars compacta; SNr, substantia nigra
pars reticulata; STN, subthalamic nucleus

striatonigrostriatal circuit

This review focused on human studies. Due to practical reasons, itis challenging and often

impossible to study the interactions between the different regions of the striatonigrostriatal

(SNS) circuit in the living brain of humans. Animal circuit studies, however, can provide

additional insightinto the functions of the SNS circuit. Haber et al showed in primates that the

SNS projection from the ventromedial, central, and dorsolateral striatal subregions contain

three SN components: 1) a dorsal region of nigrostriatal projecting cells, 2) a central group

of both nigrostriatal projecting cells and their reciprocal striatonigral terminal fields, and

3) aventral region that contains a striatonigral projection but not its reciprocal nigrostriatal
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projection (9). Information can travel through the SNS circuit in multiple ways: 1) via direct/
reciprocal connections and 2) via indirect/nonreciprocal connections. Midbrain projections
from the shell of the striatum target both the ventromedial SNc and the VTA. Projections
from the VTA back to the shell of the striatum form the reciprocal SNS loop. Midbrain
projections from the medial SN feedforward to the core of the striatum and form the first
part of the nonreciprocal connections (also referred to as spiral). Subsequently, the spiral
continues through the SNS circuit with pathways originating in the core of the striatum and
projecting more dorsally. In this way, ventral striatal regions affect dorsal striatal regions via
these spiralling SNS projections (9). In addition, Lerner et al implied that, besides a ventral-
to-dorsal route, there mightalso be a lateral-to-medial information flow through the circuit
(105). Haber et al proposed the following model of the synaptic interactions of the SNS
projections in the reciprocal and non-reciprocal loops (9). The reciprocal component of the
SNS circuit terminates directly on an SNc dopaminergic cell. Activation of this component
resultsin inhibition. The nonreciprocal component, in contrast, terminates indirectly on an
SNc dopaminergic cell, i.e. via a GABAergic interneuron, and activation of this component
results in disinhibition and facilitation of the dopaminergic cell burst firing. Consequently,
each partof the spiral sends aninhibitory feedback response, but also facilitates the transfer
of information to the next step of the spiral via disinhibition. The model of Haber et al is
supported by rodent studies which demonstrate that stimulation of the striatum can result
inan elevation of dopamine firing via inhibition of CABAergic interneurons (106-109). This
isin line with the human data summarized in this review and stresses that an imbalance
between inhibition and disinhibition of the SNS circuit might be importantin the pathology
of schizophrenia. Indeed, the CABAergic projections from the striatum to SNc as depicted
in Fig. 2 might reflect the reciprocal component of the SNS circuit (9,105), which seems to be
downregulated in patients with schizophrenia. The CABAergicinterneuron of the nonreciprocal
component might correspond to the GABAergic connection between the SNr and SNc as
depicted in Fig. 2. These interneurons are innervated by CABAergic projections from the
striatum (perhaps as part of the nonreciprocal component) and the globus pallidus, as well
as by glutamatergic projections from the subthalamic nucleus (110). Possibly, the function
of these non-reciprocal CGABAergicinterneuronsis also reduced in schizophrenia, due to the
reduced density of GABAergic synapses and consequently reduced storage and exocytosis
of GABA, as described in the human studies reviewed above. Reduction of the GABAergic
inhibition of the dopaminergic neurons in schizophrenia likely results in the disinhibition
of dopaminergic striatonigral projections to the striatum. Several animal models have
been developed in an attempt to understand the neurobiological basis of schizophrenia,
but to our knowledge, the SNS circuit has not yet been examined within this context. Future
studies thataddress animal models for schizophrenia which focus on the SNS circuit would
be necessary to translate the findings on reciprocal and nonreciprocal SNS connections and
the role of glutamatergicand GABAergicinputs to the SN to patients with schizophrenia.
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Limitations and future directions

Importantly, some limitations of the included studies and suggestions for future studies can
be delineated. First of all, only a limited number of findings (primarily the dopaminergic
findings) have been replicated, whereas the findings on CGABAergic, glutamatergic, as well
as, other molecular aspects of the SN, are based on a limited number of studies. In addition,
some molecularaspects of the SN, such as nigral VGLUT3 levels, have never been investigated
in patients with schizophrenia or only in underpowered cohorts. Additional research is
therefore urgently needed to validate and expand the previous findings. Secondly, this
review has discussed numerous post-mortem studies. The patientsamples in these studies
have often been treated with antipsychotic medication for extended periods. Therefore,
the effect of antipsychotic medication on post-mortem findings can often not be excluded.
Although post-mortem studies are essential to guide theories on schizophrenia pathology,
support for these findings at an earlier disease stage and without chronic antipsychotic
use in vivo is crucial. Furthermore, multimodal imaging techniques, such as combined PET
and TH-MRS, or other techniques, such as fMRI and pharmacological MRI, could be used
to study how alterations in multiple neurotransmitters systems relate to each other in
the same individual, as well as, how changes in neurotransmitter systems are related to
functional abnormalities in the prefrontal-striatal-nigro circuit (111,112). Thirdly, although
imaging techniques such as PET and SPECT have enabled researchers to study dopaminergic
functioninginthe SN invivo, the spatial resolution of these techniques is limited, especially
for small brain structures such as the SN. Fortunately, new developments in MR imaging,
such as NM-MRI and pharmacological MRI, offer new opportunities to indirectly investigate
the dopaminergic system, without radiation burden, with fewer costs, and within a shorter
time frame. Additionally, since schizophrenia is a heterogeneous disease, it might be possible
thatthe reported abnormalitiesin the SN are only presentin a subgroup of patients. Previous
research has suggested neurobiological differences between patients with schizophrenia
thatrespond well (i.e. responders) compared to patients that do not respond adequately to
antipsychotic treatment (i.e. non-responders) (113). In line with this hypothesis, two subtypes
of schizophrenia have been proposed: a hyperdopaminergic type Aand a normodopaminergic
type B, which are characterized by elevated striatal dopamine synthesis and normal presynaptic
dopaminergic functioning in the striatum, respectively (114). Conflicting findings might
therefore be explained by different distributions of schizophrenia subtypes across studies.
Neurobiological heterogeneity could also explain why some antipsychotic-naive patients
with schizophrenia have parkinsonism (115,116). Those findings suggest the presence of
a third subtype of schizophrenia with a hypoactive dopaminergic nigrostriatal pathway.
In addition, as summarized in this review, there might also be schizophrenia subtypes
with altered immune and/or copper functioning. Future research is needed to disentangle
differences between multiple subgroups of patients. This might eventually contribute to
the development of subgroup-specific treatment. Box 1 summarises limitations of current

findings and future directions for research identified by this review.
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Conclusions

This paper provides a comprehensive overview of molecularabnormalities in the SN of patients
with schizophrenia, by addressing post-mortem and molecular imaging studies. Overall,
there is some evidence for hyperdopaminergia in the SN of patients with schizophrenia.
Reduced CABAergic inhibition, excessive glutamatergic excitation, as well as, alterations
in other molecularaspects of the SN, such asimmune functioning and copper homeostasis,
could potentially underlie this nigrostriatal hyperdopaminergia. Importantly, these findings
should be replicated and further investigated, as many studies consisted of small cohorts and
may have been influenced by factors such as antipsychotic use and heterogeneity of patient
cohorts. If replicated, some aspects of molecular functioning in the SN (e.g. neuromelanin
concentrations) might provide importantimplications for future clinical practice as potential
biomarkers or treatment targets.
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Abstract

['8F]JF-DOPA PET is an established in-vivo method for investigating striatal dopamine synthesis
capacity (DSC) and has demonstrated abnormalities in striatal DSC in schizophrenia.
Neuromelanin-sensitive MRl (NM-MRI) is a promising, more accessible, tool thatindirectly
assesses dopaminergic functioning in the substantia nigra (SN). However, how ['8F]F-DOPA
PET and NM-MRI, as measures of nigrostriatal dopaminergic functioning, interrelate is still
unknown. We hypothesize that NM-MRI signal in the SN is positively correlated with striatal
DSCin patients with a schizophrenia spectrum disorder (SSD) and healthy controls (HC). We
acquired NM-MRI and dynamic ['8F]F-DOPA PET scans in 12 patients with SSDand 16 HC. In
both groups, we assessed the correlation between nigral NM-MRI signal and DSCin the whole,
associative, limbic, and sensorimotor striatum using voxelwise analyses within the SN. In HC,
we found subsets of voxels within the SN where NM-MRI signal correlated negatively with DSC
in the whole and limbic striatum. There were no significant associations between NM-MRI
and DSCin the associative or sensorimotor striatum in HCand no significant associations in
patients. These results show that NM-MRI signal and striatal DSCare negatively related in HC,
but notin patients. Our results indicate that [18F]F-DOPA PET and NM-MRI reflect different
aspects of dopaminergic functioning. The negative correlation in HC might be explained by
vesicular monoamine transporter-2 functioning. A lack of a correlation in patients might
be due to the small sample size, effects of symptom severity or antipsychotic medication.
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Introduction

['8F]F-DOPA positron emission tomography (PET) is a well-established method for investigating
striatal dopamine synthesis capacity (DSC). Originally, ['8FJF-DOPA PET was preferentially
used to evaluate the integrity of the nigrostriatal dopaminergic pathway in patients with
Parkinson’s disease, but subsequently, it has been used to investigate other neuropsychiatric
disorders. Forexample, ['8F]F-DOPA PET studies have repeatedly demonstrated elevated striatal
DSC (i.e. indicating striatal hyperdopaminergia), specifically in the associative striatum of
patients with schizophrenia (as reviewed by (1,2)) . PET imaging leads to (limited) radiation
exposure to the patientand can be time-consuming and expensive. Therefore, new imaging
methods have been developed to assess the dopaminergic system.

One promising and more accessible tool thatindirectly assesses dopaminergic functioning
in the substantia nigra (SN) is neuromelanin-sensitive MRl (NM-MRI)(3). Neuromelanin
is a black, insoluble pigment, that primarily accumulates in the dopaminergic neurons of
the SN pars compacta (SNc) (4). As a result of paramagnetic properties and magnetization
transfer effects, neuromelanin-iron complexes cause T1-shortening (5). This creates a notable
contrastin NM-MRI signal between the SN and the surrounding brain tissue. Multiple NM-MRI
studies have demonstrated elevated neuromelanin concentration in the SN of patients with
schizophrenia compared to healthy controls (HC) (as reviewed in Wieland, Fromm (6)). As the
deposition of neuromelanin depends on the amount of excess cytosolic dopamine that has
notbeen transferred into synaptic vesicles (4,7), we hypothesized that higher concentrations
of neuromelanin might be related to higher rates of striatal DSC.

The findings of elevated striatal DSC and elevated neuromelanin concentration in the SN
of patients with schizophrenia also suggest that these measures might relate positively to
each other. This is supported by the observation that NM-MRI signal in the SN is positively
associated with amphetamine-induced dopamine release (i.e. another indicator of striatal
hyperdopaminergia) in the whole striatum, as assessed with [''C]raclopride PET, across
patients with schizophreniaand HC (3). Itis unknown though whether striatal DSC and NM-
MRI signal in the SN are interrelated. Therefore, we investigated the association between
NM-MRIsignalinthe SN and DSCin the whole, associative, limbic, and sensorimotor striatum
in HC and patients with a schizophrenia spectrum disorder. In addition, we explored the
association between nigral DSCand NM-MRI signal in the SN of patients and HC. Herewith,
we aimed to improve our understanding of how these measures of nigrostriatal dopaminergic
functioning relate to each other and whether NM-MRI can be used to address striatal DSC
abnormalities in neuropsychiatric disorders. We hypothesized that NM-MRI signal in the SN
is positively correlated with striatal DSCin both groups. We assessed the relation between
NM-MRIsignal and striatal DSCin both groups separately since meta-analytic evidence shows
that both measures are altered in patients with schizophrenia compared to controls (1,2,6),
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and more importantly, striatal DSC seems to fluctuate with psychotic symptom severity and
medication status in patients, (8-11), whereas there are indications that this is not the case
for NM-MRI (unpublished data).

Methods

This study combines data from two patient and two HC cohorts, collected in the context of
three Dutch studies approved by the Medical Ethical Committee (MEC) of Leiden, The Hague,
and Delft (NL72218.058.20), the MEC of the Amsterdam UMC, University of Amsterdam
(NL63410.018.17), and the MEC of East Netherlands (NL72675.091.20). All participants
gave written informed consent after a full explanation of the study procedure and before
the start of the study.

Participants

For this study, early psychosis patients who recently experienced an episode of psychosis
were recruited via two Dutch mental health institutes (i.e. Rivierduinen Institute for Mental
Health Care in Leiden and the specialized Early Psychosis Clinic of the Amsterdam UMC in
Amsterdam). All of these patients were currently undergoing treatmentata mental health
institute and were diagnosed with a schizophrenia spectrum disorder (i.e. schizophrenia,
schizoaffective disorder, schizophreniform disorder, brief psychotic disorder, other specified
schizophrenia spectrum and other psychotic disorder, or unspecified schizophrenia spectrum
and other psychotic disorder) by a registered psychiatrist. Diagnoses were confirmed with
the semi-structured Comprehensive Assessment of Symptoms and History (CASH) interview
(12). In addition, a cohort consisting of HC matched for age, gender, smoking status, and
educational level was recruited via social media and poster advertisements. Patients and
HC were both aged between 18-50 years. Exclusion criteria for patientsincluded: 1) onset of
first psychotic episode longer than five years ago; and 2) previous antipsychotic use longer
than one year. Additional exclusion criteria for both groups were: 1) current or history of a
substance use disorder other than nicotine, alcohol, or cannabis, as assessed with the Composite
International Diagnostic Interview (CIDI) (13) or the Mini International Neuropsychiatric
Interview (MINI) (14); 2) use of substances other than nicotine, alcohol, or cannabis (i.e.
illicit drugs or psychotropic medication that influence the dopaminergic system) in the
month (in case of HC) or the three months (in case of patients) before study participation.
For patients, the use of benzodiazepines, hypnotics and antidepressants in amounts within
the therapeutic range was allowed; 3) positive urine drug screening on the day of the PET
or MRI scan. Participants were tested on use of cannabis, amphetamine, XTC, cocaine, and
opiates. Only recent cannabis use was allowed; 4) neurological disorder (e.g. epilepsy) or
evidence of brain damage; 5) contra-indications for MRl or PET (e.g. ferromagneticimplants,
pacemaker, or pregnancy); 6) participation in a scientificexamination where radiation was
used in the year before study participation; and 7) inability to provide informed consent.
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Lastly, HC with a current psychiatric disorder or history of any psychiatric disorder were
excluded, as assessed with the MINI (14).

Design and procedures

Participants were assessed on 1 to 3 testing days, depending on the availability of the research
facilities. The study procedure consisted of three parts: 1) screening for in-and exclusion criteria
and completing measures on general demographicinformation (e.g. age and gender), positive
and negative symptoms severity by use of the Positive and Negative Syndrome Scale (PANSS;
patients only) (15), depressive symptom severity by use of the Beck Depression Inventory
(BDI-I1) (16,17), and medication use; 2) MRI scan including the NM-MRI; and 3) ['8F]F-DOPA
PET scan. Additionally, a urine drug screening was completed on each day thatan MRI and/or
PET scan was scheduled to examine pregnancy (females only) and drug use. All patients used
antipsychotic medication during the study (Results S1). Chlorpromazine (CPZ) equivalent
doses (100 mg/day) were calculated for antipsychotic medication by use of the defined daily
dose (DDD) method (18) (Methods S1). In addition, we calculated antipsychotic dose-years,
which is a cumulative measure of antipsychotic usage (19) (Methods S1).

MRI procedures

NM-MRI acquisition

All participants were instructed to refrain from alcohol and cannabis 24 h before the MRl scan.
All magnetic resonance (MR) images were acquired on a 3T MR scanner (Phillips, Ingenia
Elition X, Best, The Netherlands) with a 32-channel head coil at the Amsterdam UMC, the
Netherlands. Structural whole-brain T1-weighted volumetricimages were acquired for NM-
MRl slice placement by use of a transversal high-resolution 3D sequence (repetition time [TR]
=9.0ms; echotime [TE] =4.1 ms; 189 slices; field of view [FOV] =284 x 284 x 170 mm; voxel
size=0.9x 0.9 x 0.9 mm; flip angle [FA] = 8°) or MPRAGE sequence (TR=7.0ms; TE=3.2 ms;
180sslices; FOV =256 x 240 x 180 mm; voxel size=1x1x1 mm; FA=9°). On the T1-weighted
images, the NM-MRI slices were orientated perpendicular to the fourth ventricle floor. For
logistic reasons, the NM-MRI slices were orientated along the anterior commissure-posterior
commissure line for a few scans (six of the 42 scans). Both placement protocols provided
coverage of the SN. NM-MRI was acquired with a T1-weighted 2D gradient echo sequence
with magnetization transfer (MT) pulse (TR =260 ms; TE=3.9 ms; 8 slices; FOV =162 x199
mm; slice thickness = 2.5 mm; number of signal averages = 2; FA =40° MT frequency offset
=1200 Hz; MT duration=15.6 ms).

NM-MRI pre-processing

The NM-MRI scans were pre-processed with a Matlab (MathWorks, Natrick, MA) pipeline
from Wengler et al. (2020) (20). First, Advanced Normalization Tools (ANTSs) registration
(rigid) was used to coregister the NM-MRI images to the T1-weighted images. Second, ANTs
brain extraction was used to perform the brain extraction of the T1-weighted images. Third,
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ANTs registration (rigid + affine + deformable syn) was used to spatially normalize the
brain-extracted T1-weighted images to Montreal Neurological Imaging (MNI) standard
space. Fourth, the coregistered NM-MRI images were spatially normalized to MNI standard
space using the warping parameters that were used for the normalization of the T1-weighted
images. Fifth, smoothing was performed with Analysis of Functional Neurolmages (AFNI)
to spatially smooth the normalized NM-MRIimages with a 1-mm full-width-at-half-maximum
(FWHM) Gaussian kernel. Visual inspection of all images occurred after each pre-processing
step. Finally, the NM-MRI signal in the SN was calculated as a contrast-to-noise ratio (CNR)
with the crus cerebri (CC) as the reference region, using SN and CC template masks. The
template masks were generated by manually tracing the SN and CC on an average image
of 28 spatially normalized NM-MRI images of a subgroup of the participating individuals
(12 patients and 16 HC; these are the subjects included in the primary analyses; Figure 1).
For each participant, the CNR at each voxel vin the SN was calculated as the percent NM-
MRIsignal difference between a given voxel in the SN mask (/V) and the mode of the signal
intensity in the CC (ICC) with CNRy = {%} *100. The mode (ICC) was calculated from
a kernel-smoothing-function fitted to a histogram of the distribution of all voxels in the
CC mask. The mode rather than the median or mean was used, as this is more robust to
outliers (3).

PET procedures

PET acquisition

All participants were asked to refrain from alcohol and cannabis 24 h before PET imaging.
In addition, participants were asked to refrain from eating and drinking (except water) six
hours before PET imaging and to refrain from smoking three hours before PET imaging. For
logistic reasons, six of the HC refrained from eating, drinking, and smoking two hours before
the PET scan. One hour before the PET scan, all participants received 150 mg carbidopa (a
peripheral aromatic acid decarboxylase inhibitor) and 400 mg entacapone (a peripheral
catechol-O-methyltransferase inhibitor) to block peripheral metabolization of ['8F]F-DOPA
and reduce the formation of radiolabelled metabolites (21,22). Before PET acquisition, a low-
dose computed tomography (CT) scan of the brain was acquired for attenuation correction
purposes. Subsequently, approximately 185 MBq ['8F]F-DOPA was administered as a single
intravenous bolus injection. Immediately thereafter a 90-minute dynamic PET acquisition
started. PET data were acquired on a Siemens PET/CT system (Biograph mCT FlowTrue-V-128)
(FOV =256 x 256 mm; slice thickness =2 mm; pixel spacing=1.59x1.59 mm) and binned in
25 frames (5x1,3x2,3x3,and 14 x 5 minute[s]). Head straps and a headrest were used to
minimize head and neck movement during PET imaging.
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Figure1. Template masks of the substantia nigra and the crus cerebri. A. Average image of spatially
normalized NM-MRIimages from 28 participants. The SN is visible as a hyperintense area. B.
Template masks of the SN (in green) and CC (in blue) in MNI space were created by manually tracing
the regions on the average NM-MRIimage. The template masks were used for calculating the
contrast-to-noise ratio in all subjects. Abbreviations: CC, crus cerebri; MNI, Montreal Neurological
Imaging; NM-MRI, neuromelanin-sensitive magnetic resonance imaging; SN, substantia nigra.

PET pre-processing

PET data were reconstructed with an iterative reconstruction algorithm (5 iterations, 21
subsets) that corrects for the time of flight (TOF) and point spread function (PSF), followed
by a2 mm FWHM Gaussian smoothing filter. First, the PET images were visually inspected
for movement with Vinci (v4.66; Max Planck Institute for Neurological Research, Cologne,
Germany) (23,24). Participants who moved more than 7.5 mm during the data acquisition
were excluded from further analyses, as attenuation correction might no longer be reliable.
Second, the structural T1-weighted and PET images were co-registered, by use of Vinci, to a
single PET frame acquired 7 minutes post-injection. This was done to correct for minor head
movements and was based on mutual information (25). Third, the structural T1-weighted
images were segmented into white matter (WM), grey matter (CM), and cerebral spinal fluid
(CSF) by use of PVElab (v2.3; Neurobiology Research Unit, Copenhagen, Denmark) (26,27)
and Statistical Parametric Mapping (SPM) 12 (Wellcome Centre for Human Neuroimaging,
London, UK). Partial volume correction was part of the reconstruction procedure and therefore
not performed by PVElab. Fourth, the volumes of interest (i.e. striatum and cerebellum)
were generated based on Hammers’ maximum probability atlas (28). Fifth, Patlak graphical
analysis (29), which is implemented in PPET (30), was used to calculate the influx constant
kicer (min'; from here on labelled as kicer) as a measure of DSC with the GM of the cerebellum
as reference region since GM tracts of the cerebellum have negligible dopamine content
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and the cerebellum has previously been validated as reference region (31). Finally, linear
fitting was conducted on the PET images acquired between 25 and 90 minutes to acquire a
whole-brain parametricimage (Figure 2A). The kicer of the GM striatum was extracted from
this whole-brain parametricimage.

The striatal functional subdivisions (i.e. associative, limbic, and sensorimotor striatum),
defined in the Oxford-GSK-Imanova brain atlas (32), and a standard MNI brain template were
extracted from FSLeyes v0.3 in FSL (v6.0; Analysis Group, Oxford, United Kingdom) (33,34). The
MNI template was warped with a non-linear affine transformation to the subject’s MRl using
Vinci. Thereafter, the same transformation matrix was applied to the striatal subdivisions
to warp the striatal subdivisions from MNI to subject space. Subsequently, the GM k;cer for
voxels with at least a 90% probability of belonging to the striatal subdivision was extracted
from the whole-brain parametricimage. To investigate the influence of mask threshold, we
repeated the procedure for voxels with at least a 60% probability of belonging to the striatal
subdivision (Methods S2).

To calculate the kierin the SN, we used the MNI template and our SN template mask. We
warped the SN mask from standard to subject space by applying the same transformation
matrix as used for warping the striatal subdivisions. Afterwards, the kicrin the GM and WM
combined were extracted from the whole-brain parametricimage for voxels within the SN
mask with at least a 50% probability of belonging to GM or WM. We extracted the ki in
CM and WM, as the segmentation of the brainstem can reliably separate CSF from GM and
WM, butis less accurate in distinguishing GM and WM.

NM-MRI and PET analyses

All analyses were conducted in MATLAB. In line with previous work, our primary analysis
consisted of voxelwise analyses (3,35). We chose voxelwise analyses to reduce statistical
circularity in defining the SN region via signal-intensity thresholding and to account for
regional heterogeneity of dopamine neurons across tiers without well-defined anatomical
boundaries. Age was used as a covariate in all analyses, as neuromelanin accumulation is
known to be age-related (36). For the primary analysis, we examined the association between
striatal DSC and nigral NM-MRI signal in both groups separately using a voxelwise robust
linear regression that predicted CNR at every voxel within the SN based on mean kiervalues
(forwhole, associative, limbic, and sensorimotor striatum regions of interest [ROIs]) and age.
Missing CNR values due to incomplete coverage of the SN and extreme CNR values were
excluded (i.e. smaller and greater than the 15t and 99t percentile, respectively; patients:
CNR <4.35 and CNR > 26.52; HC: CNR < 2.46 and CNR > 26.46). On average, 30 voxels (SD
= 24 for patients; SD = 44 for HC) or 2% of the SN voxels were excluded per patient or HC.
Subsequently, significance testing was determined by use of a permutation test in which
mean kicer values of the striatal ROl were randomly shuffled, 10,000 times, with respect to
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theindividual maps of the NM-MRI signal in the SN. This resulted in a null distribution of the
number of SN voxels that exceeded a threshold of p < 0.050. The permutation test corrects
for multiple comparisons by deciding whether the effect’s spatial extent kis larger compared
to chance (corrected p < 0.050). In case of significant results, we subsequently performed
post-hoc partial Spearman’s rank-order correlation coefficient tests to address the strength
of the correlation (i.e. Spearman’s rho). In addition, we calculated the 95%-confidence
interval of Spearman’s rho by use of the Fisher z-transformation. The associations between
the mean CNR values from the significant voxels (thresholded at p < 0.050) and mean kicer
values in the striatal ROl were assessed with age as covariate. We did this with mean CNR
values uncorrected and corrected for voxel selection (i.e. obtained by a leave-one-subject-out
analysis to get an unbiased effect size). In the leave-one-out analysis significant voxels for
each HC were identified in a voxelwise analysis including the complete HC sample except the
left-out subject. The significant voxels were subsequently used to extract the mean CNR for
the left-out subject. For completeness, we also conducted a ROl analysis where we correlated
the mean kice" values in the different striatal ROIs with the average NM-MRI signal across
non-negative values within the whole SN mask. In addition, we explored the association
between nigral DSC and NM-MRI signal in the SN with a similar voxel-based method.

Group differences concerning NM-MRI signal were also assessed with a voxelwise analysis with
age as covariate. Additionally, demographical, clinical, and otherimaging characteristics (e.g.
age, gender, depressive symptom severity, ki values) were examined by use of a parametric
independent t-test, Mann-Whitney U test, and Fisher’s exact test, depending on the type of
variable and its distribution. Finally, Spearman’s rank-order correlation coefficient tests were
used to address correlations between imaging measures and clinical variables. Correlations
with NM-MRI signal were corrected for age. Statistical significance was evaluated with a
two-tailed alpha of 0.05.

Results

Eighteen patients with a schizophrenia spectrum disorder and 24 HC completed the study.
For various reasons, we were unable to use the data of 14 participants (N = 6 patients, N=8
HC; Results S2). The main reasons for exclusion were movement during PET imaging and
poor neuromelanin data quality. The final sample included 12 patients and 16 HC. Average
head movementduring the PET scan was comparable in these groups (patients: 2.39 mm, SD
=1.20; HC: 2.10 mm, SD =1.20; Methods S3). Table 1 shows the demographical and clinical
characteristics of both groups. There were no between-group differences in sex, age, current
nicotine use, ethnicity, educational level, orinjected ['8F]F-DOPA dose. However, patients had
significantly higher BDI scores compared to HC (U=6.000, p<0.001). The voxelwise analysis
to address group differences in CNR signal in the SN revealed no voxels with significant
differences between groups (robust linear regression controlling for age, CNR patients >
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CNR HC corrected p=0.377, CNRHC>CNR patients corrected p=0.760, permutation test).
Additionally, we found no significant group differences for mean kice" values in the whole,
associative, or limbic striatum, or the SN. Patients exhibited lower mean ki< values in the
sensorimotor striatum than HC (U = 45.000; p = 0.018). This was no longer the case when
using GM kicer of voxels with at least a 60% instead of a 90% probability of belonging to the
sensorimotor striatum (Results S3). Non-specific uptake of ['8F]-FDOPA in the cerebellum
was notsignificantly differentin patients and HC (Figure S1; Results S4).

