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Abstract
Purpose  There is a need for biomarkers in psychiatry to improve diagnosis, prognosis and management, and with confirmed 
value in follow-up care. Radionuclide imaging, given its molecular imaging characteristics, is well-positioned for translation 
to the clinic. This systematic review lays the groundwork for integrating PET and SPECT imaging in the clinical manage-
ment of schizophrenia-spectrum disorders.
Methods  Systematic search of PubMed, Embase, Web of Science and Cochrane library databases was conducted from the 
earliest date available until February 2024. The focus was on longitudinal studies evaluating PET or SPECT imaging in 
individuals with a schizophrenia-spectrum or another psychotic disorders. Quality assessment was done using the Newcastle-
Ottawa Scale (NOS), NIH scale for before-after studies and Cochrane Risk of Bias tool version 2 (Cochrane RoB2). Studies 
were further categorised into three groups: preclinical and diagnosis, predicting disease course or personalising treatment.
Results  Fifty-six studies were included in the systematic review investigating in total 1329 patients over a median of 3 
months. Over two-thirds used PET tracers, whereas the remaining studies employed SPECT tracers. The most frequently 
investigated system was dopaminergic transmission, followed by cerebral metabolism and blood flow. [18F]FDOPA demon-
strated large effect size in predicting conversion of subjects at risk and treatment response. Additionally, treatment dosage 
could be optimised to reduce side effects using [123I]IBZM or [11C]raclopride.
Conclusion  Molecular imaging holds significant promise for real-life application in schizophrenia, with two particularly 
encouraging avenues being the prediction of conversion/response to antipsychotic medication and the improved manage-
ment of antipsychotic dosage. Further longitudinal studies and clinical trials will be essential for validating both the clinical 
effectiveness and economic sustainability, as well as for exploring new applications.
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Introduction

The World Health Organization (WHO) ranks mental dis-
orders among the top 10 global causes of years lived with 
disability (YLD) [1]. Schizophrenia-spectrum disorders 
(SSD), characterised by an impaired perception of reality, 
stand out with a high societal cost and twice the mortality 
rate of the general population [2, 3]. Although it has long 
been shown that these conditions have a brain-basis, albeit 
with modest deviations, biomarkers are still awaited for 
improved management of patients.

Radionuclide imaging, with its ability to visualise sub-
tle molecular interactions, is well-positioned to uncover 
the underlying neural mechanisms of psychotic symptoms 
[4]. Research employing single photon emission computed 
tomography (SPECT) and positron emission tomography 
(PET) has already contributed to advancing our under-
standing [5], and this growing knowledge could transform 
how psychotic disorders are managed.

Current thinking suggests that increased presynaptic 
dopamine synthesis may underly positive symptoms in at 
least a subset of patients with schizophrenia, presenting an 
opportunity for early diagnosis and treatment strategies [6, 
7]. However, there is presently no standardised application 
defined in psychiatry for tools able to investigate neuronal 
function. Imaging techniques, such as [18F]FDG PET or 
DATscan/[18F]FDOPA PET, are primarily used to exclude 
psychiatric or iatrogenic causes in patients with neuro-
logical symptoms [8, 9]. This reiterates that although an 
improved understanding of disorders is helpful in refining 
the nosography, the transition to clinical application will 
not happen automatically.

Longitudinal studies will be crucial in bridging this 
gap, as they can identify and track key events over time, 
establish causal relationships, and confirm outcomes 
upon follow-up [10]. For example, they were instrumen-
tal in clarifying the role of dopamine in the development 
of schizophrenia [11]. Given the chronic nature of many 
SSD, such study set-ups will be best suited in optimis-
ing the use of molecular imaging at different stages of 
the disease – ranging from preclinical phase to diagnosis, 
treatment, remission and relapse prediction.

In the current article, we present the first systematic 
review of longitudinal studies utilising SPECT or PET 
imaging in SSD. While previous reviews have focused 
on specific neurotransmitters [12, 13], a systematic 
review from an imaging perspective to guide physicians 
on potential future indications has never been presented. 
Therefore, the aim of this paper is to critically assess the 
evidence that supports the role of radionuclide neuroim-
aging in the clinical routine management of patients with 
schizophrenia.

