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Abstract 

 
Dopamine D2 (D2R) receptor blockade exerted by antipsychotics is the current standard for 

the treatment of psychosis. However, the effects on brain structure and function are still 

under debate. In addition, most studies examining brain changes have been conducted in 

patients where results are confounded by disease state and trait effects and placebo-

controlled designs are difficult to perform for ethical concerns. As a result, disentangling 

between disease and treatment effects is challenging. Whilst previous studies in healthy 

volunteers have shown that acute single exposure to D2R antagonism is associated with 

alterations in brain structure and function, it remains unclear whether these effects are 

detectable after prolonged D2R blockade. Moreover, structural, and functional Magnetic 

Resonance Imaging (MRI) findings after antipsychotic administration in humans have rarely 

been directly linked with pharmacodynamics at D2R. To address all these issues, the present 

thesis illustrates the results of three studies. The first study tested the association between 

the main effects of single-dose antipsychotic administration on cerebral perfusion and spatial 

distribution of D2R across the entire brain, the second investigated changes in brain structure 

and function after sustained D2R blockade in healthy volunteers and the third examined 

differences in brain perfusion between non-medicated patients at their first episode of 

psychosis (FEP) and healthy controls (HC). 

Study 1. I analysed Cerebral Blood Flow (CBF) data as assessed with Arterial Spin Labelling 

(ASL) from a placebo-controlled study in healthy volunteers, who received a single dose of 

three different D2R antagonists and tested the association of the main effects of the drugs on 

CBF against non-displaceable binding potential (BPND) [18F]-Fallypride Positron Emission 

Tomography (PET) normative maps and brain post-mortem microarray mRNA expression 

data for the DRD2 gene from the Allen Human Brain Atlas (AHBA). For all antipsychotics, 

CBF changes were directly proportional to brain D2R densities and DRD2 mRNA 

expression measures. In addition, the spatial relationship between ΔCBF and D2R profiles 

varied between the different antipsychotics tested, possibly reflecting differential affinities. 

Study 2. I analysed data from a double-blinded, randomized, crossover, placebo-controlled 

study in healthy volunteers who received either amisulpride 400mg or a placebo daily for 

seven days. T1 maps and brain volume estimation were derived from the MP2RAGE 

sequence. Pseudo-continuous ASL and resting-state multi-echo fMRI sequences were used 
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to assess CBF and functional connectivity respectively. Using the Spearman correlation, I 

tested the association between drug effects and extrapyramidal symptoms (EPS). In 

addition, to explore inter-individual variability in drug response, I implemented a 

pharmacokinetic/pharmacodynamic (PK/PD) framework from pre-clinical studies which 

modelled plasma drug concentration in a repeated dose regimen, receptor occupancy and 

brain changes after sustained D2R blockade. No differences were found between amisulpride 

and placebo conditions in both T1 maps and brain volumes. Amisulpride increased CBF in 

the striatum and reduced functional connectivity between its sensorimotor subdivision and 

the primary motor cortex as compared with placebo. The PK/PD model revealed a 

monotonically increasing relationship between changes in CBF and receptor occupancy as 

predicted by preclinical models. Finally, a greater reduction in functional connectivity was 

associated with greater EPS.  

Study 3. I examined CBF in FEP free from antipsychotic medication compared to HC. Both 

absolute and relative-to-global CBF was assessed. I also investigated the association between 

baseline CBF and treatment response in a partially nested follow-up study. The comparison 

revealed significantly lower absolute CBF in the frontal cortex and no differences in the basal 

ganglia. Whole brain voxel-wise analysis revealed widespread cortical reductions in absolute 

CBF in large cortical clusters that encompassed occipital, parietal, and frontal cortices. No 

differences were found in relative CBF in the selected region of interest and voxel-wise 

analysis. Relative frontal CBF was correlated with the percentage change in total Positive 

and Negative Syndrome Scale (PANSS) after antipsychotic treatment.  

My PhD shows that both acute and sustained D2R blockade induces increased CBF in the 

basal ganglia in healthy volunteers and that the magnitude of the effects reflects the spatial 

distribution of D2R in the brain and inter-individual variability in D2R occupancy. These 

findings from experiments inform the negative finding in the clinical study where no 

difference was found in striatal perfusion between non-medicated FEP and healthy controls, 

indicating that increased striatal perfusion in psychosis is likely a treatment effect. My PhD 

also extends previous evidence from single-dose studies to show that sustained blockade of 

D2R over a week is not associated with changes in brain tissue structure and volume. Finally, 

the results of my PhD also indicate that D2R blockade also has non-local effects by altering 

cortico-striatal functional connectivity which could potentially serve as a biomarker for EPS. 
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1 Introduction 

 
In my introduction, I will first introduce the class of drugs called ‘antipsychotics’, their clinical 

use, side effects and pharmacodynamic properties. Even though antipsychotics have been 

largely characterised for the treatment of psychosis in terms of clinical response and side 

effects, their effect on brain physiology and how this relates to treatment is less clear. A 

deeper understanding of these effects is crucial to uncover biological mechanisms driving 

their clinical efficacy as well as their side effects. I will review clinical neuroimaging studies 

along with evidence from pre-clinical and experimental medicine studies on the effects of 

antipsychotic medication with a focus on the effect of dopamine D2 receptors (D2R) 

blockade in brain structure and function. In particular, I will review studies investigating the 

effect of D2R blockade on brain tissue and volume, brain perfusion and functional 

connectivity (FC). One important limitation of clinical neuroimaging studies done in patients 

with psychosis (often chronically medicated patients) is that results are biased by disease state 

and trait. One possible strategy to overcome these limitations is to integrate results from 

cross-sectional or longitudinal studies in non-medicated patients with pharmacological 

experiments in healthy volunteers using neuroimaging. However, pharmacological 

neuroimaging studies in healthy volunteers have their limitations too. One limitation stands 

on the fact that Magnetic Resonance Imaging (MRI) measures are not able to capture 

neurochemical changes related to drug pharmacodynamics. Nonetheless, drug effects on 

MRI signals have often been interpreted as the result of dose-dependent enhanced or 

reduced pre- or post-synaptic activity due to the action of the drug on its targets (Khalili-

Mahani et al., 2017). For example, the effects of antipsychotics on brain structure and 

function have often been tacitly attributed to D2R blockade which is considered the main 

mechanism of action of this class of drugs for clinical treatment, although many 

antipsychotics have high affinity for other receptors. However, since MRI does not measure 

neuronal activity directly, linking neuro-receptor binding with MRI signal change requires a 

degree of conjecture. For these reasons, despite the body of evidence, the neurochemical 

mechanisms underlying structural and functional brain changes after antipsychotic 

administration remain unclear. Recently, different authors (Dukart et al., 2018; Hansen et 

al., 2022) have attempted to fill this gap of knowledge with the use of multimodal approaches 

that combine functional MRI (fMRI) measures with measures of target receptors in the brain 
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(e.g., Positron Emission Tomography (PET), post-mortem autoradiography, brain mRNA 

expression). In my introduction, I will review these studies and discuss the rationale of this 

approach linking pharmacokinetics and pharmacodynamic properties of the drugs (i.e., 

PK/PD model). During my PhD, I was able to assess the validity of this approach by testing 

the spatial association of antipsychotic main effects in healthy volunteers on brain perfusion 

against D2R protein density and DRD2 mRNA expression spatial profile (Chapter 2). The 

integration of human brain transcriptomics with neuroimaging data has been made possible 

thanks to the release of the Allen Human Brain Atlas (AHBA) (Hawrylycz et al., 2012) which 

contains mRNA expression measures for >20,000 genes covering the whole brain and, 

critically, in a standard stereotaxic space. In recent years many different methods have been 

used to integrate this data set with brain imaging data, although this endeavour has lacked 

harmony in terms of the workflow of data processing and subsequent analyses. In this 

introduction, I will also discuss the main issues in need of a thorough examination when 

integrating the AHBA with neuroimaging which have a significant impact on reproducibility. 

In my PhD, these considerations guided the methodological work to test the spatial 

association between the main effect of antipsychotics in Cerebral Blood Flow (CBF) and 

mRNA expression data.  

Whilst previous pharmacological MRI studies have shown that acute single exposure to D2R 

antagonism is associated with alterations in brain structure and function, it remains unknown 

if these are an acute response to neuroreceptor modulation that normalises with repeated 

D2R antagonism, or if an effect remains detectable after sustained D2R blockade at clinically 

relevant doses. In addition, it is unknown whether prolonged blockade of D2R in healthy 

volunteers is associated with brain structural and functional alterations which single-dose 

studies have not revealed. In my PhD, I have attempted to fill this gap by investigating the 

effect of sustained D2R blockade on brain structure and function in a double-blind 

randomized, crossover, placebo control study in healthy volunteers taking daily doses of 

amisulpride at clinically relevant doses for one week.  

Finally, in this Introduction, I will also provide a brief description of the 3 studies of my PhD 

and a full explanation of their rationale. Parts of the introduction are based on my published 

papers on spatial profiling of antipsychotic effect on brain perfusion to D2R brain distribution 

(Selvaggi et al. (2019) and Appendix A); on the integration of whole brain transcriptome with 

neuroimaging data (Selvaggi et al. (2021) and Appendix B); on the differences in CBF 
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between non-medicated first-episode psychosis patients (FEP) and healthy controls (HC) 

(Selvaggi et al. (2022) and Appendix C).  

 

1.1 Antipsychotics 

As suggested by the name itself, antipsychotics are drugs whose main indication is the 

treatment of psychosis. However, antipsychotics are also used in many other disorders like 

bipolar disorder (i.e., treatment of mania with or without psychotic symptoms), Alzheimer's 

disease or other dementias (to treat behavioural disturbances) and even in children with 

neurodevelopmental disorders associated with severe behavioural symptoms (Taylor et al., 

2021). They are traditionally grouped into two main sub-classes: first-generation 

antipsychotics (FGAs) and second-generation antipsychotics (SGAs) (Leucht, Corves, et 

al., 2009). FGAs are also called “typical” or “conventional” antipsychotics. Both names refer 

to the fact that these drugs were the first to be proven effective in patients with 

schizophrenia. The very first drug of this class was chlorpromazine (a phenothiazine 

derivative with histaminergic properties) whose discovery dates back to the ‘50s (Lehmann 

& Hanrahan, 1954). Further studies revealed that chlorpromazine and other drugs of this 

class like haloperidol (developed by Paul Janssen, (Janssen, 1967)) were able not only to 

reduce psychotic symptoms but also caused a clinical condition characterized by severe 

psychomotor slowing, affective blunting and quieting. This condition was named “neurolepsis” 

(or “catalepsis”) and, as a result, antipsychotics started to be named also as “neuroleptics”. The 

pharmacological mechanism underlying efficacy in psychosis and side effects, including 

neurolepsis, was uncovered only a couple of decades later. Indeed, in the 1970s studies 

demonstrated that the key pharmacological property of all neuroleptics was their antagonism 

to D2R (Burt et al., 1977). Given this evidence, a dysfunction in the dopaminergic system 

(mainly in the mesolimbic pathway) was hypothesized as a plausible pathophysiological 

mechanism of schizophrenia: the so-called “dopamine hypothesis”. This model posits that 

schizophrenia is caused by an increased release of dopamine in the brain (hyper-dopaminergic 

state; (Snyder, 1976). The model progressed towards reviews and reconceptualization. 

Thanks to the analysis of post-mortem data, metabolites and imaging data, the dopamine 

hypothesis gained regional specificity. In particular, these studies showed that schizophrenia 

was not the result of a simple excess of dopaminergic transmission in the whole brain, but 

rather the effect of a regional-specific dopamine dysfunction: prefrontal hypo-dopaminergic 
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state and subcortical hyper-dopaminergic state (Abi-Dargham, 2004; Davis et al., 1991). The 

model received other updates in more recent years (Howes & Kapur, 2009). Recent 

advances in neuroimaging techniques have revealed that the dopaminergic dysfunction in 

schizophrenia is greatest in the nigrostriatal pathways as opposed to the mesolimbic pathway 

and in particular in the dorsal striatum (also called associative striatum) which is an integrative 

hub connected with both the cortex and the midbrain (McCutcheon et al., 2019). It has been 

proposed that psychotic symptoms arise from a combination of enhanced spontaneous phasic 

dopamine signalling and reduced adaptive release which increases the signal-to-noise ratio in 

the associative striatum in front of relevant stimuli (Maia & Frank, 2017). In the associative 

striatum, connections between medium spiny neurons (MSNs) of the direct and indirect 

pathways facilitate the signal integration and suppression of undesirable behaviour. In 

schizophrenia, the excess of dopamine release impairs this mechanism leading to altered 

behaviour such as aberrant salience, abnormal perceptions, and cognitive and negative 

symptoms. (McCutcheon et al., 2019). D2R-blockade counteracts dopamine overactivity 

and enhances the suppressing activity of the indirect (i.e., no-go) MSN pathway. However, 

as antipsychotics do not have regional specificity desirable behaviours are suppressed along 

with undesirable ones (Kharkwal et al., 2016). Indeed D2R-antagonism is a key mechanism 

responsible for antipsychotics’ therapeutic efficacy but also for their side effects. The most 

important side effects caused by D2R blockade are neurolepsis, prolactin increase with related 

sexual dysfunction and extrapyramidal symptoms (EPS). Neurolepsis has been already 

described above. Patients treated with FGAs usually present blunted affect, anhedonia, and 

cognitive deficits. Despite the similarity in the phenomenological presentation, these effects, 

are distinct from the primary negative symptoms and are usually dose-dependent. These 

symptoms are also known as “secondary negative symptoms” and they have been associated 

with D2R blockade in the nucleus accumbens and the dopamine mesocortical pathway 

(Kirschner et al., 2017; Peralta et al., 2000). The antagonism of D2R in the dopamine 

tuberoinfundibular pathway is responsible instead for the increase of prolactin plasma levels 

caused by FGAs. This condition is associated with galactorrhoea, amenorrhea, infertility, 

sexual dysfunction, weight gain and demineralization of bones, especially in postmenopausal 

women (Kapur & Remington, 2001). The most frequent side effects of FGAs are EPS. EPS 

include a variety of movement disorders very similar to those seen in Parkinson’s disease: 

tremor, dystonia (spasm and persistent muscle contraction), rigidity, akathisia (motor 
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restlessness), and bradykinesia (slow movements).  Although it cannot be properly classified 

as an EPS, tardive dyskinesia is also included in the group of motor side effects associated 

with antipsychotic treatment. Tardive dyskinesia is characterized by jerky movements, 

usually of the tongue or facial muscles (i.e., facial grimacing, chewing, etc.) and has been 

associated with prolonged exposure to FGAs. All EPS are thought to be caused by D2R 

blockade in the nigrostriatal dopaminergic pathway (Farde et al., 1992). FGAs differ in 

potency (i.e., the amount of drug required to produce a pharmacological effect) and 

pharmacodynamic profile. Some FGAs have alternative targets responsible for side effects 

different from those related to D2R blockade. For example, chlorpromazine and promazine 

are also histamine-1 (H1) receptor blockers causing drowsiness, sedation and orthostatic 

hypotension (Peroutka & Synder, 1980). Some FGAs have also anticholinergic properties 

causing dry mouth, blurred vision, constipation, urinary retention, and cognitive dysfunction 

via muscarinic receptors (M1) blockade (Georgiou et al., 2021; Joshi et al., 2021; Ozbilen & 

Adams, 2009).  

SGAs are also called “atypical” antipsychotics because they have peculiar clinical and 

pharmacological properties that distinguish SGAs from FGAs (Leucht, Komossa, et al., 

2009). Clinically, SGAs differ from FGAs mainly for their side effect profiles. SGAs tend to 

cause fewer EPS than FGAs, however, they are associated with a higher incidence of weight 

gain and diabetes and increased cardio-metabolic risk as compared with FGAs (Leucht et al., 

2013). Pharmacologically, SGAs differ from FGAs because they all are serotonin-2A 

receptor (5HT2AR) antagonists in addition to D2R antagonists (Meltzer, 1988), and show 

peculiar pharmacological properties such as higher selectivity for the mesolimbic pathway 

and fast dissociation at D2Rs (de Bartolomeis et al., 2015; Kapur & Mamo, 2003; Kapur & 

Seeman, 2001; Kapur et al., 1999). Serotoninergic neurons modulate the activity of 

dopaminergic neurons either directly with the action of postsynaptic 5HT2AR on dopamine 

neurons or indirectly via the action of 5HT2AR on interneurons. In particular, the 5HT2AR 

acts as a modulator of dopamine release via its action on dopaminergic neurons (Auclair et 

al., 2004; Dewey et al., 1995; Porras et al., 2002). This mechanism is thought to explain 

clinical differences between FGAs and SGAs. PET and Single Photon Emission Computed 

Tomography (SPECT) studies revealed that patients with schizophrenia receiving SGAs 

had less D2R occupancy in the striatum and fewer EPS than patients treated with FGAs 

(Bernardo et al., 2001; Gefvert et al., 2001; Stone et al., 2009). 5HT2AR antagonism is also 
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thought to explain the reduction of other common side effects of FGAs like secondary 

negative symptoms (Fusar-Poli et al., 2015) and hyperprolactinemia (Hanssens et al., 2008). 