Voxelwise and post-hoc analyses

We found a significant negative association in HC between mean k" values in the whole
striatum and CNR in a subset of voxels in the SN (hereafter called SN-striatum voxels; 218
of 1,480 voxels at p <0.050, robust linear regression controlling for age; corrected p=0.033,
permutation test; peak voxel MNI coordinates [x, y, z]: -5,-12, -9 mm; Figure 2C). Similarly, we
found a subset of voxels in the SN of HC (hereafter called SN-limbic voxels) that demonstrated
asignificant negative association between CNR and mean k;«ervalues in the limbicstriatum
(333 0f 1,480 voxels at p < 0.050, robust linear regression controlling for age; corrected p =
0.005, permutation test; peak voxel MNI coordinates [x, y, z]: -6,-19,-13 mm; Figure 2D). As
previous research found a strong correlation between mean kic¢"values in the whole striatum
and its functional subdivisions for data from a 95-min acquisition and data from a 60-min
acquisition (37), we performed a sensitivity analyses in which we repeated the voxelwise
analysis for the whole and limbic striatum with four additional HC who were excluded due to
movement. We applied linear fitting on the PET images of these four HC acquired between 25
min and the start of substantial (>7.5 mm) movement. Similarly to the previous findings, we
found largely overlapping voxels within the SN where CNR significantly negatively correlated
with kicevalues in the whole and limbic striatum (whole striatum: p=0.021; limbic striatum:
p=0.015; Results S5). We performed an additional sensitivity analysis in which we repeated
the voxelwise analysis for the whole and limbic striatum without the five HC who fasted
for two instead of six hours. This resulted in a borderline significant negative association
between mean kice" values in the limbic striatum and CNR in a smaller (compared to the
primary analysis) subset of voxelsin the SN (p=0.051; Results S6). The results for the whole
striatum were no longer significant (p =0.167).

Right page: Abbreviations: AST, associative striatum; BDI, Beck Depression Inventory; CNR, contrast-to-noise
ratio; CPZ, chlorpromazine; F, female; LST, limbic striatum; M, male; MBq, megabecquerel; NA, not applicable;
NM-MRI, neuromelanin-sensitive magnetic resonance imaging; PANSS, positive and negative symptom scale;
PET, positron emission tomography; SD, standard deviation; SN, substantia nigra; SMST, sensorimotor striatum;
WS, whole striatum. Significant results are bold.

aGroup differences were assessed with Fisher’s exact test. PGroup differences were assessed with the Mann-
Whitney U test. cCurrent nicotine use is defined as having used nicotine daily for at least one month in the past
twelve months. 4During the first scan. éBased on average for the whole SN mask (i.e. not the voxelwise analysis).
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Table 1. Sample characteristics

Patients Healthy controls  p-value
Demographics and clinical characteristics N=12 N=16
Sex (F/M) 2/10 412 0.673a
Age in years, mean (SD) 20.8(2.7) 24.5(6.2) 0.12%b
Current nicotine usec (Yes/No) 4/8 3/16 0.418a
Education, No. - - 0.125a
Secondary vocational education / Senior general secondary 9 6 -
education / Pre-university education
Higher professional education / Bachelor's degree 3 9 -
University education (Master’s degree) 0 1 -
Ethnicity, No. (White/Other) 10/2 15/1 0.560a
Injected [18F]F-DOPA dose in MBg, mean (SD) 180.6 (13.8) 179.1 (15.5) 0.963b
Number of days between PET and MRI, mean (range) 14.8 (0-33) 5.4 (0-71) 0.001b
PANSS at study enrollment - - -
Positive score, mean (SD) 12.2(5.0) NA NA
Negative score, mean (SD) 12.9(6.2) NA NA
General score, mean (SD) 25.1(8.7) NA NA
Total score, mean (SD) 50.2 (14.3) NA NA
BDI, mean (SD) 12.8(8.0) 1.8(2.1) <0.001b
Current 100 mg CPZ-equivalent dose in mg, mean (SD)d ~ 398.6 (222.0) NA NA
Total days on antipsychotic medication, mean (SD)d 122.1 (98.0) NA NA
CPZ dose-years, mean (SD) d 0.078 (0.088) NA NA
Diagnosis, No. - - -
Schizophrenia 5 NA NA
Schizoaffective disorder 2 NA NA
Schizophreniform disorder 3 NA NA
Unspecified schizophrenia spectrum 1 NA NA
Other specified schizophrenia spectrum 1 NA NA
NM-MRI and [18F]F-DOPA PET outcome parameters
CNR, mean (SD)e 15.3(1.0) 15.0(1.6) 0.889b
kicer WS, mean (SD) 0.0159 (0.0024) 0.0164 (0.0011) 0.227b
kicer LST (0.9 threshold), mean (SD) 0.0173(0.0021)  0.0179(0.0012) 0.163b
kicer AST (0.9 threshold), mean (SD) 0.0189 (0.0026) 0.0194 (0.0014) 0.486b
kicer SMST (0.9 threshold), mean (SD) 0.0196 (0.0037)  0.0216 (0.0019)  0.018b
kicer SN, mean (SD) 0.0099 (0.0014)  0.0099 (0.0011)  0.329b

Caption: see left page
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There were no significant associations between CNR in the SN and mean kic¢" values in the
associative and sensorimotor striatum in HC and no significant associations between CNRin
the SN and mean ki¢¢" values in any of the striatal ROls in patients (Results S7). Similar to the
sensitivity analysis in HC, we repeated the voxelwise analysis in patients for the whole and
limbic striatum with three additional patients who were excluded due to movement. This
againresulted in non-significant findings (Results S5). In addition, the results of the striatal
subdivisions did not change when using the mean kicer values with a 60% instead of a 90%
probability of belonging to the striatal subdivision (Results S8). Our exploratory analyses
revealed no subsets of voxels within the SN where CNR correlated significantly with mean
kicer values in the SN in patients or HC (Results S9).

The post-hoc analyses revealed a significant negative correlation between the mean CNR
in SN-striatum voxels and mean kice" values in the whole striatum of HC (controlling for age;
uncorrected for voxel selection, rho =-0.853, 95%-Cl: (-0.560, -0.956), p < 0.001; corrected
for voxel selection, rho =-0.445, 95%-Cl: (-0.781, 0.091), p = 0.097; Figure 2E). In addition,
we found a negative correlation between the mean CNR in SN-limbic voxels and mean kcer
values in the limbic striatum of HC (controlling for age; uncorrected for voxel selection, rho
=-0.840,95%-Cl: (-0.529,-0.952), p<0.001; corrected for voxel selection, rho=-0.616, 95%-
Cl: (-0.125,-0.865), p=0.015; Figure 2F). For completeness, we also assessed the association
between mean CNR within the whole SN mask and mean kice values in the different ROls
with age as covariate (Results S10). We found no significant associations.

Exploratory analyses

Within the patient group, we found no significant associations between 1) mean CNR in the
SN or mean kice"values in the whole, associative, limbic, and sensorimotor striatum or SN and
2) symptom scores (i.e. positive PANSS scores, negative PANSS scores, general PANSS scores,
total PANSS scores, and BDI scores; Results S11). The association between age and mean CNR
inthe SN was trend significant (rho=-0.563; 95%-Cl: (-0.872,0.066), p=0.057). In patients,
antipsychotic medication usage (i.e. total number of days on medication, CPZ-equivalent
dose, and CPZ dose-years at the moment of the first scan) also did not correlate with mean
kicer values in the different ROIs or mean CNR in the SN (Results S12). In HC, we found that

Figure 2. (Left page) Results of voxelwise analysis in the substantia nigra. Visualized in MNI space: A) Average kicer
invoxels of the healthy controls (HC) without and B) with a mask of the limbic striatum (in white). C) Map of voxels
(in blue) in which HC exhibit a negative correlation between NM-MRI contrast-to-noise ratio (CNR) and mean
kicervalues in the whole striatum (WS), i.e. SN-striatum voxels. D) Map of voxels (in green) in which HC exhibit
anegative correlation between CNR and mean kicer values in the limbicstriatum (LST), i.e. SN-limbicvoxels. E)
Scatterplotdisplaying the correlation between mean uncorrected and corrected CNR values in SN-striatum voxels
and mean kicervalue in the WS in HC (uncorrected rho=-0.853, 95%-confidence interval (Cl): (-0.560,-0.956),
p<0.001; corrected rho=-0.445, Cl: (-0.781,0.091), p=0.097). F) Scatterplot displaying the correlation between
mean uncorrected and corrected for voxel selection CNR values in SN-limbicvoxels and mean kicer value in the
LSTin HC (uncorrected rho=-0.840, Cl: (-0.529,-0.952), p<0.001; corrected rho=-0.616, Cl:(-0.125,-0.865), p=0.015).
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the association between mean CNRinthe SN and BDI scores reached trend-level significance
while correcting for age (rho=-0.597; 95%-Cl: (-0.894, 0.064), p=0.069) (Results $13).

Discussion

We used NM-MRI and ['8F]F-DOPA PET imaging to investigate the association between
NM-MRI signal in the SN and DSC in the striatum and SN of patients with a schizophrenia
spectrum disorder and HC. Contrary to our expectations, we found voxels within the SN of HC
where NM-MRI signal correlated negatively with DSCin the whole and/or limbic striatum. The
negative associations in the limbic subdivision of the striatum of HC were largely confirmed
in post-hoc and sensitivity analyses and not found in patients. Our exploratory analysis did
not reveal any significant association between DSCin the SN and NM-MRI signal, whichisin
line with the findings of Ito et al, who also reported that NM-MRI signal in the SN of healthy
individuals (N=11) was not associated with DSC in the SN (38).

Our finding of a negative correlation between NM-MRI and ['8F]F-DOPA measures in HC is
surprising given that the accumulation of neuromelanin is mostly determined by the amount
of excessive cytosolicdopamine (7) and that neuromelanin concentration in the SN positively
correlates with amphetamine-induced dopamine release in the whole striatum across
patients with schizophrenia and HC (3). The negative correlation in HC might be explained by
functioning of the vesicular monoamine transporter-2 (VMAT-2), which transports cytosolic
dopamine into synaptic vesicles. VMAT-2 levels were found to be positively associated with
tyrosine hydroxylase levels (i.e. the rate-limiting enzyme for dopamine synthesis, which
synthesizes L-DOPA from tyrosine) and negatively associated with neuromelanin pigmentin
the ventral SN of post-mortem human brains (39). It might therefore be that dopaminergic
neurons in the midbrain of HC with greater amounts of dopamine synthesis have more
vesicular storage capacity and consequently less neuromelanin deposition in the SN. This
is in line with the finding of Sulzer et al. (2000) who found that neuromelanin synthesis
is inhibited by adenoviral-mediated overexpression of VMAT-2. In addition, in rat striata,
VMAT-2 functionally and physically interacts with the enzymes tyrosine and aromatic acid
decarboxylase (AADC; which synthesizes dopamine from L-DOPA) (40), indicating that
these components of the dopamine system are directly linked to each other (7). The negative
association in HC suggests that NM-MRI and ['8F]F-DOPA PET reflect different components
of the dopamine system. This is also supported by the fact that striatal ['8F]F-DOPA signal
decreases with age (41), while NM-MRI signal increases with age until it reaches a decline
atold age (36).

We most consistently found a negative association between NM-MRI and ['8F]F-DOPA measures
in HC for the limbic striatum, as our post-hoc analysis demonstrated a negative association
between DSCin the limbicstriatum and NM-MRI signal uncorrected and corrected for voxel

124



Dopamine synthesis capacity and neuromelanin

selection, while the post-hoc analysis for the whole striatum only confirmed a significant
negative association for the NM-MRI signal uncorrected for voxel section. The significant
findings in the whole striatum might therefore be driven by the association presentin the
limbic striatum. The voxels in the SN where NM-MRI signal correlated negatively with DSC
in the limbic striatum (Figure 2D) largely overlap with the medial SN, which is found to be
connected to the ventral striatum (i.e. the anatomical subregion of the striatum previously
classified as belonging to the limbic functional subdivision of the striatum) (42,43). In addition,
the medial SN is anatomically adjacent to the ventral tegmental area (VTA) (44), which
innervates the nucleus accumbens and ventromedial striatum (i.e. mesolimbic dopaminergic
pathway). The reason why the association with the limbic striatum is strongest is still unclear,
althoughitisalso known that VMAT-2 levels are lower in the more lateral parts of the ventral
SN than in the medial parts of the SN (39).

Thelack of a correlationin patients might be explained by multiple factors. First, the results
in the patient group might be explained by the small sample size. Second, striatal DSC might
fluctuate more over time in patients compared to HC, as striatal DSC is associated with
psychotic symptom severity in patients (8,9). We did not find significant associations between
symptom severity and striatal DSC in our sample, which might be due to the relatively low
symptom severity in our patients and the relatively small sample size. [lIness severity, duration
of illness, and antipsychotic medication usage might affect striatal DSC (10,11), whereas
no changes in NM-MRI signal have been found after six months of antipsychotic treatment
in patients with schizophrenia (44, unpublished data). This suggests that ['8F]-FDOPA
PET might be a dynamic measure of DSC (i.e. state-like feature of schizophrenia), while as
neuromelanin is a deposit, NM-MRI signal in the SN might reflect more chronic changes in
dopamine synthesis (i.e. trait-like feature of schizophrenia). Third, in patients, the relationship
between striatal DSC and VMAT-2 functioning might be dysfunctional. Although VMAT-2
function is unchanged in the striatum (46) and VMAT-2 binding in the ventral brainstem
(which includes the SN/VTA) has been found to be elevated in patients with schizophrenia
compared to HC (47), a post-mortem study found decreased VMAT-2 mRNA levels in the SN
of patients with schizophrenia (48). This mightindicate thatin atleast a subgroup of patients,
increased DSC, which is suggested to be a core feature of the illness (1), might not always
be accompanied by an increase in VMAT-2 functioning, which would consequently resultin
more cytosolicdopamine and thereby more deposition of neuromelanin. Finally, Kumakura
etal. (2007) reported that besides elevated striatal ['8F]F-DOPA utilization (i.e. the net blood-
brain clearance), patients with schizophrenia also exhibited reduced storage or retention
of ['8F]-fluorodopamine within synaptic vesicles compared to HC (49). This would be in line
with reduced VMAT-2 functioning in patients. Future studies should address ['8F]-FDOPA,
VMAT-2, and NM-MRI measures in a large cohort of patients and HC to further elucidate the
underlying relationships. In addition, it might be that the relation between striatal ['8F]-
FDOPA and NM-MRI measures fluctuates over time, as seasonal effects on striatal DSC have
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been reported in humans (50). Hence, establishing time-courses of ['8F]F-DOPA, VMAT-2,
and NM-MRI measures across the lifespan, while taking into account factors such as illness
duration, symptom severity, and antipsychotic medication usage, will provide more insight
into temporal relationships between the different measures.

Previous studies reported elevated striatal DSCin patients with schizophrenia (as reviewed
in Brugger, Angelescu (1)). In contrast, we found a significantly lower mean DSC in the
sensorimotor striatum and no differences in the other striatal ROls in patients compared to
HC. These contrasting findings might be due to remission of psychosis in some patients, as
lower DSC has been reported in the whole, associative, and sensorimotor striatum of patients
in psychotic remission (51,52) (almost completely overlapping study samples). The group
difference in the sensorimotor striatum did not remain significant when using GM k;cer of voxels
with atleasta 60% instead of a 90% probability of belonging to the sensorimotor striatum.
This finding might therefore be an incidental finding. In addition, we found no significant
group differences for NM-MRI signal in the SN. This might be due to the small sample size
or heterogeneity, as schizophreniais a heterogeneous disorder and the existence of multiple
subgroups of patients with varying neurobiology has been suggested (53).

Strengths and limitations

A majorstrength of this study is that, to our knowledge, we are the first to combine NM-MRI
and ['8F]JF-DOPA PET in HC and patients with a schizophrenia spectrum disorder to assess
their interrelationship. However, some limitations have to be taken into account. First, due
tothe difficulty in recruiting this study population and the complexity of the procedures, the
sample size of our final sample is limited. To increase our sample size, we aggregated data
from three studies with similar selection criteria that used the same NM-MRI and ['8F]F-DOPA
scanning protocol, except for the length of the fasting time. As ['8F]F-DOPA competes with
othersubstrates for transport across the blood-brain barrier, this might have influenced the
['8F]F-DOPA PET results. The sensitivity analysis, without five HC that fasted for two instead
of six hours, remained borderline significantin the LST and was no longer significant for the
whole striatum (Results S6), which is likely due to a lack of power. Second, ['8F]F-DOPA PET
measures a combination of cellular processes (i.e. uptake and conversion of [18F]-FDOPA, as
well as, storage of [18F]-fluorodopamine). Therefore, additional research needs to investigate
which specificaspects of striatal dopamine synthesis are associated with NM-MRI signal in
the SN. This might be done with compartmental modelling in combination with arterial
blood sampling during data collection, or by use of other PET tracers, such as 6-['8F]Fluoro-I-
m-tyrosine (6-['8FJFMT), which is not, unlike DOPA ligands, subject to transportinto vesicles
and post-release processes (54). Third, some participants were regular smokers and/or
recreationally used drugs (mainly cannabis). We included these subjects, as a substantial
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part of patients with a schizophrenia spectrum disorder uses nicotine and cannabis, and
excluding these subject will therefore make recruitment even more difficultand resultin a
non-representative sample. We found no association between the number of cigarettes or
cigars daily smoked by the tobacco usersin oursample (4 patients; 2 HC; i.e. during the period
when the subject used the mostin the 12 months before study participation) and mean CNR
inthe SN or mean kic¢rvalues in the whole, associative, limbic, and sensorimotor striatum or
SN. Although acute effects of smoking on ourimaging measures were likely to be small as the
majority of subjects were nonsmokers and others were instructed to refrain from smoking
two/three hours before the ['8F]F-DOPA PET scan, effects of smoking on striatal DSC are not
yet completely understood and studies have reported higher (55), lower (56) and unchanged
striatal DSCin smokers compared to nonsmokers (57). Further studies are needed to examine
the short-and long-term effects of smoking on striatal DSC. Finally, we expect that previous
recreational drug use had little effect on our outcome measures, as we selected participants
with little to no drug use, who were not dependent on any substance (58).

Conclusion

NM-MRI and ['8F]F-DOPA PET are negatively related to each otherin HC, but not significantly
in patients with a schizophrenia spectrum disorder. These results indicate that ['8F]F-DOPA
PET and NM-MRI are measures that reflect different aspects of dopaminergic functioning.
We hypothesize that the negative correlation between neuromelanin and striatal DSCin HC
might be explained by VMAT-2 functioning. A lack of a correlation in patients might be due to
the small sample size or might be explained by effects of symptom severity or antipsychotic
medication. In addition, striatal ["8F]F-DOPA PET might reflect a dynamic, state-like, aspect
of dopaminergic functioning, while NM-MRI signal in the SN might reflect a chronic, trait-
like, aspect of dopaminergic functioning. Future studies should assess the interrelationships
between DSC, neuromelanin, VMAT-2, and related processes in larger homogeneous cohorts.
As NM-MRI is more accessible than PET imaging, this might eventually enable clinicians and
researchers to study specificaspects of the dopaminergic system of humans more efficiently
and at lower costs.
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Supplementary methods

Methods S1: Antipsychotic medication

To investigate the effect of antipsychotic medication on our outcome measures, we converted
antipsychotic doses to 100 mg/day of chlorpromazine (CPZ) equivalents with the defined
daily dose (DDD) method(1). We used the following conversion factors as provided in the
Excel sheet of Leuchtetal. (2018):

Antipsychotic (administration form) Conversion factor
Risperidone (oral) 60
Olanzapine (oral 30
Olanzapine (depot)? 3.33
Quetiapine (oral) 0.75
Aripiprazol (oral) 20
Aripiprazol (depot)? 22.57
Clozapine (oral) 1
Haloperidol (oral) 37.5
Haloperidol (depot)? 90.90
Lurisadone (oral) 5
Clotiapine (oral) 3.75
Paliperidone (oral 50
Penfluridol (oral) 50
Amisulpride (oral) 0.75
Zuclopenthixol (oral) 10

For depot drugs, the injected dose should be divided by the injection interval in days.

The current CPZ-equivalent dose was calculated by adding the CPZ-equivalent doses of all
antipsychotic descriptions that were prescribed during the first scan. In addition, we also
calculated the total number of days that patients had used antipsychotic medication at
the time of the first scan. To obtain a cumulative measure of antipsychotic usage, we also
calculated antipsychotic dose-years by use of Equation 1 (2). A dose-year is defined as the
product of the CPZ-equivalent dose (or the dose equivalent to another standard antipsychotic,
such as haloperidol) of a particular antipsychotic and the period on that dose expressed in
years. This concept is equivalent to a pack-year, which is often used to quantify a person’s
exposure to tobacco.

(Dose)*(DaysOnDrugsDose)

Dosevears = (CPZ—equivalent)(365.25) (Eq uation1 )
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In Equation 1, Dose is equal to the dose of a given antipsychotic. For depot antipsychotics,
the dose should be divided by the injection interval in days. DaysOnDrugsDose represents
the number of days thata person has been using a particular dose of the antipsychotic. CPZ-
equivalentisthe amountofa particularantipsychoticequivalent to CPZ 100 mg. To account
for leap years, 365.25 days/year were used.

Methods S2: Mask threshold of striatal subdivisions

In our analysis, we averaged kicer values across all grey matter (GM) voxels of the different
functional subdivisions of the striatum. To ensure that only GM voxels within the subdivision
were included in our analysis, we applied a conservative threshold, which allowed only GM
voxels with atleast a 90% chance of belonging to the subdivision to be included. To investigate
the influence of mask threshold, we repeated the procedure with a more liberate threshold,
which allowed GM voxels with at least a 60% chance of belonging to the subdivision to be
included in the analysis. To ensure the validity of using a lower threshold, we investigated the
Spearman’s rank-order correlation between GM kicer values with a 60% and 90% probability of
belongingto the striatal subdivision, across all participants of our final sample (12 patients; 16
controls). All of the correlations were significant: limbicstriatum, rho=0.993, 95%-confidence
interval (Cl): (0.98,1.00), p <0.001; associative striatum, rho =0.959, 95%-Cl: (0.90, 0.98), p
<0.001; sensorimotor striatum, rho=0.951, 95%-Cl: (0.88, 0.98), p <0.001.

Methods S3: Quantification of head movementduring ['8FJFDOPA PET

Head movement was quantified for each participantin our final sample. This was done by
extracting the movement in the x-, y- and z-directions of the last PET frame relative to the
reference frame from the coregistration step (see PET pre-processing section in the main
article). We calculated the amount of head movement for each participant by using Equation 2.

Head movement (inmm) = /(x% + y? + z2) (Eq uation 2)
In Equation 2, x is the movement in mm in the x-direction, y is the movementin mm in the

y-direction, and z is the movement in the z-direction of the last PET frame relative to the
reference frame.
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Supplementary results

Results S1: Antipsychotic medication
All patients with a schizophrenia spectrum disorder used antipsychotic medication during the first scan. The
different antipsychotic drugs that were used at that moment by patients in the final sample (N=12):

Antipsychotic drug(s) Number of patients using these/this antipsychotic(s)
during first scan
Haloperidol 2
Aripiprazole 2
Olanzapine 1
Quetiapine 5
Clozapine 1
Olanzapine & Aripiprazole 1

Results S2: Exclusion of participants

We excluded three patients with a schizophrenia spectrum disorder (SSD) and four healthy
controls because of substantial head movement (>7.5 mm) during the ['8F]JFDOPA PET scan.
Three healthy controls and one patient with SSD were excluded due to poor neuromelanin
data quality. In addition, we excluded one control due to the occurrence of significantillness
after study participation, one patient with SSD due to the presence of structural brain damage,
and one patient with SSD due to early termination of the ['8FJFDOPA PET scan.

Results S3: Group differences striatal subdivisions with a 0.6 threshold in patients with a schizophrenia
spectrum disorder and healthy controls?

Patients Healthy controls p-value
N=12 N=16
kicer LST (0.6 threshold), mean (SD) 0.0163 (0.0019) 0.0170 (0.0013) 0.163
kicer AST (0.6 threshold), mean (SD) 0.0170 (0.0024) 0.0177 (0.0012) 0.210
kicer SMST (0.6 threshold), mean (SD) 0.0188 (0.0036) 0.0202 (0.0021) 0.054

Abbreviations: AST, associative striatum; LST, limbic striatum; SMST, sensorimotor striatum.
1Group differences were assessed with the Mann-Whitney U test.
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Results S4: Post-injection mean standardized uptake values of ['8F]FDOPA in grey matter cerebellum of patients
with a schizophrenia spectrum disorder and healthy controls?

Timepoint post-injection Patients Healthy controls p-value
N=12 N=16
1 min, mean SUV (SD) 1.20(0.23) 1.15(0.25) 0.616
2 min, mean SUV (SD) 1.48 (0.34) 1.44 (0.35) 0.738
3 min, mean SUV (SD) 1.61(0.37) 1.59 (0.40) 0.900
4 min, mean SUV (SD) 1.72(0.40) 1.73(0.42) 0.947
S min, mean SUV (SD) 1.80(0.43) 1.82(0.45) 0.916
7 min, mean SUV (SD) 1.88(0.45) 1.92(0.47) 0.827
9 min, mean SUV (SD) 1.94 (0.48) 2.02(0.50) 0.693
11 min, mean SUV (SD) 1.98 (0.49) 2.06 (0.51) 0.649
14 min, mean SUV (SD) 1.97 (0.51) 2.09 (0.52) 0.519
17 min, mean SUV (SD) 1.94(0.52) 2.07 (0.52) 0.509
20 min, mean SUV (SD) 1.89(0.57) 2.04(0.52) 0.459
25 min, mean SUV (SD) 1.80(0.49) 1.96 (0.51) 0.409
30 min, mean SUV (SD) 1.68 (0.47) 1.85(0.48) 0.363
35 min, mean SUV (SD) 1.58(0.45) 1.74 (0.46) 0.360
40 min, mean SUV (SD) 1.46 (0.42) 1.62(0.43) 0.350
45 min, mean SUV (SD) 1.35(0.39) 1.51(0.417) 0.312
50 min, mean SUV (SD) 1.25(0.36) 1.41(0.38) 0.254
55 min, mean SUV (SD) 1.16 (0.34) 1.32(0.36) 0.251
60 min, mean SUV (SD) 1.09 (0.32) 1.23 (0.34) 0.259
65 min, mean SUV (SD) 1.02 (0.30) 1.17(0.33) 0.244
70 min, mean SUV (SD) 0.96 (0.28) 1.10(0.37) 0.244
75 min, mean SUV (SD) 0.92(0.27) 1.04 (0.29) 0.287
80 min, mean SUV (SD) 0.87(0.26) 0.98 (0.28) 0.289
85 min, mean SUV (SD) 0.83(0.24) 0.93(0.26) 0.328
90 min, mean SUV (SD) 0.79(0.23) 0.89 (0.25) 0.306

Abbreviations: SD, standard deviation; SUV, standardized uptake value in cerebellar grey matter corrected for
body weight.
Group differences for each time point were assessed with an independent t-test.
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Results S5: Voxelwise analyses in the SN of patients with a schizophrenia spectrum disorder and healthy controls
with additional subjects1
For this analysis, we added the data of subjects who moved >7.5 mm during the PET acquisition:

Description of movement

Extra HC1 Movement from frame 18 onwards (45 min). Linear fitting was conducted on the PET images
acquired between 25 and 45 minutes.

ExtraHC 2 Movement from frame 19 onwards (50 min). Linear fitting was conducted on the PET images
acquired between 25 and 50 minutes.

Extra HC3 Movement from frame 23 onwards (70 min). Linear fitting was conducted on the PET images
acquired between 25 and 70 minutes.

Extra HC 4 Movement from frame 24 onwards (75 min). Linear fitting was conducted on the PET images
acquired between 25 and 75 minutes.

Extra patient 1 Movement from frame 16 onwards (35 min). Linear fitting was conducted on the PET images
acquired between 25 and 35 minutes.

Extra patient 2 Movement from frame 16 onwards (35 min). Linear fitting was conducted on the PET images
acquired between 25 and 35 minutes.

Extra patient 3 Movement from frame 18 onwards (45 min). Linear fitting was conducted on the PET images
acquired between 25 and 45 minutes.

Group Brain region for Number of Positive Number of Negative
which mean kicer voxels in cluster corrected  voxelsincluster  corrected
values are used in with positive p-value with negative p-value
the analysis association association

HC (N=20) LST (0.9 threshold) 48/1480 0.587 275/1480 0.015

HC (N=20) WS 18/1480 0.880 261/1480 0.021

Patients (N=15) LST (0.9 threshold) 90/1480 0.290 35/1480 0.842

Patients (N=15) WS 76/1480 0.428 34/1480 0.882

Significant results are bold. Abbreviations: HC, healthy controls; LST, limbic striatum; WS, whole striatum.
Robust linear regression controlling for age. p-corrected < 0.05

Results Sé6: Voxelwise analysis of the relationship between NM-MRI signal in the SN and mean DSC in the
striatum without healthy controls who fasted two instead of six hours?