Methods

The systematic review is reported according to a predefined 
internal protocol and written according to the Preferred 
Reporting Items for a Systematic Review and Meta-Anal-
ysis (PRISMA) statement [14]. The PRISMA checklist can 
be found in the supplementary materials (Supplementary 
Table 1). The complete study protocol can also be found 
in the supplementary materials. No ethical approval or 
informed consent was required.

Search strategy

The search strategy followed a serial approach to identify 
studies for inclusion in this review. The first step was to 
identify pivotal studies by entering various combinations 
of the following terms in PubMed: “psychosis”, “SSD”, 
“schizophrenia”, “PET/CT”, “PET/MRI”, “PET”, “SPECT”, 
“SPECT/CT”, “longitudinal studies” and “follow-up”. Fol-
lowing this, Medical Subject Headings (MeSH) terms were 
extracted from these studies following the Population, 
Intervention and Context (PICo) framework. In our case, 
population represented SSD, intervention imaging and con-
text longitudinal follow-up. The second step was to exhaus-
tively search the PubMed, Embase, CENTRAL and Web 
of Science databases using the selected MeSH terms (Sup-
plementary Table 2). The search process was concluded on 
February 14th, 2024. Finally, all results were extracted and 
imported into Rayyan (https://​www.​rayyan.​ai) and dupli-
cates were removed.

Study selection

Two authors (AR and AJB) independently reviewed studies 
in Rayyan to assess for inclusion in the review. Inclusion 
criteria were (1) studies performed in humans with psycho-
sis, schizophrenia or at clinical high risk of psychosis, (2) 
using SPECT or PET imaging, (3) with a longitudinal design 
defined as following subjects at minimum two timepoints ≥ 7 
days, (4) and original studies. Exclusion criteria were (1) 
studies done in healthy human, animal or in vitro models, 
(2) clinical trials investigating non-approved drugs, (3) case 
reports or small series of cases (≤ 5 subjects), (4) letters to 
editors or commentaries, (5) abstracts presented at confer-
ences with no full text, (6) phantom studies, (7) previous 
reviews and meta-analyses. No additional exclusion criteria 
were applied. There was no language restriction.

Both researchers independently screened and criti-
cally assessed each study for relevance based on title and 
abstract. After this screening step, final selection of arti-
cles was done using full texts. If full text articles were not 
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retrievable, authors were contacted to ascertain whether a 
full text article was published or obtainable. Disagreements 
were resolved by reviewing discrepancies until agreement 
was reached and asking a third opinion (FF) if agreement 
could not be reached.

Data extraction

Data extraction was performed independently by two authors 
(AR and FF). For each article, they collected information 
on the tracer used, system investigated (e.g., cerebral perfu-
sion, striatal dopamine receptors), type of camera (SPECT, 
SPECT/CT, PET, PET/CT, PET/MRI), attenuation correc-
tion, number of subjects, diagnosis, and follow-up period. 
Detailed information on imaging protocols in studies using 
PET tracers with recent EANM recommendations was also 
collected [8, 9]. When feasible, an effect size measure, such 
as Cohen’s d, was extracted. If the studies varied signifi-
cantly in how data was presented, making effect size com-
putation impractical, p-values were collected instead. Both 
authors then reviewed and compiled the data collaboratively.

Quality assessment

Quality assessment of the selected studies was done in con-
sensual agreement by two authors (AR and FF). Longitudi-
nal studies varying in their design (randomised or non-ran-
domised, with or without control group), adapted tools for 
quality assessment were used following recommendations 
[15]. Non-randomised studies including a control group 
(“case control” studies) were assessed using the Newcastle-
Ottawa scale (NOS) [16]. Non-randomised studies with no 
control group (“before after” studies) were assessed using 
the National Institute of Health (NIH) tool for pre-post stud-
ies with no control group (https://​www.​nhlbi.​nih.​gov/​health-​
topics/​study-​quali​ty-​asses​sment-​tools). Finally, studies 
employing a randomised controlled design (“randomised” 
studies) were evaluated using the Cochrane Risk of Bias 2 
(RoB2) [17]. Each study was rated as having ‘Poor’, ‘Fair’ 
or ‘Good’ quality based on these criteria.