Classic hallucinogens like lysergic acid (LSD) and psilocybin which are all 5HT2AR agonists 

can produce hallucinations and delusions as a consequence of the downstream effect on 

dopamine and glutamate release which are reverted by the administration of 5HT2AR 

antagonists (Cumming et al., 2021). In this model, 5HT2AR antagonism may reduce positive 

symptoms by reducing glutamate release in pyramidal neurons of the cortex and therefore 

lowering the downstream stimulation on the dopamine mesolimbic pathway (Aghajanian & 

Marek, 2000; Vollenweider et al., 1998). However, clinical trials with pure 5HT2AR 

antagonist agents failed to demonstrate efficacy in reducing psychotic symptoms in patients 

with Schizophrenia (Ebdrup et al., 2011) indicating that D2R blockade is critical for the 

treatment of this disorder. In conclusion, SGAs, with their 5HT2AR antagonist property 

have a more complex mechanism of action than FGAs with actions on positive, negative 

(albeit modest) and cognitive symptoms and a significant reduction of EPS and 

hyperprolactinemia. Although SGAs cause fewer EPS and hyperprolactinemia than FGAs, 

they are not free from side effects. All SGAs are associated with weight gain, obesity, 

diabetes, dyslipidaemia, and therefore increased cardio-metabolic risk (Correll et al., 2009; 

Pillinger et al., 2020). The mechanism underlying this effect is thought to be related to 

increased appetite possibly caused by H1 receptors and serotonin-2C receptor (5HT2CR) 

antagonism, however, the mechanisms driving peripheral insulin resistance and dyslipidaemia 

have not been fully characterized (Elman et al., 2006). Some SGAs, in addition to 5HT2AR 

antagonism, have another key pharmacological property that distinguishes them from FGAs. 

This is the case with drugs like aripiprazole which are D2R partial agonists (DPAs). DPAs 

bind D2R not causing full blockade (like FGAs) or stimulation (like agonists or dopamine 

itself). In particular, DPAs bind D2R activating signal transduction to be intermediate 

between full and no output depending on the amount of dopamine present in the synaptic 

space (Lieberman, 2004). Another property of DPAs is fast dissociation from D2R (Kapur & 

Seeman, 2001). Because of these mechanisms, DPAs can reduce positive symptoms reducing 

D2R hyperactivity, without causing significant EPS because they do not completely 

antagonize D2R. Although DPAs are commonly considered SGAs, some authors called this 

group of antipsychotics also “third-generation antipsychotics” (Mailman & Murthy, 2010). 
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1.2 The effect of antipsychotics on brain structure 

1.2.1 Studies in patients with psychosis 

Meta-analyses of longitudinal studies conclude that patients with psychosis show a decline 

in brain volume and thickness during the course of the treatment, particularly in the frontal 

and temporal lobes (Moncrieff & Leo, 2010; Navari & Dazzan, 2009; Smieskova et al., 

2009). Some meta-analyses and large cross-sectional studies also found an association 

between grey matter reduction and cumulative antipsychotic exposure, suggesting a possible 

causal link between antipsychotic exposure and grey matter loss (Fusar-Poli et al., 2013; 

Haijma et al., 2013; Huhtaniska et al., 2017; van Erp et al., 2018). However, grey matter loss 

has also been associated with disease states such as duration of illness, disease severity and 

the number of relapses (Andreasen et al., 2013; Ho et al., 2011; van Erp et al., 2018). In 

addition, non-medicated and drug-naïve patients also show grey matter reduction as 

compared with HC (Fusar-Poli et al., 2012). Disentangling the direct effects of antipsychotic 

drugs on brain structure and disease state is challenging. For example, individuals with 

greater illness severity or treatment-resistant patients may require higher doses of 

antipsychotics, both of which could be associated with a greater degree of brain adaptations, 

both functionally and structurally.  

 

 
Authors Type of Study Results 

Moncrieff and Leo (2010) Meta-analysis, n ~ 650 
Progressive reduction of brain size and 
enlargement of brain spaces in people who are 
taking antipsychotics drug 

Navari and Dazzan (2009) Meta-analysis, cross-sectional 
and longitudinal studies 

Global volumetric reductions, greater in 
frontal and temporal lobes, with greater 
association with typical than with atypical 
antipsychotics. 

Smieskova et al. (2009) Meta-analysis, cross-sectional 
and longitudinal studies 

Typical and atypical antipsychotics associated 
with reduced frontal and temporal lobe 
volume. 

van Erp et al. (2018) Multi-centre, n ~ 4500 
Regional cortical thickness negative 
correlated with medication, disease severity, 
and duration 

Haijma et al. (2013) Meta-analysis, n ~ 18 000 
Gray matter cortical reductions but 
subcortical increases associated with longer 
illness duration and higher dose of medication. 

Fusar-Poli et al. (2012) Meta-analysis, n ~ 800 General grey matter reductions in drug naïve 
subjects 

Fusar-Poli et al. (2013) Meta-analysis, n ~ 1800, follow-
up ~ 72 weeks 

Gray matter volume decreases associated with 
cumulative antipsychotic exposure 
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Huhtaniska et al. (2017) Meta-analysis, n ~ 700, follow-
up > 2 years 

Gray matter volume decreases, and basal 
ganglia increases associated with cumulative 
antipsychotic exposure 

Ho et al. (2011) Longitudinal, n ~ 200, follow-
up ~7 years 

Gray matter decreases associated with 
cumulative antipsychotic exposure. 

Andreasen et al. (2013) Longitudinal, n ~ 200, follow-
up ~7 years 

Decreases of total and regional (e.g., frontal) 
cerebral volume associated with number of 
relapses and cumulative antipsychotic 
exposure 

Chopra, Fornito, et al. (2021) 
Longitudinal, randomized, 
controlled, triple-blinded, n ~ 
90, follow-up 6 months 

Increased volume in the pallidum at 3 months 
associated with greater reduction in symptom 
severity. No differences at 12 months.  

Andersen et al. (2020) 
Longitudinal, HC parallel 
control group, FEP= 21, HC= 
23, follow-up 6 weeks 

Increased striatal volume (right caudate 
nucleus and right putamen) correlated with 
amisulpride plasma levels. 

Voineskos et al. (2020) 
Longitudinal, randomized, 
double blind, n ~ 80, follow-up 
36 weeks 

Reduction in cortical thickness in patient 
treated with olanzapine as compared with the 
ones in the placebo arm. 

 
Table 1. Collected evidence on the association between brain grey matter alteration and treatment with 
antipsychotics in patients with psychosis. 

 
Andersen et al. (2020) investigated in a longitudinal study the effect of 6 weeks of amisulpride 

in a cohort of antipsychotic naïve, first-episode schizophrenia patients paralleled with a 

healthy control group. They restricted their investigation to basal ganglia volume changes 

reporting a significant increase in grey matter volume in both the right caudate nucleus and 

the right putamen as compared with controls. Interestingly the changes also correlated with 

amisulpride plasma levels but not with D2R occupancy evaluated with SPECT. Notably 

mean amisulpride dose was relatively low (~200 mg) and achieved on average ~40% D2R 

occupancy in the striatum which is below the therapeutic range for antipsychotic efficacy 

(Kapur et al., 2000).  

Placebo-controlled studies in patients are difficult to design because of ethical concerns. 

Nonetheless, results from two placebo-controlled trials have been published over the last few 

years. Voineskos et al. (2020) found in a 36-week placebo-controlled trial in patients with 

psychotic depression a reduction in cortical thickness in patients treated with olanzapine as 

compared with the placebo arm. No changes were found in cortical surface area, subcortical 

volumes, and fractional anisotropy (FA). Notably, patients were randomly assigned to the 

active or placebo arm after having reached remission of both psychosis and depression in a 

previous trial with a combination of olanzapine and sertraline. The study did not address any 

specific effect of the antidepressant medication which further limits the generalizability of the 

findings. Chopra, Fornito, et al. (2021) investigated in antipsychotic naïve FEP the effects of 
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SGAs (risperidone or paliperidone) against placebo in 6 months. Both active and placebo 

arms received psychosocial therapy. The two groups were also paralleled with a longitudinal 

cohort of HC. At 3 months, the authors found an increase in pallidal grey matter volume in 

patients treated with antipsychotics, a reduction in the placebo arm and no changes in the 

HC cohort. In addition, a greater increase in pallidal volume was associated with a greater 

reduction in symptom severity. However, pallidal volume normalized in both active and 

placebo arms after 12 months. Even though the results of these studies partially fit with the 

results of uncontrolled longitudinal studies, a direct comparison of the two placebo-controlled 

studies reveals inconsistent results (i.e., pallidal grey matter increase vs. no change in the 

basal ganglia). This inconsistency may reflect differences in the study design, patient 

characteristics, treatment regime and other disease states, or other possible technical 

confounding variables (see below section 1.2.4). In addition, as the evidence comes from few, 

small placebo-controlled studies it is not possible to draw definitive conclusions. More studies 

and meta-analyses are therefore needed to control for a possible publication bias which skews 

the literature to positive results obtained in small studies.   

 
1.2.2 Single-dose studies in healthy volunteers 

One way to isolate disease effects from the direct effect of D2R blockade on brain structure 

is to implement experimental studies in healthy volunteers. At the time of writing the present 

thesis, two studies investigated the effect of single-dose administration on brain volume and 

structure in healthy volunteers. Tost et al. (2010) investigated in seven antipsychotic naïve 

healthy male volunteers the effect of a large acute haloperidol intravenous challenge (5mg 

per 70kg of body weight) on brain volumes. The authors found using Voxel-Based 

Morphometry (VBM) a decrease in the volume of the ventral putamen with partial recovery 

after one half-life interval of the drug (24 hours). These results were not replicated by other 

authors (Hawkins et al., 2018) who investigated the effect of an oral single dose of different 

antipsychotics (i.e., haloperidol 3mg, olanzapine 7.5mg, risperidone 0.5mg and 2mg) in a 

randomised, placebo-controlled, crossover study in male healthy volunteers. The authors 

found no change in brain volume across sessions and used different volumetric analysis 

techniques. Interestingly, the authors complemented their results, also reporting no effects 

of acute antipsychotic challenge on quantitative T1 relaxometry maps which returns more 

information on brain microstructure as compared with standard T1-weighted maps. The two 
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studies report inconsistent results, which might be related to the different routes of 

administration (intravenous vs. acute challenge), the dose of the drug (5mg/70kg vs. 3mg 

fixed oral) and the different study designs (uncontrolled vs. placebo-controlled).  

 

1.2.3 Pre-clinical studies 

The collected evidence of pre-clinical studies of animal exposure to D2R blockade indicates 

an effect of reduction of brain volumes. In particular, models of chronic exposure to 

haloperidol and olanzapine in both normal rats  (Drazanova et al., 2019; Vernon et al., 2014; 

Vernon et al., 2012; Vernon et al., 2011) and non-human primates (Dorph-Petersen et al., 

2005) showed a reduction in brain volume in the frontal and parietal cortex. Andersson et al. 

(2002) found, together with decreased cortical volumes, also increased caudate-putamen 

volumes in adult rats chronically treated with haloperidol and clozapine whereas olanzapine-

treated animals showed a reduction in striatal volumes. These results have been later 

replicated in mice (Guma et al., 2018). Interestingly, mice lacking D2R did not show brain 

alterations after antipsychotic exposure highlighting the specific role of D2R blockade on 

structural brain alterations induced by antipsychotics (Guma et al., 2018). To date, only one 

pre-clinical study (Fujimoto et al., 1987) investigated the effect of acute challenge of 

antipsychotic on quantitative T1 relaxation time, finding an increase in T1 in the striatum of 

dogs receiving intravenously a 20mg dose of haloperidol using a very low spatial resolution 

as compared with current standards. The results of this study have never been replicated.  

 

1.2.4 Limitations of brain volumetric studies 

An important, but seldom carefully considered, limitation of brain volumetric MRI studies is 

that MRI does not return a direct measure of brain volume or structure. MRI images are 

made from changes in intensity as a function of proton relaxation times (i.e., T1, T2) which 

may be influenced by several physiological, pathological, pharmacological, and artefactual 

factors. In other words, changes or differences in brain volumes assessed with structural MRI 

might represent just epiphenomena of different biochemical or physical effects not 

necessarily linked with the pathophysiological process under investigation (Weinberger & 

Radulescu, 2016). In addition, alterations of brain morphometry (i.e., volume, thickness, etc.) 

may not necessarily be interpreted as the result of a neurodegenerative process. 

Microstructural changes can manifest in changes in the volume or thickness of brain structure 
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during neurodevelopment or other neuroplastic processes. For example, Natu et al. (2019) 

have shown that differences in brain myelination during neurodevelopment can lead to 

apparent alterations of cortical thickness because of changes in T1 depending on the variation 

of the amount of myelin in the tissue. Another example is the change in CBF induced by 

pharmacological challenges which may masquerade as brain volumetric changes (Franklin et 

al., 2013). This possibility, however, did not receive confirmation in a subsequent placebo-

controlled study in healthy volunteers, where acute exposure to a single dose of antipsychotic 

was associated with increased CBF in the basal ganglia without significant changes in either 

T1 or brain volumes (Hawkins et al., 2018). Since it is virtually impossible to systematically 

control all possible confounding factors in cross-sectional case-control MRI studies, some 

authors have recommended caution when interpreting results reporting brain volumetric 

changes suggesting to replace expression as “cortical thinning”, “atrophy”, “tissue loss”, etc. 

with more neutral statements such as “differences in MRI measurements” (Weinberger & 

Radulescu, 2016, 2021). At the same time, technological advantages can offer the 

opportunity to increase our biological understanding of changes in MRI signals by integrating 

T1-weighted sequences with other MRI measures such as CBF and quantitative T1 mapping 

(Hawkins et al., 2018).  

 

1.3 The effect of antipsychotics on brain perfusion 

1.3.1 Studies in patients with psychosis 

Altered brain perfusion has been implicated in the neurobiology of psychosis, initially with 

PET studies with [15O]H2O which reported hypoperfusion in frontal, anterior cingulate, 

temporal, and parietal cortices (Goozee et al., 2014; Hill et al., 2004). Longitudinal PET 

studies with [15O]H2O showed that drug naïve FEP, had greater perfusion in the basal ganglia 

after treatment with antipsychotics (Lahti et al., 2005; Miller et al., 1997; Miller et al., 2001). 

More recently, Arterial Spin Labelling (ASL) utilizing MRI, has been used to measure CBF. 

ASL studies in people with chronic schizophrenia, treated with antipsychotics, show reduced 

CBF in frontal, parietal and occipital regions and increased CBF in the basal ganglia 

(Aghajanian & Marek, 2000; Legind et al., 2019; Liu et al., 2012; Oliveira et al., 2018; 

Pinkham et al., 2011; Pinkham et al., 2015), though the basal ganglia findings have not been 

consistently replicated (Ota et al., 2014; Zhu et al., 2017). Thus, there is evidence for cortical 
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hypoperfusion in chronic schizophrenia, but it is unclear from these studies when this occurs 

in the development of the disorder. Studies in clinical high-risk for psychosis (CHR-P) 

individuals have reported increased CBF in basal ganglia and hippocampus (Allen et al., 2018; 

Allen et al., 2016; Modinos, Egerton, et al., 2018). Increased hippocampal perfusion in CHR-

P individuals has also been found with gadolinium-enhanced MRI (Schobel et al., 2013). 

These findings indicate that CBF alterations may occur early in the development of 

psychosis, though, because most CHR-P subjects do not go on to develop psychosis, it is 

unclear how specific they are to psychosis. To date, only one study has investigated cerebral 

perfusion using ASL in FEP patients (Kindler et al., 2018). This study found increased 

perfusion in basal ganglia and reduced CBF in the frontal cortex in people with FEP, all of 

whom were taking antipsychotic medication.	Given the collected literature it is therefore 

unclear what is the extent of the interaction between antipsychotic effects on CBF and 

alterations in brain perfusion related to pathophysiology.   