Group Brain region for whichNumber of voxelsin  Positive Numberofvoxelsin  Negative
mean kicer values are cluster with positive corrected cluster with negative corrected
used in the analysis  association p-value association p-value

HC(N=11) WS 10/1480 0.965 126/1480 0.167

HC (N=11)  LST (0.9 threshold) 6/1480 0.990 222/1480 0.051

Abbreviations: AST, associative striatum; HC, healthy controls; LST, limbic striatum; SMST, sensorimotor striatum;
WS, whole striatum.'Robust linear regression controlling for age. p-corrected < 0.05.
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Results S7: Voxelwise analysis of the relationship between NM-MRI signal in the SN and mean DSC in the
striatum of patients with a schizophrenia spectrum disorder and healthy controls?

Group Brain region for which Number of Positive Number of Negative
mean ki values are voxelsin corrected voxelsincluster corrected
used in the analysis cluster with p-value with negative p-value

positive association
association

Patients (N=12) WS 40/1480 0.834 39/1480 0.814

Patients (N=12) LST (0.9 threshold) 41/1480 0.792 49/1480 0.674

Patients (N=12) AST (0.9 threshold) 47/1480 0.728 41/1480 0.784

Patients (N=12) SMST (0.9 threshold) 38/1480 0.830 46/1480 0.702

HC (N=16) WS 32/1480 0.760 218/1480 0.033

HC (N=16) LST (0.9 threshold) 29/1480 0.780 333/1480 0.005

HC (N=16) AST (0.9 threshold) 21/1480 0.877 78/1480 0.364

HC (N=16) SMST (0.9 threshold) 109/1480 0.214 66/1480 0.437

Significant results are bold.Abbreviations: AST, associative striatum; HC, healthy controls; LST, limbic striatum;
SMST, sensorimotor striatum; WS, whole striatum.

TRobust linear regression controlling for age. p-corrected < 0.05.

Results S8: Voxelwise analysis of the relationship between NM-MRI signal in the SN and mean DSC in the striatal
subdivisions with a 0.6 threshold in patients with a schizophrenia spectrum disorder and healthy controls?

Group Brainregion forwhich ~ Number of Positive Number of Negative
mean kicer values are voxelsin corrected  voxelsin corrected
used in the analysis clusterwith  p-value cluster with p-value

positive negative
association association

Patients (N=12) LST (0.6 threshold) 34/1480 0.866 46/1480 0.704

Patients (N=12) AST (0.6 threshold) 39/1480 0.834 42/1480 0.774

Patients (N=12) SMST (0.6 threshold) 47/1480 0.695 47/1480 0.685

HC (N=16) LST (0.6 threshold) 36/1480 0.704 309/1480 0.008

HC (N=16) AST (0.6 threshold) 15/1480 0.926 83/1480 0.330

HC (N=16) SMST (0.6 threshold) 115/1480 0.186 80/1480 0.343

Significant results are bold.Abbreviations: AST, associative striatum; HC, healthy controls; LST, limbic striatum;

SMST, sensorimotor striatum.
TRobust linear regression controlling for age. p-corrected < 0.05.
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Results S9: Voxelwise analysis of the relationship between NM-MRI signal in the SN and mean DSC in the SN of
patients with a schizophrenia spectrum disorder and healthy controls?

Group Brain region for Number of Positive Number of Negative
which mean kicer voxels in cluster corrected  voxelsin cluster corrected
values are used in with positive p-value with negative p-value
the analysis association association

Patients (N=12) SN (0.5 threshold) 34/1480 0.833 58/1480 0.531

HC (N=16) SN (0.5 threshold) 100/1480 0.259 26/1480 0.828

Abbreviations: HC, healthy controls; SN, substantia nigra.’Robust linear regression controlling for age.
p-corrected < 0.05.

Results S10: Association between mean NM-MRI signal within the whole SN mask and mean kicer values in
patients with a schizophrenia spectrum disorder and healthy controls?

ROI Statistics

Patients (N=12) Mean kicer WS rho=0.110, 95%-Cl2: (-0.50:0.64), p=0.748
Mean kicer LST (0.9 threshold) rho=0.077,95%-Cl: (-0.52:0.62), p=0.822
Mean kicer AST (0.9 threshold) rho=0.140, 95%-Cl: (-0.47:0.66), p=0.682
Mean kicer SMST (0.9 threshold) rho=0.050, 95%-Cl: (-0.54:0.61), p=0.883
Mean kicer LST (0.6 threshold) rho =0.059, 95%-Cl: (-0.53:0.61), p=0.863
Mean kicer AST (0.6 threshold) rho=-0.031, 95%-Cl: (-0.59:0.55), p=0.928
Mean kicer SMST (0.6 threshold) rho=0.068, 95%-Cl: (-0.53:0.62), p=0.842
Mean kicer SN rho=-0.103, 95%-Cl: (-0.64:0.50), p=0.762

HC (N=16) Mean kicer WS rho=-0.424,95%-Cl: (-0.77:0.11),p=0.116
Mean kicer LST (0.9 threshold) rho=-0.343, 95%-Cl: (-0.72:0.20), p=0.211
Mean kicer AST (0.9 threshold) rho=-0.436,95%-Cl: (-0.78:0.10), p=0.104
Mean kicer SMST (0.9 threshold) rho=-0.070, 95%-Cl: (-0.55:0,44), p=0.804
Mean kicer LST (0.6 threshold) rho=-0.229, 95%-Cl: (-0.65:0.31), p=0.412
Mean kicer AST (0.6 threshold) rho =-0.332, 95%-Cl: (-0.72:0.21), p=0.226
Mean kicer SMST (0.6 threshold) rho =-0.050, 95%-Cl: (-0.53:0.46), p = 0.858
Mean kicer SN rho=0.153, 95%-Cl: (-0.37:0.60), p=0.587

Abbreviations: AST, associative striatum; HC, healthy controls; LST, limbic striatum; NM-MRI, neuromelanin-
sensitive magnetic resonance imaging; ROI, region-of-interest; SMST, sensorimotor striatum; WS, whole
striatum; 95%-Cl,

95%-confidence interval."We conducted Spearman’s rank-order correlation coefficient tests with age as
covariate.295%-Cl were calculated by use of Fisher z-transformation.
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Results S11: Associations between imaging measures and clinical variables in patients with a schizophrenia
spectrum disorder?2

Positive Negative General Total PANSS BDlI scores Age?
PANSS scores PANSS scores PANSS scores scores

Mean NM-MRI rho=0.219 rho=0.231 rho=0.346 rho=0.349 rho=-0.267 rho=-0.563

signal in SN* p=0.518 p=0.495 p=0.297 p=0.294 p=0.427 p=0.057
95%-Cl>: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:
(-0.40:0.717) (-0.30:0.78) (-0.30:0.78) (-0.73:0.37) (-0.87:0.07)
(-0.41:0.71)
Mean kicer WS rho=0.352 rho=0.345 rho=0.112 rho=0.245 rho=0.137 rho=-0.177
p=0.262 p=0.272 p=0.729 p=0.442 p=0.671 p=0.582
95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:

(-0.30:0.78) (-0.30:0.77) (-0.50:0.65) (-0.39:0.72) (-0.48:0.66) (-0.68:0.45)

Mean kicer LST rho=0.428 rho=0.205 rho=0.063 rho=0.204 rho=0.030 rho=-0.144

(0.9 threshold) p=0.166 p=0.523 p=0.845 p=0.525 p=0.926 p=0.656
95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:
(-0.22:0.81) (-0.42:0.70) (-0.53:0.62) (-0.42:0.70) (-0.55:0.59) (-0.66:0.47)

Mean kicer AST rho=0.515 rho=0.279 rho=0.140 rho=0.312 rho=0.058 rho=-0.243

(0.9 threshold) p=0.087 p=0.380 p=0.664 p=0.323 p=0.858 p=0.447
95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:
(-0.13:0.85)  (-0.36:0.74)  (-0.47:0.66)  (-0.33:0.76)  (-0.53:0.61)  (-0.72:0.39)

Mean kicer SMST ~ rho=0.279 rho=0.085 rho=-0.056 rho=0.063 rho=0.217 rho=-0.032

(0.9 threshold) p=0.380 p=0.794 p=0.863 p=0.845 p=0.499 p=0.922
95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:
(-0.36:0.74) (-0.51:0.63) (-0.61:0.54) (-0.53:0.62) (-0.41:0.71) (-0.60:0.55)

Mean kicer SN rho=0.078 rho=-0.078 rho=-0.231 rho=-0.144 rho=-0.336 rho=-0.229
p=0.811 p=0.811 p=0.470 p=0.656 p=0.285 p=0.475
95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl: 95%-Cl:

(-0.52:0.62)  (-0.62:0.52)  (-0.71:0.40)  (-0.66:0.47)  (-0.77:0.31)  (-0.71:0.40)

Abbreviations: AST, associative striatum; BDI, Beck Depression Inventory; LST, limbic striatum; NM-MRI,
neuromelanin-sensitive magnetic resonance imaging; PANSS, positive and negative symptom scale; SN,
substantia nigra; SMST, sensorimotor striatum; WS, whole striatum; 95%-Cl, 95%-confidence interval.

TWe conducted Spearman’s rank-order correlation coefficient tests. 2N=12. 3Age during PET and MRl scans.
4Correlation analyses with mean NM-MRI signal in the SN and clinical scores were corrected for age. 595%-Cl
were calculated by use of Fisher z-transformation.
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Results S12: Associations between imaging measures and antipsychotic medication in patients with a
schizophrenia spectrum disorder23

Total numberofdayson CPZ-equivalent dose CPZ dose-years
medication
Mean NM-MRI signal in SN*  rho=0.165 rho=-0.327 rho=0.279
p=0.627 p=0.326 p=0.406
95%-ClI5: (-0.46:0.68) 95%-Cl: (-0.77:0.32) 95%-Cl: (-0.36:0.74)
Mean kicer WS rho=0.035 rho=-0.392 rho=-0.147
p=0.914 p=0.207 p=0.649
95%-Cl: (-0.55:0.60) 95%-Cl: (-0.80:0.26) 95%-Cl: (-0.67:0.47)
Mean kicer LST rho=0.109 rho=-0.257 rho=-0.119
(0.9 threshold) p=0.736 p=0.420 p=0.712
95%-Cl: (-0.50:0.64) 95%-Cl: (-0.73:0.38) 95%-Cl: (-0.65:0.49)
Mean kicer AST rho=0.067 rho=-0.086 rho=-0.081
(0.9 threshold) p=0.837 p=0.792 p=0.803
95%-Cl: (-0.53:0.62) 95%-Cl: (-0.63:0.51) 95%-Cl: (-0.63:0.52)
Mean kicer SMST rho=-0.095 rho=-0.113 rho=-0.116
(0.9 threshold) p=0.770 p=0.727 p=0.721
95%-Cl: (-0.64:0.51) 95%-Cl: (-0.65:0.49) 95%-Cl: (-0.65:0.49)
Mean kicer SN rho=0.284 rho=-0.033 rho=-0.053
p=0.372 p=0.920 p=0.871

95%-Cl: (-0.36:0.74)

95%-Cl: (-0.60:0.55)

95%-Cl: (-0.61:0.54)

Abbreviations: AST, associative striatum; CPZ, chlorpromazine; LST, limbic striatum; NM-MRI, neuromelanin-

sensitive magnetic resonance imaging; SN, substantia nigra; SMST, sensorimotor striatum; WS, whole striatum.

1At the moment of the first scan. 2We conducted Spearman’s rank-order correlation coefficient tests. 3N=12.
4Correlation analyses with mean NM-MRI signal in the SN and medication variables were corrected for age.

595%-Cl were calculated by use of Fisher z-transformation.
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Results $13: Associations between imaging measures and clinical variables in healthy controls'2

Dl scores? Age*
Mean NM-MRI signal in SN rho=-0.597 rho=0.177

p=0.069 p=0.512

95%-Cl>: (-0.90:0.06) 95%-Cl: (-0.35:0.62)
Mean kicer WS rho=0.210 rho=-0.410

p=0.536 p=0.114

95%-Cl: (-0.45:0.72) 95%-Cl: (-0.76:0.13)
Mean kicer LST (0.9 threshold) rho=0.403 rho=-0.603

p=0.219 p=0.013

95%-Cl: (-0.29:0.82) 95%-Cl: (-0.86:-0.11)
Mean kicer AST (0.9 threshold) rho=0.227 rho=-0.443

p=0.503 p=0.086

95%-Cl: (-0.44:0.73) 95%-Cl: (-0.78:0.09)
Mean kicer SMST (0.9 threshold)  rho=0.146 rho=-0.245

p=0.669 p=0.360

95%-Cl: (-0.50:0.69) 95%-Cl: (-0.67:0.29)
Mean kicer SN rho=0.036 rho=-0.377

p=0.916 p=0.150

95%-Cl: (-0.58:0.62)

95%-Cl: (-0.74:0.16)

Significant results are bold. Abbreviations: AST, associative striatum; BDI, Beck Depression Inventory; LST,
limbic striatum; NM-MRI, neuromelanin-sensitive magnetic resonance imaging; SN, substantia nigra; SMST,
sensorimotor striatum; WS, whole striatum.
TWe conducted Spearman’s rank-order correlation coefficient tests. Z2N=11 for the correlation with BDI and N=16
for the correlation with age. 3Correlation analyses with mean NM-MRI signal in the SN and BDI were corrected

forage.

4Age during PET and MRI scans. 595%-Cl| were calculated by use of Fisher z-transformation.
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Supplementary figure

Figure S1: Post-injection mean standardized uptake values of [18F]JFDOPA in grey matter cerebellum of patients
with a schizophrenia spectrum disorder and healthy controls
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Mean standardized uptake values (SUV), corrected for body weight, in cerebellar grey matter of patients with a

schizophrenia spectrum disorder (N=12) is comparable to healthy controls (N=16).Abbreviations: SCZ, patients
with a schizophrenia spectrum disorder; SUV, standardized uptake values.
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Abstract

Objective: Markers for treatment resistance in schizophrenia are needed to reduce delays
in effective treatment. Nigrostriatal hyperdopaminergic function plays a critical role in
the pathology of schizophrenia, yet antipsychotic non-responders do not show increased
dopamine function. Neuromelanin-sensitive MRI (NM-MRI), which indirectly measures
dopamine function in the substantia nigra (SN), has potential as a non-invasive marker for
non-responders. Increased NM-MRI signal has been shown in psychosis, but has notyet been
assessed in non-responders.

Methods: The current study investigates whether non-responders show lower NM-MRI signal
than responders. We acquired NM-MRI scans in 79 patients with first episode psychosis and
20 matched healthy controls. Treatment response was assessed at a six-month follow-up.
An a-priori voxelwise analysis within the SN tested the relation between NM-MRI signal and
treatment response in patients.

Results: Fifteen patients were classified as non-responders and 47 patients as responders.
Eighteen patients were excluded, primarily due to non-compliance or change in diagnosis.
Voxelwise analysis revealed 297 significant voxels in the ventral tier of the SN negatively
associated with treatment response. Non-responders and healthy controls had significantly
lower NM-MRI signal than responders. Receiver operating characteristic curve analysis showed
that NM-MRI signal separated non-responders with area-under-the-curves between 0.62-
0.85. Inaddition, NM-MRI signal in patients did not change over six months.

Conclusion: These findings provide further evidence for dopaminergic differences between

non-responders and responders, and support the potential of NM-MRI as a clinically applicable
marker for treatment resistance in schizophrenia.
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Introduction

Treatment resistance in schizophreniais a major clinical problem with 20-35% of psychotic
patients notresponding to at least two adequate trials with first line antipsychotic treatment
(1). In clinical practice, patients are often months to years on ineffective treatment before
switching to potentially effective treatment (2). This delay results in prolonged experience
of side effects of ineffective antipsychotics, poorer prognosis and decreased responsiveness
(2,3). Hence, there is an urgent need for markers to identify non-responders in schizophrenia
atan early stage and facilitate timely initiation of clozapine, the only antipsychotic with proven
efficacy in non-responders (4). Ideally these markers would be non-invasive to facilitate
incorporation into clinical practice.

A well-established finding in schizophrenia is increased striatal dopamine function, which
is associated with positive symptoms (5,6). On average patients with schizophrenia show
a moderate increase in striatal dopamine synthesis capacity compared to healthy controls
as measured with ['8F]F-DOPA positron emission tomography (PET) (7). Crucially, non-
responders do not show this elevation in striatal dopamine synthesis capacity and instead
show levels comparable to healthy controls (8-10). These findings suggest a different
neurobiological mechanism underlying symptoms in non-responders, which could explain
why antipsychotics, predominantly acting as dopamine antagonists, are ineffective in this
population (11). Moreover, they suggest the potential of dopaminergic-function markers for
treatment resistance. Indeed, striatal dopamine synthesis capacity has shown to be able to
identify 40%-60% of non-responders with a specificity of 100% and area-under-the-curves
(AUC) of 0.78-0.88 using ['8F]F-DOPA PET (12). However, PET imaging is currently not feasible
for routine clinical screening to identify non-responders, given its costs, invasiveness, and
associated radiation exposure.

Recently, neuromelanin-sensitive magnetic resonance imaging (NM-MRI) has been developed
to measure dopamine function non-invasively (13). Neuromelanin deposition depends on
cytosolicdopamine excess in dopamine cells, itself increases with dopamine synthesis (14),
and accumulates in dopaminergic cell bodies in the substantia nigra (SN), in particular pars
compacta, and ventral tegmental area (15,16). These midbrain dopaminergic neurons are
an anatomically heterogeneous group of cells most prominently located ventral, in the SN
pars compacta, and project predominantly to the dorsal striatum through the nigrostriatal
pathway (17).

The paramagnetic neuromelanin-iron complexes which lead to T1 reduction in combination
with reduced magnetization-transfer effects results in high signal intensity in the SN using
NM-MRI (18,19). NM-MRI signal correlates with regional neuromelanin concentration in
post-mortem SN tissue and to PET measures of dopamine release in the dorsal striatum in

149



Chapter | 7

vivo (20). Further, NM-MRI exhibits excellent test-retest reliability, including for voxelwise
analyses (20-22). SN NM-MRI is therefore a reliable proxy measure of dopamine function
in the nigrostriatal pathway. In schizophrenia, NM-MRI SN signal is increased compared
to healthy controls (23). In particular signal in a ventral/anterior subregion of the SN was
positively associated with positive symptoms (20). These results are in line with previous PET
studies on presynapticdopamine function in striatum and SN (7,24) and support NM-MRI’s
ability to index hyperdopaminergic function in schizophrenia. However, NM-MRI has not yet
been investigated in treatment resistant schizophrenia. The aim of the current study is to
assess whether, in line with earlier ['8F]F-DOPA PET results, NM-MRI SN signal is elevated in
treatment responders compared to non-responders, a crucial first step to evaluate NM-MRI’s
potential as an non-invasive marker for treatment resistance in first episode schizophrenia.

Methods

Participants

We recruited first episode psychosis patients with a primary diagnosis in the schizophrenia
spectrum through specialized Early Psychosis Clinics in Amsterdam, the Netherlands.
All patients were diagnosed according to DSM-5 criteria by a specialized early psychosis
psychiatrist and were undergoing treatment at a specialized early psychosis clinic. Healthy
volunteers were recruited through (online) advertisement as control group. All participants
were between 18 and 35 years. Exclusion criteria included: use of antipsychotic medication
longerthan oneyear; past or present substance use disorder and current substance use with
the exception of nicotine, alcohol and cannabis; use of dopaminergic drugs; neurological
disorderor brain damage; MRI contraindications and pregnancy. We allowed for medication
use up to one yearand cannabis use to acquire a representative group of first episode patients
with aninitial referral to a specialized early psychosis clinic. Additional exclusion criteria for
controlsincluded current or past diagnosis of a psychiatric disorder, psychotropic medication
use and positive family history (first and second degree) for psychotic disorders. Controls
were matched based on age, gender, IQ and smoking status. This study was approved by the
Medical Ethics Committee of the Amsterdam Medical Centre, University of Amsterdam (METC
2017_307) and registered at the Central Committee on Research Involving Human Subjects
(NL63410.018.17). All participants provided written informed consent before entering the
study, after receiving a complete description of the study.

Study design

Participants were assessed at baseline and patients were consecutively followed up at six
months to determine treatment response status. Baseline measurements included a MRI
scan, clinical interview and a IQ test. During the interview general information, including
demographics, currentand past medication use and medical history were collected. Symptom
severity in patients was measured using the Positive and Negative Syndrome Scale (PANSS)
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(25). The Mini-International Neuropsychiatric Interview (MINI) was conducted in the healthy
controls to rule out the presence of any psychiatric disorder (26). Global functioning was
measured using the Global Assessment of Functioning (CAF) scale. Alcohol and drug use
were measured with the Composite International Diagnostic Interview (CIDI) (27). 1Q was
determined by the shortened version of the Wechsler Adult Intelligence Scale (WAIS-II1) (28).
Socio-economic status (SES) was determined based on parental education and occupation
(29). In addition, if consent was given, antipsychotic drug serum levels were measured, and/
or patients’ relatives were contacted to evaluate adherence to antipsychotic medication.
Patients were excluded from analysis if treatment response could not be determined due
antipsychoticdrug serum levels that were below the therapeutic range, as defined by ARUP
laboratories (https://Itd.aruplab.com), and/or patients were non-adherentaccording patients’
relatives. During the entire study, patients were prescribed antipsychotic treatment based
on standard clinical guidelines by their treating psychiatrist.

Treatmentresponse

Treatment response was assessed after six months, in a follow-up clinical interview. Patients
were considered non-responders if they showed non-response despite at least two trials of
differentantipsychotics with a duration of at least 6 weeks, or after 4 weeks if there was complete
absence of response or if severe side-effects occurred, at adequate antipsychotic dose for first
episode psychosis as defined by the Dutch Multidisciplinary Guidelines Schizophrenia (30).
Non-response was defined when at least one of the following items of the PANSS was scored as
moderate or higher (score equal or higher than 4): delusions (P1), conceptual disorganization
(P2), hallucinatory behaviour (P3), mannerisms and posturing (G5) and unusual thought
content (G9) (31). Patients were also classified as non-responders when their medication
was switched to clozapine during the follow-up period. For patients who were lost to follow
up, response was determined based on medical files and contact with their clinician. Patients
were classified as non-responders if they were treated with clozapine and as responders if
the clinician reported a clear and sustained overall improvementin symptoms on standard
antipsychotics. If treatment response could not be determined, patients were excluded. If
consent was given, a follow-up blood draw was conducted to measure antipsychotic serum
levels and patients’ relatives were contacted again to evaluate adherence to antipsychotic
medication. Additionally, a follow-up MRI scan was conducted in patients who consented.

NM-MRI Acquisition

All MRI scans were acquired using a 3 Tesla MR scanner (Phillips, Ingenia Elition X, Best, The
Netherlands) with a 32-channel head coil. Participants were asked to refrain from alcohol
and cannabis 24 hours in advance of the scan. Prior to the MRI scan urine drug screening
was performed, as well as a pregnancy test for women. For NM-MRI slice placement and
preprocessing, whole-brain structural T1-weighted volumetricimages were acquired (echo
time [TE]/repetition time [TR]=4.1/9.0 ms; 189 slices; field of view [FOV]=284x284x170 mm;
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voxel size: 0.9x0.9x0.9 mm, flipangle [FA]=8"). For NM-MRI images, a 2D gradient recalled echo
sequence with off-resonance magnetization transfer pulses was performed (TE/TR=3.9/260
ms, 8 slices, FOV=162x199 mm, slice thickness=2.5 mm, FA=40", resolution=0.39x0.39 mm?2,
number of signal averages=2, magnetization transfer frequency offset and duration=1200
Hzand 15.6 ms). The NM-MRI was oriented perpendicular to the fourth ventricle floor, with
slices placed from the posterior commissure to halfway through the pons.

NM-MRI analysis

The NM-MRI was preprocessed using a previously validated pipeline (22). The pipeline
was written in Matlab (The MathWorks, Inc., 2019) and included ANTs (32), SPM12(33),
and AFNI(34) routines. In short, preprocessing steps were as follows: 1) NM images were
coregistered to the T1-weighted image using ANTs Rigid registration; 2) Brain extraction
was performed for the T1-weighted images using ANTs Brain Extraction; 3) T1-weigthed
images were spatially normalized into MNI standard space using ANTs MNI deformable
registration; 4) The coregistered NM-MRI images were spatially normalized by applying the
warping parameters that were used to normalize the T1-weigthed images to MNI space; 5)
The normalized NM-MRI images were spatially smoothed with a 1-mm full-width-at-half-
maximum Gaussian kernel using AFNI-smoothing. After preprocessing, all images were
visually inspected using standardized quality-control summary outputs (example in the
online supplement).

A-priori voxelwise analysis

For the a-priori voxelwise analysis of the NM-MRI signal in the SN, a mask of the SN-ventral
tegmental area (SN-VTA) complex was used. This mask was created in a previous study
by manually tracing the hyperintense region representing the SN-VTA complex of a NM-
MRI template (20). The tracing was deliberately overinclusive to facilitate inclusion of all
voxels of the SN-VTA complex from all participants. The neighbouring hypointense region
constituting the crus cerebri (CC) was traced as a reference region since it is known to have
negligible NM content (20).

The NM-MRI signal from these regions was used to calculate the contrast ratio (CR). The CR
ateach voxel was calculated as percent NM-MRI signal difference between each voxel in the
SN-VTA mask (ly) and the mode of the signal intensity in the CC (lcc), with the following
formula: CRy = {%jﬁlgm}*wo. The mode Icc was calculated for each participant from a

kernel-smoothing-function fit of a histogram of all voxels in the CC mask, as this enhances
robustness to outliers and edge artifacts (20).

The a-priori analysis tested differences between non-responders and responders using a
voxelwise robust linear regression predicting CR within the SN-VTA based on treatment-
response status and age as covariate (given age effects in NM concentration and NM-MRI)
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(35). Missing values because of incomplete SN coverage or extreme values smaller/greater
than 1stand 99th percentile (CR<-0.11 and CR > 26.67) were excluded (on average 39 voxels
(SD=32) or 2.2% of the SN-VTA voxels per patient). In keeping with previous work, we
chose voxelwise analyses over region-of-interest analyses to reduce statistical circularity in
defining regions via signal-intensity thresholding and to account for regional heterogeneity
of dopamine neurons across tiers without well-defined anatomical boundaries. Hypothesis
testing was based on a permutation test (10,000 permutations) for the treatment-response
status variable, which determined the chance-level distribution of the number of SN-VTA
voxels exceeding a threshold of p<0.05 (see supplementary methods S1) . To obtain a measure
of effect size unbiased by voxel selection a leave-one-subject-out analysis was performed.
Here, significant voxels for each patient were identified in a voxelwise analysis including the
complete patient sample except the left-out patient. The significant voxels were then used
to extract the mean CR for this left-out patient.

Post-hocanalyses

Post-hoc receiver operating curve (ROC) analysis was performed to assess the ability of NM-MRI
toidentify non-responders without mislabeling the responders by extracting the AUC and the
sensitivity at 100% specificity. Treatment response status (responder/non-responder) was
used as outcome variable and CR asindependentvariable. For completeness we also show the
results of the region-of-interest (ROI) analysis using the whole SN-VTA (see supplementary
methods S2). In addition, the mean CRsn.yta from the ROl analysis was compared between
non-responders and responders using a one-way ANCOVA with age as covariate.

For post-hoc analyses including the control group, the mean CR from the significant voxels
(thresholded at p<0.05 and surviving the permutation-based family-wise-error correction
for the a-priori voxelwise analysis) was compared between non-responders, responders, and
controls using a one-way ANCOVA with age as covariate.

Secondary longitudinal analyses

Asecondary aim was to assess the robustness of NM-MRI over six months, by comparing the
mean CR between all baseline patients and at follow-up. A linear mixed effect model was
conducted with time (baseline, follow-up) as the independent variable while controlling for
treatment response status and including subject as a random effect.

Exploratory symptom correlations

Exploratory correlations assessed the relationship of the mean CR of significant voxels to
clinical variables. Additional exploratory post-hoc ANCOVA's were performed controlling
for clinical variables and attrition (see supplementary results S2). In general, appropriate
parametric tests were used (or non-parametric tests when normality assumptions were
violated) and results of post-hoc analyses were considered statistically significant at p<0.05.
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Results

An overview of the baseline demographic and clinical characteristics of the participants is
shownin Table 1 (see supplementary table S1 for an overview of diagnoses and medication
use). In total 79 patients and 20 controls were included in the study. After exclusions (see
supplementary results ST and table S2), 62 patients and 20 controls were retained. A subgroup
of 37 patients participated in the follow-up MRI scan (Table S3/4 in the online supplement).
Nosignificantdifferences were found between the three groups on sex, age, 1Q, nicotine use
and cannabis use at baseline (Table 1). The non-responders and responders did not differin
duration of illness or antipsychotic dose (Table 1). Non-responders had a lower age of il Iness
onset, longer duration of antipsychotic use and lower scores on the GAF and higher scores
on all subscales of the PANSS (Table 1).