Data analysis

We investigated each tracer used in each study and what 
systems they investigate. Data are presented for each system 
tracer. In addition, studies were classified into 3 categories 
depending on where they are most susceptible to transfer 
into clinical practice (preclinical and diagnostic stage, pre-
dicting disease course and personalising treatment). Results 
are presented following this framework. Considering hetero-
geneity of the studies, a meta-analysis was not performed. 

Detail of each study with main findings are summarised 
(Table 1). Most investigated variables across studies are 
presented using bubble and forest plots.

Results

Eligible studies

The systematic search yielded 1445 studies, of which 354 
duplicates were removed (Fig. 1). A total of 963 works were 
excluded on the basis of title, keywords and abstracts. These 
consisted in 644 studies which were not done in human psy-
chotic subjects, 143 studies with wrong design, mostly not 
incorporating PET or SPECT, 84 wrong publication types 
including case reports, comments and editorial and 92 back-
ground articles, mostly reviews. Kappa agreement between 
both reviewers (AR and AJB) was excellent at 95.4%. Full-
text was queried for 128 studies and 72 of them were subse-
quently excluded, mostly conference abstracts with no full-
text. All included studies were in English. Included studies 
were [11, 18–72].

Quality assessment

Detailed quality assessment for each study can be found in 
Supplementary Tables 3, 4 and 5. The majority of studies 
demonstrated good or fair quality (35.7% and 48.2%, respec-
tively). There was balanced distribution of case control and 
randomised studies across the 3 categories while most of 
before-after studies had fair quality and none of them had 
poor quality (Fig. 2).

Technical characteristics

A total of 1329 patients with an SSD, another psychotic 
disorder or at ultra-high risk of developing psychosis (UHR) 
were investigated. Follow-up duration extended from 2 
weeks to over 4 years. Median follow-up duration was 91.3 
days (3 months). Thirty-eight studies (67.9%) used PET and 
18 (32.1%) SPECT imaging (Fig. 3). Five studies included 
two tracers, and others used one tracer. Most studies (69.6%) 
investigated the dopamine system at different stages (pre-
synaptic synthesis or transporter/receptor availability). The 
second most prevalent facet was glucose metabolism and 
cerebral blood flow (both accounting for 12.5% of studies). 
Reflecting this, the most common tracer was [11C]raclopride 
(19.7%), followed by [123I]iodobenzamide ([123I]IBZM) and 
[18F]FDOPA (18% each), and [18F]FDG (11.5%).

Twenty-six studies were published in the last decade 
(2014–2024), of which 20 (76.9%) employed PET and 6 

https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
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(23.1%) SPECT, using [123I]IBZM, [123I]epidepride and 
[99mTc]ECD.

Recent years have seen the increased use of hybrid sys-
tems (Table 1), or the development of standardised methods 
for attenuation correction such as transmission scanning for 
PET-only [11, 18, 23, 30, 51–53, 58–60, 65–68, 71], and 
mathematical modelling for SPECT-only systems [20, 31, 
41, 42, 50, 61, 62, 69]. However, earlier studies often pro-
vide limited information on attenuation correction [19, 24, 
25, 27, 28, 32, 38–40, 45, 48, 49, 54–56, 64, 70], while 
others explicitly state it was not performed [22, 63]. One 
study using a PET/MRI system was included in this review 
and corrected for attenuation using an ultrashort echo time 
T1 sequence [46].

[18F]FDOPA protocol

All studies required subjects to fast at least 4 h before injec-
tion, although two studies do not provide information on 
this [44, 46]. All studies, except one, premedicated patients 

Fig. 1   PRISMA flow chart of 
selected studies. Wrong popula-
tion: studies not using psychotic 
human subjects, wrong design: 
studies not using PET/SPECT 
and a longitudinal design, 
wrong publication type: studies 
with no full text or no original 
data, background articles: previ-
ous reviews or opinion papers

Fig. 2   Quality assessment of the different study types. X-axis repre-
sents quality rating. Y-axis represents number of studies
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with entacapone or carbidopa [46]. Most studies used activi-
ties near EANM recommendations for parkinsonism, around 
150–185 MBq [9]. However, four studies administered 
higher doses, ranging from 318 MBq to 592 MBq [30, 36, 
44, 46]. While most studies conducted a 90–95 min dynamic 
acquisition starting 30 s before injection, two studies fol-
lowed different protocols [44, 46].