 

1.3.2 Single-dose studies in healthy volunteers 

Early evidence in humans of increased striatal CBF after antipsychotic administration comes 

from PET [15O] H2O studies (Mehta et al., 2003). Similar results were also obtained in more 

recent studies using ASL. In particular, Fernandez-Seara et al. (2011), reported increased 

CBF in the striatum and thalamus in healthy volunteers after a single oral dose of 10 mg of 

metoclopramide. Handley et al. (2013) showed that both single oral doses of haloperidol 3mg 

and aripiprazole 10mg increased CBF in the striatum in healthy volunteers with a larger effect 

size for haloperidol. Consistently, Hawkins et al. (2018) found in an oral single-dose study in 

healthy male controls that haloperidol 3mg, and risperidone 2mg and 0.5mg increased striatal 

CBF compared to placebo. Michels et al. (2016) reported increased CBF in several brain 

regions including the striatum, the insula, and the prefrontal and parietal cortex in healthy 

volunteers after a single dose of quetiapine 100mg even though these results should be 

considered with caution as they were not corrected for multiple comparisons. Viviani et al. 

(2013) investigated the effect of repeated daily oral doses of amisulpride 200mg after a period 

of 7 days on CBF assessed with ASL in healthy male volunteers. They found that relative to 

placebo, amisulpride 200mg was associated with a large significant cortical reduction in CBF 

particularly in the prefrontal lobes and a modest increased perfusion in the basal ganglia 

(albeit not corrected for multiple comparisons). Notably, amisulpride, as other benzamides 
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(e.g., sulpiride), at low doses as the one used in the study by Viviani et al. (2013), shows a 

selective modulation of dopamine release in the dopaminergic mesolimbic pathway acting 

preferentially on pre-synaptic D2R (i.e., D2R short isoform) (Pani & Gessa, 2002). Taken 

together these studies indicate that, independently from the drug used, acute D2R-blockade 

is associated with increased perfusion in the basal ganglia. The result by Viviani et al. (2013) 

does not allow us to draw a definite conclusion on whether the effects persist after sustained 

D2R-blockade within a therapeutic range desirable for antipsychotic efficacy (i.e. at least 60% 

of post-synaptic D2R occupancy) (Kapur et al., 2000).  

 

1.3.3 Pre-clinical studies 

Results of pre-clinical studies, investigating the effect of D2R blockade induced by 

antipsychotics on brain perfusion are mixed. Nordquist et al. (2008) reported a dose-

dependent reduction in perfusion as assessed with ASL in the piriform cortex, perirhinal 

cortex, nucleus accumbens and amygdala and a trend towards an increase in the dorsal 

striatum in rats receiving an acute intraperitoneal injection of 1 to 30mg of aripiprazole. 

Notably, these changes were not absolute CBF changes but normalized to whole brain 

perfusion. These results were not replicated after chronic (30 days) exposure to aripiprazole 

of poly(I:C) exposed rats (i.e., an animal model of neurodevelopmental disorder) (Drazanova 

et al., 2018). Another animal ASL study (Drazanova et al., 2019) investigated the effect of 

acute and chronic (8 weeks) exposure to olanzapine in rats reporting a reduction of CBF in 

the sensorimotor cortex and no change in the hippocampus and piriform cortex. No other 

brain regions were specifically tested in this study.  

A much larger pre-clinical literature has linked dopamine function and modulation of 

dopamine receptors (including D2R) to neurovascular coupling and changes in 

haemodynamic-related MRI signals (Chen et al., 2005; Choi et al., 2006; Mandeville et al., 

2011; Schwarz et al., 2004). Mandeville et al. (2013) recapitulated this literature and put 

forward a physiological model linking the fMRI temporal response in the basal ganglia to 

variation in dopamine release and modulation of dopamine receptors such as enhanced 

dopamine release and endogenous stimulation of post-synaptic D2R produced a dose-

dependent reduction in MR haemodynamic response of the basal ganglia. The authors also 

proposed that modulation at dopamine D1 receptors (D1R) and D2R by agonist and antagonist 

can alter this relationship depending on the affinity and occupancy at the target receptor 
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(Mandeville et al., 2013). In line with the proposed model, the same group found, using 

simultaneous PET/MR, a monotonic increase in regional Cerebral Blood Volume (CBV) 

following injection of an increasing dose of the D2R antagonist radiotracer [11C] raclopride in 

the striatum of two male rhesus macaques (Sander et al., 2013). Interestingly, [11C] raclopride 

non-displaceable binding potential (BPND) changes reflecting changes in D2R receptor 

occupancy, correlated with the amplitude of hemodynamic changes (i.e., CBV): the higher 

the dose the larger CBV increase; and in time: BPND variation and changes in CBV showed 

similar temporal profiles. The same group also found an inverse relationship between receptor 

occupancy and CBV with the selective D2R agonist quinpirole in male rhesus macaques (i.e., 

CBV decrease in the face of dose-dependent increase of receptor occupancy) (Sander et al., 

2016). Overall, the collected pre-clinical evidence supports a neurovascular coupling 

mechanism linking MR haemodynamic changes and D2R pharmacological modulation in the 

basal ganglia, although stronger evidence has been reported in studies in non-human primates 

as compared with murine models. To date, these findings have not been translated to 

humans.  

 

1.4 The effect of antipsychotics on functional connectivity 

1.4.1 Studies in patients with psychosis  

Alterations in brain connectivity patterns at rest have been largely investigated in patients 

with psychosis compared to HC with consolidated evidence of alterations within cortico-

striatal-thalamic loop circuits (Anticevic et al., 2014; Avram et al., 2020; Horga et al., 2016; 

Sabaroedin et al., 2023; Sarpal, Argyelan, et al., 2016). However, as previously discussed, 

cross-sectional studies in patients are not able to disentangle between disease and treatment 

effects. Few studies have investigated the effect of antipsychotic treatment using longitudinal 

designs. Lui et al. (2010) investigated the effect of 6 weeks of antipsychotic treatment on FC 

in antipsychotic-naïve patients with schizophrenia. They found that, as compared with 

baseline, patients showed increased synchronous brain activity (as evaluated with amplitude 

of low-frequency fluctuations, ALFF) in several brain regions including the frontal gyrus, the 

superior and inferior parietal lobule, the medial frontal cortex and the caudate. In addition, 

using both seed-based and Independent Component Analysis (ICA) approaches, the authors 

found a widespread reduction of FC between these brain regions after treatment with 

antipsychotics. Interestingly, in comparison with matched HC, patients showed decreased 
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ALFF when naïve only in the prefrontal cortex and increased ALFF in the caudate and 

putamen after treatment. These results are in line with CBF findings described in the 

previous section suggesting that the local effects in the basal ganglia, expected because of the 

high density of receptors present, might be accompanied by non-local effects in the cortex 

in key brain regions relevant for psychotic disorders such as the frontal and parietal cortices. 

Sarpal et al. (2015) directly investigated the effects of antipsychotic treatment (i.e., 12 weeks 

of either aripiprazole or risperidone at clinically effective doses) on cortico-striatal 

connectivity in FEP with a longitudinal study design. They performed a seed-based 

connectivity analysis on resting state fMRI data segmenting the basal ganglia in 12 seeds (6 

by hemisphere). They found no differences between FEP and controls at baseline. They 

reported significantly increased connectivity between the seed in the right ventral caudate 

and the left thalamus and the right nucleus accumbens in FEP associated with treatment 

response such as patients with better clinical outcomes had increased connectivity between 

the dorsal striatum and the prefrontal cortex and decreased connectivity between the ventral 

striatum and posterior regions. Notably, FEP were not naïve at baseline, albeit treated for 

less than 2 weeks. Other studies investigated the effect of antipsychotic treatment in 

longitudinal designs on thalamocortical connectivity reporting an increased connectivity over 

time (Berge et al., 2022; Chan et al., 2022; Chopra, Francey, et al., 2021; Duan et al., 2020). 

Finally, other authors found, using longitudinal designs, changes in FC over time in patients 

with psychosis only as a function of treatment response (Duan et al., 2020; Kraguljac et al., 

2016; Lin et al., 2021) while others identified normalization of abnormal connectivity patterns 

present at baseline (Abbott et al., 2013; Anticevic et al., 2015; Guo et al., 2017; Keedy et al., 

2009; Nejad et al., 2012; Sambataro et al., 2010; Snitz et al., 2005; van Veelen et al., 2011).  

To sum up, the evidence converges to changes in FC between cortical and subcortical 

regions in patients with psychosis after treatment. These results also highlight that 

antipsychotic treatment might be associated with non-local effects through the modulation 

of the function of brain regions innervated by D2R such as the striatum and the thalamus. 

However, as discussed for other imaging modalities, these studies do not allow us to fully 

disentangle net treatment effects from disease states and traits associated with changes in 

neurobiology and other sources of clinical heterogeneity. 
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1.4.2 Single-dose studies in healthy volunteers 

FMRI experiments in healthy volunteers also reported altered FC in the basal ganglia. Along 

with the structural findings reported in section 1.2.2, Tost et al. (2010) found functional 

decoupling (i.e., negative FC) between the striatum and the motor cortex after an acute 

intravenous challenge with haloperidol 5mg per 70kg in seven healthy volunteers. 

Interestingly, the authors also report that cortico-striatal dysconnectivity within the motor 

circuit was also associated with slower reaction time during a motor activation task. This 

effect subsequently normalized after one-half life of the drug. It should be noted, however, 

that this study adopted a serial pharmacological MRI experiment without placebo-controlled 

sessions. Cole, Oei, et al. (2013) in a placebo-controlled, randomised, parallel-group resting-

state fMRI study in healthy male volunteers receiving a single dose of levodopa 100mg or 

haloperidol 3mg, found a linear trend (levodopa > placebo > haloperidol) of altered cortico-

subcortical FC. As regards D2R blockade, the authors found that the haloperidol-treated 

group had reduced FC between the posterior default-mode network and the midbrain, 

between the frontoparietal network and the dorsal caudate, between the fronto-insular 

network and the ventral striatum and between the frontoparietal network and the thalamus. 

In a re-analysis of the same datasets using ICA the same authors reported a decreased 

connectivity in the haloperidol group as compared with placebo between the basal ganglia 

and the motor cortex, while the antero-centric default-mode network (DMN) showed 

greater connectivity with the precentral and middle frontal gyri and lower connectivity with 

the supramarginal gyrus in the haloperidol group as compared with placebo (Cole, 

Beckmann, et al., 2013). Grimm et al. (2020) performed a similar study using a cross-over 

design in healthy volunteers of both sexes receiving a single dose of either levodopa 125mg, 

amisulpride 200mg or placebo. The authors reported that D2R blockade was associated with 

an increased FC between the putamen and the precuneus and between the nucleus 

accumbens and the supplemental motor cortex. Amisulpride administration was also 

associated with reduced seed-based connectivity from the substantia nigra to the postcentral 

gyrus and the cerebellum. Altered FC within the cortico-striatal-thalamic loop has also been 

reported in single-dose experimental studies in healthy volunteers using task-based fMRI 

(Diaconescu et al., 2010; Honey et al., 2003). To the best of my knowledge, only one study 

(Metzger et al., 2015) has investigated the effect of repeated daily doses of antipsychotics on 

FC in healthy volunteers. In this study, the authors investigated, in a randomized, double-
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blind, placebo-controlled crossover study, the effects on resting-state FC after one week of 

daily doses of either reboxetine 4mg, amisulpride 200mg or placebo. They found that, as 

compared with placebo, 7 days of daily doses of amisulpride was associated with increased 

ALFF in the putamen which correlated with amisulpride plasma levels. In addition, the 

authors also reported a widespread pattern of altered FC after amisulpride as compared with 

placebo which included the locus coeruleus, the amygdala, the substantia nigra and the 

nucleus accumbens. However, it is important to highlight that their results were reported 

without correction for multiple comparisons. Moreover, as discussed earlier in section 1.3.2, 

the use of the dose of 200mg of amisulpride might not be sufficient to achieve a level of post-

synaptic D2R blockade that allows an adequate translation of these results at the clinical level. 

Overall, the existing literature indicates that acute exposure to D2R blockade alters cortico-

subcortical FC. However, it is still unclear how these alterations are related to behavioural 

effects and how results after acute challenge compare with sustained D2R antagonism.  

 

1.4.3 Pre-clinical studies  

The pre-clinical literature on the effect of D2R blockade on FC is scarce. To the best of my 

knowledge, only one study investigated the effect of a single dose of haloperidol 1mg/kg on 

FC using resting-state fMRI in rats using a placebo-controlled design (Gass et al., 2013). The 

authors found a decrease in FC between the substantia nigra and several brain regions such 

as the frontal and cingulate cortex, the motor cortex, and the ventral pallidum. This animal 

study further confirms the human evidence on perturbation of the cortico-nigro-striatal 

network after D2R blockade.  

 

1.5 Effects on brain structure and function and antipsychotic pharmacodynamic: the 

PK/PD model  

The main goal of pharmacological MRI is to identify the effects of drug administration on 

brain structure and function. Over the last few years, the use of MRI in pharmacology 

research has become increasingly important as a tool to assess drug brain penetration, 

investigate the relationship between brain response and clinical outcome and assist go-no-go 

decisions in the drug development process (Nathan et al., 2014; Schwarz et al., 2011). 

Pharmacological MRI has also delivered important results for neuroscience allowing the 

investigation of drug-induced modulation of specific pathways and brain networks in 



 40 

controlled experimental settings (Khalili-Mahani et al., 2017). However, as discussed 

previously, one limitation of pharmacological MRI studies relies on the nature of the MRI 

signals which do not allow a direct link between brain effects and drug mechanism of action. 

Receptor occupancy theory posits that the magnitude of the drug response is a function of 

receptor availability (Clark, 1937). In other words, incremental changes in functional response 

correspond to increments of the fraction of receptors bound. This relationship also depends 

on specific characteristics of each compound, such as dissociation or affinity constant (Kd) 

(Ploeger et al., 2009) as in the following equations: 

 

 

 
Equation [1]: Receptor occupancy theory (Clark, 1937) 

 

𝐾! =
[𝐷][𝑅]
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Equation [2]: Dissociation or affinity constant 

 

MRI measures such as T1 relaxation time and MRI signals based on haemodynamic changes 

(e.g., Blood-Oxygen-Level-Dependent signal (BOLD), CBV, CBF) are not able to measure 

neuronal activity directly or to directly detect the biochemical mechanism of drug-receptor 

binding. Therefore, in the absence of a direct link between drug binding and MRI effects, 

the interpretation of the results in pharmacological MRI studies in the context of drug 

pharmacokinetics (PK) and pharmacodynamics (PD) is often relegated to speculations. 

Applied pharmacology often integrates PK data (i.e., drug-concentration time series in the 

system after drug administration) with PD effects (i.e., the observed effect corresponding to 

drug concentration) in unified models called pharmacokinetic/pharmacodynamic (PK/PD) 

models to identify dose-concentration-response relationships and subsequently develop 

predictive models (Meibohm & Derendorf, 1997). Several pharmacological MRI studies have 

investigated the relationship between variations in drug concentration and brain functional 

effects including PK modelling in neuroimaging analysis. Using this approach it has been 

possible to create PK profiles of the brain functional response of different compounds such 

[𝐷] + [𝑅]
"!
() [𝐷𝑅]	 → 𝐸𝑓𝑓𝑒𝑐𝑡 
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as ketamine (De Simoni et al., 2013; Doyle et al., 2013), psilocybin (Carhart-Harris et al., 

2012; Preller et al., 2020), tetrahydro-cannabidiol (THC) (Klumpers et al., 2012) and 

anaesthetics (Becerra et al., 2006). Another approach to explore the PK/PD relationship in 

pharmacological MRI is to enhance molecular specificity of drug effects in the brain by 

integrating data from other modalities (e.g., PET, SPECT, post-mortem autoradiography, 

post-mortem mRNA, or protein assays, etc.) that allows an estimate of receptor distribution 

in the brain. Under the assumption, justified by the receptor occupancy model, that drugs 

exert their effects in brain regions that have higher target receptor density or higher affinity 

or higher binding potential, it is possible to characterise brain topography of drug effects by 

evaluating the association between drug effects and receptor distribution in the brain. This 

approach has been recently proposed to investigate the brain functional effect of different 

drugs (Dipasquale et al., 2020; Dipasquale et al., 2019; Dukart et al., 2018; Wong et al., 

2022). Even though the spatial architecture of protein distribution in the brain is typically 

consistent across individuals (Hawrylycz et al., 2012), between-subjects variation in receptor 

density within the same brain region is not negligible (Farde et al., 1995) and may drive inter-

individual differences in drug brain effects. In addition, drug distribution and elimination are 

heavily influenced by several physiological factors such as age, sex, body weight, water, fat 

composition of the tissue, etc., which further contribute to inter-individual variability in drug 

response. Therefore, individualized receptor profile mapping together with detailed PK 

information is necessary to generate PK/PD models that are generalizable at the level of the 

individual.  As described in section 1.3.2 for the case of antipsychotics and changes in CBF 

related to D2R-blockade, PK/PD models have been investigated in preclinical studies 

(Mandeville et al., 2013; Sander et al., 2013; Sander et al., 2016) but still, a full translation in 

humans is lacking. Detailed PK/PD modelling of antipsychotic effects on brain structure and 

function can enhance our understanding of biological mechanisms underlying between-

subject variability in clinical response and side effects which are both important goals in 

psychiatry research.  