A-priorivoxelwise analysis

Consistent with our hypothesis, the a-priori NM-MRI voxelwise analysis of treatment-response
status revealed a subset of significant voxels (treatment-response voxels: 297 of 1807 voxels
at p<0.05, robust linear regression controlling for age; corrected p=0.032, permutation test,
peak voxel MNI coordinates [x, y, z]: -4, -23, -20) with increased CR in responders versus
non-responders (Figure 1). Repeating the analysis without excluding extreme voxel values
yielded similar results (treatment-response voxels: 307 of 1807 voxels at p<0.05, corrected
p=0.031), Treatment response had a moderate unbiased effect on NM-MRI signal in the
treatment-response voxels (unbiased leave-one-out Cohen’s d=0.46, 95% Cl=-0.14,1.06).
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Table 1. Baseline demographics of responders, non-responders and healthy controls

Responders Non-responders  Controls p-value

N=47 N=15 N=20

N % N % N %
Male 32 68.1 11 733 14 70.0 0.96
Smoker 23 48.9 6 40.0 9 45.0 0.83
Cannabis user 28 59.6 6 40.0 12 60.0 0.38
Ethnicity/race 0.20
White 27 57.4 10 66.7 18 90.0
Black 10 21.3 3 20.0 0 0.0
Latinx 2 4.3 0 0.0 1 5.0
Mixed 8 17.0 2 13.3 1 5.0

Mean sD Mean SD Mean SD
Age (years) 24.06 4.63 21.27 3.20 22.70 4.08 0.14
1Q 92.28 14.53 91.53 11.75 92.95 10.88 0.95
Socioeconomic status 21.95 10.38 21.07 10.18 27.68 8.93 0.09
Nicotine use (cigarettes/day) 6.38 7.77 513 7.19 7.75 9.70 0.69
Cannabis use (weeks/year) 15.34 20.18 13.53 20.97 211 24.25 0.49
GAF score 58.17 11.37 50.13 7.97 79.05 6.69 <0.001*
Age atillness onset (years) 23.36 4.55 20.33 3.37 0.03*
Iliness duration (weeks) 38.85 40.79 50.90 39.78 0.12
Antipsychotic duration (weeks) 12.87 9.28 19.84 10.15 0.02*
Antipsychotic dosage (mg/day CPZ) 397.33  164.63 330.83 134.04 0.16
PANSS positive 10.59 3.46 1413 5.29 0.03*
PANSS negative 11.32 432 14.80 5.48 0.02*
PANSS general 22.62 4.47 26.20 6.06 0.04*

IQ=Intelligence quotient, GAF=global functioning scale, CPZ=chlorpromazine equivalent, PANSS=positive and
negative syndromescale, “ p<0.05

Post-hocanalyses

The ROl analysis also showed significantly higher CRsn.yta in the responders compared to
the non-responders, F(1,59)=4.82, p=0.032. The ROC analysis of the treatment-response
voxels yielded a good AUC of 0.85, although these effects are inflated due to circularity in
voxel selection. Non-circular analyses yielded more moderate effects (unbiased leave-one-
out AUC=0.62, ROI-based AUC=0.68) (Figure 2). The post-hoc ANCOVA, including controls,
revealed a significant effect of group on mean CR in the treatment-response voxels after
controlling forage, F(1,78)=14.55, p<0.001. Age was not a significant covariate, F(1,78)=0.81,
p=0.37. Post-hoc Tukey tests showed that non-responders (N=15, mean + SD=13.18 + 1.34)
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and controls (N=20, mean + SD=14.06 + 1.48) had significantly lower CR than responders
(N=47, mean +SD=15.15+1.21), p<0.001 and p=0.005, respectively. No significant difference
was found between non-responders and controls, p=0.10. The main effect of treatment
status remained significant in control analyses either excluding patients lost to follow up
or which controlled for PANSS subscale scores and antipsychotic treatment duration (see
supplementary results S2).

A B Cc *
1 18 *
Q o8
| g BT bl
" °
. ? %

% 05 s

s z &l

n

Voxelwise analysis ° o
ROI analysis
0 LOO analysis 10
1 05 0 Responders Non responders  Controls

Specificity

Figure1. NM-MRI analyses of treatment-response status. A) Map of treatment-response voxels in which responders
exhibited a higher neuromelanin-MRI contrast ratio (NM CR) than responders (thresholded at p<0.05, permutation
corrected p-value=0.032). B) Receiver operating characteristic curves displaying the sensitivity and specificity to
separate the two patient groups using the mean NM CR of the treatment-response voxels from the voxelwise
analysis, the unbiased leave-one-out (LOO) analysis and the region of interest (ROI) analysis. C) Scatterplots showing

the extracted NM-MRI CR from the treatment-response voxels, with the boxplot showing the group mean + SD.
*p<0.05, p<0.001

Secondary longitudinal analyses

To assess differences in average CR in the treatment-response voxels between baseline and
follow-up we ran a linear mixed-effects model analysis with the 62 baseline measurements
and 37 follow-up measurements. There was a significant main effect of treatment-response
status (beta=-1.45, t=-3.77, p<0.001). There was no significant main effect of time (beta
=-0.06, t=-0.26, p=0.80), nor an interaction of time by treatment-response status (beta=0.89,
t=1.66, p=0.10). At follow-up the differences in mean CR between non-responders (N=9, mean
+SD=13.47 +1.55) and responders (N=28, mean + SD=15.25 + 1.70) remained significant,
after controlling for age, F(1,34)=7.66, p=0.010 (Figure 2). Age was again not a significant
covariate, F(1,34)=0.47, p=0.50.

Exploratory symptom correlations

Spearman’s rank correlation yielded a significant negative correlation between average CR
in the treatment-response voxels and positive symptoms and general symptoms at baseline,
r(60)=-0.26, p=0.041 and (r(60)=-0.25, p=0.045), respectively. This was not significant in a
partial correlation controlling for group, r(59)=-0.15, p=0.26 and r(59)=-0.14, p=0.28, for
positive and general symptoms respectively. Nor did this correlation reach significance
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within the non-responder (r(13)=-0.36, p=0.19) or responder group (r(45)=-0.02, p=0.89) for
the positive symptoms, or for the general symptomsin non-responder (r(13)=-0.22, p=0.43)
orresponders (r(45)=-0.09, p=0.55). No significant correlations were found between average
CRin the treatment-response voxels and age (r(60)=0.03, p=0.78), illness duration (r(60)=-
0.06, p=0.62), medication duration (r(60)=0.01, p=0.95) and dosage(r(60)=-0.02, p=0.87),
negative symptoms (r(60)=-0.19, p=0.15).
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Figure 2. Secondary longitudinal analyses. Scatterplots showing the extracted neuromelanin contrast ratio (NM
CR) from the treatment response voxels of all individual patients at baseline and follow-up (FU), with the thick
line representing the longitudinal linear mixed effect model. At baseline and follow-up a significant difference
was found between the non-responders and responders (p=0.01). No significant main effect of measurement was
found. * p<0.05, ** p<0.001

Discussion

To our knowledge this is the first study evaluating the potential of NM-MRI as non-invasive
marker for treatment resistance in first episode schizophrenia. In line with our hypothesis,
non-responders showed significantly lower NM-MRI signal compared to responders, and
similar NM-MRI signal compared to controls. NM-MRI is able to identify non-responders with
AUCs 0f 0.62-0.85. The significant voxels associated with response status were predominantly
localized in the ventral tier of the SN. Furthermore, NM-MRI appears to be relatively robust
inthat NM-MRI signal remained stable over six months follow-up and was uncorrelated with
illness duration, medication duration or dosage.
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Our results are consistent with the finding of lower striatal dopamine synthesis capacity
using ['8F]F-DOPA PET in non-responders compared to responders (8-10) and provide
further evidence that non-responders differ in nigrostriatal dopaminergic functioning from
responders. NM-MRlI is a less direct measurement of dopamine function than ['8F]F-DOPA
PET. ['8F]F-DOPA PET captures state-dependent changes in dopamine functioning, whereas
NM-MRI appears to be a more stable, trait-like, measure, likely due to the slow timescale of
neuromelaninaccumulation. In addition, other factors than only neuromelanin concentration
may contribute to the NM-MRI contrast, including myelination (36), and future work is
needed to elucidate the specificity of the contrast to neuromelanin concentration. However,
NM-MRI has several advantages over PET imaging including reduced costs, non-invasiveness
and noionizing radiation; all of these factors are essential for a clinically applicable marker
to identify treatment resistance in schizophrenia.

The subset of voxels significantly associated with response status mainly localized to ventral
SN. The ventral SN provides dopaminergicinnervation of the associative striatum(37). Previous
studies have established that presynapticdopamine function in schizophreniais especially
elevated in the associative striatum (38). A recent NM-MRI study found that voxels in the SN
associated with psychosis severity in unmedicated patients also predominated in the ventral
(and anterior) aspects of the SN (20). Together, these results support a specificinvolvement
of the ventral SN in the pathophysiology of psychosis in schizophrenia, highlighting the
functional importance of SN topography.

The current study employed a naturalistic design; the majority of patients were included
from a tertiary inpatient clinic within several weeks after their admission and had a history
of medication use prior to admission via general practitioner or other clinics (closed wards/
crisis services). Due to practical and ethical reasons, it was unfeasible to include patients
atillness onset or during the period that symptoms were most severe. As a result, most of
the included patients showed at least partial response to antipsychotics at baseline, and
the patient groups differed on symptom severity and medication duration. This could have
affected our results, but we observed no change in NM-MRI signal in the treatment-response
voxels over a six-month period while patients were on antipsychotic medication and their
positive symptoms significantly improved (see supplementary table S3). It is still possible
that NM-MRI signal change may occur at longer follow-up periods given the slow temporal
dynamics of neuromelanin accumulation. Longer follow-up periods might be challenging
in first-episode psychosis though, as follow-up is generally difficult in this group. Indeed, we
have lost 10 patients to follow-up and a considerable numberwas not motivated to participate
in the follow-up MRI scan session. The lack of correlations with illness duration, medication
duration, and antipsychotic dose, however, also suggest small or no effects of disease related
aspects, or of medication, on NM-MRI signal in treatment-response voxels during early stages
of first episode psychosis. We also found no significant effect of age on NM-MRI signal in
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these voxels within this young age range (35), consistent with a meta-analysis of NM-MRI in
schizophrenia (23). Collectively, these results further support NM-MRI as a candidate marker
for treatment resistance in first episode psychosis in a naturalistic setting, where it may be
unfeasible to limit markers to patients scanned at illness onset or before medication use.
Circumstances may vary between countries or clinics, but it is not uncommon that patients
are prescribed crisis treatment before being referred to specialized care where MRI scans
can be obtained. An MRI-based marker in such settings (i.e. after start of antipsychotic
medication) should still be able to aid in therapeutic decisions and have utility in reducing
delays in receiving effective treatment.

Itisimportantto mention that the majority of the non-responders, although meeting accepted
criteria, are not completely treatment resistant. They experienced some effect of standard
antipsychotics without reaching remission of positive symptoms. The significant negative
correlation between symptom severity and NM-MRI signal did not hold when controlling for
group and itis therefore likely driven by non-responders (with more severe positive symptoms)
having lower NM-MRI signal. It may also hintat the notion though thatapproaching response
asacontinuum is more appropriate than a binary division, although the latter may facilitate
clinical decision making (11,39). A study evaluating response dimensionally, via changes
before versus after treatmentinitiation, would be necessary to assess this notion and could
account for some of the overlap in the NM-MRI signal, assuming signal scales with response
magnitude. In addition, results might differ for ultra-treatment resistant patients (non-
clozapine responders). In our sample, 12 of the 15 non-responders responded to clozapine
atfollow up. The relatively large number of non-responding patients that received clozapine
treatment s likely due to the fact the majority of our sample were treated by a specialized
early psychosis group with extensive experience in clozapine treatment. Furthermore, the
fact that the majority of the non-responders responded to clozapine could be a result of the
early initiation of clozapine as this can increase clozapine responsiveness (3,40).

Conclusion

This study demonstrates the potential of NM-MRI as a non-invasive marker for treatment
resistance in schizophrenia atan early stage and provides further evidence for heterogeneity
in the neurobiology of schizophrenia. Further research is needed to determine the out-of-
sample predictive value of NM-MRI for non-responders in larger samples, e.g. by applying
machine learning approaches. Eventually, an adequate prediction model could lead to early
identification of treatment resistance in schizophrenia and thereby substantially reduce
delays in effective treatment and improve outcome.
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Supplementary methods

Methods S1: Voxelwise analysis

Our a-priori analysis consisted of a voxelwsie analysis predicting CR within the SN+VTA
mask based on treatment response status with age as covariate, (given age effects in NM
concentration and NM-MRI). A voxelwise robust linear regression was performed using the
MATLAB fit linear regression model (fitlm) with robust fitting using the ‘bisquare’ weight
function with the default tuning constant. A robust regression was performed to minimize
theimpact of outliers and limits the effect of other violations of regression assumptions. This
is particularly useful for voxelwise analyses since detailed inspection of the all voxelwise data
is unfeasible, it has been previously shown to improve sensitivity and reduce false positives
(e.g., Wager et al. Neuroimage 2005), and it is incorporated as part of some popular MRI
toolboxes (e.g., Tor Wager’s CANlab toolbox). Significance testing was determined by use of
a permutation testin which treatment response status was randomly shuffled with respect
to the CR in the SN-VTA mask. The permutation test corrects for multiple comparisons
by determining whether the effect’s spatial extent (number of voxels showing a certain
directional effect in a one-sided test, e.g., responders>non-responders) was greater than
would be expected by chance (p-corrected <0.05, 10,000 permutations). This is equivalent
to a cluster-level familywise- error-corrected p-value, although in this case voxels were not
required to form a cluster of adjacent voxels, and the degree of freedom could differ between
voxels as a results of missing or extreme values.

Methods S2. Region of interest analysis

For the region of interest analysis the mean CR in the SN-VTA mask (CRsn.yTa) was calculated
for each participant by averaging the CR-values of all voxels in the SN-VTA mask that had a
non-negative value. The mean CRsn.yta Was used for the receiver operating curve analysis
and ANCOVA between responders and non-responders in the main manuscript. Furthermore
the post-hoc and exploratory results from the main manuscript are repeated with CRsn.yTA
in the supplementary results S3.

Supplementary results

Results S1. Reasons for exclusion

A total of 17 patients were excluded from analysis. Reasons for exclusion for the patients
were: change in diagnosis (non-schizophrenia spectrum, such as bipolar disorder) during
follow-up (N=5), history of drug dependence or failed drug screening (N=3), unclear
treatmentresponse, e.g. due to non-compliance (N=6), or excessive motion artifacts (N=1).
Ten patients were lost to follow-up. For N=2, treatment response could not be determined
and they were excluded. The excluded patients smoked significantly more cigarettes per
day than the included patients, but did not differ significantly on any other demographics
or disease related variables. Furthermore, they did not differ in mean CR in the response
voxels or CRsn.yta (Table S2).
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Results S2. Exploratory post-hoc analysis

Two additional exploratory post-hoc ANCOVAs were performed to assess the robustness of the
group effect. For the first additional ANCOVA we excluded the lost to follow-up participants.
With the second additional ANCOVA within patients we controlled for the PANSS scores and
duration of antipsychotic use, as these variables differed between our patient groups and
could have an effect on the results. Both additional ANCOVAs showed a significant effect of
groupon CR, F(1,74)=14.54, p<0.001 and F(1,55)=18.26, p<0.001 respectively. PANSS positive
(F(1,55)=0.04, p=0.84), PANSS negative (F(1,55)=0.21, p=0.65), PANSS general (F(1,55)=0.43,
p=0.52) and duration of antipsychotic use (F(1,55)=0.11, p=0.74) were notsignificant covariates.

Results S3. Region of interest analysis

A One-way ANCOVA, controlling for age, was performed to assess the difference in groups
between mean CRsn.yta. A significant effect of group was found, F(1,78)=4.1, p=0.02. Age
was not a significant covariate, F(1,78)=0.12, p=0.73. Post-hoc Tukey test did not reach
significance between group comparisons. Trend significance was found for non-responders
(N=15, mean + SD=12.99 + 1.14) and healthy controls (N=20, mean + SD=13.06 + 1.06)
compared to responders (N=47, mean + SD=13.79 +1.24), p=0.07 and p=0.09 respectively.
No significant difference was found between non-responders and healthy controls, p=0.99.

To assess differences in average CRsn.yta between baseline and follow-up we ran a linear mixed-
effects model analysis with the 62 baseline measurements and 37 follow-up measurements.
There was a significant main effect of treatment-response status (beta=-0.60, t=-2.14,
p=0.04). There was no significant main effect of time (beta =-0.03, t=-0.19, p=0.85), nor an
interaction of time by treatment-response status (beta=-0.15, t=-0.44, p=0.66). At follow-
up the differences in CRsn.y1a between non-responders (N=9, mean + SD=12.56 + 1.37) and
responders (N=28, mean + SD=13.75 + 1.43) remained significant, after controlling for age,
F(1,34)=4.71, p=0.04. Age was again not a significant covariate, F(1,34)=0.38, p=0.54.

No significant correlations were found between average CRsn.y1a and age (r(60)=0.008,
p=0.95), illness duration (r(60)=0.03, p=0.83), medication duration (r(60)=-0.08, p=0.54) and
dosage (r(60)=-0.05, p=0.73), positive symptoms (r(60)=-0.05, p=0.73), negative symptoms
(r(60)=-0.06, p=0.64) and general symptoms(r(60)=-0.01, p=0.92).
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Supplementary tables

Table S1. Diagnoses and medication use of responders and non-responders

Responders Non-responders

N=47 N=15
DSM-5 diagnosis
Schizophrenia 24 13
Schizophreniform 16 2
Schizoaffective 4 0
Unspecified schizospectrum disorder 3 0
Medication use at baseline
Antipsychotics 45 15
Sedatives 9 6
Antidepressants 3 0
Thyrax 0 1
Vitamins / Supplements 11 3
Antihistamin 1 0
Amlodipine 1 0
Macrogol 0 1
Antibiotics 1 0 e.
Anticonceptives 1 0
Mean n. medication switches to FU 1.19 2.07
Reasons medication switch
Inefficacy 10 7
Side effects 17 5
Own initiative 7 3
Doctor’s initiative 15 7
Unknown 7 9

Note, reasons for medication switch are the answers of the patients. Doctor’s initiative most often relates
to inefficacy whereas own initiative could relate to side effects or inefficacy.
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Table S2. Demographics and symptom severity of excluded patients

Included Patients Excluded Patients p-value

N=62 N=17

N % N %
Male 43 69.35 16 9412 0.08
Smoker 29 46.77 12 70.59 0.08
Cannabis user 34 54.84 12 70.59 0.24
Ethnicity/race 0.22
White 37 59.68 14 82.35
Black 13 20.97 3 17.65
Latinx 2 3.23 0 0.00
Mixed 10 16.13 0 0.00

Mean SD Mean SD
Age (years) 23.39 4.47 25.53 4.99 0.08
1Q 92.10 13.82 96.53 17.74 0.42
Socioeconomic status 21.73 10.25 26.56 11.27 0.13
Nicotine use (cigarettes/day) 6.08 7.60 11.06 8.47 0.02*
Cannabis use (weeks/year) 14.05 19.73 23.06 22.48 0.05
CAF score 56.23 11.14 56.35 12.02 0.84
Age atillness onset (years) 22.63 4.47 24.85 4.47 0.10
lllness duration (weeks) 41.76 40.55 49.85 34.47 0.24
Antipsychotic duration (weeks) 14.56 9.88 24.06 18.86 0.14
Antipsychotic dosage (mg/day CPZ)  381.24 159.33 362.21 225.87 0.91
PANSS positive 11.44 4.22 12.06 3.90 0.45
PANSS negative 12.15 4.87 11.06 3.27 0.65
PANSS general 23.44 5.15 24.65 5.67 0.45
CRSN-VTA 13.59 1.26 13.53 1.53 0.86
CR response voxels 14.92 1.71 14.83 1.47 0.85

IQ=Intelligence quotient, GAF=global functioning scale, CPZ=chlorpromazine equivalent, PANSS=positive and
negative syndrome scale, CR=contrast ratio, SN-VTA=substantia nigra — ventral tegmental area. * p < 0.05
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Table S3. Baseline and follow-up demographics and symptom severity of patients

Baseline Follow-up p-value

N=62 N=37

N % N %
Male 43 69.4 24 64.9 0.81
Non-responder 15 24.1 9 24.3 1
Smoker 29 46.8 16 432 0.89
Cannabis user 34 54.8 12 324 0.05*

Mean SD Mean SD
Age (years) 23.39 4.47 23.65 4.04 0.47
Nicotine use (cigarettes/day) 6.05 7.6 5.38 6.8 0.72
Cannabis use (weeks/year) 14.05 19.73 6.06 12.63 0.05
GAF score 56.23 11.14 67.92 8.2 <0.001%
PANSS positive 11.44 4.22 9.03 2.39 <0.01%
PANSS negative 12.14 4.87 10.48 3.84 0.08
PANSS general 23.44 5.15 20.78 3.79 0.01%

GAF=global functioning scale, PANSS=positive and negative syndrome scale

Table S4. Baseline and follow-up demographics and symptom severity of responders and non-responders

Responder Non-responder

Baseline Follow-up Baseline Follow-up

N=47 N=28 N=15 N=9

N % N % N % N %
Male 32 68.1 18 64.29 11 733 6 66.67
Smoker 23 48.9 12 42.86 6 40.00 4 44.44
Cannabis user 28 59.6 9 3214 6 40.00 1 11.11

Mean SD Mean SD Mean sD Mean sD
Age (years) 24.06 4.63 24.00 412 21.27 3.20 22.56 3.81
Nicotine use (cigarettes/day) 6.38 7.77 5.39 6.91 7.75 9.70 5.33 6.85
Cannabis use (weeks/year) 15.34 20.18 0.68 1.09 21.10 24.25 0.25 0.71
GAF score 58.17 11.37 69.46 7.74 50.13 7.97 63.11 8.12
PANSS positive 10.59 3.46 8.89 2.23 1413 5.29 9.44 2.92
PANSS negative 11.32 432 9.18 2.30 14.80 5.48 14.56 4.90
PANSS general 22.62 4.47 20.39 3.60 26.20 6.06 22.00 4.30
CRSN-VTA 13.79 1.24 13.75 1.43 12.99 1.14 12.56 1.37
CR TR voxels 1515 1.21 15.31 1.67 13.18 1.34 13.59 1.53

CR=contrast ratio, GAF=global functioning scale, PANSS=positive and negative syndrome scale, SN-
VTA=Substantia nigra— Ventral Tegmental Area, TR=treatment response.
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Supplementary figure
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Figure S1. Example of standardized quality-control output. An example of one patient’s quality control output. On
theleftis the contrast ratio (CR) image in MNI space with in yellow the substantia nigra-ventral tegmental area
(SN-VTA) maskand in pink the crus cerebri (CC) mask. Contrast ratio (CR) is calculated at each voxel as percent
neuromelanin-MRI signal change between each voxel in the SN-VTA mask and the mode of the signal intensity in
theCC.
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Abstract

Treatment resistance (TR) in psychosis is a major clinical problem. A biomarker predicting
TR against conventional antipsychotic drugs would be relevant, potentially reducing
unnecessary delay to adequate treatment with clozapine. Dopa decarboxylase (DDC) activity
in the striatum, measured with positron emission tomography, is elevated in responders,
but not in treatment-resistant patients. Plasma DDC activity could be a surrogate marker
for DDC brain activity, and thus a potential biomarker that could be used in daily clinical
practice. Therefore, we determined plasma DDC activity in 40 male patients with recent-
onset psychosis, of whom the majority had started treatment, whereby 21 turned out to be
treatmentresponders and 19 treatment resistant during follow up. We observed no significant
group differences. Furthermore, symptom severity was not associated with plasma DCC
activity. We did observe a trend level difference in the distribution of plasma DDC activity
across categories of medication, with subsequent post hoc analysis showing lower DDC
activity in risperidone-using patients. This may suggest that risperidone could influence
plasma DDC activity. Based on these results, plasma DDC activity does not appear to be a
promising biomarker for TR in recent-onset psychosis patients who are already receiving
antipsychotic treatment.
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Introduction

Treatment resistance (TR) in psychosis is a major clinical problem, with 20-35% of psychotic
patients showing nonresponse to conventional antipsychotic treatment (1). This leads to months
oryears of delay in effective treatment, resulting in hospitalization and the unnecessary side
effects of ineffective antipsychotics. Therefore, a biomarkeris needed that could be used to
guide treatment decisions, for example to switch TR patients at an early stage to clozapine, the
only antipsychotic with recognized superior effectivenessin TR (2). Recent findings indicate
thatalongerduration of TR before instalment of clozapine could diminish the potential for
clozapine to still render a therapeutic response (3—5). This further underlines the necessity
of pursuing a biomarker that can be used in clinical practice.

A well-established finding in psychosis is increased dopamine synthesis capacity in the
striatum, which has notonly been replicated in patients with schizophrenia (6,7), butalsoin
other psychiatricdisorders such as bipolar disorder (8). Increased dopamine concentrations
are related to positive symptoms (i.e. hallucinations, delusions) of the illness (9). However, TR
patients seem to have lower striatal dopamine synthesis capacity than the responders, actually
being comparable to healthy controls (10,11). This was demonstrated with positron emission
tomography (PET) imaging using ['8F]F-DOPA, which is processed by dopa decarboxylase
(DDCQ), an enzyme required for dopamine synthesis. Moreover, a genome-wide association
study also identified a locus next to the gene encoding DDC that was associated with TR
(12). DDCactivity would therefore be a good candidate biomarker for TR. However, the gold
standard for assessing dopamine synthesis, ['8F]F-DOPA PET imaging, is not feasible for
routine screening to identify TR patients, since it is costly, invasive, time-consuming, and
leads to radiation exposure.

Apart from being required for the synthesis of dopamine, DDC is also the rate-limiting
enzyme for the production of the neuromodulator 2-phenylethylamine. 2-Phenylethylamine
concentration is demonstrated to be higherin plasmain patients with schizophrenia and also
in cerebrospinal fluid (13,14). This suggests that plasma DDC activity might be an accurate
reflection of DDC activity in the brain.

Therefore, the current study aims to explore plasma DDC activity as a potential biomarker by
testing the hypothesis that plasma DDC activity is lower in TR patients than in responders.
Inaddition, we will explore whether there is an effect of different antipsychotics on plasma
DDC activity.
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Experimental procedures

Data originate from a longitudinal study in recent-onset psychosis patients, investigating
the influence of immune disturbances on the clinical profile and course of psychosis, with
followupat1,2,and 3 years after baseline. The research protocol of this study was reviewed
and approved by the Medical Ethics Committee of the Academic Medical Center (AMC) of
Amsterdam (10.141 #11.17.0174). Patients with recent-onset psychosis, thatis, within 4 years
of symptom onset, were recruited during diagnosticintake at the specialized Early Psychosis
Clinic of the Academic Medical Center (AMC) of Amsterdam, the Netherlands. Detailed
medical and psychiatric histories, as well as baseline demographicdata, symptom severity,
medication status and blood samples were obtained during the diagnostic assessment at
the clinic for all participants and defined as baseline measurement. Diagnosis was defined
by the standardized criteria of the Comprehensive Assessment of Symptoms and History
(CASH). Symptom severity was scored by the clinician at intake with the Positive and Negative
Syndrome Scale for Schizophrenia (PANSS) (15). The total score of the PANSS (PANSSt) and
the score of the positive subscale (PANSSp) were chosen as outcome measurements.

Plasma was quickly separated after blood withdrawal and stored at -80°C. DDC activity and
the dopamine metabolites vanilglycolic acid (VGA), 3-methoxy-4-hydroxyphenylethylene
glycol (MPHG), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA) were
measured as described by Leuzzi and colleagues (16).

TR was determined based on information in the medical records during follow up, defined
as showing no adequate response to a minimum of two sufficiently dosed conventional
antipsychotics for a minimum of 6 weeks. Adequate response is defined as a PANSS score
lower than 4 on the positive symptoms. Data were available fora minimum follow-up time
of 1yearand a maximum of 3 years after baseline measurements.

Plasma DDC activity was compared between TR patients and responders, and between
different categories of medication (including medication free) to assess the possible
confounding effect of medication status. In addition, the relationship between plasma DDC
activity and the PANSS total and positive subscale score was assessed. Appropriate parametric
and nonparametric tests were used, and a probability value of 0.05 was selected as level of
significance for all analyses.