[18F]FDG protocol

All studies required subjects to fast for at least 6 h, except for 
one study that does not provide details [43]. Either 185 or 
370 MBq doses were used for each subject. In two studies, 
patients did a performance task for 20 min after injection 
[24, 25], while one study does not specify about the uptake 
period conditions [43]. Others indicate subjects rested for 
20–40 min. Most studies do not give information on scan 
duration, except three which reported durations of 10, 50 
and 50 min [32, 43, 45].

Assess risk and anticipate conversion

The most notable finding in this category is the increased 
dopaminergic activity in UHR individuals who later convert 
to full-blown psychosis vs. those who did not. Studies used 
[18F]FDOPA, [123I]IBZM and [123I]FP-CIT to investigate 
presynaptic striatal dopamine synthesis, postsynaptic D2 

receptor availability and presynaptic dopamine autotrans-
porter (DAT) availability, respectively. For example, Howes 
et al. reports a large effect size (Cohen’s d = 1.18) in con-
verters vs. healthy controls [11]. The bubble plot in Fig. 4 
reports the different variables investigated. There was het-
erogeneity in the way of reporting results with sometimes no 
mean, confidence interval or statistic size but p-values were 
present in all studies.

In addition, two other studies used [18F]FDG and assess 
differences between subjects who later converted to schizo-
phrenia vs. those who did not [24, 25]. They found signifi-
cantly lower prefrontal metabolism in converters while there 
was no significant difference between non converters and 
healthy controls.

Predict course of disease

Following on the subject of presynaptic dopamine hypersyn-
thesis, Jauhar et al. carried out 3 studies measuring it in first-
episode psychosis (FEP) subjects that were treatment naïve 
or minimally treated at the time of PET imaging [33–35]. 
One of their seminal findings was the relationship between 
increased presynaptic dopamine synthesis and response to 
treatment, improvement of functioning and overall remis-
sion. Effect size measured by Cohen’s d was 1.55 in respond-
ers vs. non-responders and 1.31 in responders vs. controls 
(Fig. 5). Their findings also suggest a prominent role of the 

Fig. 3   Overview of studies. PET, positron emission tomography; SPECT, single-photon emission computed tomography; TSPO, translocator 
protein
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associative striatal subdivision as well as interaction with 
prefrontal glutamate. These results were further supported 
by Sigvard et al. that demonstrated correlation between 
dopamine synthesis capacity and treatment response [44]. 
It could also have potential in predicting relapse as a nega-
tive relationship was shown between dopamine synthesis 
capacity and time to relapse after antipsychotic discontinu-
ation [36]. Similarly, a study found an inverse relationship 

of presynaptic dopamine synthesis with negative symptoms 
after 3 months of treatment [46].

Regarding cerebral blood flow, studies point towards 
increased striatal perfusion under long-term antipsychotic 
treatment [28, 30, 38]. The second finding is that there may 
be disturbed prefrontal perfusion of other areas at baseline 
such as the prefrontal cortex with some signs of improve-
ment after treatment [27, 31, 42]. Due to the interaction 
between perfusion and metabolism, studies on a same design 
using [18F]FDG reflect the same findings [40, 43]. More 
interesting for clinical translation may be studies that tried 
to predict symptom worsening or tardive dyskinesia using 
[18F]FDG [32, 39, 45], but these findings have not been rep-
licated (see Table 1 for detail).

Personalise treatment management

Most of studies that could translate to personalised medi-
cine measure striatal post synaptic D2/3 receptor occupancy 
under antipsychotic treatment using [123I]IBZM or [11C]
raclopride. Goals in measuring occupancy were various, 
but a frequent objective was correlation with symptoms 
or side effects (Fig. 6). Moreover, occupancy studies have 
shown that the relationship between medication dose and 
striatal dopamine receptor occupancy followed a hyperbole 
saturation model [55, 56, 60]. Optimal therapeutic window 
appears to be 65–80% in young patients and lower in older 
patients around 50–60% [52]. It was also shown that atypi-
cal antipsychotics such as quetiapine may only show low 
or transitory dopamine receptor occupancy while produc-
ing similar effects in symptoms reduction with the added 
benefit of reduced EPS or even reduction in prolactin lev-
els [56]. Other studies reporting binding potentials (BP) 