 

1.6 Integration of neuroimaging analysis with whole brain transcriptome data  

The release of the AHBA (Hawrylycz et al., 2012) offered the opportunity to integrate novel 

measures of brain target distribution with neuroimaging data. The AHBA is a free-access 

multimodal dataset (Shen et al., 2012) containing comprehensive genome-wide whole-brain 
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microarray transcriptomic, structural MRI and histological information obtained from six 

healthy adult human donors. The atlas features the expression levels of >20,000 genes 

profiled by ~60,000 microarray probes in different brain regions that are spatially resolved in 

the standard Montreal Neurological Institute (MNI) coordinates system which allows a one-

to-one spatial matching with neuroimaging data (Shen et al., 2012). Transcriptomic data from 

the AHBA is associated with T1-weighted images (McColgan et al., 2018), T1-

weighted/T2-weighted ratio images (Ritchie et al., 2018), cortical thickness (Shin et al., 

2018), diffusion-weighted MRI images (Forest et al., 2017; Romme et al., 2017), PET data 

(Beliveau et al., 2017; Komorowski et al., 2020; Rizzo, Veronese, Heckemann, et al., 2014), 

fMRI networks and FC measures (Hawrylycz et al., 2015; Richiardi et al., 2015). Since the 

AHBA publication in 2012, several authors developed distinct pipelines to process AHBA 

data and match them with brain images. Notably, AHBA data analysis is a non-trivial task 

because different choices could be made in the various analysis steps required to integrate 

mRNA expression measures with imaging data. Analysis of complex data is at higher risk of 

poor reproducibility without standardization of methods. Five sources of variability in AHBA 

data analysis can potentially impact the results: i) probe selection, ii) spatial mapping of 

samples, iii) data normalization and between-donors variability, iv) region selection, and v) 

statistics.  

 

Probe selection 

In the AHBA, mRNA expression for each gene is measured with multiple probes (on average 

2.0 ± 1.4 probes per gene). Therefore, it becomes important to define a unique mRNA profile 

that is representative of each gene. Even though the AHBA documentation suggests data 

filtering strategies based on the intensity of the signal compared with background noise, 

(http://human.brain-map.org/static/docs), to date there is no consensus on which is the best 

method for probe selection when 2 or more probes pass this threshold for the same gene. 

Many different strategies have been proposed for probe selection including filtering against 

background noise or comparison against the expression of housekeeping genes (French & 

Paus, 2015),  consistency measures (e.g., correlations between probes) (Burt et al., 2018), and 

distribution-based measures (e.g., by discarding probes showing the highest variance 

(Richiardi et al., 2015) or the least skewed distribution (Rizzo et al., 2016)). Other authors 

did not select any probe and instead utilized all available probes (Rizzo, Veronese, Tonietto, 
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et al., 2014) or created a unique profile by simply averaging their expression (Ritchie et al., 

2018). Another method that has been proposed for probe selection is to compare microarray 

data with RNA sequencing (RNAseq) data which offers higher sensitivity and specificity as 

compared with the microarray technique. However, the implementation of this method is 

limited by the fact that RNAseq data in AHBA is available only for two donors (and for a 

limited number of samples). Finally, another relevant issue is that the AHBA contains not-

annotated probes and there is a risk that probes currently assigned to a specific gene in the 

AHBA could need re-annotation given the continuous updates of the public sequencing 

databases (Romero-Garcia et al., 2018). 

 

Spatial mapping of samples 

The Allen Institute, before dissection, acquired whole-brain T1-weighted MRI images from 

each donor which were subsequently registered in standard MNI space, such that mRNA 

samples across brain regions could be identified using native and MNI coordinates. In 

addition, each sample is associated with an anatomical ID. Even though a common standard 

space allows a one-to-one matching between mRNA expression and imaging signals, the 

distribution of AHBA sampling is sparser and more discrete than voxel-wise images that are 

commonly used in neuroimaging. One possible solution that has been proposed to overcome 

this issue is to implement a region-based segmentation approach where the whole AHBA 

dataset is resolved into discrete brain regions using a reference atlas (French & Paus, 2015). 

This approach has two main drawbacks: i) the transcriptomic-imaging integration is highly 

dependent on the atlas adopted, and ii) it might be possible that samples are inaccurately 

assigned to a different brain region that is close to the one where the sample was taken 

originally. To mitigate these problems, other authors took advantage of the detailed 

anatomical annotations of the AHBA instead of using external atlases (Cioli et al., 2014). 

The AHBA provides, along with each tissue sample, anatomical annotations (called 

anatomical IDs). These annotations are offered at two different resolutions: coarse level (26 

regions) and structure level (169 regions). Brain images can then be resampled in the AHBA 

space identifying each transcriptomic sample and its corresponding imaging sample. Works 

that use the AHBA anatomical annotations have the advantage that they work on a common 

parcellation framework that is provided by the AHBA and that is closer to the raw data, even 

though it does not always match segmentations typically used in imaging analysis. Finally, 
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another important source of variability is related to the fact that donors differ in each region 

regarding both the number and position of the samples.   

 

Region selection 

Related to the previous point, several different strategies have also been used to select brain 

regions used to carry out correlation analysis of AHBA data with imaging datasets. For 

instance, some authors limited the analyses to cortical regions (Richiardi et al., 2015) whereas 

other authors performed cross-correlations in the whole brain, including both cortical and 

subcortical areas (Beliveau et al., 2017). Variance in gene expression has been reported to be 

different between cortical and subcortical regions (Hawrylycz et al., 2015) and therefore the 

inclusion or the exclusion of subcortical areas from the analysis could potentially lead to 

different degrees of inconsistency in the results depending on the homogeneity of mRNA 

expression across brain regions. In addition, AHBA sampling covered only the left 

hemisphere for four donors whereas for two donors both hemispheres were covered. Given 

the fact that the impact of lateralization on specific gene sets and specific brain regions is still 

unknown, this issue must be considered when performing region selection. Finally, as 

discussed before, brain regions can have quite a substantially different number of samples, 

questioning whether there should be a minimum number of samples defining the mRNA 

expression of a particular region to be chosen for the analysis. Irrespective of the number of 

samples, brain regions also differ in terms of spatial extension. Large regions are expected to 

show higher variability in gene expression, as they are more likely to encompass sub-regions 

characterized by different gene expression patterns (Vertes et al., 2016).  

 

Data normalization and between-donor variability  

AHBA data comes from the post-mortem brains of 6 different donors. The donors are 5 

males and 1 female, the age range is 24–57 years and they have different ethnic backgrounds 

(3 Caucasians, 2 African Americans, 1 Latin). Donors also differ in many other 

characteristics: cause of death, post-mortem intervals, brain pH, tissue cytoarchitectural 

integrity, RNA quality, number of sampling, sampling sites, number and type of probes used 

for each gene (http://human. brain-map.org/static/docs). While preserving this information 

might be valuable for analysis within the AHBA data, between-donor variability must be 

minimized when AHBA data is aggregated for cross-comparison with external imaging 
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datasets. Even though recommendations have been proposed (Arnatkeviciute et al., 2019), 

there is still no consensus on normalization strategies.  

 

Statistics 

Another relevant point of disagreement between studies is which statistical test is used to 

correlate AHBA mRNA expression measures with imaging data. Most authors employed 

Spearman rank correlation analysis given the fact that AHBA data pooled from all the donors 

and all the regions does not follow a normal distribution for most of the genes (French & 

Paus, 2015; Komorowski et al., 2020). However, other authors employed the General Lineal 

Model and Pearson correlation (Beliveau et al., 2017; Veronese et al., 2016). Generally, 

normality should be always checked beforehand or non-parametric testing should be used as 

a countercheck. Another correlational strategy that has been proposed to control for inter-

subject heterogeneity is the use of multivariate correlations where mRNA data from different 

donors is weighted to reflect biological variability (Rizzo et al., 2016). Another important 

issue when assessing the spatial association between neuroimaging data and AHBA 

transcriptomics is the statistical assumption of covariance stationarity of the measures 

between brain regions. However this assumption not always is reflected in the data and this 

can lead to inflated statistics and spurious results (Burt et al., 2020). Different approaches 

based on spatial permutation have been proposed to minimise this risk (Markello et al., 2021; 

Vasa et al., 2018). 

 

1.7 The rationale of the studies and PhD projects description  

The overall aim of this thesis is to provide a more detailed understanding of the effects of 

clinically relevant D2R blockade on brain structure and function trying to disentangle disease 

from treatment effects. Despite a large body of literature, several aspects of dopaminergic 

modulation of brain structure and function remain unclear. While this literature has 

demonstrated changes in cerebral perfusion, it was not known how these changes across the 

entire brain could be understood through predictions from receptor occupancy theory and if 

similar effects would occur with sustained D2R blockade. In addition, it remains unclear 

whether between-subject differences in PK and drug occupancy can explain differences in 

drug functional effects in vivo in humans. Moreover, the evidence for structural changes is 

not generally supported by single-dose studies using doses in the clinical range but has been 
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shown in longitudinal studies in patients, which are uncontrolled. A multimodal placebo-

control study with sustained D2R blockade could fill this gap of knowledge. Finally, to 

understand the effects of psychosis on perfusion, unaffected by medication, a study in an 

unmedicated cohort is required.  

 

The three specific aims of this thesis are therefore: 

1) Clarify the link between brain changes and D2R occupancy in line with preclinical 

PK/PD models.  

2) Investigate how changes in brain structure and function observed in experimental 

studies in healthy volunteers after single-dose administration compare with 

experimental designs of sustained D2R blockade, thus in a dosing regimen close to 

the clinical practice.  

3) Considering the strong evidence of altered CBF in the basal ganglia after D2R 

blockade, investigate CBF in non-medicated patients with psychosis to disentangle 

medication and disease effects. 

 

To investigate these aspects, my PhD included three projects: spatial profiling of 

antipsychotic effect on brain perfusion to D2R distribution, the NEuroreCepTor regulation 

of brAin structuRe and function (NECTAR) study, and the investigation of brain perfusion 

in antipsychotic-free FEP patients.  

 

1.7.1 Spatial profiling of antipsychotic effect on brain perfusion to D2R brain 

distribution  

This project aims to investigate the spatial association between changes in CBF after single-

dose administration and normative distribution of D2R following the principles of the drug 

receptor theory discussed in section 1.5. I developed a neuroimaging analysis workflow that 

integrates ASL data with other datasets informative of D2R distribution in the brain such as 

PET templates using radioligands with D2R affinity and mRNA data from the AHBA. 

Critically, as discussed in section 1.6, the use of post-mortem mRNA data required thorough 

consideration of the analysis pipelines and comparison between methods (Selvaggi et al. 

(2021) and Appendix B). 
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1.7.2 The NECTAR study  

The NECTAR study is a within-subject, cross-over, double-blinded, placebo-controlled 

experimental medicine study in healthy volunteers. Participants received either daily doses 

of the D2R antagonist amisulpride (400mg) or placebo for a period of one week followed by 

placebo or started with placebo and then received amisulpride. A washout period of at least 

10 days (or >5 half-lives of the drug/active metabolites) has been used between sessions. MRI 

was acquired at three time points: baseline and at the end of each ACTIVE or PLACEBO 

session. For a small subset of the sample, also [11C] PHNO PET was acquired at baseline and 

at the end of the ACTIVE session to explore between-subjects variability in the relationship 

between D2R and MRI effects. To the best of my knowledge, this is the very first 

experimental medicine study in healthy volunteers that investigates the effect of sustained 

D2R blockade on brain structure and function integrating data from different imaging 

modalities acquired in one experimental setting. In my PhD, I investigated the effect of a 

week of D2R blockade with amisulpride 400mg on brain volumes, quantitative T1 maps, and 

CBF as assessed with ASL and cortico-striatal FC measures using resting-state fMRI. I also 

sought to explore the relationship between MRI effects (when present) and D2R spatial 

distribution (applying the methods developed in the previous study) and between-subjects 

variability D2R occupancy. 

 

1.7.3 Brain perfusion in antipsychotic-free FEP patients  

Finally, considering the strong evidence of the relationship between changes in CBF in the 

basal ganglia and D2R blockade, also corroborated by the result of this thesis I also sought to 

investigate differences in brain perfusion using ASL between non-medicated FEP and HC 

to disentangle medication and disease effects. Notably, this is the first study investigating 

differences in brain perfusion between patients with psychosis and healthy control using ASL 

as previous studies investigated CBF differences cross-sectionally in medicated patients.  
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2 Spatial profiling of antipsychotic effect on brain perfusion to D2R brain 

distribution 

 
2.1 My contribution 

At the start of my PhD, the full dataset was already acquired. I developed, with the help of 

my second supervisor Dr. Ottavia Dipasquale and Dr. Mattia Veronese, the entire analysis 

framework. I also performed pre-processing of ASL data with the advice of Dr. Fernando 

Zelaya and extracted both protein density and mRNA expression profiles from the AHBA. 

While extracting mRNA profiles, I also extensively reviewed the literature to evaluate 

different methods to process the AHBA dataset. This review highlighted that different 

processing pipelines could potentially lead to different results. I discussed these 

considerations with my first supervisor Prof. Mitul Mehta, with Dr. Mattia Veronese and 

with Prof. Federico Turkheimer. The result of this discussion guided the application of the 

AHBA dataset in this project and led to a publication that highlights the potential risks of 

reproducibility when integrating the AHBA dataset with neuroimaging data which 

confirmed that the methods applied were appropriate (Selvaggi et al. (2021) and Appendix 

B). I also performed all statistical analyses for the spatial association tests. I interpreted the 

data with the help of my 2 supervisors and Dr. Mattia Veronese. Finally, I drafted the 

manuscript for publication (Selvaggi et al. (2019) and Appendix A). I also presented these 

results at 2 international conferences as an oral presentation.  

 

2.2 Aims and hypothesis of the study 

The present work aimed to test in humans whether CBF changes induced by a single dose 

of different antipsychotics co-varies with measures of D2R distribution. In particular, I 

employed two datasets from healthy volunteers (Hawkins et al., 2018) to evaluate the spatial 

correlation between CBF variation in the placebo vs. antipsychotic comparison against the 

population-based receptor density profiles derived from human PET scans using the high-

affinity D2R antagonist [18F] Fallypride. I also investigated the same relationship at the gene 

expression level using post-mortem mRNA expression measures of the DRD2 gene (the gene 

coding for D2R) extracted from the AHBA (Hawrylycz et al., 2012). Brain mRNA 

expression variation across brain regions is associated with resting-state fMRI networks 
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suggesting that brain hemodynamic response may be linked to the architecture of the human 

brain transcriptome (Hawrylycz et al., 2015; Richiardi et al., 2015). Here, brain microarray 

mRNA expression data was chosen as a proxy for protein-level receptor density in the human 

brain. While post-transcriptional events may alter the relationship between gene expression 

and protein synthesis (Liu et al., 2016), brain mRNA expression maps have been shown to 

predict in vivo protein levels as measured with PET (Beliveau et al., 2017; Rizzo, Veronese, 

Heckemann, et al., 2014). Following the receptor occupancy theory and the neurovascular 

coupling model suggested by pre-clinical studies and described in the introduction 

(Mandeville et al., 2013; Sander et al., 2013), I hypothesized that there would be a detectable 

linear relationship between the main effects of antipsychotics on CBF measures and D2R 

receptor density profiles evaluated at the protein and gene expression level. Even though 

brain microarray mRNA expression data from the AHBA is noisier and more discrete than 

the PET BPND maps (because of the limited number of samples), I expected CBF increases 

after antipsychotics to be linearly associated also with DRD2 mRNA expression spatial 

profiles. However, given the fact that mRNA expression only approximates cellular protein 

levels due to post-transcriptional regulatory mechanisms, I predict microarray data to explain 

less variance in CBF changes than PET-derived maps.  

 

2.3 Methods 

2.3.1 Participants and study design 

Data were collected as part of a project approved by the National Research Ethics Service 

Committee London – Brent. Details about participants, protocol and study design have been 

described in detail by Hawkins et al. (2018). Briefly, forty-two healthy male subjects were 

enrolled in a double-blind, placebo-controlled, randomised, fully counterbalanced, three-

session crossover design. Participants were randomised into two equal parallel study groups 

(Group 1 age mean/standard deviation (SD) 27.6/6.9; Group 2 age mean/SD 28.3/6.3). In 

the first group, participants received a placebo, 7.5 mg of olanzapine (OLA), or 3 mg of 

haloperidol (HAL) on each study day. In the second group, participants received a placebo, 

0.5 or 2 mg risperidone (lowRIS and highRIS respectively). All but lowRIS dosages were 

chosen to achieve on average at least 60% of D2R receptor occupancy (Kapur et al., 2000; 

Tauscher et al., 2004). On dosing day, participants followed a standardised regime. The MRI 

scan was performed at the time of the predicted peak level of plasma concentration of the 
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drug after oral administration (Tmax): approximately 5 h after drug administration for Group 

1 and 2 h for Group 2 (de Greef et al., 2011; Midha et al., 1989). Study days were seven days 

apart to allow washout between sessions. After the final visit, a follow-up phone call was 

made to monitor potential adverse events related to the study drugs.  