Results

Plasmasamples of 24 responders and 20 TR recent-onset psychosis patients were analyzed.
We excluded three outliers (mean+2SD), two responding females and one TR male, as
outliers mightindicate bad data or an experimental error. In addition, we excluded the only
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female (responder) that was left from the analyses, to exclude gender as a confounding
factor, leaving 21 male treatment responders and 19 male TR patients. Demographics of
the subjects are reported in Table 1.

Table 1. Demographics of treatment resistant and treatment responders groups.

Responder Resistant Statistics

N=21 N=19
Age inyears (mean +SD)) 24.4+3.0 23.1+3.0 t=1.41,p=0.172
Diagnosis (SZ:SZa:SZf:P:Bi) 10:1:1:4:5 16:3:0:0:0 X2=10.85, p=0.03b
Nicotine use (Yes:No) 16:5 10:9 X2=2.43, p=0.12b
Cannabis use (Yes:No) 8:13 9:10 X2=0.35, p=0.55P
Medication (Yes:No) 16:5 17:2 X2=1.22, p=0.27>
Medication (N:R:0:Q:A:C:H:P:F:Rd) 5:3:4:1:3:0:3:1:1:0  2:3:7:2:1:2:1:0:0:1  x2=9.36, p=0.41P
Medication use in weeks (Median (IQ1-1Q3)) 10.0 (1.0-34.0) 16.0 (5.5-26.5) U=225, p=0.50¢

Symptom onset in weeks (Median (IQ1-1Q3))  34.0 (18.0-72.0) 31.0(22.0-112.0) U=207, p=0.85¢

SZ=Schizophrenic disorder; SZa= Schizoaffective disorder; SZf= Schizofreniform disorder; P= Psychotic disorder
not otherwise specified; Bi=Bipolair I-disorder; N=No medication; R=Risperidon; O=0lanzapine; Q=Quetiapine;
A=Aripiprazole; C=Clozapine; H=Haloperidol; P=Penfluridol; F=Flupentixol; Rd=Risperidon depot; 2 Independent
T-test; b Chi-square test ¢ Mann-Whitney test

DDC activity (mean+SD) did not differ significantly between TR patients [23.0+8.7 nmol/(l/
min)] and treatment responders [23.7 +8.2 nmol/(//min)] (Table 2 and Figure 1;t=0.28, p=0.78).
Adding the excluded patientsin analysesincreased DDCactivity (mean +SD) for TR patients
[24.4+10.5nmol/(I/min)] and treatment responders [26.8 +12.8 nmol/(I/min)]; however, the
results remained nonsignificant [t(42) =0.68, p=0.50]. Furthermore, excluding the bipolar
and psychoticdisorder not otherwise specified patients showed similar results [t(30) =0.20,
p=0.85], with similar DDC activity (mean +SD) for the responders [23.6 + 7.8 nmol/(I/min)].
Inaddition, DDCactivity (mean+SD) between schizophrenia TR patients [23.1+ 9.4 nmol/(l/
min)] and schizophrenia treatment responding patients [23.3 + 8.2 nmol/(I/min)], yielded no
significant results [t(25) =0.056, p=0.96]. Explorative nonparametric analyses demonstrated
that the dopamine metabolites also did not differ significantly between TR patients and
treatment responders (Table 1). As expected, positive symptom severity (mean+SD) did
differ between TR (20.1 +7.9) patients and treatment responders (13.6 +6.4), whereas
total symptom severity did not differ between TR (76.5+23.7) and treatment responders
(61.9+22.0) from baseline (Table 1). Symptom severity was not related to plasma DCC
activity (PANSSp r:=0.00, p=1.00; PANSSt r;=—0.045, p=0.71). Controlling for nicotine and
cannabis use, by adding the variables as covariate in a general linear model, yielded similar
results as the original analyses.
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Table 2. Group comparisons between treatment resistant patients and treatment responders.

Responder Resistant Statistics
Median(1Q1-1Q3) N  Median (1Q1-1Q3) N
DDC activity (nmol/(L.min)) ~ 23.7 +8.2F 21 23.0+8.8" 19 t=0.28,p=0.782
VGA (nM) 40.8(31.0-53.4) 21 39.4(30.6-52.1) 18 U=180, p=0.81"
MPHG (nM) 16.6 (12.2-23.7) 21 17.1(11.0-25.2) 18 U=180, p=0.81"
5-HIAA (nM) 28.9 (17.7-41.4) 21 38.0(26.2-46.3) 18 U=143, p=0.20b
HVA (nM) 56.1 (45.9-66.0) 21 54.3 (41.9-80.9) 18 U=186, p=0.95>
PANSSt 59.5(40.0-78.0) 18 69.0(57.5-87.8) 16 U=101, p=0.14>
PANSSp 11.0(7.3-18.8) 20 20.0(13.5-23.8) 18 U=91.5,p=0.01b
*Mean +SD; 2 Independent T-test; ® Mann-Whitney test
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Figure1. Plasma DDC activity in nmol/(I/min) for TR patients (Resistant) and treatment responders
(Responder). Line displays mean, error bars display SD. DDC, Dopa decarboxylase; SD, standard deviation;

TR, treatment resistance.
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Discussion

The current study assessed plasma DDC activity as a candidate biomarker for TR in recent-onset
psychosis. No significant group differences in plasma DDC activity or dopamine metabolites
were observed between TR patients and responders, indicating that DDC plasma activity is an
unlikely predictor of TR. We did, however, observe a trend level difference in the distribution
of plasma DDCactivity across categories of medication, based on lower plasma DDC activity
in risperidone-using patients.

As expected, we found a greater severity of positive symptoms in the TR group compared with
the responders. These results are in line with previous research (17) and can be expected by
the factthat TRis defined mainly by severity of (positive) symptoms (1,18). However, although
it is well known that higher striatal dopamine levels contribute to the positive symptoms
in psychosis (9) we did not find an association between severity of positive symptoms and
plasma DCC activity.

A possible explanation for the lack of difference in plasma DDC activity between TR patients
and responders could be that peripheral plasma DDC activity insufficiently reflects the
central dopamine synthesis capacity. Studies using ['8F]F-DOPA PET, in which the PET tracer
is processed by DDC, previously showed elevated uptake in the striatum in psychosis (6-8,19),
but notin TR patients as a subgroup, even while they were using antipsychotics (10,11). In
line with the ["8F]F-DOPA PET studies, also amphetamine-induced dopamine release is
elevated in the striatum in schizophrenia (20,21). In contrast, cortical dopamine release
is lower in schizophrenia patients (22). This shows that, even within the brain, dopamine
synthesis capacity, and, related to that, DDC activity, might be region specific. Thus, plasma
DDC activity may not necessarily be related to striatal DDC activity. To verify this assumption,
itwould be necessary to correlate ['8FJF-DOPA PET with plasma DDC activity measurements
in future studies.

The observed trend level effect of type of medication on the plasma DDC activity and trend
level correlation between medication use in weeks and plasma DDC activity, could indicate
that the use of antipsychotics might have influenced our results. This might also suggest
that chronic schizophrenia patients with long-term medication use differ in plasma DDC
activity compared with recent-onset patients, therefore our results are not applicable to
chronicschizophrenia patients. Subsequent post hoc analysis showed lower DDC activity in
risperidone-using patients. Risperidone is less lipophilic than most antipsychotics and has a
lower brain-to-plasmaratio, resulting in a relatively higher peripheral concentration (23,24).
Especially the active metabolite 9-hydroxy-risperidone of risperidone might influence the
DDCactivity. 9-Hydroxy-risperidone has strong dopamine D, receptor antagonistic properties,
and, compared with risperidone, an even lower brain-to-plasma ratio and a longer half-life
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(24). In addition, this metabolite appears to play a role in plasma prolactin elevation (25),
and elevated prolactin level increases dopamine synthesis in pituitary neurons by increasing
tyrosine hydroxylase activity. Although the mechanismis not exactly clear, this may suggest
thatrisperidone could influence plasma DDC activity as well. Exclusion of these patients from
the analysesyielded no relevant change of results though. Other antipsychotic medications
were notsignificantly associated with DDCactivity. Also nonuse of medication did not result
in significantly different DDC activity (N=7, mean+SD=23.1+5.4). However, the current
study included a modest sample size and there was a wide variety in antipsychotic use. Ideally,
plasma DDC activity should be assessed in medication-naive patients, or at leastin patients
with short period of treatment with antipsychotic medication and who are medication-free
attime of plasmasampling. Evaluating plasma DDCactivity in these patients may still be of
interest before ruling out plasma DDC activity measure as potential biomarker.

This study has several limitations, including modest sample size, heterogeneity in diagnosis,
heterogeneity in antipsychotic use, and inclusion of patients with nicotine and cannabis
use (which may affect presynaptic striatal dopamine) (26). Furthermore, results are only
applicable to male recent onset psychotic patients, because women were not included in
the analyses. Taken together, it should be regarded as a pilot study to assess the potential
of plasma DDC activity as biomarker for TR. The current findings point out that a future
study that would investigate plasma DCC activity as biomarker for TR should include a larger
sample size, ideally in medication-naive schizophrenia male and female patients without
substance abuse. A longitudinal study design would preferably include structured follow up
with PANSS assessment and blood sampling. Plasma DDC activity measurements at follow
up could provide information about changes in plasma DDC activity in TR and responders
and the effect of medication use on plasma DDC activity. Furthermore, correlation of plasma
DDC activity with ['8F]F-DOPA PET could validate the plasma measure as surrogate for striatal
DDC activity. In spite of the limitations of the current study, the results show very similar
plasma DDCactivity between responders and TR. We cannot exclude the possibility of a false
negative finding with this study, but it does suggest that a potential effect size would be too
small for clinical use. Taken together, plasma DDC activity does not appear to be a promising
biomarker for TR in patients currently using antipsychotic medication. Future research on
biomarkers for TR could focus on other potential derivatives of dopamine synthesis in the
brain or on other neurotransmitter systems (e.g. glutamate) (27,28).
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Abstract

Around 30% of schizophrenic patients do not sufficiently respond to conventional antipsychotic
treatment. The excitatory neurotransmitter glutamate and the inhibitory neurotransmitter
y-aminobutyricacid (GABA) are implicated treatment resistant (TR) patients. Itis hypothesized
that TR patients have more marked glutamatergic deficits than responders, but findings are
inconclusive and the two neurotransmitters have only rarely been assessed in conjunction.
Further research is needed to elucidate the role of glutamate and CABA in TR schizophrenia,
especially inthe early disease stage. We aimed to investigate the role of GABA and glutamate
in firstepisode TR patients and explore whether GABA and/or glutamate could be potential
markers for TR schizophrenia. Magnetic resonance spectroscopy (MRS) was used to assess
glutamate and GABA+ in the anterior cingulate cortex (ACC) of 58 first episode psychosis
patients. At 6 months follow-up treatment response was determined and in a subgroup of 33
patients a follow-up MRS was acquired. Glutamate and GABA+ levels were not significantly
difference between TR patients and responders at baseline nor did we find an effect of time
atfollow-up. Importantly, the groups differed in voxel fractions of white matterand cerebral
spinal fluid, which could have influenced our results. In sum, we did not find evidence for
ACC glutamate or GABA+ as potential markers for treatment resistant antipsychotic using
schizophrenia patients.
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Introduction

Approximately 30% of patients with schizophrenia are treatment resistant (TR) and do
not respond adequately to treatment with conventional antipsychotics (1). Patients are
considered TR when they do not sufficiently respond to at least two adequate trials with
first-line antipsychotics. This results in delays in effective treatment and is accompanied
with unnecessary side effects of ineffective medication, lower quality of life, and longer
hospitalizations (2). To date, clozapine is the only recognized treatment for TR patients.
Clozapine, however, is associated with serious adverse effects and therefore underutilized
(3) with delays in clozapine initiation that can mount up to years (4). This is a problem as
delay in effective treatment results in a poorer prognosis (5,6). Elucidating the underlying
neurobiology of treatment resistance in schizophrenia may aid in the development of new
treatments and early markers for TR in schizophrenia.

Conventional antipsychotics have in common that they act as dopamine D,-like receptor
antagonists (7). Their working mechanism is thought to be based on blocking the presynaptic
striatal hyperdopaminergic signal that has been associated with the positive symptoms in
schizophrenia (8). However, TR patients do not show this striatal hyperdopaminergic state
(9), which may explain why conventional antipsychotics are not effective in these patients.
The pathophysiology of TR patients might therefore be more reliant on non-dopaminergic
neurotransmitter systems. Instead, the glutamatergic system may have a more substantial
rolein TR schizophrenia (10). Whereas TR patients show normal striatal dopamine synthesis
capacity, they have elevated glutamate levels in the anterior cingulate cortex (ACC) (9).
Responders to first-line antipsychotics, on the other hand, showed relatively normal ACC
glutamate levels. Indeed, data from other Magnetic Resonance Spectroscopy (MRS) studies
suggest thatincreased ACC glutamate levels are associated with TR schizophrenia (11-14).
One study showed that higher baseline ACC glutamate levels in antipsychotic-naive first
episode patients were associated with a higher likelihood of non-response (15).

The glutamate hypothesis postulates that the increased glutamate in schizophrenia is
secondary to a loss of y-aminobutyric acid (CABA) inhibition as a result of N-methyl-D-
aspartate (NMDA) receptor hypofunctioning (16). As such, GABA could also be dysregulated
in treatment resistance. One longitudinal MRS study found that lower ACC GABA levels in
antipsychotic-naive patients compared to controls are associated with eventual non-response
(17). While the above-mentioned studies suggest elevated glutamate levels and decreased
GABA levelsin the ACC as markers for treatment resistance in schizophrenia, the number of
studies are limited and some have found no changes or even contrary results (18-20). Only one
other MRS study has investigated GABA levelsin the ACC of TR patients and showed increased
GABA levelsin ultra-TR patients compared to TR patients that did respond to clozapine, but
no differences were found in GABA levels compared to responders or healthy controls (21).
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In addition, they found no significant difference in glutamate levels between all groups. In
fact, a meta-analysis including four studies on ACC glutamate levels in TR patients showed
nosignificant difference between TR patients and responders (10). This finding is uncertain
since there was significant heterogeneity in group demographics, especially illness duration,
across studies. Kumar and colleagues highlighted the need for research in patients thatare
in the early stages of schizophrenia, as clinical application of markers for TR patients are
most relevant for first episode psychosis patients.

The primary objective of the current study is to further elucidate the roles of glutamate
and GABA in the ACCin TR first episode psychosis. We hypothesized that TR patients show
increased glutamate levels and decreased GABA levels compared to responders. Furthermore,
we explored whether glutamate and GABA levels, ora combination, could have potential as
marker foridentifying TR in first episode schizophrenia patients.

Methods
Participants

First episode psychosis patients with a primary diagnosis in the schizophrenia spectrum
were recruited through specialized early psychosis clinics in Amsterdam, the Netherlands.
Healthy volunteers were recruited through (online) advertisement to serve as control
group. All participants were aged between 18 and 35 years. Exclusion criteria were: use of
antipsychotic medication longer than one year; current use of other dopaminergic medication
orrecreational drugs; use of benzodiazepines on the test day; past or present substance use
disorder and current substance use with the exception of nicotine, alcohol and cannabis;
neurological disorder; MRI contraindications and pregnancy. We allowed for medication use
up to one yearand cannabis use to be able to acquire a representative group of first episode
patients with an initial referral to a specialized early psychosis clinic. In addition, controls
were excluded if they had a diagnosis of a psychiatric disorder, used psychotropic medication
or had a positive family history (first and second degree) for psychotic disorders. Controls
were matched based on age, gender, smoking status and 1Q. This study was approved by
the Medical Ethics Committee of the Amsterdam Medical Centre, University of Amsterdam
(METC 2017_307) and registered at the Central Committee on Research Involving Human
Subjects (NL63410.018.17). All participants provided written informed consent before
entering the study.

Study design

Participants were assessed at baseline and patients were consecutively followed up at six
months to determine treatment response status. Baseline measurements included an MRI
scan, clinical interview and an 1Q test. During the interview, general information, including
demographics, currentand past medication use and medical history were collected. Symptom
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severity in patients was measured using the Positive and Negative Syndrome Scale (PANSS)
(22). The Mini-International Neuropsychiatric Interview (MINI) was conducted in the healthy
controls to rule out the presence of any psychiatric disorder (23). Global functioning was
measured using the Clobal Assessment of Functioning (CAF) scale. Alcohol and drug use were
measured with the Composite International Diagnostic Interview (CIDI) (24). In addition,
urine drug screening was performed, as well as a pregnancy test forwomen. IQ was estimated
with shortened version of the Wechsler Adult Intelligence Scale (WAIS-III) (25). During the
entire study, patients were prescribed antipsychotic treatment based on standard clinical
guidelines by their treating psychiatrist.

Treatment response

Treatment response was assessed after six months follow-up using the PANSS. Patients
were considered TR when, despite adequate treatment of minimal two trials of different
antipsychotics, at least one of the following items of the PANSS was scored moderate or higher:
delusions (P1), conceptual disorganization (P2), hallucinatory behaviour (P3), mannerisms
and posturing (G5) and unusual thought content (G9) (26). Patients were also classified as TR
when they used clozapine at follow-up. For patients who were lost to follow up, response was
determined based on medical files and contact with their clinician. This subgroup of patients
were classified as TR if they were treated with clozapine, and as responders if the clinician
reported remission on standard antipsychotic treatment. If treatment response could not
be determined, patients were notincluded in the analyses. If consent was given, at baseline
and follow-up a blood draw was conducted in the patients to measure antipsychotic serum
levels and patients’ relatives were contacted at 6 months follow-up to evaluate adherence
to antipsychotic medication. In addition, a follow-up MRI scan was conducted in patients
who consented.

MR Acquisition

Single voxel proton MRS was obtained to assess glutamate and GABA levels in the ACC. All
MR scans were acquired using a 3 Tesla Philips MR scanner (Philips, Ingenia Elition X, Best,
The Netherlands) with a 32-channel head coil. For placement of the MRS voxels and brain
tissue segmentation, a 3D whole brain-structural T1-weighted image was acquired (echo
time [TE]/repetition time [TR]=4.1/9.0 ms; 189 slices; field of view [FOV]=284x284x170 mm;
voxel size: 0.9 mm3 isotropic, flip angle [FA]=8"). MRS voxels were placed parallel to the corpus
callosum on the sagittal midline, as shown in Figure 1 (similar to (11,15,20)).

Point Resolved Spectroscopy (PRESS) pulse sequence was used to acquire the metabolite
spectra for glutamatergic measurements (TE =35 ms; TR =2000 ms; 128 averages; spectral
width =2000 Hz; voxel size =20 x 20 x 20 mm, with MOIST water-suppression). GABA-edited
THJ-difference spectra were acquired using a Meshcher-Garwood Point Resolved Spectroscopy
(MEGA-PRESS) pulse sequence with an on-resonance editing pulse (ON) applied at 1.9 ppm
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and an off-resonance editing pulse (OFF) applied at 7.5 ppm (TE=68 ms; TR =2000 ms; 320
averages; spectral width =2000 Hz; voxel size =30x30x 25 mm, with VAPOR water-suppression)
(27,28). See supplementary table S1 for additional parameters of the MRS sequences.

PRESS MEGA-PRESS

TR patients Responders

Follow-up

0.0 0.5 1.0

Figure1. MRS voxel placement of A) Point resolved spectroscopy (PRESS) and B) Meshcher-Garwood Point
Resolved Spectroscopy (MEGA-PRESS). The voxel was placed parallel to the anterior cingulate cortex (ACC). The
color bar represents fraction of voxel overlap within groups (responders, treatment resistant patients (TR), follow-
up (including responders and TR), after normalization to MNI-space, with red indicating greater overlap between
participants.

Spectral quantification and quality control

Glutamate + glutamine (GIx) concentrations were determined from the PRESS spectra as proxy
measure of glutamate, due to overlap in spectral assignment of glutamate and glutamine
on a 3 Tesla scanner (29). The PRESS spectra were fitted using Linear Combination model
(LCModel) version 6.3-1P with a standard basis set with 16 metabolites. The node spacing
forthe spline function (DKNTMN) was set to 0.5 ppm to stiffen the baseline (30). After eddy
current correction, water scaling was applied to estimate Glx concentrations, as well as other
neurometabolites (supplementary methods S1). PRESS spectra were visually checked, and
spectra with a Full-Width at Half-Maximum (FWHM) >0.1ppm, Signal-to-Noise ratio (SNR)
<20 or with Cramer-Rao Lower Bounds (CRLB) >15% for Glx were classified as poor-quality
spectra and were excluded from further analysis (31,32).

The MEGA-PRESS sequence is optimized for GABA measurements (27,33). We quantified
GABA levelsincluding macromolecules (CGABA+), as the macromolecules resonate at the same
frequency as GABA in the MEGA-PRESS sequence (3.0 ppm) (34). Analysis of the MEGA-PRESS
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spectra, were automatically performed using Gannet3.1 (35) in MATLAB (The MathWorks,
Inc., Natick, MA, 2016). The MEGA-PRESS spectra were visually checked, and spectra with
a Fit Error (FE) >20%, FWHM >29.6Hz (0.1ppm) or SNR <8 were classified as poor-quality
spectra and were subsequently excluded from further analysis (36).

3D T1-weighted images were used to determine the voxel tissue fractions for the PRESS and
MEGAPRESS voxels using Gannet 3.1 (35) in MATLAB (The MathWorks, Inc., Natick, MA, 2016).
The voxel tissue fractions, grey matter (GM), white matter (WM) and cerebrospinal fluid
(CSF), were used to perform partial volume correction on all metabolite concentrations (12,
20,37). Thisequation (supplementary equation S1) takes into account the relative densities
of MR-visible waterin GM, WM and CSF.

Statistical Analysis

Statistical analyses were performed using RStudio 4.0.3. Our main analysis assessed group
differences at baseline between TR patients and responders for Glx and CABA+ using an
independent T-test, and assessed the association between Glx and GABA+ by using Pearson
correlation. In addition, we explored the effects of GIxand GABA+ at baseline on treatment
response using a logistic regression with treatment response status as dependent variable.
As a secondary aim, changes in neurometabolite levels over six months follow-up were
assessed, using a linear mixed effect model including all baseline and follow-up participants,
with time (baseline, follow-up) as the independent variable while controlling for treatment
response status and including subject as a random effect.

In the supplementary materials we report post-hoc analysis for Glx and CABA+ including
the control group to assess the differences between responders, TR patients and controls
and exploratory group comparisons for the additional metabolites from the PRESS spectra.

Appropriate parametric tests were used or non-parametric tests when normality assumptions
were violated. Outliers were defined as +/- 2 SD from the group mean, in case of outliers
the results were reported with and without excluding the outliers. To account for multiple
testing, Bonferroni correction was applied for the analyses on Glx and CABA+, hence results
were considered statistically significant at p<0.025. Exploratory and post-hoc analyses
were performed without correction for multiple comparisons and considered statistically
significant at p<0.05.

Results

Intotal, 78 patients and 20 controls were included in the study. After exclusions, 58 patients were
retained (supplementary methods S1), of which 46 responders and 12 TR patients. Thirty-four
patients participated in the follow-up MRI scan (27 respondersand 7 TR patients). Demographic
and clinical characteristics of the participants at baseline are summarized in Table 1.
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No significant differences were found between the two groups in sex, age, 1Q, nicotine use,
and cannabis use (Table 1). The TR patients had longer duration of antipsychotic use, a lower
score on the GAF and a higher score on the PANSS positive scale than responders (Table 1).

Table 1. Demographic and clinical characteristics of responders and TR patients

Responders TR patients p-value

N=46 N=12

Mean (SD) Mean (SD)
Male? 31 (67.4%) 9 (75.0%) 0.612
Age (years) 24.15 (4.64) 21.67 (3.42) 0.095
1Q 91.74 (14.22) 90.75 (13.06) 0.828
Smoker (N)? 22 (47.8%) 5(41.1%) 0.756
Nicotine use (sig/day) 5.98 (7.34) 5.58(7.19) 0.820
Cannabis user (N) 27 (58.7%) 5(41.7%) 0.341
Cannabis use (weeks/year) 14.17 (19.21) 14.50 (22.55) 0.828
GAF score 58.24 (11.49) 51.00 (8.68) 0.047%
Age atillness onset (years) 23.44 (4.57) 20.75 (3.67) 0.095
IlIness duration (weeks) 39.51 (40.98) 53.76 (42.97) 0.189
Medication duration (weeks) 13.08 (9.27) 20.02 (10.5) 0.032%
Medication dosage (mg/day CPZ) 365.38 (186.97) 312.88 (160.13) 0.284
PANSS positive 10.52 (3.48) 14.33 (5.47) 0.028*
PANSS negative 11.37 (4.20) 14.00 (5.69) 0.134
PANSS general 22.44 (4.52) 24.83 (5.73) 0.193

CPZ, chlorpromazine equivalent; GAF, global assessment of functioning; 1Q, Intelligence quotient; PANSS,
positive and negative syndrome scale; TR, treatment resistant.
*p<0.057 Number (%) instead of Mean (SD)

MRS Data Quality

Oneresponderwas excluded from the glutamate analysis and one TR from the CGABA+ analysis
due to low SNR. One TR and one responder did not complete the MEGA-PRESS acquisition.
Thisresulted ina group of 45 respondersand 12 TR patients for the glutamate analysis and 45
responders and 10 TR patients for the GABA+ analysis. MRS spectral quality measurements
(after quality control) are summarized in Table 2. Even though significant between-group
differences were found in SNR and CRLB for the PRESS spectra, all were of good quality (CRLB
<5% and SNR >21, see supplementary figure S1 for an example spectrum). Voxel fractions
differed between TR patients and responders for WM and CSF but not GM (Table 2), even
though voxel placement was consistent (Figure 1).
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Table 2. MRS Spectral Quality Measurements for responders and TR patients

Responders TR patients Statistic P-value

PRESS N=45 N=12

CRLBGlu 3.62 (0.49) 417(0.39) X2=12.7 0.002*
CRLB Glx 3.53(0.55) 4.08 (0.52) X2=8.80 0.012*
FWHM 0.036 (0.008) 0.036 (0.006) W=273.5 0.952
SNR 27.60(2.33) 25.75 (2.49) t=2.32 0.034*
GM 0.69 (0.034) 0.67 (0.035) t=1.14 0.270
WM 0.17 (0.0260) 0.15 (0.022) t=2.51 0.021*
CSF 0.15(0.036) 0.18 (0.036) W=130 0.005*
MEGAPRESS N=45 N=10

FE GABA+ 6.77 (1.84) 7.28 (2.69) W=196 0.606
FWHM 18.6(2.13) 18.1(1.91) W=298 0.397
SNR 15.3(2.44) 14.1(3.14) t=1.16 0.271
GM 0.514 (0.0271) 0.515 (0.0271) t=-0.05 0.959
WM 0.380(0.0286) 0.354 (0.0337) t=2.32 0.039%
CSF 0.105 (0.0221) 0.131 (0.0321) t=-2.45 0.032*

CRLB, Cramer-Rao Lower Bound; CSF, cerebrospinal fluid; FE, Fit Error; FWHM, full-width at half maximum;
GABA+, y-aminobutyricacid; Glu, glutamate; Glx, glutamate + glutamine; GM, grey matter; SNR, signal-to-noise
ratio; WM, white matter.

*p<0.05

Baseline glutamate and GABA+

No significant difference was found for GIx between responders (mean + SD=17.82 +1.38)
and TR patients (mean + SD=17.07 + 1.54), t(56)=1.55, p=0.14 (Figure 2). After exclusion of
outliers, results remained similar (t(52) =1.49, p=0.160). In addition, no significant differences
were found for CABA+ between responders (mean + SD=2.51+0.41) and TR patients (mean
+ SD=2.44 + 0.48), t(57)=0.46, p=0.66 (Figure 2). Moreover, no difference were found in
Glx and CABA+ between controls, responders and TR patients, F(1,74)=1.21, p=0.304 and
F(1,71)=0.793, p=0.456, respectively (supplementary table S3). Pearson’s correlation analysis
showed that GABA+ did not correlate with Glx, r(52)=-0.035, p=0.80.
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Figure 2. Scatterplots of metabolite levels for responders and treatment resistant (TR) patients at baseline with A)
glutamate + glutamine (Glx) and B) y-aminobutyricacid (CABA+). Boxplots showing the group mean + SD.

Secondary analyses

The binary logistic regression indicated that there was no significant association of Glx and
GABA+ on treatment response at baseline, x2(2) =3.521, p = 0.172 (supplementary table
S4). The linear mixed effects model, including all baseline and follow-up measurements,
showed no significant effect of 6 months follow-up on Glx and GABA+, p=0.093 and p=0.315,
respectively (supplementary table S4).

Post-hoc exploratory correlations

Spearman’s correlation analyses were performed to assess the relationship between metabolite
concentrations and duration of antipsychotic use, GAF-score and PANSS positive score, WM, CSF
and SNR, because the TR patients and responders differed on these variables. No significant
correlations were found (supplementary table S5). In addition, we explored the association
between voxel fractions and quality of the MR spectrum and found a significant correlation
between WM and CSF, and the FWHM and SNR for the PRESS sequence (supplementary
table S6).