Fig. 4   Summary of dopamine 
studies predicting preclini-
cal worsening or conversion 
to clinical psychosis. Crosses 
represent direct association. 
Blue: significant result, yel-
low: non-significant result. C, 
converters; DAT, dopamine 
autotransporter; DSC, dopamine 
synthesis capacity; hCBF, hip-
pocampal cerebral blood flow; 
NC, non-converters

Fig. 5   Voxel-wise analysis of responders to treatment vs. non-
responders using [18F]FDOPA PET imaging. Adapted from Jauhar 
et al. [34]
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demonstrated supportive findings. Studies investigating 
serotonin receptors show a similar therapeutic window for 
atypical antipsychotics such as quetiapine and higher bind-
ing correlates with more side effects [56, 67, 68].

Discussion

In this systematic review, we highlight the promising use 
of molecular imaging at various stages of SSD. Two of the 
areas with the strongest evidence are measuring dopamine 
synthesis to predict conversion to psychosis and treatment 
response, as well as assessing dopamine receptor occu-
pancy to optimise treatment. Significant heterogeneity was 
observed in the methods and objectives of studies, reflect-
ing the vastness of the question asked. PET has become the 
preferred imaging technique over SPECT, a trend that is 
expected to continue. The most investigated system was 
postsynaptic dopamine receptors followed by presynaptic 
dopamine synthesis.

The onset of the first psychotic episode is often preceded 
by a subclinical prodrome of 1–5 years [73]. Having a bio-
marker to discriminate subjects most likely to convert to 
clinical psychosis would be of great value in allowing early 
disease-course modifying interventions. Longitudinal stud-
ies suggest imaging of presynaptic dopamine synthesis and 
postsynaptic receptor availability may be relevant and could 
be directed towards specific populations, such as individuals 
using recreational drugs [74]. Imaging of dopamine synthe-
sis with [18F]FDOPA, which is already available for other 
indications, shows the most potential with correlation to 
symptom worsening replicated in several independent stud-
ies [11, 18, 21, 23]. Regarding conversion, a large effect size 
was identified for dopamine synthesis capacity (Cohen’s d 

for whole striatum = 1.18 and associative striatum = 1.24) in 
converters [11]. However, this was not replicated in a recent 
study, possibly due to a relatively short follow-up period of 
less than 1 year for certain patients [21].

There is also evidence to suggest that a subtype of 
schizophrenia is mediated through increased dopamine 
synthesis with correlation to positive symptoms and treat-
ment response while the other subtype demonstrates nor-
mal dopamine synthesis and tend to not respond to typical 
antipsychotic treatment [6, 75]. Studies by Jauhar et al., 
which notably found large effect size of dopamine synthesis 
capacity in responders vs. non-responders (Cohen’s d = 1.55) 
and vs. healthy controls (Cohen’s d = 1.31), support this 
hypothesis [33–35]. Currently, subjects must undergo two 
courses of antipsychotic of adequate dose and duration to 
be labelled treatment-resistant. Clozapine, an atypical antip-
sychotic with potential life-threatening side effects such as 
agranulocytosis, can then be trialled and around one-third 
of treatment-resistant subjects will respond to this treatment 
[76]. A recent study evaluated a simplified 10–15 min acqui-
sition protocol of [18F]FDOPA PET and assessed its eco-
nomic impact if used systematically to guide treatment [77]. 
Despite high cost of [18F]FDOPA imaging, findings were in 
favour of a potential healthcare cost saving of ~ €3950 (~ 
$4250 USD) per patient due to reduced hospitalisations and 
faster remission. We believe that if a randomised control trial 
were to confirm these findings, establish a clear dopamine 
synthesis threshold, and present such a 10–15 min proto-
col suitable for clinical use instead of a 95-minute acquisi-
tion, there would be sufficient evidence to recommend [18F]
FDOPA as an option to guide initial treatment of FEP.

Another area where there is clinical potential of molecu-
lar imaging is in personalising treatment in subjects receiv-
ing antipsychotics with high anti-dopamine receptor effect. 