 

2.3.2 MRI acquisition and pre-processing 

Scans were acquired using a GE MR750 3-T scanner and a 12-channel head coil. A T2-

weighted image (Field of View (FOV)= 240 mm, TR/TE= 4380/46.992 ms, 320x256x156 

matrices, slice thickness= 2 mm) was acquired during the first visit and then used for the pre-

processing of ASL images (see below). A T1-weighed Magnetization Prepared – RApid 

Gradient Echo (MPRAGE) scan was also acquired (on the second visit): FOV= 270 mm, 

TR/TE/TI= 7.312/3.016/400 ms, 256x256x156 matrix, slice thickness= 1.2 mm) for 

normalization purposes. Measurement of CBF was carried out using a 3D pseudo-continuous 

ASL (3D-PCASL) sequence. Labelling of arterial blood was achieved with a 1500ms train 

of Hanning-shaped radiofrequency (RF) pulses in the presence of a net magnetic field 

gradient along the flow direction (the z-axis of the magnet).  After a post-labelling delay of 

1525ms, a whole brain volume was read using a 3D inter-leaved “stack-of-spirals” Fast Spin 

Echo readout consisting of 8 interleaved spiral arms in the in-plane direction, with 512 points 

per spiral interleave (TE/TR= 11ms/4968 ms).  60 slice-partitions of 3mm thickness were 

defined in the 3D readout. The in-plane FOV was 240×240 mm. The sequence used four 

background suppression pulses to minimise static tissue signal at the time of image 

acquisition. The combination of flow-driven adiabatic inversion of the PCASL pulse, plus 

background suppression, yields a substantial increase in the signal-to-noise ratio (SNR) of 

ASL, of up to 50%.  Therefore, only four pairs of control-labelled images are required to 

produce reliable perfusion-induced signal differences (Alsop et al., 2015). The mean perfusion 

weighted difference image was derived from the average of the difference of the four control-

label pairs.  Voxel-wise CBF was computed by dividing this mean difference image by a 

proton density (image acquired at the end of the sequence, using identical readout 

parameters).  This computation was done according to the formula suggested in the ASL 

consensus article (Alsop et al., 2015). The New Segment tool in Statistical Parametric 

Mapping (SPM) was used to create grey matter, white matter (WM), and cerebrospinal 

(CSF) images from each T1 image. These then entered the Diffeomorphic Anatomical 
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Registration Through Exponentiated Lie Algebra toolbox (DARTEL) to create a study-

specific template and set of flow fields to later transform each subject’s ASL data into 

standard space (Ashburner & Friston, 2005, 2011). The T2-weighted images were also co-

registered with the T1 images. Each raw proton density image was then co-registered with 

the T2 image. The parameters for this transformation were then applied to the CBF maps 

(as they were already in alignment with the proton density image) before their normalization 

using DARTEL flow fields. Finally, the normalized CBF maps were smoothed using a 6 mm 

full width at half maximum (FWHM) kernel. Global CBF values were extracted using the 

MarsBar toolbox (http://marsbar.sourceforge.net) and the default whole-brain mask 

provided in SPM. A group-wide paired t-test was performed in SPM for each drug vs. 

placebo comparison. Grey matter CBF was added as a covariate of no interest in the model 

to account for peripheral (global) drug effects and between-subjects variability in the global 

brain perfusion (Handley et al., 2013; Viviani et al., 2013; Viviani et al., 2009). Contrast 

images (e.g., DRUG>PLACEBO and PLACEBO<DRUG) were then segmented by using 

the Desikan-Killiany Atlas (Desikan et al., 2006) to extract ∆CBF profiles. 

 

2.3.3 Receptor density profile 

Figure 1 shows the general framework of the analysis. D2R profiles were extracted from an 

independent [18F]-Fallypride PET template built by averaging six BPND whole-brain maps 

acquired in six right-handed males aged 18-45 who did not participate in the study (Dunn et 

al., 2010). Participants had no history of head injury, neurological disease, psychosis or 

learning disability and were free of medication. After a complete description of the study, 

written informed consent was obtained from participants according to local ethical 

procedures. Scanning was conducted on a GE VCT (BGO) PET scanner. Participants 

received a low-dose CT scan (10mA) for attenuation correction. List mode 3D acquisition 

commenced for 80 minutes, then 90 minutes, following a 10-minute rest period. Scan 

duration was in line with what was recommended to achieve equilibrium (Slifstein et al., 

2010; Vernaleken et al., 2011). A bolus of 250 mBq radiolabelled [18F]-Fallypride diluted up 

to 10ml with normal saline was given intravenously over 10 seconds and flushed with 10ml 

normal saline. Scans were reconstructed as non-attenuation corrected PET images (to 

preserve anatomical information) and realigned, followed by the formation of a mean image 

for transformation to the SPM PET template. Regional D2R BPND was then calculated using 
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the simplified reference region tissue model (Lammertsma et al, 1996) implemented in 

MATLAB. [18F]-Fallypride is a D2R receptor antagonist, and it is a well-established PET 

radiotracer in the study of D2-like receptor distribution in the brain (Mukherjee et al., 2002). 

The [18F]-Fallypride template was segmented with the Desikan-Killiany Atlas (Desikan et 

al., 2006) and for each of the 85 Regions of Interest (ROI) of the template, the voxel-wise 

mean BPND value was extracted with the flslmeants function implemented in the Functional 

Software Library suite (FSL, FMRIB, Oxford, UK). Conventional parametric modelling of 

regional BPND was performed by using the cerebellum as the reference region (Ichise et al., 

2003). Therefore, both left and right cerebellar ROIs (namely “rh_cerebellum_cortex” and 

“lh_cerebellum_cortex”) were excluded from correlation analyses with CBF profiles. D2R 

PET radiotracers differ in signal-to-noise ratio (Mukherjee et al., 1999). For instance, [11C] -

Raclopride has fast in-vivo kinetics and lower affinity as compared with other PET ligands 

(Hall et al., 1988). For this reason, it can reliably quantify receptor availability in brain regions 

densely populated by D2Rs such as the striatum. By contrast, other D2R radiotracers such as 

[11C]-FLB 457 and [18F]-Fallypride have higher affinity and signal-to-noise ratio. This allows 

more reliable quantification in extra-striatal areas where D2R density is much lower than the 

striatum (Narendran et al., 2011; Slifstein et al., 2010). To compare the contribution of striatal 

vs. extra-striatal regions to this association, a [11C]-Raclopride template was segmented with 

the Desikan-Killiany Atlas  (Desikan et al., 2006) using the same approach used with the 

[18F]-Fallypride template. Here I also excluded cerebellar ROIs because parametric 

modelling of regional BPND was performed using the cerebellum as the reference region.  

 

2.3.4 CBF profiles 

CBF profiles were obtained from maps of CBF changes at the group level. For each 

antipsychotic, a group-wide paired t-test was performed in SPM for each drug vs. placebo. 

Grey matter total blood flow was added as a covariate of no interest in the model to account 

for peripheral (global) drug effects and between-subjects variability in the global brain 

perfusion (Handley et al., 2013; Viviani et al., 2013; Viviani et al., 2009). For each 

antipsychotic, the main effect of the drug was tested using group voxel-wise paired t-tests 

with cluster-level Family-Wise Error (FWE) correction (alpha= 0.05, cluster defining 

threshold= 0.001) as implemented in SPM. Also, to provide a quantification of striatal CBF 

increase after antipsychotic exposure, a paired t-test was performed for each drug vs. placebo 
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comparison on CBF extracted from an ROI encompassing the whole striatum. In addition, 

for each contrast and each subject percent of CBF change was calculated using the following 

equation: 𝐶𝐵𝐹%"#$%&' =
()*!"#$+()*%&'()*+

()*%&'()*+
× 	100. In agreement with previous studies 

(Handley et al., 2013; Hawkins et al., 2018), I identified statistically significant increases in 

CBF after drug administration (against placebo) and have thus focussed on this contrast in 

the remainder of this work. Therefore, DRUG>PLACEBO contrast maps for each 

antipsychotic were segmented by using the Desikan-Killiany (Desikan et al., 2006) using the 

same approach used for the extraction of receptor profiles. This resulted in 85 ΔCBF profiles 

measuring the antipsychotic-induced increase of CBF in each ROI. For consistency with the 

receptor profile data, I carried out correlation analyses excluding the two cerebella ROIs.  

 

 
Figure 1. The general framework of the analysis. Group-level map showing the main effect of the drug was 
computed for each antipsychotic. The resulting maps and the [18F]-Fallypride PET template were segmented 
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into 83 ROIs by using the Desikan-Killiany Atlas (Desikan et al., 2006). For each ROI, ΔCBF profiles and 
[18F]-Fallypride BPND template values were extracted and then correlated. DRD2 gene brain microarray mRNA 
expression values were extracted from AHBA data (http://human.brain-map.org) (Shen et al., 2012). The 
MENGA software (http://www.nitrc.org/projects/menga/) (Rizzo et al., 2016) was used to extract DRD2 
mRNA expression profiles which then entered multivariate correlation analysis against ΔCBF profiles.  

 
2.3.5 Statistical analysis for the ΔCBF/receptor density profiles correlations  
To test the associations between ΔCBF profiles (derived for each antipsychotic) and D2R 

density profiles, linear regression models as implemented in the Statistical Package for Social 

Sciences (SPSS) were used (IBM, SPSS Statistics, Version 23). The normal distribution of 

the residuals of the regression models was tested by the Shapiro-Wilk test. BPND data were 

transformed using a natural logarithmic function (ln) so that the residuals conformed to a 

normal distribution. For all linear regression models, Mahalanobis distance and Cook's 

distance were computed to explore the presence of multivariate outliers and estimate the 

presence of highly influential data points. To identify multivariate outliers, Mahalanobis 

distance values were compared to a chi-square distribution with degrees of freedom equal to 

the number of variables (two in this case) with p= 0.001 (Finch, 2012). Any data point with 

Cook's distance higher than 1 was considered a highly influential outlier and excluded from 

the analysis (Cook & Weisberg, 1982). To further control for the effect of extreme 

observation I also used the bias-corrected accelerated bootstrap technique as implemented 

in SPSS (Efron et al., 1994) with 10,000 resamples. Non-parametric Spearman's correlations 

between ΔCBF profiles and receptor BPND profiles were also performed as a countercheck. 

In addition, to account for spatial autocorrelation effects, a spatial permutation test has been 

applied to compare the empirical correlation between BPND and ΔCBF maps to a set of null 

correlations generated by randomly rotating (N= 10,000) the spherical projection of the 

cortical parcellation of the spatial maps before projecting it back on brain surface preserving 

both spatial contiguity and hemispheric symmetry (Vasa et al., 2018). For subcortical ROIs, 

a set of random maps (N= 10,000) was generated using permutation. Subcortical ROI sets 

were integrated with the cortical sets to generate a null distribution of 10,000 correlations 

which was used to compare the empirical correlation. Moreover, Fisher's r-to-z 

transformation was performed to test the pairwise significance of the difference between 

correlation coefficients of ΔCBF profiles between different antipsychotics. The asymptotic 

covariance method was adopted to account for the fact that correlations had one variable in 

common. 
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2.3.6 mRNA profiles and genetic correlations  

The AHBA dataset consists of 6 healthy donors 5 males, and 1 female, age: 42.5 ± 13.4, range 

24– 57 years) with ~30000 gene expression profiles sampled throughout the brain.  

Expression values for each probe were normalized using the guidance provided by the 

AHBA website. For each donor, sample data for all probes were converted into z-score 

(using mean and standard deviation as normalization factors within a given subject) which 

were then used for all the analyses. Antipsychotics’ contrast images (DRUG>PLACEBO) 

were resampled in the AHBA space. Then, each CBF image sample was spatially matched 

with the corresponding genomic AHBA sample within a search window of a sphere of 5mm 

radius centred on the MNI coordinates of the AHBA sample. DRD2 gene brain microarray 

mRNA expression values were extracted from AHBA data (http://human.brain-map.org) 

by using the Multimodal Environment for Neuroimaging and Genomic Analysis (MENGA) 

toolbox (http://www.nitrc.org/projects/menga/) (Rizzo et al., 2016). The same toolbox was 

used to carry out correlations with the ΔCBF profiles of each antipsychotic. First, both the 

CBF contrast image and AHBA data were segmented using the list of structures (N= 169) 

provided by the AHBA. A subset of 89 structures (ROIs), each containing at least one 

genomic sample for all the six AHBA brains (donors), was selected to perform correlations 

between ΔCBF profiles and gene expression. For each donor, sample data were converted 

from their original log2 intensity in z-scores using mean and standard deviation as a 

normalization factor for a given subject. This was done to minimize bias related to inter-donor 

variability in the AHBA dataset. For the DRD2 gene, a unique profile was obtained by 

selecting the probe whose expression values were highly consistent across donors. 

Distributions of expression values for all the probes were evaluated across donors, retaining 

the probe with the most symmetric and least skewed distribution. In the case of multiple 

samples within the same ROI, the average between samples within the ROI was calculated 

(Rizzo et al., 2016). After completing the matching and the extraction of ΔCBF and gene 

expression profiles, two different correlations were performed: 1) between-donors correlation 

or gene auto-correlation returning the biological variability of the spatial profile of mRNA 

expression between donors (the higher the gene autocorrelation the lower the heterogeneity 

in mRNA expression spatial profile between donors); 2) correlation between each gene 

expression and the ΔCBF by ROIs also called cross-correlation. A Principal Component 

Analysis (PCA) on mRNA expression measures of the 6 AHBA donors was performed 
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beforehand to extract the component that accounted for at least 95% of the total variance in 

the mRNA expression data. In particular, the PCA was performed on an 89 x 6 matrix (89 

ROIs by 6 donors) and represented a consistent spatial mRNA expression profile across all 

donors. This component was then used in the regression model against CBF profiles. 

Significance was assessed with a bootstrapping approach resulting in a chance likelihood of 

the correlation coefficient expressed as a percentage. More specifically, ROIs were permuted 

within donors repeating the correlation between the PCA component and CBF profiles 1000 

times, to obtain a measure of the likelihood that the correlation found was different from 

chance level. A multivariate spatial correlation using MENGA was also performed between 

DRD2 gene expression profiles and [18F]-Fallypride BPND maps. As for protein density profile 

analysis, Fisher's r-to-z transformation was performed to test the pairwise significance of the 

difference between correlation coefficients of ΔCBF profiles between different 

antipsychotics and between PET and mRNA profiles.  

To test reproducibility between AHBA data processing and spatial matching methods (see 

section 1.8, Appendix B and Selvaggi et al. (2021)), correlations between DRD2 mRNA 

expression and ∆CBF were performed also with voxel-wise, whole-brain mRNA expression 

maps obtained from the AHBA using variogram models (Gryglewski et al., 2018). Briefly, 

this method employs a spatial analysis where variogram models and Gaussian Process 

Regression are used to predict gene expression measures in locations that were not originally 

sampled in the AHBA. The output of this method consists of voxel-wise maps for each gene. 

For further details about AHBA data processing and variogram models please refer to the 

original publication (Gryglewski et al., 2018). Gene expression maps were already created 

and released as freely downloadable NIFTI images by the authors. I downloaded the DRD2 

mRNA expression map (http://www.meduniwien.ac.at/neuroimaging/mRNA.html). This 

image was already in standard space according to the MNI templates; therefore no 

normalization was needed. DRD2 mRNA expression image was segmented into 83 ROIs 

using the Desikan-Killiany Atlas and DRD2 mRNA expression values were extracted for 

each ROI. DRD2 mRNA expression values were then correlated with ∆CBF profiles 

extracted from the same ROIs. Linear models within SPSS (IBM, SPSS Statistics, Version 

23) were evaluated. ∆CBF profiles were the dependent variable and DRD2 mRNA 

expression was the independent variable.  
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2.4 Results 

2.4.1 The main effect of antipsychotics on CBF 

The group paired t-tests revealed that all antipsychotics but olanzapine, produced a 

statistically significant increase of CBF in the striatum. HAL>PLA t-contrast revealed a 

significant cluster in the left putamen (k= 755, pFWE cluster-level corrected= 0.041; t(1,19)= 

5.78; peak MNI coordinates: -26 -6 -6). OLA>PLA t-contrast revealed a significant cluster 

in the right parietal cortex (Brodmann Area (BA) 39; k= 456, pFWE cluster-level corrected= 

0.001; t(1,19)= 5.77; peak MNI coordinates: 34 -71 51) and in the right parahippocampal gyrus 

(k= 421, pFWE cluster-level corrected= 0.015; t(1,19)= 4.98; peak MNI coordinates: 24 6 -30). 

lowRIS>PLA t-contrast revealed a significant cluster in the left caudate (k= 1692, pFWE 

cluster-level corrected< 0.001; t(1,19)= 5.49; peak MNI coordinates: -11 11 -15). highRIS>PLA 

t-contrast revealed a significant cluster in the left caudate (k= 7664, pFWE cluster-level 

corrected<0.001; t(1,19)= 8.63; peak MNI coordinates: -13 8 9). None of the DRUG<PLA t-

contrast revealed statistically significant clusters. Figure 2 shows sections of the brain overlaid 

with FWE cluster-level corrected t-contrast.  