Discussion

The aim of this study was to elucidate the roles of glutamate and GABA in the ACC in TR
first episode psychosis. No significant differences between TR patients and responders for
glutamate and GABA were found. Hence, we did not find evidence that these metabolites
canaid toidentify TR patients. Moreover, GABA levels did not correlate with glutamate levels.
Lastly, the longitudinal analysis did not reveal an effect of 6 months follow up on GABA or
glutamate levels.

Contrary to our hypothesis, and to previous literature demonstrating increased glutamate
metabolite levels (11,13,14,38), glutamate was not significantly different between responders
and TR patients.
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A possible explanation for our findings might be that 10 of the 12 TR patientsin our sample
responded to clozapine at follow-up. Studies that did find elevated levels of glutamatergic
metabolites in TR patients, excluded (former) clozapine-users (12,14). Indeed, one study
showed elevated glutamate levels in clozapine-resistant patients compared to responders,
while no elevated glutamate levels were seen in clozapine-responsive patients (13). Another
explanation could be the high heterogeneity inillness duration and medication use between
studies. Most studies included patients thatare in a later stage of theiillness, with a duration
of illness of five years (12), ten years (18), or even 16 years (9). Interestingly, a study with an
illness duration similar to our sample also did not find any difference in glutamate levelsin
the ACC between TR patients and responders at baseline norat 9 months follow-up (20). They
hypothesized that their null findings might be due to the fact that their patients, similar to the
patientsin the current study, were not antipsychotic-naive. Namely, a study in antipsychotic-
naive patients show reductions in glutamate after four weeks of treatment (15). Moreover, a
mega-regression has shown that glutamate levels are susceptible to antipsychotic dose (39).

The number of MRS studies investigating GABA in TR schizophrenia are limited, even though
especially GABA levelsin the ACCare implicated in schizophrenia (40). We expected decreased
GABA levelsin TR patients based upon earlier GABA findings in schizophrenia, the glutamate
hypothesis, and the finding that lower GABA baseline levels in the ACC were associated with
non-response (17). Conversely, the only cross-sectional study that compared TR patients with
responders (instead of controls) found, in line with our results, no difference between TR and
responders (21). They did find decreased GABA in clozapine responding TR patients compared
to ultra-TR patients. This again highlights the importance of differentiating between TR and
ultra-TR. Itisimportant to note that, contrary to our current study, this study included chronic
schizophrenia patients with anillness duration around 20 years. The meta-analysis of Kumar
etal. (2022) demonstrated that the decrease of CABA levels in schizophrenia compared to
controls are most pronounced in first-episode schizophrenia (40). Bojesen et al. (2019),
did include first episode antipsychotic-naive patients, but did not compare TR patients
with responders and only assessed the predictive value of glutamate and CABA relative to
controls (17). However, in clinical practice it would be essential fora TR marker to be able to
differentiate between TR patients and responders at an early ilIness stage.

The strength of the current study is that we compared both CABA and glutamate between
responders and TR patients in first episode schizophrenia patients using a longitudinal
design. However, a limitation of our study is that the patients were not antipsychotic-naive
atbaseline,and TR patients had a longer duration of antipsychotic use and higher symptom
severity. This could have influenced our results, however the post-hoc correlations did not
reveal any significant correlations with the GABA or glutamate metabolites in the complete
patientsample. Moreover, we found no significant differences between baseline and follow-up,
while all patients were on antipsychotic medication during the follow-up period. In addition,
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although results are inconsistent and an effect of antipsychotic dose has been found, there
is no evidence of an effect of antipsychotic medication duration or symptom severity on
glutamate levels in the ACC (39).

Mostimportantly, we found a significant difference in the voxel fractions of CSFand WM. These
differences mightinfluence the quality of the MRS spectrum and metabolite levels. For the
PRESS sequence higher WM and lower CSF fractions were associated with better spectrum
quality, and WM and CSF fraction were significantly correlated (supplementary table Sé).
These findings are not a result of a-priori analyses and therefore need to be interpreted with
caution. In the CSF the metabolite concentrations are negligible, hence higher fractions of
CSFin the voxel could render lower metabolite levels. We correct for CSF content using the
voxel fraction correction equation, however this might not be sufficient. Glutamate and GABA
concentrations also differ between GM and WM and variation in tissue composition could lead
tovariance in glutamate and GABA measurements (41,42). The voxel fraction differences are,
however, in line with previous research. Schizophrenia is known to be associated with brain
volume reductions, including in the ACC (43). Several studies have shown GM and cortical
thickness associated with treatment non-response (44), however more recent papers have
implicated especially WM deficits with treatment resistance (45-47). These findings stress
the importance to take voxel fractions into account in MRS studies comparing TR patients
and responders. The exploratory analyses, including healthy controls, showed a significant
effect of group for all additional metabolites. However, again differences in voxel fractions
might underlie these differences.

Conclusion

We did not find evidence that glutamate or GABA levels in the ACC could be a potential
marker for treatment resistance in schizophrenia. Previous studies and our results suggest
that MRS measurements of glutamate and GABA, are susceptible to multiple confounders
including brain fractions, medication dose, illness duration and clozapine responsiveness.
This complicates disentangling the role of glutamate and GABA in treatment resistance
schizophrenia. Future research to explore the role of CABA and glutamate in treatment
resistance schizophrenia should take these confounders into account, e.g., include medication
naive patients, follow up longitudinal, and distinguish between TR-clozapine responders
and TR-clozapine resistant patients.
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Supplementary methods

Methods S1. Exploratory metabolites

PRESS spectra were fitted and quantified using Linear Combination Model (LCModel)
version 6.3—1P, with a standard basis for PRESS a 3 Tesla and a TE of 35 ms containg 16
metabolites. We report in this supplement the additional metabolites with good spectral
quality, including total creatine (tCr, creatine and phosphocreatine), myo-inisotol (ml), total
NAA (tNAA, N-acetylaspartate and N-acetyl-aspartyl-glutamate), and total choline (tCho,
glycerophosphocholine plus phosphocholine). A tissue fraction correction was performed
on all metabolite levels to account for individual differences in CSF, WM and GM volumes
and their relative water densities in the voxel, according to Equation S1.

Equation S1. Voxel fraction correction
[M]corr = [M]*(WM +1.21*GM + 1.55*CSF) / (WM + GM)

[M]corr =Tissue fraction corrected metabolite level (mM)
[M] = Uncorrected metabolite level (mM)

WM = White matter content in voxel (%)

GM = Grey matter content in voxel (%)

CSF = Cerebrospinal fluid content in voxel (%)

Supplementary results

Results S1. Reasons for exclusion

A total of 20 patients were excluded from analysis. Reasons for exclusion were: change in
diagnosis (non-schizophrenia spectrum, such as bipolar disorder) during follow-up (N=5),
history of drug dependence or failed drug screening (N=3), use of benzodiazepines on the
scan day (N=3), unclear treatment response, e.g. due to non-compliance (N=6) or excessive
motion artifacts (N=1). Nine patients were lost to follow-up, for N=7, treatment response
could be determined based on medical files and contact with clinicians and were retained
inthe sample.

Results S2. Exploratory analyses

As exploratory analyses we compared all metabolites, including the additional metabolites
described in Methods S1, between responders, TR patients and healthy controls using an
One Way ANOVA(Table S1). We found difference in GM and CSF between the three groups,
with Tukey post-hoc analyses showing higher GM in controls compared to responders (PRESS
p=0.002, MECAPRESS p=0.041) and TR patients (PRESS p=0.002). Higher CSF was found for
TR patients compared to responders (PRESS p=0.013, MEGCAPRESS p=0.004) and controls
(PRESS p<0.001, MEGCAPRESS p<0.001). In addition, higher CSF was found in responders
compared to controls (PRESS p=0.012). TCho, ml, tNAAyielded a significant difference, and
tCR a trend significant difference, between the three groups (Table S1). Post-hoc analyses
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revealed highertCho (p<0.001), ml (p=0.002), in the TR patients than controls and trend level
higher tNAA (p=0.051). In addition, responders showed higher tCho (p<0.001), ml (p=0.007)
compared to controls, and trend level higher tNAA (p=0.060).

Supplementary tables and Figure

Table S1. Description of MRS data acquisition, analysis, and quality assessment.

PRESS MEGA-PRESS
1. Hardware
a. Field Strenght 3T 3T
b. Manufacturer Philips Philips

c. Model Ingenia Elition X Ingenia Elition X
d. RF coil 32 channel coil 32 channel coil
e. Additional hardware N/A N/A

2. Acquisition

a. Pulse sequence PRESS MEGA-PRESS

b. Volume of interest ACC ACC

c. Nominal VOl size 20x20x20 mm 30x30x25mm

d. Repetition time (TR), echo time (TE)
e. Total number of acquisitions/averages

f. Additional sequence parameters

TR/TE=2000/35 ms
128

2000 Hz; 2048 data points

TR/TE=2000/68 ms
320

2000 Hz; 2048 data points

g. Water suppression method MOIST VAPOR

h. Shimming method Automated Automated
i. Triggering or motion correction method None None

3. Data analysis methods and outputs

a. Analysis software LC model 6.3-1P CANNET 3.1

b. Processing steps deviating from quoted product

c. Output measure

d. Quantification references and assumptions

0.5 ppm DKNTMN

Water scaled, partial volume
corrected

Default basis set

Water scaled, partial volume
corrected

Default fitting

4. Data quality

a. Reported variables

b. Data exclusion criteria

c. Quality measures of postprocessing model fitting

d. Sample spectrum

SNR, FWHM

SNR <20, FWHM >0.1 ppm,
CRLB>15%

CRLB

Figure S1a

SNR, FWHM

SNR <8, FWHM >0.1 ppm,
FE>20%

FE
Figure S1b
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Table S2. Demographics of responders, TR patients and controls at baseline

Responders TR patients Controls p-value

N=46 N=12 N=20

Mean (SD) Mean (SD) Mean (SD)
Male? 31 (67.4%) 9 (75.0%) 14 (70%) 0.875
Age (years) 24.15 (4.64) 21.67 (3.42) 22.7 (4.08) 0.242
1Q 91.74 (14.22) 90.75 (13.06) 92.95 (10.88) 0.867
Smoker! 22 (47.8%) 5(41.1%) 9 (45%) 0.923
Nicotine use (sig/day) 5.98(7.34) 5.58(7.19) 7.75(9.70) 0.433
Cannabis user? 27 (58.7%) 5(41.7%) 12 (60%) 0.532
Cannabis use (weeks/year) 14.17 (19.21) 14.5(22.55) 21.1(24.25) 0.487
GAF score 58.24 (11.49) 51.00 (8.68) 79.05 (6.69) <0.001*

CAF, global assessment of functioning; IQ, Intelligence quotient; TR, treatment resistant
*p<0.05
TNumber (%) instead of Mean (SD)

Table S3. MRS group comparisons between responders, TR patients and controls

Responders TR patients Controls F-Statistic p-value
PRESS N=45 N=12 N=20
CM (SD) 0.685 (0.034) 0.673 (0.035) 0.719(0.037) 8.76 <0.001*
WM (SD) 0.170 (0.026) 0.151 (0.022) 0.162 (0.035) 2.20 0.118
CSF (SD) 0.145 (0.036) 0.176 (0.036) 0.119(0.023) 11.54 <0.007*
ClIx (SD) 17.82(1.38) 17.07 (1.54) 17.44 (2.02) 1.21 0.304
tCr (SD) 8.53(0.60) 8.74(0.57) 8.26 (0.48) 2.89 0.062
tCho (SD) 2.33(0.25) 2.40(0.37) 2.02(0.19) 12.91 <0.007*
ml (SD) 6.24 (0.57) 6.53 (0.90) 5.70 (0.56) 7.61 <0.001%
tNAA (SD) 10.27 (0.79) 10.45 (0.79) 9.82(0.49) 3.66 0.030%
MEGAPRESS N=45 N=10 N=19
CM (SD) 0.514 (0.027) 0.515(0.027) 0.535 (0.041) 3.21 0.046*
WM (SD) 0.380(0.029) 0.354 (0.034) 0.371 (0.046) 2.53 0.087
CSF (SD) 0.105 (0.022) 0.131(0.032) 0.093 (0.017) 9.52 <0.001*
GABA (SD) 2.51(0.417) 2.44(0.48) 2.63(0.41) 0.79 0.456

CSF, cerebral spinal fluid; GABA, y-aminobutyric acid; tCho, total choline; tCr, total creatine; Clx, glutamate +
glutamine; GM, gray matter; ml, myo-inositol; tNAA, total N-acetylaspartate; WM, white matter

201



Chapter | 9

Table S4. Secondary analyses

Logistic regression for treatment response at baseline

Effect Estimate SE p-value
Intercept 8.463 5.703 0.138
Glx -0.491 0.289 0.090
CABA+ -0.572 0.894 0.522

Longitudinal Linear Mixed models

Effect Estimate SE p-value
Glx Intercept 17.836 0.270 <0.001
Time 0.207 0.250 0.416
TR -0.768 0.450 0.093
Timex TR 0.043 0.550 0.938
GABA+ Intercept 2.513 0.059 <0.001
Time -0.087 0.086 0.315
TR -0.065 0.133 0.626
Timex TR 0.290 0.192 0.136

GABA+, y-aminobutyric acid; Glx, glutamate + glutamine; SE, standard error; TR, treatment response

Table S5. Post-hoc exploratory Spearman’s rank correlations for metabolites in patients at baseline

Glx GABA

rho p-value rho p-value
Antipsychotic duration -0.045 0.741 -0.037 0.788
PANSS positive -0.083 0.541 -0.216 0.112
GAF -0.012 0.928 0.181 0.185
WM -0.112 0.407 -0.198 0.148
CSF 0.184 0.170 0.026 0.852
SNR -0.072 0.594 - -

CSF, cerebrospinal fluid; GABA, y-aminobutyric acid; GAF, global assessment of functioning; Glx, glutamate +
glutamine; PANSS, positive and negative syndrome scale; SNR, signal-to-noise ratio; WM, white matter.
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Table S6. Post-hoc exploratory Pearson’s correlations for voxel fractions and quality of MRS spectrum

in patients at baseline

GM WM CSF

r-statistic p-value r-statistic p-value r-statistic p-value
PRESS
GM - - -0.244 0.067 -0.654" <.001
WM -0.244 0.067 - - -0.465" <.001
CSF -0.6541 <.001 -0.465" <.001* - -
FWHM 0.0537 0.694 -0.3457 0.009* 0.209" 0.119
SNR 0.018 0.896 0.302 0.022* -0.2871 0.030*
MEGAPRESS
GM - - -0.608 <.001* -0.307 0.023*
WM -0.608 <0.001* - - -0.569 <0.001%
CSF -0.307 0.023* -0.569 <.001* - -
FWHM 0.126 0.365 -0.045 0.709 -0.150 0.279
SNR -0.123 0.376 0.132 0.340 -0.031 0.824

CSF, cerebrospinal fluid; FE, Fit Error; FWHM, full-width at half maximum; GM, grey matter; SNR, signal-to-noise
ratio; WM, white matter.

*p<0.05

1Spearman’s rho

B)

LCModel (Version 6.3-1P) Copyright: S.W. Provencher.

Ref.: Magn. Reson. Med. 30:672-679 (1993).

Chemical Shift (ppm)
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Figure S1. Example MRS spectra of one responder for A) PRESS spectrum fitted by LCModel (SNR=29,
FWHM=0.027), and B) MEGA-PRESS spectrum fitted by GANNET (FE=6.57, FHWM=20.05).
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Abstract

The early psychosis movement was fuelled by the concept that early recognition and treatment
of patients with psychosis could prevent long-term chronicimpairment. Indeed, duration of
untreated psychosis (DUP) predicts treatment response and early intervention services have
since shown added value. However, considerable chronicimpairment remains, with about
20%—-30% of the patients with schizophrenia not responding to 2 different conventional
antipsychoticsin adequate doses and duration. In contrast to the research on DUP and early
intervention in schizophrenia in general, far less research has systemically assessed the
benefits of shortening the time between treatment onset and adequate treatment response.
Yet timely recognition of treatment-resistant schizophrenia (TRS) could be vital since studies
have indicated thata critical time window in which clozapine is most effective for TRS patients
could exist. We believe that introducing the concept of Duration of Treatment Resistance
(DTR) may help to investigate whether shortening of DTR by optimizing medication schedules
can further prevent or mitigate long-term disability in patients with schizophrenia. In this
editorial, we propose a definition of DTR and encourage the field to investigate the potential
merits of this concept in future studies.
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Viewpoint

The early psychosis movement was fuelled by the concept that earlier recognition and treatment
of patients with schizophrenia could prevent long-term chronicimpairment. Indeed, duration
of untreated psychosis (DUP) predicts treatment response and early intervention services
have since shown added value (1,2). However, considerable chronic impairment remains,
with about 20%—-30% of the patients with schizophrenia not responding to 2 different
conventional antipsychotics in adequate doses during at least 6 weeks (3,4). These patients
are considered to have treatment-resistant schizophrenia (TRS), although resistance to
conventional antipsychotics would be more apt, as about 50% of these patients do show a
beneficial response to clozapine (3,4). Unfortunately, clozapine still remains underutilized
in TRS. Initiation of clozapine is often started years after treatment onset, while patients
go through unsuccessful trials of 4 or more antipsychotics (2). In this period, substantial
disability and damage to supporting networks of family and friends have often developed,
increasing the probability that patients end up permanently institutionalized or homeless.
In contrast to the research on DUP and early intervention in schizophrenia, far less research
has systemically assessed benefits of shortening the time between treatment onset and
adequate treatmentresponse. Yet timely recognition of TRS could be vital, since studies have
indicated that a critical time window in which clozapine is most effective for this group of
patients could exist (5). Furthermore, in clozapine non-responders, electroconvulsive therapy
may further improve remission rates (4).

Theidentified clinical and demographic factors that are associated with treatment response
(DUP, age at onset, negative symptoms (3)) are insufficient to predict treatment response
inindividual patients. Biomarkers are pursued to help early identification of potential TRS
(1,4). A promising predictor is striatal dopamine synthesis capacity, since thisis increased in
patients responding to conventional antipsychotics but notin TRS patients. Instead, a variety of
studies recognize TRS as a subgroup, which might be characterized by more marked glutamate
alterations (4). Other research points at serotonin pathway dysfunction, inflammation, and
oxidative stress (4). More research is needed to determine which biomarker findings are
robust and translatable to clinical practice. As biomarkers will not be available for clinical
practice in the foreseeable future, we believe that introducing the concept of Duration of
Treatment Resistance (DTR) may help to investigate whether shortening of DTR by optimizing
medication schedules can further prevent long-term disability in patients with schizophrenia.

When defining DTR, we need to be aware of a complex and developing field concerning criteria
foradequate treatment response, necessary doses of conventional antipsychotics, minimum
duration of treatment, and adherence measurements before meeting the definition of TRS.
Firstly, based on all available evidence, consensus criteria for TRS have been formulated (3).
The authors acknowledge that defining treatment response with relative thresholds (a 20%
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decrease in symptoms measured by validated scales) raises methodological problems as TRS
becomes dependenton symptom levels before treatment and suggest to focus on acceptable
levels of residual symptom and impairment severity (3). Thisis in line with Andreasen et al
(6) that defines adequate treatment response as attenuation of symptom severity, below
the level of inference with functioning. Therefore, we propose to define TRS as not achieving
remission criteria of Andreasen etal (6). The advantage of this definitionis thatitis applicable
in practice, measurable and unrelated to symptom levels before treatment (6).

Secondly, the dose of conventional antipsychotics needed in Recent Onset Schizophrenia
(ROS) to achieve an adequate response is generally lower. While it is recognized that adequate
dosing of conventional antipsychotics differ between ROS and chronic schizophrenia in most
guidelines, this is not reflected in the suggested criteria of treatment resistance, where
chlorpromazine equivalent doses of 600 mg are required for conventional antipsychotics in
order to fulfill treatment resistance criteria (3). These proposed dosing strategies in chronic
schizophrenia patients could lead to intolerable side effects in ROS, of which we know that
they do not outweigh potential benefits and contribute to unnecessary prolongation of
inadequate treatment.

Finally, taking 6 weeks as a minimal treatment period per antipsychotic drug has been put
into question, whereby at one hand, some literature points ata negligible chance of reaching
response criteria at 6 weeks when patients have not improved at all after 2 weeks, and on
the other hand, some patients have a delayed response exceeding 6 weeks (3). Although a
minimal treatment period of 12 weeks would currently be regarded as a very short period to
determine TRS, unnecessary prolongation of an unsuccessful treatment should be regarded
in the light of the guiding principle “primum non nocere.”

By having more attention for DTR as the next challenge after early intervention treatment
and research, the field needs to explore previously mentioned issues in order to determine if
we should adjust our treatment guidelines in ROS in order to timely recognize TRS, without
pursuing potentially harmful dosing strategies. Lastly, itisimportant to consider that different
pathways to treatment resistance have been identified (2): early TRS (patients not responding
to 2 consecutively conventional antipsychotics from the start of the treatment) and late TRS
(patients who cease to respond to conventional antipsychotics, constituting the minority of
TRS patient), also known as tachyphylaxias.

With these facts in mind, we propose to define DTR as follows:
In case patients never adequately responded to 2 adequate conventional
antipsychotic trials, DTR is calculated as time between start of antipsychotic
treatment and reaching remission criteria (6) on clozapine or another therapy.
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In case patients cease to react to previously successful treatment, DTR is calculated as
time between the loss of effectiveness of conventional antipsychotic treatment and
reaching remission criteria (6) on clozapine or another therapy.

We encourage the field to investigate DTR, its proposed remission criteria and required
dosing strategies for ROS in future studies in order to gain knowledge about different aspects
of treatment response and resistance. The possibility of a critical time window to optimally
respond to clozapine in the course of schizophrenia needs to be explored prospectively, as
well as to what extend shortening DTR promotes favorable disease course. Finally, discovering
biomarkers thatidentify response potential to either conventional antipsychotics, clozapine,
or other treatments remain direly needed.
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General discussion

The overall aim of this thesis was to provide more insight into the neurobiological mechanisms
underlying treatment-resistant schizophrenia and to investigate potential markers for
identifying treatment-resistant patients. The main focus was on the dopaminergic system
and the novel MRI sequence neuromelanin MRl (NM-MRI) that can non-invasively provide
anindirect measure of nigrostriatal dopamine functioning (chapter 2). In part |, we established
the reproducibility of NM-MRI and demonstrated that the sequence could be reliably
accelerated (chapters 3-4), which contributes to its applicability for clinical practice. In part
I, we gained more insightinto how NM-MRI of the substantia nigra relates to striatal dopamine
synthesis capacity (chapter 6) and summarized evidence that in-vivoimaging of the substantia
nigraisimportantinschizophrenia (chapter5). In partll, we demonstrate that NM-MRI has
potential as a marker for treatment-resistant schizophrenia (chapter 7). Moreover, we explored
differencesin plasma dopa decarboxylase activity (chapter 8), glutamate and y-aminobutyric
acid (CABA) levels (chapter 9) between responders and non-responders. We did not find
evidence that these measures could be used as potential markers for treatment-resistant
schizophrenia, at least not in early-episode psychosis patients on antipsychotic treatment.
We emphasize an urgent need for treatment-resistant markers to improve outcomes, and
introduce the concept of duration of treatment resistance (DTR) to facilitate treatment
optimization and research in treatment-resistant schizophrenia (chapter10). In the following
part, these main findings in relation to current literature, as well as the clinical implications
of these findings and future directions will be discussed.

Theories of treatment-resistant schizophrenia
Dopamine

Data from ['8F]F-DOPA positron emission tomography (PET) studies showed lower dopamine
striatal capacity in treatment-resistant patients compared to responders (1-4). This
observation gave rise to the hypothesis thata subtype of schizophrenia exists that lacks striatal
hyperdopaminergia, and is unresponsive to initial treatment with antipsychotic medication
(5). Instead, studies suggest that this subtype has more marked glutamatergicabnormalities
(6). Our NM-MRI findings from chapter 7 are in line with this hypothesis and show for the
first time that non-responders have significantly lower NM-MRI signal in the substantia nigra
compared to responders, and that non-responders even show levels comparable to healthy
controls. This critical finding provides further evidence that treatment-resistant patients
do not show nigrostriatal hyperdopaminergia and demonstrates that NM-MRI might be a
potential imaging marker for treatment-resistant schizophrenia. Moreover, NM-MRI appears
to be a stable measure, and is not affected by antipsychotic use or illness duration over six
months follow-up, which suggests that it might be a trait marker.
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In contrast with the dopaminergic subgroup hypothesis, we did not find significant differences
in plasma dopa decarboxylase activity between treatment-resistant patients and responders
(chapter 8). Considering that the hyperdopaminergicdysfunction in schizophrenia s region-
specific, itis possible that plasma dopa decarboxylase activity may not be a precise surrogate
marker to discern these differences. Additionally, plasma dopa decarboxylase activity may be
aless stable measure than NM-MRI, and medication use could have influenced the results.

Glutamate

The glutamate/CABA findings from chapter 9 did not confirm the expected glutamatergic
abnormalities in treatment-resistant schizophrenia (6-9). We did not find significant
differencesin glutamate and CABA in the anterior cingulate cortex between responders and
treatment-resistant patients. This finding is consistent with other recent work in first-episode
psychosis patients (10,11). MRS measurements of glutamate and GABA appear to be more
susceptible to different factors, including age and medication use (12). This renders MRS a
less reliable markerand challengesits applicability in clinical practice for treatment-resistant
schizophrenia. However, it does notyet rule out that glutamate and GABA play arole in the
underlying neurobiology of treatment-resistant schizophrenia. Previous studies did show
increased glutamate levels in the anterior cingulate cortex of treatment-resistant patients,
and GABA-related genes have been implicated in treatment-resistant schizophrenia (13).
In addition, MRS studies in other brain regions have shown aberrant glutamate and CABA
functioning in schizophrenia. However, results are mixed and the number of studies in
treatment-resistant schizophrenia is limited (14). MRS studies using multiple brain voxels
and ultra-high field scanners (>7T) could offer insightinto the glutamate and CABA system in
treatment-resistant schizophrenia. Ultra-high field scanners provide a more reliable means of
exploring lower concentration metabolites like CABA, and separating glutamate and glutamine
resonances (15). Moreover, a recently developed PET ligand for the N-methyl-D-aspartate
(NMDA) receptor enables the examination of NMDA receptor functioning in vivo (16), and
might further elucidate the role of the NMDA receptor in treatment-resistant schizophrenia.
Further research into NMDA receptor and glutamate/GABA functioning could potentially
identify new treatment targets that would be effective for patients who do not respond to
currentantipsychotics. Clozapine, the only recognized antipsychotic for treatment-resistant
patients, affects many other neurotransmitter systems, including glutamate/GABA (17,18).
In preclinical studies, clozapine administration has been shown to improve glutamatergic
transmission and increase the release of L-glutamate and D-serine, both implicated in the
regulation of NMDA receptors (19). One study showed lower D-serine plasma levels in
treatment-resistant patients compared to healthy controls, and this difference disappeared
after clozapineinitiation (20). This supports that glutamate could be a treatment target for
treatment-resistant schizophrenia. Nonetheless, studies regarding glutamatergic drugs
and supplements have yielded mixed results (17,18,21). Further clinical trials are needed
to establish the effectiveness of glutamatergic treatment strategies.
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Dopamine supersensitivity

Another theory for the neurobiological underpinnings of treatment-resistant schizophrenia
is the dopamine supersensitivity theory (22). This theory is mainly implicated in secondary
treatment-resistant patients, patients that initially responded to first-line antipsychotic
treatmentand later became resistant. The dopamine supersensitivity theory proposes that
continuous blockade of the D, receptor results in increased D, receptor density. This would lead
tothe need forincreasing doses of antipsychotic medication to render the same therapeutic
effect. Eventually, first-line antipsychotic medication will not be sufficient anymore, and
symptoms will re-emerge.