Fig. 6   Summary of studies investigating striatal dopamine receptor occupancy under antipsychotics. Studies not reporting striatal occupancy as a 
percentage are not included. Markers represent mean occupancy and error bars represent one standard deviation
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The relationship between medication dose and clinical 
improvement levels off over a certain threshold resulting 
in diminished benefits while further side effects such as 
EPS, hyperprolactinaemia or abulia can be expected [78]. 
This has enabled to define an optimal therapeutic window 
around 60–80% in young subjects and lower in older sub-
jects between 50 and 60% [52, 79]. Most studies included 
in our review that investigated optimisation of treatment 
used [11C]raclopride or [123I]IBZM to measure D2/3 recep-
tor occupancy. Clinical translation could be facilitated using 
[18F]fallypride which has shown excellent correlation with 
[11C]raclopride and can also measure extrastriatal dopamine 
receptors [80]. It must be said that while these tracers allow 
direct assessment of receptor occupancy, indirect measure 
using medication plasma levels is the standard approach due 
to technical simplicity and cost-effectiveness [81]. However, 
we believe that imaging could be useful in selected cases 
where treatment optimisation presents challenges or when 
potential confounders, such as the use of substances interfer-
ing with dopamine transmission, are suspected.

Finally, the other studies presented in this review exam-
ined various systems, with a primary focus on glucose 
metabolism and perfusion with interchangeable results 
due to cerebral metabolism-perfusion coupling. Similarly 
to [18F]FDOPA, they also have the benefit of being readily 
available in clinical practice. Evidence suggests lower glu-
cose metabolism in schizophrenia, particularly in chronically 
treated patients and a recent meta-analysis supports the the-
ory of hypofrontality in schizophrenia [82]. It has also been 
observed that chronic treatment by antipsychotics could lead 
to hyperperfusion/hypermetabolism of striata [28, 30, 38]. 
Although these studies have shed light on the mechanisms of 
schizophrenia and treatment, it remains mostly pathophysi-
ological at this stage and difficult to see clinical translation 
in the near future.

Limitations

One limit of this work is the considerable heterogeneity of 
the reviewed studies at multiple levels including popula-
tion (e.g. drug-naive subjects, FEP), technical aspects (e.g. 
choice of radiotracer, experimental design) and statistical 
presentation of data (e.g. size effect, voxelwise analysis). 
This precludes a detailed analytical perspective, such as 
determining an overall effect size through meta-analysis.

Despite a growing preference for PET due to its superior 
resolution, quantification, sensibility and rapid advance-
ments of new technologies [83], SPECT has been employed 
in several recent studies, likely because of limited availabil-
ity of certain radiotracers ([11C]raclopride, [15O]water). The 
use of SPECT introduces more variability, as seen in attenu-
ation correction protocols while modern PET systems are 
typically equipped with CT or MRI. PET/MRI also enables 

simultaneous assessment of neurotransmitters using radio-
nuclides and spectroscopy [84]. Further efforts are needed 
to develop and widely distribute reliable long half-life PET 
tracers.

While [18F]FDOPA studies generally followed standard-
ised protocols giving further confidence into the results, 
[18F]FDG studies exhibited greater heterogeneity and some-
times omitted key information. Protocols for [11C]raclopride 
and [123I]IBZM imaging are not reported since, as discussed, 
a PET tracer such as [18F]fallypride would be preferable in 
clinical settings. However, there was also significant het-
erogeneity as demonstrated by the use of BP or occupancy 
percentage.

Other psychiatric diseases would also benefit from more 
standardised approaches. PET imaging suggests low lev-
els of 5-HT1A and serotonin transporters (SERT) in major 
depressive disorder (MDD), possibly indicating reduced 
serotoninergic transmission [85–88]. This could lay the 
groundwork for new biomarkers in diagnosis and personalis-
ing treatment as 30–40% of MDD subjects do not respond to 
a first line of selective serotonin recapture inhibitor (SSRI). 
However, the evidence remains heatly debated, and ensur-
ing conflicting results do not emerge from protocol incon-
sistency or subject heterogeneity would benefit everyone 
[89, 90]. Framing questions from a clinical rather than a 
pathophysiological perspective and further large sample size 
longitudinal studies would also be helpful in ensuring the 
emergence of imaging biomarkers in psychiatry.