 

 
 

Figure 2. DRUG>PLACEBO t-contrast images (FWE cluster-level corrected, cluster defining threshold= 
0.001). The colour bar indicates the t values of the paired t-test. HAL: haloperidol; OLA: olanzapine; lowRIS: 
risperidone 0.5mg; highRIS: risperidone 2mg.  
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Paired t-test on CBF in the whole striatum showed increased perfusion (as compared with 

PLACEBO) after HAL (t(20)= 3.65, p= 0.002, Cohen’s d= 0.78, average CBF % change= 

8.8%), after lowRIS (t(20)= 3.11, p= 0.005, Cohen’s d= 0.68, average CBF % change= 5.5%) 

and after highRIS (t(20)= 3.11, p= 0.005, Cohen’s d= 0.68, average CBF % change= 7.1%). No 

statistically different changes in striatal perfusion were found after OLA (p= 0.68).  

 

2.4.2 CBF changes with D2R profile correlations 

All antipsychotic ΔCBF profiles significantly correlated with [18F]-Fallypride BPND template 

values (Table 2 and Figure 3). HAL ΔCBF had the strongest correlation with [18F]-Fallypride 

BPND template (Rlinear= 0.78) followed by RIS (Rlinear= 0.73 and Rlinear= 0.72 for lowRIS and 

highRIS respectively) and OLA (Rlinear= 0.48). Results from linear models and non-

parametric Spearman correlations were consistent. In all linear regressions, none of the data 

points was identified as a highly influential outlier (all Cook's distances< 1) or multivariate 

outliers (all Mahalanobis distances p> 0.01). Results were retained after 10,000 resamples (all 

bootstrapped p< 0.01).  

 

DRUG>PLA 
contrast 

[18F]-Fallypride BPND template DRD2 mRNA expression 

Rlinear plinear rho p R Chance likelihood 

HAL +0.78 p < 0.001 +0.61 p < 0.001 +0.34 0% 

OLA +0.48 p < 0.001 +0.51 p < 0.001 +0.21 0% 

lowRIS +0.73 p < 0.001 +0.76 p < 0.001 +0.43 0% 

highRIS +0.72 p < 0.001 +0.61 p < 0.001 +0.45 2% 
 

Table 2. Summary of the correlations of ΔCBF profiles D2R profiles ([18F]-Fallypride BPND template) and of 
genomic multivariate cross-correlations of antipsychotics’ ΔCBF profiles with DRD2 mRNA expression 
profiles. 

 
 



 59 

 
 
 

Figure 3. Scatterplots of ΔCBF/receptor density profiles correlations. Top row: scatterplot of the correlation 
between HAL ΔCBF profiles and [18F]-Fallypride BPND template (left) and of the correlation between OLA 
ΔCBF profiles and [18F]-Fallypride BPND template (right). Bottom row: scatterplot of the correlation between 
lowRIS ΔCBF profiles and [18F]-Fallypride BPND template (left) and of the correlation between highRIS ΔCBF 
profiles and [18F]-Fallypride BPND template (right). Dashed lines indicate 95% confidence bands. 

 

Results were retained after correcting for the spatial autocorrelation effects (Vasa et al., 

2018). Table 3 reports the results of this analysis.  
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 empirical correlation p-value 
HALPLA   

Spearman 0.5796 0.0006 
Pearson 0.7623 <0.0002 
OLAPLA   

Spearman 0.5403 0.0005 
Pearson 0.5284 0.0002 
lowRISPLA   

Spearman 0.7547 <0.0002 
Pearson 0.7584 <0.0002 
highRISPLA   

Spearman 0.6417 0.0002 
Pearson 0.7455 <0.0002 

 

Table 3. Summary of the correlations of ΔCBF profiles and D2R profiles ([18F]-Fallypride BPND template) 
considering spatial autocorrelation effects. 

 

To compare striatal vs. extra-striatal contributions to this association, I also performed 

correlations between ΔCBF and receptor density profiles by extracting BPND values from a 

[11C]-Raclopride PET template. [11C]-Raclopride is a tracer with a lower affinity for D2R 

compared to [18F]-Fallypride and thus areas of lower D2R density have lower specific activity. 

I found a weaker correlation with the [11C]-Raclopride BPND template as compared with the 

[18F]-Fallypride BPND template. All antipsychotic ∆CBF profiles significantly linearly 

correlated with [11C]-Raclopride BPND values (Figure 4). Similarly to [18F]-Fallypride 

analysis, HAL ∆CBF had the strongest correlation with [11C]-Raclopride BPND (Rlinear= 

+0.63) followed by RIS (Rlinear= +0.55 and Rlinear= +0.59 for lowRIS and highRIS 

respectively) and OLA (Rlinear= +0.28). Results from linear models and non-parametric 

Spearman correlations were largely consistent. Interestingly, the strength of associations was 

weaker for [11C]-Raclopride as compared with [18F]-Fallypride.  
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Figure 4.Top row: scatterplot of the correlation between HAL ∆CBF profiles and [11C]-Raclopride BPND (left) 
and of the correlation between OLA ∆CBF profiles and [11C]-Raclopride BPND (right). Bottom row: scatterplot 
of the correlation between lowRIS ∆CBF profiles and [11C]-Raclopride BPND (left) and of the correlation 
between highRIS ∆CBF profiles and [11C]-Raclopride BPND (right). Dashed lines indicate 95% confidence 
bands. HAL: haloperidol, OLA: olanzapine, lowRIS: low dose of risperidone, highRIS: high dose of 
risperidone.  

 

2.4.3 mRNA expression correlations 

The average correlation coefficient (R2) of the genomic autocorrelation analysis for the 

DRD2 gene was 0.575 (SD= 0.058) for the six donors. This result indicated good stability 

between donors of DRD2 mRNA expression spatial profile (Rizzo et al., 2016). For the 

different antipsychotic drugs, the correlation coefficients were all positive and statistically 

significant (Figure 5) and significantly lower than those obtained for the PET template (PET 

R2 range= 0.20–0.60; mRNA PET R2 range= 0.04–0.20; pairwise-comparisons all p<0.05).  



 62 

 

 
 
Figure 5. Scatterplots of the genomic correlation. For all scatterplots on the y-axis normalized 
DRUG>PLACEBO CBF changes and on the x-axis DRUG>PLACEBO CBF changes predicted by the first 
Principal Component of the mRNA expression measures of the 6 AHBA donors. Top right: HAL; Top left: 
OLA; Bottom right: lowRIS; Bottom left: highRIS. Dashed lines indicate 95% confidence bands. 

 

Similar results were obtained using the variogram approach (Gryglewski et al., 2018). ∆CBF 

profiles for all antipsychotics were linearly correlated with DRD2 mRNA profiles evaluated 

with this method (RHAL= 0.25; ROLA= 0.38; RlowRIS= 0.19; RhighRIS= 0.58; all p<0.05). 

Notably, the correlations obtained with this method were consistent with the ones obtained 

using the MENGA software and reported in the main text. This additional analysis confirms 

that the association between DRD2 mRNA expression values extracted from the AHBA is 

low to moderate. In addition, the consistency of the two mRNA analyses suggests that it is 

unlikely that different strategies in AHBA processing might have biased the results. DRD2 

mRNA expression data was directly correlated with [18F]-Fallypride BPND (average R= 0.32 

+/- 0.09). This result is in line with previous findings which have already shown low to 
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moderate correlations between DRD2 mRNA expression data of the AHBA and PET BPND 

D2R (Rizzo et al., 2016). 

2.4.4 Differential strength of association between ∆CBF and receptor density profiles 

The rank of order and Rlinear values matched the variation in affinity with D2R (NIMH 

Psychoactive Drug Screening Program https://pdsp.unc.edu/databases/kidb.php), such 

that the stronger the association between ΔCBF profiles and D2R densities the lower the Ki 

(Table 2 and Figure 6). In the pairwise correlation comparisons, I found significant 

differences for HAL vs. OLA (z= 5.46), lowRIS vs. OLA (z= 4.19) and vs. highRIS vs. OLA 

(z= 3.90) (all p< 0.01, Bonferroni corrected, Figure 6). All the other comparisons were not 

significant. As for the correlation with [18F]-Fallypride values, genomic mRNA expression 

correlations qualitatively mirrored Ki differences between antipsychotics at D2R. However, 

none of the pairwise comparisons between correlation coefficients between antipsychotics 

was statistically significant after correction for multiple comparisons. 

 

 

 
 

Figure 6. Differential strength of association between ΔCBF and D2R profiles. Heat maps showing z-values for 
the pairwise comparison of correlations. The colour bar indicates z-scores. On the left correlations with [18F]-
Fallypride BPND template values, and the right correlations with mRNA microarray data from the ABA. 
HAL: haloperidol, OLA: olanzapine, lowRIS: low dose of risperidone, highRIS: high dose of risperidone. The 
following tests were performed HAL vs. OLA, HAL vs. lowRIS, HAL vs. highRIS, lowRIS vs. OLA, 
highRIS vs. OLA, and highRIS vs. lowRIS. 
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2.5 Discussion 

The present study aimed to investigate the spatial relationship between the effects of single 

clinically effective doses of antipsychotics on CBF and receptor distribution profiles in the 

brain as indexed by [18F]-Fallypride BPND values extracted from a template map and brain 

DRD2 mRNA expression profiles. Consistently with my hypothesis, I found that for all 

compounds there was a spatial coupling between drug-induced CBF changes and D2R 

density profiles (at both protein and gene expression levels). In addition, I found that mRNA 

data explained less variance in CBF changes than PET derived map.  

 

Receptor Density Profiles 

The spatial association between CBF changes induced by all antipsychotics and receptor 

brain spatial distribution of D2R matches earlier evidence in non-human primates showing 

large CBF increases after injection of the D2R antagonist PET tracer [11C]-Raclopride in 

brain regions with high D2R density (Sander et al., 2013). This suggests that the relationship 

between the physiological response to D2R antagonist and D2R availability described in 

preclinical models (Sander et al., 2013) might also exist in vivo in humans. Furthermore, I 

have shown that the relationship between CBF increases after antipsychotic administration 

also matched [18F]-Fallypride BPND template values in extra-striatal ROIs significantly 

populated by D2R such as the thalamus and the amygdala, even though they show lower 

BPND template values as compared with striatal ROIs. These results extend earlier evidence 

(Sander et al., 2013) and suggest that the linear coupling between CBF response to 

dopaminergic drugs and D2R concentration might also be a valid model outside the striatum. 

This interpretation is also supported by the weaker correlation of ΔCBF with [11C]-

Raclopride BPND template as compared with [18F]-Fallypride BPND template. However, it 

must be acknowledged that correlations between ΔCBF profiles and D2R profiles extracted 

from the [11C]-Raclopride might have been biased by the lack of reliable extra-striatal D2R 

binding. Of note, in Sander et al. (2013) the functional measure was CBV instead of CBF. 

However, given the tight association between CBV changes and CBF changes (Ito, Ibaraki, 

et al., 2005; Ito, Kanno, et al., 2005), I believe this difference will not affect the interpretation 

of my findings.  
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Microarray mRNA expression data  

I found that for all antipsychotics, the ΔCBF profiles also correlated with microarray mRNA 

expression data extracted from the AHBA. All genomic correlations were positive and 

therefore in the same direction as [18F]-Fallypride BPND template linear models. Notably, 

microarray mRNA expression measures explained less variance in ΔCBF than [18F]-

Fallypride BPND template values. This is consistent with my hypothesis motivated by the 

existence of a large variability between mRNA expression and protein synthesis due to post-

transcriptional regulation mechanisms (Liu et al., 2016). My findings are consistent with 

previous works that have linked the spatial architecture of the brain transcriptome to the 

brain structure (McColgan et al., 2018; Shin et al., 2018), function (Hawrylycz et al., 2015; 

Richiardi et al., 2015) and in vivo measures of brain proteins (Gryglewski et al., 2018; Rizzo 

et al., 2016; Rizzo, Veronese, Tonietto, et al., 2014; Veronese et al., 2016). Here I could 

show that post-mortem brain mRNA expression data may potentially be used to also map 

variations in MRI functional response to drug stimulation. However, such mapping has still 

many limitations to be addressed to adopt it extensively in the context of pharmacological-

MRI studies. For instance, it might be difficult to use mRNA expression mapping in 

neurotransmitter systems where protein synthesis is highly dependent on post-transcriptional 

regulation mechanisms (e.g., the serotonin system) (Beliveau et al., 2017; Rizzo et al., 2016). 

While further studies are needed to fully validate this mRNA expression-MRI approach, it 

might be especially valuable for profiling the functional effects of drugs with poorly 

characterized or unknown targets. Interestingly, as for the correlation with receptor density 

profiles, the rank order of correlations between ΔCBF and DRD2 mRNA expression 

measures mirrored affinity profiles of the compounds, although these differences were only 

numerical. It is worth noting that the variance explained by genomic correlation was lower 

than the PET correlations which might have reduced the chance of detecting any significant 

difference in the pairwise comparison between the correlation coefficients. These findings 

represent further evidence supporting the hypothesized PK/PD model of the antipsychotic 

effect of CBF measures (Mandeville et al., 2013). Indeed, I was able to show that quantitative 

measures of the brain functional effect of antipsychotics (i.e., CBF changes) are directly 

associated with receptor density measures. However, intrinsic limitations of the AHBA 

dataset should be considered when evaluating mRNA/ΔCBF relationships. First, the number 

of available AHBA donors is limited (N= 6) and therefore only approximates population-
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level brain mRNA expression templates. However, despite this limitation, AHBA data can 

predict brain protein densities (Gryglewski et al., 2018; Rizzo et al., 2016; Rizzo, Veronese, 

Tonietto, et al., 2014; Veronese et al., 2016) and other neuroimaging measures. Another 

limitation is that different approaches have been proposed to analyse this dataset (e.g., 

French and Paus (2015); Gryglewski et al. (2018)). The fact that different strategies in AHBA 

dataset processing could affect the reproducibility of the findings is under debate 

(Arnatkeviciute et al., 2019; Selvaggi et al., 2021). I have also analysed the mRNA/ΔCBF 

correlations using a different method that employs whole-brain voxel-wise mRNA 

expression maps obtained from variograms (Gryglewski et al., 2018). The results of this 

analysis were comparable with the analysis performed in MENGA. Therefore, I believe that 

it is unlikely that this methodological issue could have biased these results.  

 

Differential strength of association between ΔCBF and receptor density profiles  

The correlation strength between ΔCBF and receptor density measured with PET varied 

between the different antipsychotics tested. One possible interpretation of this difference 

might be related to the differential affinities of these compounds to D2R (Dukart et al., 2018). 

These results seem to be in line with this hypothesis. The strengths of the association were 

higher for antipsychotics with a higher affinity for D2R. In particular, HAL was the drug with 

the highest correlation coefficient and the lowest Ki, whereas OLA showed the lowest 

correlation coefficient and the highest Ki. Both lowRIS and highRIS were in the middle 

between HAL and OLA. Another possible interpretation might be related to the different 

secondary affinities between the drugs. For instance, for compounds with a high affinity to 

5HT2AR like risperidone and olanzapine, part of the effect on CBF might also be linked with 

a mechanism different from D2R blockade (Goozee et al., 2014). Both olanzapine and 

risperidone as well as other second-generation antipsychotics (e.g., aripiprazole) showed 

decreases in CBF especially in cortical areas with a mechanism that is possibly mediated by 

5HT2AR (Handley et al., 2013; Lahti et al., 2005). I did not find differences in correlations 

between the two different doses of risperidone, even though they do show different effect 

sizes in CBF increase. This might indicate that the coupling between the measurable 

physiological effects and target receptor distribution can be detected regardless of the dose 

of the compound if that dose can produce detectable functional effects. Nonetheless, 

differences in the brain disposition of antipsychotics have been reported in previous studies 
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(Kornhuber et al., 2006; Rodda et al., 2006). In particular, animal data suggested that 

antipsychotics (including the ones considered in the present work) show different blood-brain 

barrier penetration and brain clearance leading to dissimilar spatial distribution in the brain 

(Loryan et al., 2016). Even though these dissimilarities have been reported to be only 

moderate (Loryan et al., 2016), brain disposition is a factor to be considered in addition to 

receptor affinity when linking the pharmacodynamics of each antipsychotic with receptor 

occupancy. Therefore, without maps of brain deposition variation, conclusions regarding the 

D2R affinities and strength of associations between receptors and CBF are necessarily 

incomplete.  