Heterogeneity in treatment-resistant schizophrenia

In line with the different theories, there might be several pathways leading to treatment-
resistant schizophrenia. Some individuals with treatment-resistant schizophrenia respond
to clozapine, whereas otherindividuals respond better to electroconvulsive therapy or do not
respond to any current treatment options at all. This heterogeneity in treatment-resistant
schizophrenia requires further investigation. Moreover, combining these diverse treatment-
resistant subgroups could potentially compromise findings. Forinstance, MRS studies yielded
different glutamate and GABA findings between treatment-resistant patients who did and
did notrespond to clozapine treatment (11,23). Longitudinal prospective studies thatinclude
frequent and comprehensive assessments of treatment response (e.g., DTR, chapter 10)
are essential to explore the heterogeneity observed in treatment-resistant schizophrenia.
In addition, longitudinal studies should investigate whether dopaminergic differences in
treatment-resistant schizophrenia are categorical, as proposed by the theories mentioned
above, or a continuum, as suggested by correlations between dopamine synthesis capacity
and response to antipsychotic treatment (2,24). The treatment-resistant group showing no
response atall to first-line antipsychotic treatment might be small. Our sample in chapter7
and chapter 9 primarily consisted of partial responders, i.e. they showed partial response to
first-line antipsychotics but insufficient to be in remission. Comparable to the continuum
in treatment response, the neuropathology might as well follow a continuous scale (25).
This complicates research and clinical decision-making, but it is essential to recognize
this heterogeneity in treatment-resistant schizophrenia and at least consider the possible
subgroups, including partial responders, secondary non-responders, clozapine-respondetrs,
and clozapine non-responders.

Defining treatment-resistant schizophrenia in research

Forresearch purposes, itisimportant that treatment-resistant schizophrenia is defined using
standardized criteria. Currently, studies use a wide range of definitions which complicates
comparing and generalizing studies. It is essential that such criteria fully capture the
constructand thatitisimplementablein awide range of settings and studies. The Treatment
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Response and Resistance in Psychosis (TRIPP) working group developed consensus criteria
and guidelines with three key elements: “1) a confirmed diagnosis of schizophrenia; 2)
adequate pharmacological treatment; and 3) persistence of significant symptoms despite this
treatment” (26). Criteria foradequate treatmentinclude > 2 past adequate treatments with
aduration of at least 6 weeks at a therapeutic dose equivalent to > 600 mg chlorpromazine
perday. Most patients in our first episode psychosis sample (chapters 7-9) did not reach the
therapeutic dose of 600 mg chlorpromazine. This isin line with the Dutch Multidisciplinary
guidelines, which recommend lower doses, especially in first-episode psychosis. Antipsychotic
medication (excluding clozapine) has its greatest effects within the first two weeks, and after
that the improvements are more marginal (27). One wants to minimize false positives of
treatment resistance, but also not delay adequate treatment. The balance of criteria being
rigorous, yet practical and generalizable, is challenging. However, we agree with the TRIPP
working group that standardized criteria would improve the interpretation and replication
of studies. Regarding the persistence of symptoms, the TRIPP consensus recommends that
response is ascertained prospectively, and it is defined as at least a 20% improvement in
symptom scores (26). Certainly, prospective studies in first-episode psychosis will be required
to assess the clinically relevant markers for treatment resistance. Ideally these studies start
from illness onset, before medication initiation, and response to medication is monitored
prospectively. However, in clinical practice, it is challenging to include the patients during
illness onset, before medication initiation. It is unlikely that patients who experience a full
range of severe symptoms would be able and willing to participate in a study.

The Andreasen criteria provide a more practical approach and define treatment resistance
as the persistence of moderate symptom severity on at least one of the core symptoms of
schizophrenia (28). These criteria are not dependent on measurements at illness onset
and incorporate real-world interpretability, a moderate symptom score indicates that the
remaining symptoms interfere significantly with the individual’s behavior (chapter 10).
The applicability of change scores as a primary outcome measure is constrained due to the
variation in baseline symptom intensity observed across interventional trials. The adoption
of threshold criteria to characterize remission enables direct comparisons across different
trials and can be implemented in studies that do not include patients at illness onset. This
facilitates further research, since the majority of patients have already undergone antipsychotic
treatment before any study evaluations, especially MRI, can be performed. Moreover, such
apatientsample highly represents the group in which a clinically relevant marker would be
utilized. In clinical practice, most patients will initially receive crisis treatment before being
derived to specialized care where MRI scans can be obtained.
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Clinical implications and future directions

All studies described in this thesis have been carried out to increase knowledge about
the neurobiology underlying treatment-resistant schizophrenia in order to contribute to
the development of (bio)markers to identify treatment resistance at an earlier stage of
the disease. Although we still have a long way to go before we can get “back in control” in
treatment decision making for treatment-resistant schizophrenia patients, the studies
described in this thesis have provided new insights which give rise to further research and
might eventually aid treatment decision making.

Broader application of NM-MRI

This thesis demonstrates the potential of NM-MRI as a tool to measure dopaminergic
functioningin the substantia nigra. Besides the potential as a marker for treatment-resistant
schizophrenia, NM-MRI might also be promising as a markerin Parkinson’s disease (chapter2).
Furthermore, a body of research suggests that NM-MRI may also capture dopamine
dysfunction in other psychiatric disorders, including major depressive disorder (29) and
cocaine addiction (30). In line with previous research (31,32), chapter 7 further supports
that NM-MRI captures dopamine dysfunction in psychosis. Continuing the development
and validation of NM-MRI can further broaden the application of NM-MRI. This thesis
contributes to this effort by establishing the reproducibility of NM-MRI (chapter 3) and
demonstrating several approaches to reliably accelerate NM-MRI (chapter 4). Well-validated
and fast NM-MRI sequences can expedite the implementation of NM-MRI in both research
and clinical practice.

This thesis focussed on NM-MRI of the substantia nigra. However, neuromelanin accumulates
in other catecholaminergic neurons as well, such as the noradrenergic neurons in the
locus coeruleus. Noradrenergic functioning in the locus coeruleus plays a role in several
psychiatric (e.g., anxiety and depression) and neurodegenerative disorders (e.g,. Parkinson’s
disease, Alzheimer’s disease, and multiple sclerosis) (33). Hence, NM-MRI applied in the
locus coeruleus might have the potential to shine a light on several other psychiatric and
neurodegenerative disorders, e.g. in Alzheimer’s disease (34), depression (35), and post-
traumatic stress disorder (36).

NM-MRI signal

Despite its potential in neurodegenerative as well as psychiatric disorders, the contrast
mechanism of NM-MRI is still debated. The paramagnetic T1 effects are thought to originate
from the neuromelanin-iron complexes (37). The direct or indirect magnetization transfer
effects might be influenced by the content of macromolecules in the surrounding white matter
vs. the relative high-water content of catecholamine neurons (38). Indeed, in chapter 3, we
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found that the NM-MRI sequence with MT effects had higher contrast and was associated
with higher reliability. Future work should further disentangle the contrast mechanism of
NM-MRI and its specificity to NM concentration vs. other factors.

Mostimportantly, the NM-MRI signal in the substantia nigra and locus coeruleus correlates
and co-localizes with NM concentration in the catecholaminergic neurons in post-mortem
histology (32,39). Moreover, neuronal loss in these regions, as observed in Parkinson’s disease,
is associated with a decrease of NM-MRI signal (40). How the neuromelanin concentration
precisely relates to catecholaminergic functioning is a question that needs to be further
addressed. In the end, neuromelanin concentration reflects a combination of processes
involved in neuromelanin accumulation, including synthesis and vesicular transport (chapter 2).
Assessing the extent of the contributions of each of these processes is critical in further
understanding the variability in NM-MRI signal.

Previous studies have explored this through triangulation with PET measures and preclinical
studies. NM-MRI signal in the substantia nigra positively correlated with a PET measure
of dopamine release in the dorsal striatum (32). Furthermore, a preclinical study showed
that dopamine synthesis induces neuromelanin accumulation, whereas VMAT2 abolished
neuromelanin synthesis (41). In chapter 6, we showed a negative correlation between NM-MRI
and a ['8F]F-DOPA PET measure of dopamine synthesis capacity in the striatum of controls, but
notwith dopamine synthesis capacity in the substantia nigra, nor did we find any correlations
in schizophrenia patients. The negative association in healthy controls seems to highlight
the interdependence of VMAT2, dopamine synthesis and neuromelanin. It suggests that
under physiological conditions, higher dopamine synthesis is related to increased VMAT2
activity and vesicular storage, and hence lower levels of cytosolic dopamine and neuromelanin
deposition. All three components are implicated in schizophrenia and seem out of balance
in the disease (chapter 5). Further research is needed to elucidate the association of NM-
MRI signal with the function of the catecholamine pathways, e.g., by exploring the relation
between VMAT-2 PET and NM-MRI. After further validation, NM-MRI could be developed
for various psychiatric and neurodegenerative disorders.

Application of NM-MRI in treatment-resistant
schizophrenia

In this thesis, we developed and assessed NM-MRI of the substantia nigra as a potential marker
for treatment-resistant schizophrenia. Although we demonstrated the potential of NM-MRI
asanon-invasive markerin chapter7, additional research is needed to determine its potential
as an out-of-sample predictor of treatment-resistant schizophrenia. If NM-MRI is further
developed as a marker, it could enable early identification of treatment-resistant patients
and reduce delays in clozapine initiation. Earlier use of clozapine and fewer antipsychotic
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trials prior to clozapine initiation are associated with improved efficacy and better treatment
outcomes for treatment-resistant patients (42,43). In our studies, chapters 7 and 9, patients
were prescribed clozapine relatively fast, as third or fourth treatment option. Interestingly,
approximately 90% of our clozapine users responded to clozapine at six months follow-up,
substantially higher than the previously reported 40% response rate (44). This increase
in clozapine responsiveness might be a result of the early transition to clozapine. Early
recognition of treatment-resistant patients could substantially reduce delays in remission,
improve outcomes, and reduce healthcare costs through shorter inpatient admission, lower
rates of relapse, and reduced rehospitalization (45,46). A previous study estimated that if 20%
of the treatment-resistant patients started clozapine, this could reduce the annual health
costs of $22,444 per patient treated with clozapine (47). Subsequently, an ['8F]-FDOPA PET
study estimated that a screening test with PET could lead to healthcare savings of £3,400
per patient with schizophrenia (4). Given the lower cost of MRl compared to PET, if NM-MRI
would be further developed and achieve similar performance as ['8F]-FDOPA PET, it could
resultin even greater healthcare savings.

In clinical practice, first-episode psychosis patients typically receive acute crisis treatment
before they can undergo an MRI scan. If a patient responds well to this initial treatment,
there is no need for an NM-MRI scan. However, a longer treatment optimization phase is
required for patients who do not respond to the initial treatment within weeks (48). At this
stage, NM-MRI as a marker mightaid in reducing delays in effective treatment. Patients who
do notrespond to the firstantipsychotic medication have a significantly lower likelihood of
responding to a second antipsychotic drug. A study has shown that for non-responders who
were switched to a second trial of antipsychotics, the response rate dropped from 75% to
only 17% (49). Especially for these patients NM-MRI could aid treatment decision making,
leading to earlier initiation of clozapine.

However, further research is necessary to determine the potential of NM-MRI as a marker for
treatment-resistant schizophrenia. To advance the development of NM-MRI and to evaluate
whether NM-MRI could be a generalizable marker for treatment-resistant schizophrenia,
multi-centre collaborations are required. Regarding MR, the critical concernis whether the
method can be generalized across different equipment and locations. Fortunately, several
methods for MRI data harmonization have been developed. ComBat (50) is a well-established
harmonization model and has been shown to remove differences in NM-MRI signal across
scanners while preserving biologically meaningful variability (51). Furthermore developing
andimplementing standardized data processing and analysis pipelines are essential. There
is a risk of potential errors and biases in different steps of the process, such as during MRI
acquisition, by differences inimaged volume selection, as well as in pre- and post-processing
by using various software packages, co-registration/normalization amongimages (particularly
forsmall structures like the substantia nigra), and smoothing procedures (52). Itis crucial to
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consider these factors when comparing results across research sites and study populations.
Hence, optimizing the NM-MRI sequence, as well as acquisition and pre-and post-processing
methods, are necessary to enhance data quality and reproducibility.

Multifactor prediction models

Combining NM-MRI with other MRI modalities or clinical data may enhance the predictive
value and provide a more comprehensive understanding of the underlying biological
mechanisms responsible for treatment-resistant schizophrenia. Leveraging the relative
contributions of different neurobiological substrates by using various MRI contrast orjoint
models, or implementing complex computational approaches to derive new measures,
may increase the sensitivity of prediction models (53,54). Multiple imaging modalities
are implicated in treatment-resistant schizophrenia, including structural, functional, and
neurochemical deficits (13,17). Combining these modalities with multivariate approaches
could provide useful information and detect more subtle differences. Furthermore, clinical
predictors, including age of onset and negative symptoms, may improve the association of
NM-MRI with treatment response (55). Combining multiple predictive markers could provide
better stratification compared to a singular marker (56,57).

Artificial intelligence and machine learning can combine data from heterogeneous
multimodalities, including medical histories, genetic information, plasma values, brain
imaging data, and behavioral data, to further capture the complexity of treatment-resistant
schizophrenia and increase prediction power (56,58,59). Hence, machine learning models
could turn group-level data into personalized medicine applications, by classifying a patient
based on individual risk factors. Studies using machine learning have already successfully
differentiated between controls and schizophrenia patients and, to some degree, predicted
treatment outcomes (59-63). Prediction models for treatment-resistant schizophrenia need
high specificity, as prescribing clozapine to responders should be avoided considering the
risks associated with this antipsychotic (64), and should be sensitive to the heterogeneity
in treatment-resistant schizophrenia. Such prediction models have not yet been applied for
treatment-resistant schizophrenia.

Developing accurate predictive models for treatment-resistant schizophrenia requires
high-quality, reliable, and representative data. Itis essential to perform external validation
of these models, which can be challenging, but is necessary for clinical implementation
and generalizability. Overfitting is a potential problem with artificial intelligence methods,
especially with insufficient sample sizes for training data. Developing machine learning-based
tools for universal use may also pose challenges related to data harmonization and potential
biases. To address these limitations, open-access datasets and open-source software are critical
forthe success of prediction models. To mitigate potential biases resulting from differences
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in study purposes, patient recruitment, and model designs, a standardized framework for
comparing models between independent projects may be useful. Such a framework could
enhance both the prognosticaccuracy and sensitivity for predictive factors among different
samples. Hence, extensive validation through international collaboration is essential to gain
adeeper understanding and develop more sophisticated prediction models for treatment-
resistant schizophrenia.
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Summary

English Summary

Back in control

Towards early identification of treatment resistance
in schizophrenia

Treatment resistance in schizophreniais a major clinical problem, with 20-35% of schizophrenic
patients showing no response to first-line antipsychotic treatment. Despite ongoing efforts,
itremains difficult to predict who will not respond to first-line antipsychotic treatment. This
leads to delays in effective treatment, which can mount up to four years, resulting in longer
hospitalization and unnecessary side effects of ineffective antipsychotics. Therefore, there
is an urgent need for (bio)markers that could identify treatment-resistant patients at an
early disease stage to guide treatment decision to clozapine, the only antipsychotic with
recognized effectiveness in treatment-resistant schizophrenia. This would reduce delays in
effective treatment, improve prognosis and reduce social and functional disabilities.

Awell-established findingin schizophrenia, using ['8F]F-DOPA positron emission tomography
(PET) imaging, is increased striatal dopamine synthesis capacity. Interestingly, treatment
resistant patients do not show this increased dopamine synthesis capacity and show levels
comparable to controls. However, the gold standard for assessing dopamine synthesis
capacity (PET imaging) is too expensive and relatively burdensome for the patient to be
used for treatment resistance screening. A novel neuromelanin-sensitive MRI sequence
(NM-MRI), which indirectly assesses dopamine functioning, has potential as a marker for
treatment-resistant schizophrenia. NM-MRIindeed shows increased signal in schizophrenia
patients, but had notyet been tested in treatment resistant schizophrenia. Another potential
marker is a recently developed plasma measure of dopa decarboxylase activity, an enzyme
required for dopamine synthesis. Since treatment-resistant schizophrenia has been linked to a
normodopaminergicinstead of a hyperdopaminergicstriatal system, other neurotransmitters
are hypothesized to be involved. Specifically, alterations in the neurotransmitters glutamate
and gamma-aminobutyricacid (CABA) are implicated in treatment-resistant patients.

The aim of this thesis was to investigate potential (bio)markers for earlier identification
of treatment-resistant schizophrenia. The development and application of the novel NM-
MRI technique as a clinical marker for treatment-resistant schizophrenia was the primary
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empbhasis of the thesis. In addition, we explored other potential markers of treatment-
resistant schizophrenia, including plasma dopa decarboxylase activity and glutamatergic
or GABA alterations.

Part I: Development of NM-MRI

In chapter 2 we reviewed new developments in MR imaging that provide proxy measures of
the dopamine system in the brain with a focus on pharmacological MRI (phMRI) and NM-MRI.
PhMRIinvolves administeringa pharmacological challenge and using functional MRI techniques
toassess the effect of the challenge on brain hemodynamics. This way, phMRI can indirectly
assess brain neurotransmitter function, including dopaminergic functioning. NM-MRI enables
invivo visualization of neuromelaninin the substantia nigra. Neuromelanin is a by-product
of dopamine synthesis and is located in dopaminergic neurons of the nigrostriatal pathway.
Visualization and semi-quantification of neuromelanin by NM-MRI can therefore be used as
a proxy measure of dopamine function or visualize degeneration of dopaminergic neurons.
We conclude that these techniques have promise for clinical application, since alterations
of the dopaminergicsystemin the brain are implicated in various neurologicand psychiatric
disorders. Both techniques, however, have primarily been used in research, and applications
in clinical practice still seem far away. Currently, NM-MRI shows some potential for clinical
application in the diagnostic process of Parkinson’s disease. However, we also conclude that
further development and standardization are necessary before clinical application.

In chapter 3 we assessed the test-retest reproducibility of three commonly used NM-MRI
sequences for imaging the substantia nigra. Different NM-MRI sequences are used in the
literature, and we wanted to investigate which had the highest reproducibility. We compared
aturbo spin echo (TSE) sequence with an off-resonance magnetization transfer (MT) pulse,
a TSE sequence without an MT pulse, and a gradient recalled echo (GRE) sequence with an
off-resonance MT pulse. The GRE sequence achieved the lowest variability and the highest
contrast. In addition, we explored three different analysis methods, 1) manual analysis, 2)
threshold analysis, and 3) voxelwise analysis, for signal (contrast ratio [CR]) and volume
measurements. Especially the CR showed high reproducibility. Volume measurement
showed a higher variability, especially using manual analysis, hence a threshold analysis
is recommended for volume measurements. Based on these results we applied the GRE
sequence and CR method in our further research.

In chapter 4 we explored if we could reliably accelerate the GRE sequence from chapter 3.
For a clinical protocol it is essential that an MRI sequence is fast and reliable. The original
GRE sequence takes over 10 minutes, which limits its use in clinical protocols since these are
usually time constricted. We aimed to accelerate the sequence using standard available MRI
options, including different combinations of compressed sense (CS), repetition times and MT
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pulse. Furthermore, we assessed a more recent 3D NM-MRI sequence with a scan duration
of approximately 4 minutes. Our results show that there are several reliable approaches to
accelerate NM-MRI. The original (2D) GRE sequences performed best, in particular when
using a CS factor of 2.

Part Il: Substantia nigrain schizophrenia

In chapter 5 we addressed the role of the substantia nigra in schizophrenia pathology by
integrating findings from post-mortem and molecular imaging studies. Increased striatal
dopamine functioning is considered to be a robust feature of schizophrenia. Despite being
the region that provides the majority of the dopaminergicinput to the striatum, the role of
the substantia nigrain schizophrenia has been relatively understudied. Hence, this chapter
reviewed the findings of nigral functioning in schizophrenia compared to controls. Evidence
was found for hyperdopaminergic functioning of the nigrostriatal pathway, reduced GABAergic
inhibition and excessive glutamatergic excitation of the dopaminergic neurons in the
substantia nigra, and several other deficits in the substantia nigra. These results are in line
with the dopamine and glutamate hypothesis, and further suggest that these abnormalities
may be a target for treatments or markers in schizophrenia. Moreover, these findings verify
the importance of the substantia nigra in schizophrenia pathology and highlight the need
for further investigation of the substantia nigra.

In chapter 6 we compared NM-MRI with ['8F]F-DOPA PET in schizophrenia patients and healthy
controls. The study described in this chapter aimed to elucidate the relationship between
NM-MRI signal in the substantia nigra and dopamine synthesis capacity. ['"8F]JF-DOPA PET is a
well-established and replicated method to investigate striatal dopamine synthesis capacity in
schizophrenia. Studies using ['8F]F-DOPA PET have repeatedly shown elevated striatal dopamine
synthesis capacity in schizophrenia patients. Similarly, NM-MRI of the substantia nigra, as
a proxy for dopamine functioning, has demonstrated increased levels of NM-MRI signal in
patients with schizophrenia. However, the relation between ['8F]F-DOPA PET and NM-MRI had
yetto be assessed. Hence, this chapteraimed to explore the relation between striatal dopamine
synthesis capacity and NM-MRI signal in the substantia nigra. Contrary to our hypothesis, we
found a negative correlation between NM-MRI signal in the substantia nigra and dopamine
synthesis capacity in the striatum in healthy controls. No significant correlation was found in
schizophrenia patients. The negative correlation between NM-MRI signal and striatal dopamine
synthesis capacity in the controls might be mediated by the vesicular monoamine transporter 2
(VMAT2).VMAT2 is a protein involved in the transport and storage of endogenous dopamine in
dopaminergic neurons, while neuromelanin formation is dependent on the excess of cytosolic
dopamine. The lack of a correlation between dopamine synthesis capacity and NM-MRI signal
inschizophrenia patients might be related to an overall dysregulation in dopamine functioning
and/or could be a result of disease-related variables, including symptom severity, antipsychotic

medication use, and illness duration.
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Part I11: Markers for treatment-resistant schizophrenia

In chapter 7 we assessed the potential of NM-MRI as a marker for treatment-resistant
schizophrenia. We show that specific voxels in the ventral tier of the substantia nigra are
associated with treatment response. Treatment-resistant patients show lower NM-MRI
signal than responders at baseline and a comparable signal to controls. At six months follow-
up, the NM-MRI signal in patients did not change significantly and the difference between
responders and treatment-resistant patients remained. These findings support the potential
of NM-MRI as a marker for treatment-resistant schizophrenia. Moreover, these findings are
in line with the hypothesis that treatment-resistant schizophrenia is not associated with
striatal hyperdopaminergic function.

In chapter 8 we explored the difference in dopa decarboxylase activity between responders
and treatment-resistant patients. As dopa decarboxylase activity in the striatum, measured
with ['8F]F-DOPA PET, is elevated in responders compared to non-responders, we hypothesized
that plasma dopa decarboxylase activity might show the same trend. This would prove an
accessible and useful candidate marker for treatment-resistant schizophrenia. However,
using a retrospective study design, we did not find differences in dopa decarboxylase activity
between responders and treatment-resistant patients, and hence no evidence that plasma
dopa decarboxylase could be a potential marker for treatment-resistant schizophrenia.

In chapter 9 we used proton magnetic resonance spectroscopy (MRS) to investigate the
excitatory glutamate and inhibitory CABA levels between responders and treatment-resistant
patients. Both neurotransmitters are implicated in treatment-resistant schizophrenia;
the question remains whether these could be potential markers treatment resistance. No
significant differences between treatment-resistant patients and responders were found
for glutamate or GABA levels in the anterior cingulate cortex. In addition, we did not find an
effect of six months follow-up on the neurotransmitters. Our results might be influenced by
medication use, illness duration, or other confounders. Nevertheless, we did not find evidence
that glutamate or GABA could be potential markers for treatment-resistant schizophrenia
in antipsychotics using first episode psychosis patients.

In chapter 10 we introduced the concept of Duration of Treatment Resistance (DTR). We
emphasize that early recognition of treatment-resistant schizophrenia could substantially
improve outcomes in this subgroup. DTR may facilitate future studies investigating different
aspects of treatment-resistant schizophrenia, and whether shortening of DTR by optimizing
treatment can further prevent long-term disability in treatment-resistant patients.
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Summary

Conclusion

The overall aim of this thesis was to further examine potential markers for treatment-resistant
schizophrenia, in particular NM-MRI. We demonstrate that NM-MRI has potential as a marker
for treatment resistance. Furthermore, we have established the reproducibility of NM-MRI
and that the sequence could be reliably accelerated, which contributes to its applicability
for clinical use. We have summarized evidence that in-vivo imaging of the substantia nigra
isimportantin schizophrenia, and gained more insight into how NM-MRI of the substantia
nigra relates to dopamine synthesis capacity in the striatum and substantia nigra. In addition,
we explored differences in plasma dopa decarboxylase activity and glutamate/CABA levels
between responders and non-responders, but did not find evidence that these measures
could be potential markers for treatment-resistant schizophrenia. Finally, we introduced
the concept of DTR, which could contribute to further research on treatment resistance.
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Nederlandse samenvatting

Weer in controle

Op naar vroege identificatie van
therapieresistentie bij schizofrenie

Therapieresistente schizofrenie is een groot klinisch probleem waarbij 20 tot 35% van de
schizofrene patiénten niet reageert op eerstelijns-antipsychotische behandeling. Het is
echter moeilijk te voorspellen wie wel en wie niet zal reageren op deze antipsychotische
behandeling. Dit leidt tot vertragingen in effectieve behandeling oplopend tot vier jaar.
Dit resulteert in langere ziekenhuisopnames en onnodige bijwerkingen van ineffectieve
antipsychotica. Eris daarom een dringende behoefte aan (bio)markers die therapieresistente
patiénten in een vroeg stadium van de ziekte kunnen identificeren. Dit kan ondersteuning
bieden bij het maken van een behandelbeslissing omtrent het gebruik van clozapine, het enige
antipsychoticum met erkende superieure effectiviteit bij therapieresistente schizofrenie. Dit
zouvertragingen in effectieve behandeling verminderen, de prognose verbeteren en sociale
en functionele beperkingen en onnodige lijden verminderen.

Een goed bevestigde bevinding bij schizofrenie, gebruikmakend van ['8F]F-DOPA-positron
emissie tomografie (PET)-beeldvorming, is verhoogde dopamine-synthese capaciteit
(dopamine aanmaak) in het striatum, een specifiek hersengebied. Het is interessant dat
therapieresistente patiénten deze verhoogde dopamine aanmaak niet vertonen en niveaus
hebben die vergelijkbaar zijn met de controles. De gouden standaard voor het beoordelen
van dopamine aanmaak (PET-beeldvorming) is echter te duur en relatief belastend voor de
patiéntom te worden gebruikt voor therapieresistentie screening. Een nieuwe neuromelanine-
gevoelige MRI-techniek (NM-MRI), die indirect dopamine functie meet, heeft potentie als
marker voor therapieresistente schizofrenie. NM-MRI signaal is inderdaad verhoogd bij
schizofrenie patiénten, maar nog niet getest bij therapieresistente patiénten. Een andere
potentiéle marker is een recent ontwikkelde plasmameting van dopa-decarboxylase
activiteit, een enzym dat nodig is voor dopamine aanmaak. Aangezien therapieresistente
schizofrenie normale dopamine activiteit laat zien in plaats van een hyperactief dopamine
systeem, wordt er verondersteld dat er andere neurotransmitters zijn aangedaan in
therapieresistente schizofrenie. Er zijn voornamelijk aanwijzingen voor specifieke afwijkingen
in de neurotransmitters glutamaat en gamma-aminoboterzuur (GABA).
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Het doel van deze thesis is om potentiéle (bio)markers voor therapieresistente schizofrenie
verder te onderzoeken. De ontwikkeling en toepassing van de nieuwe NM-MRI-techniek
als klinische marker voor therapieresistente schizofrenie was het primaire doel van deze
thesis. Daarnaast hebben we andere potentiéle markers voor therapieresistente schizofrenie
onderzocht, waaronder plasma dopa-decarboxylase activiteit en glutamaat of GABA-
veranderingen.

Deel I: Ontwikkeling van NM-MRI

In hoofdstuk 2 bespreken we nieuwe ontwikkelingen in MRI-beeldvorming, die proxy-maten
bieden voor hetdopaminesysteem in de hersenen, met de nadruk op farmacologische MRI
(phMRI) en NM-MRI. PhMRI houdt in dat medicatie wordt toegediend en functionele MRI-
technieken worden gebruikt om het effect van de medicatie op de hersenfunctie te beoordelen.
Op deze manier kan phMRI de neurotransmitterfunctie in de hersenen indirect beoordelen,
inclusief de dopaminerge functie. NM-MRI maakt in vivo visualisatie van neuromelaninein
de substantia nigra mogelijk. Neuromelanine is een bijproduct van dopamine aanmaak
en bevindt zich in dopaminerge neuronen van de nigrostriatale projectie. Visualisatie en
semi-kwantificering van neuromelanine door NM-MRI kunnen daarom worden gebruikt
als proxy-maat voor de dopaminefunctie of om degeneratie van dopaminerge neuronen
te visualiseren. We concluderen dat deze technieken mogelijkheden bieden voor klinische
toepassing, omdat verstoringen van het dopaminesysteem in de hersenen betrokken zijn bij
verschillende neurologische en psychiatrische stoornissen. Beide technieken worden echter
voornamelijk gebruikt in onderzoek en toepassingen in de klinische praktijk lijken nog ver
weg. Momenteel vertoont NM-MRI al enige mogelijke potentie voor klinische toepassingin
hetdiagnostische proces van de ziekte van Parkinson. Verdere ontwikkeling en standaardisatie
zijn nodig voordat klinische toepassing mogelijk is.