Future directions

While many studies focus on positive symptoms, impaired 
functioning is also associated with the negative/cognitive 
aspect of the disease, which is likely mediated by other neu-
ral systems (Fig. 7). Evidence indicates that neuroinflam-
mation may play a role in psychiatric disorders, most often 
studied through imaging of the mitochondrial protein TSPO 
found in glial cells [91]. The two longitudinal studies in 
this systematic review suggest different TSPO expression in 
schizophrenia [29, 37], and another study found correlation 
between symptom severity and TSPO expression in UHR 
subjects [92]. However, TSPO imaging is subject to severe 
limitations regarding its specificity and reliability due to 
intrinsic (i.e. biology, genetics with rs6971 polymorphism) 
and extrinsic (i.e. drug use, medication) factors and neces-
sitates invasive protocols involving, for example, arterial 
cannulation, sedation or genotyping [93, 94].

A captivating new direction of research revolves around 
synaptic density [95]. It has long been known that psychotic 
subjects, including in the prodrome, show divergent trajecto-
ries in cortical thickness and grey matter volume compared 
to healthy controls likely due to excessive synaptic prun-
ing [96, 97]. Synaptic vesicle glycoprotein 2 A (SV2A) is 
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a ubiquitous marker of synaptic terminal density and PET 
radioligands, initially [11C]UCB-J and now labelled with flu-
orine-18 ([18F]UCB-J), have been found specific for SV2A 
with good correlation to synaptic density [98, 99]. Studies in 
patients with chronic schizophrenia found lower distribution 
of [11C]UCB-J compared to healthy volunteers in the frontal 
and anterior cingulate cortices with large effect sizes, and 
possibly lower in the hippocampus as well [100, 101]. Con-
versely, findings are more contradicting in the early course 
of schizophrenia, but therefore possibly reflecting a dynamic 
process in the course of disease [102, 103]. Imaging of syn-
aptic density could become increasingly crucial, especially 
considering that novel drug candidates such as KarXT and 
Trace amine-associated receptor 1 (TAAR1) agonists do not 
target dopamine receptors and have been shown to enhance 
cognition of schizophrenic patients [104–106].

Research on ketamine, a N-methyl-D-aspartate receptor 
(NMDAR) antagonist used for schizophrenia modelling, and 
interactions between glutamate and dopamine have proved 
glutamatergic involvement in the pathophysiology of schizo-
phrenia [84, 107]. There is also evidence to suggest that 
resistance to treatment may be underlain by high anterior 
cingulate glutamate levels with normal striatal dopamine 
synthesis [108]. Currently, imaging primarily relies on 

magnetic resonance spectroscopy (MRS), which measures 
free glutamate/glutamine level, and therefore serving as an 
indirect marker of NMDAR activity. Although several radi-
otracers have been developed to image this receptor, such as 
[11C]CNS-5161 or [11C]GMOM, clinical studies on schizo-
phrenia subjects remain limited. Recent findings using [18F]
GE-179 found lower hippocampal availability of NMDAR 
compared to healthy controls as well as a relationship 
between NMDAR availability and memory consolidation 
brain activity [109, 110], lending support to the NMDAR 
hypofunction theory.

Conclusion

Our review highlights the potential of [18F]FDOPA in pre-
dicting psychosis conversion and selecting patients who 
could benefit from clozapine as a first-line treatment. How-
ever, a randomised clinical trial is required to confirm its 
impact in clinical practice. Similarly, measuring dopamine 
receptor occupancy could assist in personalising level of 
D2/3 blockade in patients on antipsychotics but necessi-
tates further studies with long half-life PET tracers before 
widespread adoption. Lastly, methodological standardisation 

Fig. 7   Clinical potential of molecular imaging in psychotic disorders. 
Dopamine and glucose imaging could lead to a change in disease 
course with earlier diagnosis, longer remission and fewer side effects, 

allowing a subject to live longer with a lower burden of disability 
(y-axis). Emerging techniques focus on other systems including neu-
roinflammation, glutamate synaptic activity and synaptic density
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and further longitudinal studies will be paramount to enable 
clinical translation of innovative tracers investigating new 
targets such as TSPO, SV2A or NMDAR.
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