 

Limitations  

Some limitations need to be considered for the present study. First, we used population-

based profiles of D2R density as the spatial architecture of D2R is typically consistent across 

individuals (Rizzo, Veronese, Heckemann, et al., 2014; Veronese et al., 2016). For example, 

the striatum always has a higher D2R density than the thalamus which in turn has higher D2R 

density than the cortex. However, variance in density between individuals within the same 

brain region (Farde et al., 1995) may drive inter-individual differences in the drug functional 

response. Individualized receptor profile mapping is, therefore, necessary to bring more 

precision to the method and to further validate the present findings. Nevertheless, normative 

atlases for protein and mRNA expressions have proven useful in many different applications, 

suggesting that the core spatial architecture of the brain receptor systems is consistent across 

individuals (Gryglewski et al., 2018; Rizzo, Veronese, Heckemann, et al., 2014; Veronese et 

al., 2016). In addition, I considered only local effects by matching CBF changes and D2R 

density measures with the same ROIs. However, studies in patients and healthy volunteers 

showed that antipsychotics also produce changes in FC suggesting the existence of 

downstream effects that were not included in my analyses (Cole, Oei, et al., 2013). As 

discussed above, increases in CBF after acute antipsychotic challenges have been usually 

interpreted as the result of neuronal metabolic changes due to D2R blockade. D2-like 

receptors are also present in perivascular astrocytes and endothelial cells modulating brain 

hemodynamic changes. However, these receptors are mainly D3R and not D2R (Choi et al., 

2006). Together with the knowledge that the affinity of these compounds for D2R is higher 

than for D3R, we expect the change in CBF to be mainly neuronal in origin. In addition, both 
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risperidone and olanzapine, but not haloperidol, act as antagonists at 5HT2AR (Meltzer, 

1988). Blockade of 5HT2AR on smooth-muscle cells of brain arteries has been shown to 

induce relative vasodilation in animal models (i.e. blocking vasoconstriction caused by the 

endogenous ligand serotonin) (Kovacs et al., 2012). Therefore, the degree to which these 

non-neuronal effects contribute to the associations described here is not known. Finally, I 

believe that the limited sample size offered by the AHBA (N= 6) could have undermined the 

power of detecting a linear relationship between mRNA data and CBF changes. This factor 

could also be an alternative explanation of the difference I found between mRNA and PET 

correlations with CBF.  
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3 The NECTAR Study 

 

3.1 My contribution 

When I started my PhD a first draft of the NECTAR study protocol had already been 

produced. Under the close supervision of my first supervisor and in collaboration with Dr. 

Tiago Reis Marques and Prof. Oliver Howes I contributed to the first draft to refine study 

procedures and optimise MRI methods, including expanding the MRI methods to include 

quantitative T1 mapping, multi echo-resting state fMRI and PCASL protocols. The updated 

protocol was submitted to the attention of the local ethical committee, and I was the lead for 

the study team with Dr. Tiago Reis Marques in liaison with the ethical committee and 

responding to any comments. Before recruitment, I was responsible for designing and 

implementing standardized study procedures including medical assessments, blood sampling, 

detailed Case Report Forms (CRF), implementation of MRI sequences, digital cognitive 

assessments and recruiting platform. This activity has been performed with the help of Dr. 

Uzma Zahid and under the supervision of Dr. Tiago Reis Marques. I liaised with the 

Pharmacy Manufacturing Unit, Guy’s and St Thomas’ NHS Foundation Trust and with the 

Pharmacy Department, Maudsley Hospital, South London and Maudsley NHS Foundation 

for drug manufacturing and dispensing respectively. I also liaised with Invicro Ltd. for PET 

scan procedures and with Bioaffinity for laboratory testing. In collaboration with Dr. Uzma 

Zahid and Dr. Martin Osugo, I recruited participants for the study also carrying out study 

visits, medical assessments, and safety monitoring. I pre-processed and analysed MRI data 

and in particular structural MRI sequences, Arterial Spin Labelling data and multi-echo 

resting-state fMRI data under the supervision of my second supervisor Dr. Ottavia 

Dipasquale. Dr Tobias Wood assisted me in the analysis of quantitative T1 data. I also 

analysed PET data and performed PK/PD modelling with the supervision of Dr. Mattia 

Veronese. I interpreted the results with the help of my 2 supervisors and with the additional 

contribution of Dr. Tiago Reis Marques, Dr. Mattia Veronese and Prof. Oliver Howes. I also 

submitted a conference abstract which has been accepted as a poster presentation at two 

international conferences.  
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3.2 Aims  

As discussed in the Introduction, while the effect of acute single-dose exposure to D2R 

antagonism has been associated with alteration in brain structure and function (even though 

results are not consistent in structural studies), it remains unclear if these are acute responses 

to D2R receptors blockade which normalizes with repeated doses. Similarly, it is unknown 

whether sustained D2R receptor antagonism at clinically relevant doses is associated with 

alterations in brain structure and function not seen in single-dose studies. Determining these 

effects is critical to understanding the role of D2R modulation on brain structure and function 

and in disentangling disease states and traits from direct pharmacological effects. In this 

study, I aimed to investigate the effect of sustained D2R blockade on brain structure and 

function. I aimed to investigate the effect of sub-chronic D2R antagonism on brain volume 

and T1 changes as assessed with quantitative T1 mapping, CBF as assessed with ASL, and 

cortico-striatal connectivity as assessed with resting-state fMRI. In addition, I aimed to 

explore the PK/PD relationship by investigating the association between brain changes and 

between-subject variability in D2R measured with PET imaging with [11C]-PHNO and drug 

peripheral levels. With these aims a within-subject, cross-over, double-blinded, placebo-

controlled study design in healthy individuals was conducted.  

 

In the study, participants received daily doses of either amisulpride 400mg or placebo for 7 

days. The 400mg dose was chosen as previous studies have shown that it can achieve at least 

60% of D2R occupancy and therefore antipsychotic effects in patients with psychosis 

(Sparshatt et al., 2009; Vernaleken et al., 2004). MRI assessments were performed at 

baseline (before dosing) and after one week of amisulpride and after 1 week of placebo. A 

washout period of at least 10 days was used between sessions to minimize any carry-over 

effects.  

 

Despite previous attempts to investigate the effects of sub-chronic antipsychotic exposure 

on brain structure and function in healthy volunteers (Metzger et al., 2015; Viviani et al., 

2013), to the best of my knowledge, this is the first study to investigate the effects of sustained 

D2R blockade on brain structure and function in healthy volunteers at clinically relevant 

doses with a multimodal approach. Therefore, directional hypotheses on brain effects are 
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based on the limited findings from single-dose studies and uncontrolled studies in patients 

described in the Introduction. The main hypotheses were:  

 

1) Exposure to one week of D2R antagonism will not produce significant alterations in 

brain volume and T1 signal (Hawkins et al., 2018)  

2) Exposure to one week of D2R antagonism will produce a significant increase in brain 

perfusion in brain regions with a high density of D2R such as the basal ganglia 

(Handley et al., 2013; Hawkins et al., 2018; Selvaggi et al., 2019)  

3) Sustained D2R blockade in the basal ganglia will also produce non-local effects such 

as altered cortico-striatal FC. Based on earlier evidence, I hypothesize a functional 

decoupling between the striatum and cortical regions such as the motor cortex and 

the executive network (Cole, Oei, et al., 2013; Tost et al., 2010)  

 

Exploratory hypotheses: 

1) Changes in brain structure and function will be associated with inter-individual 

variation in antipsychotic plasma levels and/or D2R occupancy as assessed with PET 

2) Sustained D2R blockade will produce extrapyramidal symptoms associated with brain 

structural and/or functional effects. 

 

3.3 Methods 

3.3.1 Participants 

Healthy male and female participants were recruited through King’s College London 

Research Volunteer Recruitment Circular e-mail and online platforms. Inclusion criteria 

were: i) age 18-65 years old; ii) no diagnosis of Parkinson’s, Huntington or any movement 

disorder (excluding tics); iii) no diagnosis of schizophrenia, schizophreniform or any psychotic 

disorder; iv) sufficient understanding of the nature of the study and any hazards of 

participating in it; v) ability to communicate satisfactorily with the investigator and to 

participate in and comply with the requirements of, the entire study; vi) willingness to give 

written consent to participate after reading the information and consent form, and after 

having the opportunity to discuss the study with the investigator or their delegate; vii) 

capacity to provide informed consent, as judged by an investigator. Exclusion criteria were: 

i) history of significant neurological disorder (including significant head trauma or significant 
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loss of consciousness, Parkinson’s disease, epilepsy, dementia, Huntington’s or other disorder 

that may be sensitive to dopamine modulation) or significant medical disorder; ii) family 

history of Schizophrenia or Psychotic disorders; ii) any absolute contraindications to 

dopamine agonists or antagonists; iii) previous significant use of dopamine agonists or 

antagonists; iii) any absolute contraindications to MRI imaging studies, including, but not 

limited to, the presence of an implanted electronic device (such as cardiac pacemaker) or 

presence of metal implants; iv) pregnancy and/or breast-feeding; v) substance 

dependence/abuse other than to cigarettes and caffeine; vi) suicide risk or other significant 

safety risk as judged by the patient’s psychiatrist or study physician; vii) participation in a 

clinical study of unlicensed medicines within the previous 30 days; viii) clinically relevant 

abnormal findings at the screening assessment as judged significant by the principal 

investigator; ix) presence of other acute or chronic illness or history of chronic illness 

sufficient to invalidate the volunteer’s participation in the study or make it unnecessarily 

hazardous and judged significant by the principal investigator; x) the likelihood that the 

subject will not comply with study requirements; xi) objection by a General Practitioner, or 

another doctor responsible for their treatment, to the volunteer entering the study. All 

participants provided valid and written informed consent to participate in the study. The 

study was approved by the West London & GTAC Research Ethics Committee.  

 

3.3.2 Study design and procedures 

A randomised, double-blind, placebo-controlled, within-arm cross-over study design was 

adopted. Figure 7 summarizes the study design and procedures. Participants were 

randomised to receive either amisulpride for a period of one week followed by placebo or 

placebo for a week and then amisulpride. A washout period of at least 10 days (>5 half-lives 

of the drug/active metabolites, amisulpride half-life= 12 hours) has been used in between 

arms, to minimize any carry-over effects. To improve drug tolerability participants were 

instructed to take the pills at night, approximately 30 minutes before going to sleep. To 

further promote drug tolerability doses were gradually titrated: first day 200mg, second day 

300mg, and third to seventh day 400mg. For each day the number of pills taken by 

participants was the same for both amisulpride and placebo arms to maintain blind.  
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Figure 7. Study design. After screening and consenting participants entered a double-blind, randomised, 
crossover study design in which they received either amisulpride 400mg for one week or placebo. Sessions were 
separated by a washout period of at least 10 days to minimize any carry-over effect. After screening three visits 
were conducted for each participant: baseline visit before receiving any medication, Follow-up 1 at the end of 
the first week and Follow-up 2 at the end of the second week.  

 

Participants received a phone call to explain the study and were invited to a screening visit. 

The screening included checking the inclusion and exclusion criteria and signing informed 

consent. A 12-lead ECG was performed to rule out QTc prolongation and other cardiac 

problems before starting the drug administration. Vital signs, full clinical examination and 

laboratory testing were also conducted during the screening visit. Urine drug screening and 

pregnancy tests were also performed during the screening visit. All clinical assessments 

performed during the screening visit were repeated at each study visit (e.g., Baseline visit, 

follow-up 1 and follow-up 2 visits). Clinical examination at baseline and follow-up visits 

included evaluation of EPS using the Extrapyramidal Symptom Rating Scale (ESRS) 

(Chouinard & Margolese, 2005). Baseline visits also included MRI brain imaging and [11C]-

PHNO PET brain imaging. MRI and [11C]-PHNO PET scans were conducted on the same 

day. Only a subsample of participants was randomly allocated to have both the MRI and the 

PET scan at baseline. To maintain the double-blind, for participants allocated to have both 

PET and MRI, clinical evaluations were performed by researchers who were not aware of 

MRI and PET allocations. In addition, it is worth highlighting that, apart from clinical 

evaluations, the rest of the measures taken in this study (e.g., MRI, PET, laboratory tests) 

were objective measures taken in a standardized fashion which are unlikely to be influenced 

by blinding. Moreover, all participants consented to all the procedures of the study, including 
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the possibility of having both the PET and MRI which allocation occurred randomly across 

participants. Nonetheless, all analyses included also order as a nuisance covariate to further 

control also statistically for order effects. Baseline visits were performed before the 

administration of the first dose of study medication (within 28 days). On day 1 participants 

were dosed. After dose administration, they were monitored for approximately 3 hours for 

any potential side effects. Participants were then given oral medication for the following 

week and received detailed instructions and safety recommendations. On the morning 

following the last dose of the drug or placebo (follow-up 1, FU1), participants had the second 

MRI brain imaging and the second [11C]-PHNO PET brain imaging (if allocated). 

Participants were assessed using the same clinical and laboratory assessments used at 

baseline, including drug urine tests. Blood laboratory testing included amisulpride plasma 

levels. Participants randomly allocated to receive both MRI and [11C]-PHNO PET scans 

were also allocated to receive the drug first, so they had [11C]-PHNO PET scans only at 

baseline and FU1 visits. After the FU1 visit, participants entered a period of wash-out 

between crossovers of at least 10 days. Participants then crossed over to receive either 

amisulpride or placebo for another week (7 days). The procedures for the second week were 

identical to the ones for the first week of treatment. On the morning following the final dose 

of drug or placebo, the participants returned for the final visit (Follow-up 2, FU2 visit) which 

included MRI scans, clinical and laboratory assessments with amisulpride plasma levels, 

including drug urine test MRI and [11C]-PHNO PET scanning was conducted at the same 

time of day per session when possible.  

 

3.3.3 PK analysis 

Amisulpride plasma levels were evaluated for all participants at both FU1 and FU2 visits. 

Evaluation of amisulpride plasma levels was used to assess participants’ compliance with 

study procedures. Independent sample t-test and Spearman correlations were used to test 

the difference in amisulpride plasma level between males and females and the association 

with body weight respectively given the known effect of these variables in drug 

pharmacokinetics including amisulpride (Bowskill et al., 2012; Glatard et al., 2020).  
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3.3.4 Extrapyramidal symptoms analysis 

Between-session differences in EPS were evaluated using the total ESRS score (Chouinard 

& Margolese, 2005). A paired t-test was used to test differences in the total ESRS score 

between ACTIVE and PLACEBO sessions. As for all other measures, subjects with no 

detectable amisulpride plasma levels were excluded from the analysis. One additional subject 

was excluded from the analysis because of missing data, leaving a sample of 24 subjects for 

which EPS were tested.   

 

3.3.5 MRI Acquisition 

MRI was acquired using a Siemens 3T Prisma scanner.  

 

Structural MRI 

The MP2RAGE sequence was used to derive T1-weighted and quantitative T1 maps. 

Briefly, the MP2RAGE sequence is a refinement of the MPRAGE sequence that combines 

two MPRAGE acquisitions, interleaved at different inversion times (TI), and creates a 

homogeneous T1-weighted contrast with an intrinsic correction of B1 inhomogeneities and 

reduced residual proton density and T2* weighting. From the MP2RAGE sequence also T1 

relaxation times can be derived to build quantitative T1 maps which have been shown to 

have high within- and between-subjects reproducibility (Marques et al., 2010). The following 

acquisition parameters were used:  voxel size= 1mm3, slice thickness= 1mm, FOV= 256mm, 

matrix= 256x256 mm, TR= 5000 ms, TE= 2.98 ms, flip angle 1= 4 deg, flip angle 2= 5 deg, 

TI 1= 707 ms, TI 2= 2500 ms. No fat or water suppression was implemented.  