Inhoofdstuk 3 hebben we de reproduceerbaarheid van drie veelgebruikte NM-MRI technieken
voor de substantie nigra getest. Verschillende NM-MRI-technieken worden gerapporteerd
inde literatuur en we wilden onderzoeken welke de hoogste reproduceerbaarheid had. We
vergeleken een turbo spin echo (TSE) sequentie met off-resonantie magnetisatieoverdracht
(MT)-puls, een TSE-sequentie zonder MT-puls en een ‘gradient recalled’ echo (GRE) techniek
met off-resonantie MT-puls. De GRE-techniek behaalde de laagste variabiliteit en het hoogste
contrast. Daarnaast hebben we drie verschillende analysemethoden onderzocht: 1) handmatige
analyse, 2) drempelanalyse en 3) voxelwise analyse, voor signaal (contrastratio [CR]) en
volumemetingen. Vooral de CR vertoonde een hoge reproduceerbaarheid. Volumemetingen
vertoonden een hogere variabiliteit, vooral bij gebruik van de handmatige analyse, dus een
drempelanalyse wordt aanbevolen voor volumemetingen. We hebben besloten om de GRE-
techniek en CR in verder onderzoek te gebruiken op basis van deze resultaten.
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In hoofdstuk 4 hebben we onderzocht of we de GRE-techniek uit hoofdstuk 3 betrouwbaar
konden versnellen. Voor een klinisch protocol is het essentieel dat een MRI-techniek snel en
betrouwbaar is. De oorspronkelijke GRE-techniek duurt meerdan 10 minuten. Dat beperkt
het gebruik ervanin klinische protocollen, omdat deze meestal een tijdslimiet hebben. We
probeerden de techniek te versnellen met behulp van standaard beschikbare MRI-opties,
waaronder verschillende combinaties van compressed sense (CS), repetitie tijden en MT-
pulsen. Daarnaast hebben we een recentere 3D NM-MRI-techniek geévalueerd met een
scantijd van ongeveer 4 minuten. Onze resultaten tonen aan dater verschillende betrouwbare
mogelijkheden zijn om NM-MRI te versnellen. De oorspronkelijke (2D) GRE-technieken
presteerden het beste, vooral bij het gebruik van een CS-factorvan 2.

Deel Il: Substantia nigra in schizofrenie

In hoofdstuk 5 hebben we de rol van de substantia nigra in de pathologie van schizofrenie
onderzocht door bevindingen uit post-mortem en moleculaire beeldvorming studies van het
brein te integreren. Verhoogde dopaminerge functie in het striatum wordt beschouwd als
eenrobuust kenmerk van schizofrenie. Ondanks dat de substantia nigra de hersenregio is die
het merendeel van de dopaminerge input naar het striatum levert, is de rol van de substantia
nigra in schizofrenie relatief weinig bestudeerd. In dit hoofdstuk hebben we daarom de
bevindingen van substantia nigra functie bij schizofrenie onderzocht in vergelijking met
gezonde controles. We vonden in schizofrenie het volgende: 1) een overactieve dopamine
functiein het nigrostriatale circuit (het systeem tussen hetstriatum en de substantia nigra);
2) een verminderde remmende werking van CABA en een overmatige glutamaat activatie
op de dopaminerge neuronen in de substantia nigra; 3) verschillende andere afwijkingen.
Deze resultaten zijn in lijn met de dopamine- en glutamaathypothese in schizofrenie en
suggereren verder dat deze afwijkingen een doelwit kunnen zijn voor behandeling of markers
voor schizofrenie. Bovendien bevestigen deze bevindingen het belang van de substantia
nigrain de pathologie van schizofrenie en benadrukken de noodzaak van verder onderzoek
naar de substantia nigra in schizofrenie.

In hoofdstuk 6 vergeleken we NM-MRI met ['8F]F-DOPA PET bij schizofreniepatiénten en
gezonde controles. Het doel van deze studie was om de relatie tussen NM-MRI-signaal in
de substantia nigra en dopamine-synthese capaciteit te begrijpen. ['8F]F-DOPA PET is een
gevestigde en reproduceerbare methode om dopamine aanmaak in het striatum bij schizofrenie
te onderzoeken. Studies met ['8F]F-DOPA PET hebben herhaaldelijk verhoogde dopamine
aanmaak in hetstriatum bij schizofreniepatiénten aangetoond. Vergelijkbaar heeft NM-MRI
van de substantia nigra, als proxy voor dopaminefunctie, verhoogde niveaus van NM-MRI-
signaal bij patiénten met schizofrenie gedemonstreerd. De relatie tussen ['8F]F-DOPA PET
en NM-MRI is nog niet bestudeerd. Daarom had dit onderzoek als doel de relatie tussen
dopamine aanmaakin hetstriatum en NM-MRI-signaal in de substantia nigra te onderzoeken.
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In tegenstelling tot onze hypothese vonden we een negatieve correlatie tussen NM-MRI-
signaal in de substantia nigra en dopamine aanmaak in het striatum bij gezonde controles.
Bij schizofreniepatiénten werden geen significante correlaties gevonden. De negatieve
correlatie tussen NM-MRI-signaal en striatale dopamine aanmaak bij de controles kan worden
veroorzaakt door verschillen in de expressie van de vesiculaire monoamine-transporter 2
(VMAT2). VMAT2 is een eiwit dat betrokken is bij het transport en de opslag van dopamine
in dopaminerge neuronen, terwijl neuromelanine vorming afhankelijk is van het overschot
aan dopamine. Het ontbreken van een correlatie tussen dopamine-synthese capaciteit en
NM-MRI bij schizofreniepatiénten kan gerelateerd zijn aan een algemene disregulatie in de
dopaminefunctie en/of het gevolg zijn van aan ziekte gerelateerde variabelen, zoals de ernst
van de symptomen, het gebruik van antipsychotica en de duur van de ziekte.

Deel lll: Markers voor therapieresistente schizofrenie

In hoofdstuk 7 hebben we de potentie van NM-MRI als marker voor therapieresistente
schizofrenie beoordeeld. We laten zien dat specifieke voxels in de substantia nigra geassocieerd
zijn met de therapieresistentie. Therapieresistente patiénten vertonen op baseline een
lager NM-MRI-signaal dan responders en een vergelijkbaar signaal met gezonde controles.
Na zes maanden follow-up veranderde het NM-MRI-signaal bij patiénten niet significant
en bleef het verschil tussen responders en therapieresistente patiénten bestaan. Deze
bevindingen ondersteunen de potentie van NM-MRI als marker voor therapieresistente
schizofrenie. Bovendien zijn deze bevindingen in overeenstemming met de hypothese dat
therapieresistentie niet geassocieerd is met de striatale hyperdopaminerge functie.

In hoofdstuk 8 onderzochten we hetverschil in plasma dopa-decarboxylase activiteit tussen
responders en therapieresistente patiénten. Aangezien dopa-decarboxylase activiteitin het
striatum, gemeten met ['8F]F-DOPA PET, verhoogd is bij responders in vergelijking met non-
responders, veronderstelden we dat plasma dopa-decarboxylase activiteit dezelfde trend
zou laten zien. Dit zou een eenvoudige en nuttige kandidaatmarker voor therapieresistente
schizofrenie kunnen zijn. Helaas vonden we in een retrospectieve studie geen verschil in
dopa-decarboxylase activiteit tussen responders en therapieresistente patiénten en dus
geen bewijs dat plasma dopa-decarboxylase activiteit een potentieel marker zou kunnen
zijn voor therapieresistente schizofrenie.

In hoofdstuk 9 hebben we proton magnetische resonantie spectroscopie (MRS) gebruikt
om de activerende glutamaat- en remmende CABA-niveaus tussen responders en
therapieresistente patiénten te onderzoeken. Beide neurotransmitters zijn betrokken bij
therapieresistente schizofrenie en de vraag is of deze potentiéle markers kunnen zijn voor
therapieresistente schizofrenie. Er werd geen significant verschil gevonden tussen
therapieresistente patiénten en responders voor glutamaat- of CABA-niveaus in de anterior
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cingulate cortex. Bovendien vonden we geen effect van 6 maanden follow-up op deze
neurotransmitters. Onze resultaten kunnen zijn beinvloed door medicatiegebruik, ziekteduur,
of andere verstorende factoren. We hebben echter geen bewijs gevonden dat glutamaat of
GABA potentiéle markers zouden kunnen zijn voor therapieresistente eerste-episode
psychosepatiénten die antipsychotica gebruiken.

In hoofdstuk 10 introduceren we het concept van de duur van de behandeling-resistentie
(DTR). We benadrukken datvroege herkenning van therapieresistente schizofrenie de uitkomst
van deze subgroep aanzienlijk kan verbeteren. DTR kan toekomstige studies ondersteunen,
om verschillende aspecten van therapieresistente schizofrenie te onderzoeken en te bepalen
of verkorting van DTR door optimalisatie van de behandeling verdere langdurige invaliditeit
in therapieresistente patiénten kan voorkomen.

Conclusie

Het doel van deze thesis was om mogelijke markers voor therapieresistente schizofrenie
verder te onderzoeken, met name NM-MRI. We tonen aan dat NM-MRI potentie heeft als
marker voor therapieresistentie. Bovendien hebben we de reproduceerbaarheid van NM-MRI
vastgesteld en aangetoond dat de techniek betrouwbaar versneld kan worden, wat bijdraagt
aan de toepasbaarheid ervan in de klinische praktijk. We hebben bewijs uiteengezet dat
in vivo beeldvorming van de substantia nigra belangrijk is bij schizofrenie en meer inzicht
verkregen in hoe NM-MRI van de substantia nigra zich verhoudt tot dopamine aanmaak
in het striatum en de substantia nigra. Daarnaast hebben we verschillen in plasma dopa-
decarboxylase activiteit en glutamaat/GABA-niveaus tussen responders en therapieresistente
patiénten onderzocht, maar geen bewijs gevonden dat deze maten potentieel markers
zouden kunnen zijn voor therapieresistente schizofrenie. Als laatste hebben we het concept
DTR geintroduceerd wat kan bijdragen aan verdere onderzoek naar therapieresistentie.
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Marieke van der Pluijm was born on the 234 of September 1992, in Broek op Langedijk,
the Netherlands. She obtained her high-school degree in 2010 from the Huygens College
in Heerhugowaard and afterward moved to Amsterdam to study Psychobiology at the
University of Amsterdam. She completed her Bachelor’s Degree in 2013 with a thesis on the
effect of social feedback processing on electroencephalography signals in healthy females.
Subsequently, she enrolled in the Master’s program Neurobiology at the University of
Amsterdam, specializing in Cognitive Neurobiology & Clinical Neurophysiology. During her
Master’s, she completed her firstinternship at the NICHE lab, department of Psychiatry of the
University Medical Center Utrecht. She completed her second internship at the department
of Nuclear Medicine, Amsterdam University Medical Center (UMC), location VUMC. This
led to a research position at the same department, in which she continued working part-
time for a year on the project: “First in human NMDA PET tracer development and kinetic
modeling”. In 2016 she graduated with a Master’s degree and at the same time, started her
second Master’s in Neuropsychology at Leiden. During this period, she completed a research
internship at the department of Radiology and Nuclear Medicine, and a clinical internship at
the department of Early Psychosis, Psychiatry, both at the Amsterdam UMC, location AMC.
After her clinical internship and graduation of her Master’s in Neuropsychology beginning
of 2017, she stayed to work as a research coordinator at the department of Psychiatry. In
January 2018, she started her PhD on predicting treatment resistance in schizophrenia
under the supervision of prof. dr. Jan Booij, prof. dr. Lieuwe de Haan and dr. Elsmarieke van
de Giessen at the department of Radiology and Nuclear Medicine in collaboration with the
department of Psychiatry, at Amsterdam UMC, location AMC. From November 2020 until
April 2021, she simultaneously worked part-time on a project about improving self-esteem
in traumatized youth at the School for Mental Health & Neuroscience, Maastricht University.
From October 2021 onwards she worked part-time, besides her PhD, as a research coordinator
atthe department of Early Psychosis, Psychiatry, Amsterdam UMC, location AMC. Marieke
is currently employed as a post-doctoral researcher at the department of Early Psychosis,
Psychiatry, Amsterdam UMC, location AMC.
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Dankwoord

De afgelopen vijfjaar was een vrij turbulente periode, waarbij ik me niet altijd “in control”
voelde. Een periode vol uitdagende en bijzondere momenten, metals resultaat dit prachtige
proefschrift. Graag wil ikiedereen bedanken die op welke manierdan ook, indirect of direct,
heeft bijgedragen aan dit succesvolle resultaat.

Allereest ongelofelijk veel dank aan de deelnemers van de verschillende studies in dit
proefschrift. Zonder jullie inzet en deelname was dit proefschrift niet mogelijk geweest.
Ik wil in het bijzonder de deelnemers van de TREVOS-studie bedanken. Jullie hebben
tientallen vragen beantwoord, urenlang taken gedaan en bovendien dat eindeloze uur (en
voor sommigen anderhalf uur!) stilgelegen in de scanner. Dankzijjullie toewijding hebben
we de waardevolle wetenschappelijke data voor dit proefschrift kunnen verzamelen.

Graagwil ik mijn promotoren, Jan en Lieuwe, bedanken voor hun vertrouwen en begeleiding
tijdens mijn promotietraject. Voordat deze PhD-positie op mijn pad kwam, had ik nog
geen definitief besluit genomen over een PhD-traject. Ik was mij er zeer bewust van dat het
promotieteam van cruciaal belangis voor het succes (en de onvermijdelijke stress) van een
PhD-student. lk noemde wel eens dat ik enkel zou willen promoveren onder de meestideale
omstandigheden, namelijk op het perfecte project met MRI, PET en psychose, en met prof.
de Haan en prof. Booij als promotoren. Ik had jullie beiden ontmoet tijdens mijn stages en
hoewel we destijds nauwelijks contact hadden, kwamen jullie op mij over als toegankelijk,
oprechten consistent. Deze eigenschappen, gepaard met een scheutje nuchterheid en humor,
maken jullie de ideale promotoren om mee samen te werken. Bedankt voor het delen van
jullie oneindige passie en kennis.

Elsmarieke, jij hebt dit perfecte PhD-project gecreéerd en daar ben ik je ontzettend dankbaar
voor. Hoewel we elkaar in eerste instantie niet kenden, beschouw ik je retrospectief als een
essentieel lid van mijn promotie dreamteam. Jouw betrokkenheid tijdens zowel de moeilijke
als positieve momenten was een enorme steun. Onze samenwerking verliep altijd soepel,
omdat we goed op één lijn liggen. Je hebt me wetenschappelijk en persoonlijk enorm veel
geleerd. Je gedrevenheid en uitgebreide expertise waren zeer motiverend. Ik hoop nog lang
doorje geinspireerd te worden, we houden zeker contact.

Leden van de leescommissie, bedankt voorjullie deskundige oordeel en aanwezigheid. 1k
kijk er naar uit om van gedachten te wisselen tijdens de verdediging.

Om weer terug te gaan naar het begin. Claudia en Geor, zonderjullie had ik hier niet gestaan.
Vanaf een strandbedje op Curagao hebben jullie mij deze prachtige PhD-positie bezorgd.
Ik herinner me nog precies het moment waarop jullie mij enthousiast belden dat ik direct
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mijn CV moest opsturen naar Elsmarieke. Jullie waren mijn oud stagebegeleiders, en als
mijn wetenschappelijke peetouders hebben jullie mij altijd gesteund en begeleid. Daarvoor
ben ikjullie ontzettend dankbaar. Claudia, als mama eend, bleefjij nog wat langer om me
te begeleiden en te ondersteunen tijdens mijn eerste stappen als PhD-student. En hoewel
je uiteindelijk Z0 moest verlaten, ben ik blij datje nog een vinger aan de pols houdt tijdens
onze gin & tonic-avonden.

Zo-familie: Joena, Claudia, Geor, Melissa, Toni, Sophie, Koen, Zarah, Renske, Anne, Elon,
Daphne B, Carmen, Liza, Bobby, Nienke, Myrte, Daphne N., Susi, Laura, Hugo, Mariah, Natalia,
Wilhelm, Daan B., Daan K., Anouk, Bram, Lukas, Eva, Jitsha, Jasper, Paul dH., Oliver, Eric, Pim,
Sofieke, Ot, Paul C., Sandra, Anita, Jules, Katinka, Alexandra, Gustav, Aart bedankt voorjullie
steun en warmte. De gezellige lunches, koffies, borrels, congressen en feestjes, hebben niet
alleen mijn werkleven, maar ook mijn sociale leven gevuld. Jullie hebben mijn PhD-tijd
onvergetelijk gemaakten ik zal deze momenten nog lang koesteren. Joena, als opzichter van
Z0, speelde jij een grote rol bij de huiselijke sfeer. Ik kon altijd op je rekenen voor adviezen
en creatieve oplossingen. Ik ben blij datik hierals vriendin gebruik van kan blijven maken. Jij
krijgt alles voor elkaar (zoals de prachtige daglichtlampen). Bram en Anouk, bedankt dat ik
meermaals gebruik heb mogen maken vanjullie onuitputtelijke bron van MRI-kennis. Paul
G., bedankt voorje onmisbare hulp bij de MRI-data. Sandra, bedankt dat ik bij twijfel alles
aanje konvragenenje me af en toe een hart onder de riem stak.

Lieve roomies van Z0.174, jullie hebben mij ontzettend gesteund de afgelopen jaren. Van
lachen tot huilen en klagen, alles kon ik met jullie delen. Ik zal jullie gezelligheid enorm
missen, maar ik ben blij dat ik via mijn psychiatriekom verbonden mag blijven met jullie
aquarium. Koen, ik mis jouw frequente kamerbezoekjes, hoewel je misschien meer voor
de snoep kwam dan voor de gezelligheid. Claudia, Melissa, wat ik totaal niet mis zijn die
verschrikkelijke muziek video’s van C-artiesten waar jullie veel te lang met regelmaat mijn
mailbox mee bevuilden. Toni en Zarah, bedankt datikaltijd bijjullie terecht kon metvragen,
hoe klein dan ook, als bureauburen. Elon, ik ben blij dat jij mijn vervanger bent op Z0.174.
Met jouw humor en gezelligheid ben je een fijne afleiding voor de kamer. Probeer alleen
wel wat vaker naar de borrels te gaan. Renske, jouw goede vragen en eindeloze interesse,
zowel op persoonlijk als wetenschappelijk viak, hebben me gemotiveerd. Anne, je grappige,
behulpzame en lieve persoonlijkheid maken je een fijne collega (en talentvolle vlogger?).

Neurobuddies (Anouk, Carmen, Daphne B., Daphne N., Elon, Margo, Niels, Toni, Zarah),
bedankt voor de ondersteuning die jullie mij als neurocollega’s hebben geboden. Het was
fantastisch om metjullie te kunnen brainstormen tijdens de journal clubs, congressen en
gezellige borrels.
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Studenten, Alaya, Anne, Asta, Charlotte, Laura, Lissa, Luca, Maartje, Manon, Melissa,
Menno, Michelle, Pascalle, Ryanne, bedanktvoorjullie onmisbare hulp en toewijding bij de
dataverzameling. Ik heb veel geluk gehad metjullie als studenten, dankzij jullie flexibiliteit
en gedrevenheid heb ik de dataverzameling succesvol kunnen afronden. Maartje, bedankt
voorje hulp met het MRS artikel. Zonderjou had dit manuscript mijn boekje niet gehaald.
Merel, ik benjouenorm dankbaarvoorjouw redding tijdens de eindstreep met mijn Covid/
bruiloft debacle. Ik was al fan van jou, maar daardoor heb je nog meerindruk op mij en het
team gemaakt. Ik ben dan ook blij dat we in de toekomst kunnen blijven samenwerken bij
jouw eigen PhD-project.

Vroege Psychose, allereest ontzettend veel dank aan alle verpleegkundigen, arts-assistenten
en psychiaters van VP Jullie toewijding aan de patiénten en de studie is een belangrijk
fundament van het succes van ons onderzoek. Bedankt voor jullie geduld en flexibiliteit.
Ookwil ik mijn mede psychose onderzoekers bedanken (o.a.Jentien, Frederike, Arjen, Julie,
Sanne, Steven, Tim en Dorien) voorjullie betrokkenheid. Ik heb veel vanjullie geleerd tijdens
dejournal clubs envanjullie ervaring met de doelgroep. Nicole, bedankt alle ondersteuning
en je altijd snelle reactie. Eerste Constantijn Huygensstraat, Olav, heel erg bedankt voor
jullie samenwerking, enthousiasme en het creatief meedenken met de inclusie van TREVOS.
VIP, bedankt datjullie tijd maakte voor de TREVOS tussen de hectiek van de dag door. Met
name veel dank aan Rimke en Madelon voorjullie harde werk tijdens de laatste inclusie fase.

Guillermo, Ken, and Cliff, thank you for the inspiring meetings and your valuable help with
the neuromelanin MRl analyses. Meng-Fong, Edwin en Ehsan, bedanktvoorjullie hulp bij het
FDOPA scannen enjullie creativiteit bij de PET opzet om de scans zo goed mogelijk en met zo
min mogelijk beweging te laten verlopen. Kora, bedankt voorje prachtige tekenvaardigheden
waarmee je met bloed, zweet en tranen meerdere scans voor ons hebtingetekend. Maqsood,
bedankt voorje ondersteuning bij de FDOPA-analyse, je enthousiasme werkt aanstekelijk.

Carmen, bedankt voor onze geweldige samenwerking. Dankzij de gelijkenis van onze projecten
en de obstakels die we moesten overwinnen, konden we altijd op elkaar rekenen. Het was
een plezier om met je samen te werken op projecten. Je bent ontzettend georganiseerd
en je hebt een talent voor schrijven. We vullen elkaar goed aan en dat heeft tot mooie
manuscripten geleid.

Zarah, het nieuwste lid van de Jordaan crew. We ontmoetten elkaar tijdens Covid-tijd, ik
in een spijkerbroek, jij in een discoglitter broek. Jouw enthousiasme viel meteen op en het
was prettig (en handig) omjouals buurvrouw te hebben. De avondklok tijdens quarantaine
was geen uitdaging voor ons, zodra de klok begon te slaan was ik thuis voor de laatste slag.

252



Appendices

Melissa, bedankt voor al je waardevolle advies en steun. Ik heb me ontelbaar vaak op mijn
bureaustoel omgedraaid om even mijn hart bij je te luchten. Jouw nuchterheid en “niets
moet” mentaliteit zet alles in perspectief. Ook heb ik erg genoten van jouw gezelligheid,
je bent op alle borrels te vinden en onze eigen gin & tonic-bijeenkomsten waren, en zijn,
ontzettend gezellig.

Sophie, mijn sportbuddy en belangrijk lid van de Jordaan crew. Bedankt voor alle gezelligheid.
Even een drankje doen, een wandeling of gewoon bijpraten, jij bent overal voor te porren.
Je bent een ontzettend lief persoon en ik lijd met niemand liever tijdens de pilateslessen
van onze zingende vriendin.

Koen, ik kan altijd bij je terecht met al mijn vragen o.a. over MRl en Matlab. Bedankt voor
je geduld bij het uitleggen en voor al je geduld als je weer op me moest wachten wanneer
we samen naar huis reisden. Het was altijd erg fijn en gezellig om metjou de werkdag af te
sluiten. Hetis dan ook iconisch datjij nu naast me staatals paranimfom mijn PhD-avontuur
af te sluiten.

Toni, je benteen geweldige collega en een fantastische vriendin. Je staat altijd voor me klaar,
of het nu gaat om hulp bij statistiek, Matlab, het flyeren om mijn vermiste kat te vinden of
hetorganiseren van mijnvrijgezellenfeest. Ik heb het echt gewaardeerd omje buurvrouw te
zijnop Z0.174 enin Amsterdam. Het was geweldig om samen dit PhD-avontuur als science
sisters te beleven. Ik ben ontzettend dankbaar dat je naast me staat als paranimf.

Ik wil ook graag mijn vrienden buiten werk bedanken voor hun hulp omin balans te blijven
en te blijven genieten. Jullie hebben allemaal een onmisbare rol gespeeld in mijn leven en
bijgedragen aan het pad dat me hier heeft gebracht. Myrthe en Inger, onze vriendschap gaat
terug naarde basisschool en hoewel we elkaar niet altijd regelmatig zien, is het elke keer als
vanouds als we afspreken. Sapkedoodlies, ons avontuur begon 15jaar geleden bij ons eerste
concertvan Franz Ferdinand in Rotterdam, gevolgd door talloze andere concerten, festivals
en gezellige wijn-en spelletjesavonden. Ik ben zo dankbaar dat we na al die jaren nog steeds
zo'n geweldige “band” hebben. Zeinab, ik waardeer enorm dat ik altijd bij je terecht kan, eris
niemand metwie ik zo vaak en lang bel. Jorien en Birgit, bedankt voorjullie vriendschap vanaf
de middelbare school. Op 16-jarige leeftijd behaalde ik metjullie mijn eerste “publicatie”, de
opstap naar mijn wetenschappelijke carriére. Jorien, ik benje heel dankbaar datik metjouals
huisgenoot hetavontuurvan wonen en studeren in Amsterdam heb kunnen beleven. Sanne
en Florine, het is altijd gezellig metjullie, of het nu Heerhugowaard, Amsterdam, Londen,
Den Haag of Landsmeer is, wij hebben overal heerlijke gesprekken. Sasja, het was geweldig
om metjou de studie psychobiologie en de stad Amsterdam te ontdekken. Bedankt voorje
Twentse nuchterheid en uitgebreide samenvattingen, beiden waren een grote steun tijdens
de studie. Floriana, onze vriendschap is ook begonnen tijdens de studie psychobiologie, het
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was ontzettend leuk toen bleek dat wij vrij dicht bij elkaar waren opgegroeid en dezelfde
mensen kenden. Nikita, onze ontmoeting tijdens mijn eerste masterstage was meteen raak.
Als Bert en Ernie voelden we ons helemaal op onze plek in het NICHE lab, mede dankzij de
fantastische begeleiding van Branko. Bedankt voor een geweldige stageperiode waarin mijn
passie voor onderzoek is ontstaan.

Danielle, zowel tijdens de goede als slechte tijden sta je aan mijn zijde. We hebben samen
zoveel avonturen beleefd en de doordeweekse avondjes samen op de bank zijn even heerlijk.
Ik benimmens dankbaar voor onze vriendschap.

Schoonfamilie, Sjaak, Anneke, Lisa en Stefan, ik ben heel blij met jullie als bonus familie.
Ik voel mij vanaf het begin thuis bij jullie en ben dankbaar voor alle fijne gesprekken onder
het genot van heerlijke biertjes. De prachtige vakanties in Sri Lanka en Guatemala zal ik
nooit vergeten, wat hebben we tijdens die reizen veel beleefd en gelachen. Bedankt voor
alle goede zorgen en mooie herinneringen.

Ericen]Jessica, wat bof ik metjullie als broer en schoonzus. Hetis zo fijn omjullie dichtbij te
hebben in Amsterdam. Samen heerlijk eten of spelletjes doen (geen escape room is tegen
ons opgewassen), hetis altijd gezellig metjullie. Ik waardeerjullie steun en adviezen enorm
enik ben dankbaar datik altijd bij jullie terecht kan.

Pap en mam, jullie hebben mij geleerd om sterk te zijn en om altijd te blijven doorzetten,
zelfs in de moeilijkste tijden. Van jongs af aan hebben jullie mij de waarden en normen
bijgebracht die mij hebben gevormd tot wie ik nu ben. Ik ben ontzettend dankbaar voor
jullie onvoorwaardelijke liefde en steun.

Thomas, ik kan niet anders dan het dankwoord met jou afsluiten. Dit proefschrift is een
team-effort en niet alleen dankzij je hulp bij de plaatjes. Jij hebt mij enorm gesteund in
de afgelopen jaren, zowel privé als tijdens dit promotie traject. Kleine of grote dingen, ik
mag altijd mijn hart bij je luchten. Ik ben ontzettend dankbaar dat je altijd aan mijn zijde
staat tijdens de moeilijke tijden, maar ook dat we altijd de mooie momenten (van inclusie
mijlpalen tot geaccepteerde artikelen) samen kunnen vieren, met sushi of cocktails. Samen
vormen we het perfecte team en het maakt me dolgelukkig datikje mijn “man” mag noemen.

254



Appendices

255