 

ASL  

Measurement of regional CBF was carried out using a 3D pseudo-continuous ASL (3D-

PCASL) sequence and the following parameters: bolus duration= 1800 ms, inversion time= 

3600ms, FOV= 220 mm, TR= 4000ms, TE= 13.32ms, slice thickness= 3 mm, resolution 1.7 

x 1.7 x 3 mm, acquisition time= 4 minutes 42 s. Eight control-label pairs were used to derive 

a perfusion-weighted difference image. The sequence included background and fat 

suppression for optimal reduction of the static tissue signal. The sequence also included a 

perfusion calibration (M0) scan with TR= 5,000 ms to compute the CBF map in standard 

physiological units (ml blood/100 g tissue/min) (Alsop et al., 2015; Wang et al., 2005).  
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Resting-state fMRI 

Resting-state functional MRI data were obtained at rest in all sessions using a multi-echo 

echo-planar imaging (EPI) sequence. Briefly, this acquisition method consists in acquiring 

fMRI data at multiple echo times (TE) for each volume. The method takes advantage of the 

dependence of the BOLD signal with TE to separate BOLD-like components (which 

according to the neurovascular coupling model reflect neuronal activity) from non-BOLD-

like ones (which are likely artefactual components related to movement, field 

inhomogeneity, cardiac and respiratory pulse, etc.) (Kundu et al., 2013). Resting-state fMRI 

using multi-echo acquisitions has shown several advantages as compared with standard 

single-echo acquisitions, including SNR increase due to the combination of echoes, better 

signal recovery in brain areas typically affected by signal drop- and access to denoising 

strategies which outperform standard denoising techniques typically used in single-echo 

acquisitions (Dipasquale et al., 2017; Kundu et al., 2012). The following acquisition 

parameters were used: TR= 2510 ms, TE1= 15 ms, TE2= 27.6 ms, TE3= 40.1 ms, resolution: 

1.7 x 1.7 x 3 mm, slice thickness= 3 mm, 42 slices, 206 volumes, flip-angle= 90 degrees, FOV= 

220 mm.  

 

3.3.6 MRI pre-processing 

Before starting with pre-processing, the images from all sequences, subjects and sessions were 

visually inspected to identify major artefacts. Subjects having artefactual or corrupted images 

in at least one session were discarded from subsequent analysis (see below).   

 

Structural MRI 

The regularized method (O'Brien et al., 2014) as implemented in the QUantitative Imaging 

Tool (QUIT, http://github.com/spinicist/QUIT)	was used to produce T1-weighted and 

quantitative T1 maps from MP2RAGE acquisitions. T1-weighted images were preprocessed 

following the standard processing pipeline for VBM analysis as implemented in SPM. Briefly, 

T1-weighted images were segmented to generate grey and WM images which were later 

used to derive nonlinear deformations to warp grey and WM images in MNI space 

(Ashburner & Friston, 2000, 2005). T1-weighted images were resampled at 2 mm isotropic 

resolution and spatially smoothed using a 6 mm FWHM Gaussian kernel. T1-weighted 

images were also processed using the standard FreeSurfer (version 6.0.0) image analysis suite 
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pipeline (using the recon-all command) to perform cortical and subcortical volumetric 

segmentation. Briefly, this step included motion correction, removal of non-brain tissue using 

a hybrid watershed/surface deformation procedure, automated Talairach transformation, 

segmentation of the subcortical WM and deep grey matter volumetric structures,  intensity 

normalization, tessellation of the grey matter-white matter boundary, automated topology 

correction, and surface deformation following intensity gradients to optimally place the 

grey/white and grey/cerebrospinal fluid borders at the location where the greatest shift in 

intensity defines the transition to the other tissue class (Dale et al., 1999; Fischl & Dale, 2000; 

Fischl et al., 1999). The Desikan-Killiany cortical parcellation (Desikan et al., 2006) and the 

subcortical parcellation (Fischl et al., 2002) provided in FreeSurfer were used to derive 

volumetric measures (in mm3) of cortical and subcortical ROIs for both hemispheres (N= 95).  

A study-specific template representing the average T1-weighted anatomical image across 

subjects was built using baseline structural scans and Advanced Normalization Tools (ANTs) 

(Avants et al., 2011). This template has been used to improve the coregistration of T1, CBF, 

and resting-state fMRI images to MNI space. Before co-registration and warping all T1 maps 

were skull-stripped with Brain Extraction Tool (BET) as implemented in FSL (Smith, 2002). 

For each participant and session, T1 maps were co-registered to their corresponding baseline 

T1-weighted image and then normalized to the study-specific template before warping to 

standard MNI space. T1 maps were resampled at 1 mm isotropic resolution and spatially 

smoothed using a 3 mm FWHM Gaussian kernel. 

 

ASL 

Quantified CBF maps for each subject and session were skull-stripped with BET as 

implemented in FSL (Smith, 2002), co-registered to their corresponding baseline structural 

scan, normalized to the study-specific T1-weighted template and subsequently warped to 

standard MNI space and resampled to a 2 mm3 isotropic resolution using ANTs (Avants et 

al., 2011). Finally, CBF images were spatially smoothed using a 6 mm FWHM Gaussian 

kernel. 

 

Resting-state fMRI 

First, for each participant and session framewise displacement (FD) was also calculated 

(Power et al., 2014) on the first echo. Subjects with at least one session with FD> 0.3 mm 
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were discarded from subsequent analyses. The Analysis of Functional NeuroImages (AFNI) 

software (afni_proc.py, version 21.3.04) (Cox, 1996) and the TE-Dependent ANAlysis 

(tedana) (version 0.0.10, https://doi.org/10.5281/zenodo.6461353) Python library were used 

to pre-process resting-state multi-echo fMRI data (Kundu et al., 2013; Kundu et al., 2012). 

First, volume re-alignment, time series de-spiking and slice time correction were performed 

for each session. After these steps data entered the tedana workflow where they were 

optimally combined (OC) (i.e., signal across echoes were combined using a weighted 

average) (Kundu et al., 2013), and de-noised to remove motion artefacts and other non-

BOLD sources of noise. Briefly, Principal Component Analysis (PCA) was used to reduce 

the data dimensionality of the OC data by decomposing it into component maps and time 

series. Next, the dimensionally reduced and optimally combined data entered a TE-

dependent ICA to identify and remove TE-independent (i.e., non-BOLD components). 

The independent component time series were fit to the pre-processed time series from each 

of the three echoes to generate ICA weights for each echo. These weights were then fitted 

to the linear TE-dependence and TE-independence models to generate F-statistics and 

component-level κ and ρ values, which respectively indicate BOLD and non-BOLD 

weightings. The κ and ρ metrics were then used to identify non-BOLD-like components 

which were regressed out of the optimally combined dataset as noise regressors to produce a 

denoised dataset (Kundu et al., 2015; Kundu et al., 2013). WM and CSF masks were 

obtained from the segmentation of each subject and session T1-weighted structural images 

and eroded to minimize partial volume effects. For all sessions, both masks were co-registered 

to each individual’s functional volumes to extract the mean WM and CSF signals, which 

were regressed out of the denoised datasets. Data was then temporally filtered with a high-

pass temporal filter with a cut-off frequency of 0.005 Hz, co-registered to its corresponding 

T1-weighted structural scan, normalized to the study-specific template, resampled to an 

isotropic resolution of 2mm3 and warped to standard MNI-152 space. Finally, images were 

spatially smoothed using a 6 mm FWHM Gaussian kernel.  

 

3.3.7 MRI analysis 

T1-weighted images 

For each cortical and subcortical parcellation, a paired t-test on the volumetric measures 

estimated by Freesurfer was performed in R (version 4.2.2, https://www.R-project.org/). 
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Only grey matter ROIs were selected (N= 87). False Discovery Rate (FDR) correction was 

applied to correct for multiple comparisons. Standard VBM voxel-wise analysis was 

performed in SPM. A paired t-test with order (i.e., ACTIVE first or PLACEBO first) as a 

covariate of no interest was performed. FWE correction at both cluster and voxel levels, as 

implemented in SPM, was applied (Friston et al., 1994). Both ACTIVE>PLACEBO and 

ACTIVE<PLACEBO contrasts were tested.  

 

T1 maps 

Both ROI and voxel-wise analyses were performed on T1 maps. T1 mean signal from whole 

grey matter, bilateral caudate, putamen and ventral striatum ROIs were evaluated. For each 

bilateral ROI a repeated measure Analysis of Covariance (ANCOVA) with order (i.e., 

ACTIVE first or PLACEBO first) as a covariate of no interest was performed. Bonferroni 

correction was used to correct for multiple comparisons (alpha= 0.05/4= 0.0125). ROI 

analyses were performed in JASP (version 0.14.1, https://jasp-stats.org). A voxel-wise non-

parametric paired t-test at the grey matter level with order as a covariate of no interest was 

performed in FSL randomise (Winkler et al., 2014) with Threshold-Free Cluster 

Enhancement (TFCE) correction and 5000 permutations (Smith & Nichols, 2009). Both 

ACTIVE>PLACEBO and ACTIVE<PLACEBO contrasts were tested.  

 

CBF maps 

Both ROI and voxel-wise analyses were performed on CBF images. Using the same grey 

matter and bilateral ROIs described previously, total CBF, assessed within the grey matter, 

and regional CBF values from bilateral caudate, putamen and nucleus accumbens were 

extracted. A repeated measure ANCOVA with order as a covariate of no interest was used 

to assess between-session differences in the total CBF. For each bilateral ROI a repeated 

measure ANCOVA with order and grey matter (global) CBF as a covariate of no interest 

was performed. Bonferroni correction was used to correct for multiple comparisons (alpha= 

0.05/3= 0.016). ROI analyses were performed in JASP (version 0.14.1, https://jasp-

stats.org). Similarly to the voxel-wise analysis on T1 maps a voxel-wise non-parametric 

paired t-test with order (i.e., drug first or placebo first) and global CBF as covariates of no 

interest was performed for CBF maps in FSL randomise (Winkler et al., 2014) with TFCE 

correction and 5000 permutations (Smith & Nichols, 2009). Both ACTIVE>PLACEBO 
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and ACTIVE<PLACEBO contrasts were tested. Global CBF was added as a covariate of 

no interest in the model in both ROI and voxel-wise analyses to account for peripheral drug 

effects and between-subject variability in global brain perfusion as done in previous works 

(Handley et al., 2013; Selvaggi et al., 2019; Viviani et al., 2009, 2013). A paired t-test without 

global CBF as a covariate of no interest was also performed for both ROI and voxel-wise 

analysis.  

Similarly to the study described in Chapter 2 group-level ACTIVE>PLACEBO and 

ACTIVE<PLACEBO contrast images were segmented into cortical and subcortical ROIs 

using the Desikan-Killiany Atlas (Desikan et al., 2006) to extract ∆CBF profiles. The same 

pipeline described in Chapter 2 was used to test the associations between regional ΔCBF 

profiles and D2R density profiles. In addition, to test the association between significant 

changes in CBF and EPS absolute CBF was extracted from the significant cluster in the 

voxel-wise CBF analysis, using the fslmeants function. Spearman correlation was used to test 

the association between the CBF changes and changes in total ESRS (i.e., EPS severity).  

 

Resting-state fMRI 

To investigate the effects of D2R blockade on cortico-striatal connectivity I performed a 

seed-based FC analysis in the resting-state fMRI sample using the two-step multiple 

regression analysis (also known as dual regression) as implemented in FSL (Nickerson et al., 

2017; Smith et al., 2014). The three striatal subdivisions (i.e., sensorimotor, limbic, and 

executive) of the Oxford-GSK-Imanova Probabilistic Striatal Connectivity Atlas were used 

as seeds (Tziortzi et al., 2014). Briefly, binarised masks of the three striatal subdivisions were 

used in the first step of a two-step multiple regression analysis as a set of spatial regressors to 

fit BOLD fluctuations across voxels in resting state fMRI to the dominant fluctuation in each 

of the striatal maps. In the second step, the subject-specific time series estimated in the first 

step were used as temporal regressors in a second multiple regression analysis to estimate the 

subject-specific FC spatial maps for both ACTIVE and PLACEBO sessions. For each seed, 

the group-level FC images, derived by averaging the FC maps across subjects and sessions, 

were first visually inspected to check whether the analysis produced the expected FC 

patterns (Tziortzi et al., 2014). Three separate paired t-tests (i.e., one for each striatal 

subdivision), were performed using FSL randomise (Winkler et al., 2014) with TFCE 

correction and 5000 permutations (Smith & Nichols, 2009). Order was used in the tests as a 
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covariate of no interest and both ACTIVE>PLACEBO and ACTIVE<PLACEBO contrast 

were tested for each seed. Bonferroni correction was applied on top of the TFCE correction 

to correct for the number of tests performed (2 contrasts x 3 seeds= 6; alpha= 0.05/6= 0.008). 

To explore the relationship between FC results and CBF results, for each subject and each 

session I estimated the mean CBF and FC signals from the significant clusters in the ASL 

and resting state fMRI analyses using the fslmeants function. Spearman correlation was then 

used to test the association between CBF and FC. To explore the association between the 

significant FC changes and EPS the raw signal was extracted from the peak of the significant 

clusters in the resting state fMRI analysis, using the fslmeants function. Spearman correlation 

was also used to test the association between the ACTIVE-PLACEBO differences in FC 

changes and the ACTIVE-PLACEBO differences in total ESRS.  

 

3.3.8 PET acquisition and quantification  

PET images were acquired using a Siemens Biograph HiRez XVI PET scanner (Siemens 

Healthcare, Erlangen, Germany). A low-dose computed tomography scan was first obtained 

for attenuation and model-based scatter correction followed by the injection of a single 

intravenous bolus of 0.020–0.029 μg/kg [11C]-PHNO. Dynamic emission data were acquired 

continuously for 90 minutes after the administration of the radiotracer. The dynamic images 

were then reconstructed using a filtered back-projection algorithm into 31 frames (8×15s, 

3×60s, 5×120s, 15×300s) with a 128 matrix, a zoom of 2.6 and a trans axial Gaussian filter of 5 

mm. PET images were analysed using MATLAB version 2015b and an automatic analysis 

pipeline implemented in MIAKAT (release 4.2.6) (Gunn et al., 2016). The ICBM152 high-

resolution structural MRI template in MNI space was non-linearly warped to the high-

resolution T1-weighted MRI of each participant using SPM. The derived deformation 

parameters were then applied to the Martinez striatal atlas, which defines the anatomical 

extents of the limbic (ventral), associative and sensorimotor striatal regions of interest (ROIs) 

in MNI space (Egerton et al., 2010; Martinez et al., 2003), and the atlas used in Tziortzi et 

al. (2011) to define a cerebellar ROI to be used as the reference region. The application of 

deformation parameters brings the ROIs into the native space of each subject’s MRI scan. 

The MRI was then downsampled to the PET resolution (2 mm3). A frame-by-frame 

registration process on a single frame of reference was used for motion correction for dynamic 

PET images. Individual averaged PET images were then co-registered to their respective 
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MRIs using rigid body co-registration. Regional time activity curves (TACs) were obtained 

by applying individual parcellations to the realigned dynamic images. The outcome measure 

of interest was BPND of [11C]-PHNO:  
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Equation [3]: non-displaceable binding potential 

 

where 𝐵$,$-. is the proportion of D2R available to be bound by [11C]-PHNO (i.e., the fraction 

of receptors not bound by endogenous synaptic dopamine), 𝑓/0 is the free fraction of [11C]-

PHNO in the brain and 1
2!
	the affinity of the ligand for the target. 𝐵𝑃/0 was obtained by 

kinetic modelling with a simplified reference tissue model (Gunn et al., 1997; Lammertsma 

& Hume, 1996). The whole cerebellum was used as a reference region due to its low content 

of dopaminergic neurons (Egerton et al., 2010; Kumakura & Cumming, 2009). For each 

subject, I measured the magnitude of amisulpride-induced D2R blockade (i.e., D2R 

occupancy) bilaterally in each striatal sub-region. Specifically, this was quantified as the 

reduction in 𝐵𝑃/0 from the baseline condition (𝐵𝑃/0)$3'.-%') to the post-amisulpride condition 

(𝐵𝑃/0
45-36.78-9'), expressed as a percentage of 𝐵𝑃/0)$3'.-%':  
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Equation [4]: Amisulpride receptor occupancy 

 
3.3.9 PK/PD analysis  

To explore whether changes in CBF induced by amisulpride were associated with inter-

individual differences in amisulpride plasma levels and D2R occupancy, following the 

preclinical models in rhesus macaques (Sander et al., 2013), I implemented a PK/PD model 

to quantitatively link amisulpride plasma levels, D2R blockade and CBF changes. 

Amisulpride plasma levels were collected on one single occasion at FU1 and FU2 visits. Since 

only one PK sample per session was collected in this study, it was not possible to fully 



 83 

characterize a PK model based on the available data. Amisulpride pharmacokinetic 

properties have been well described using a one-compartment open model with first-order 

absorption and elimination (Glatard et al., 2020; Huang et al., 2021): 
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Equation [5]: Amisulpride pharmacokinetic one-compartment model 

 

where 𝐷𝑜𝑠𝑒 is the amount of drug taken, 𝐹 the bioavailability, 𝑉 𝐹< 	(𝐿)	the apparent central 

volume, 𝑘$	(1 ℎ< 	) the absorption rate constant, 𝐶𝐿 𝑉< 	(𝐿 ℎ< ) the elimination constant rate 

defined as the ratio between oral clearance 𝐶𝐿 𝐹< 	C𝐿 ℎ< D and the apparent central volume. 

Since only one blood sample per subject was available, it was not possible to directly estimate 

these parameters for this population. To model the pharmacokinetics of amisulpride after a 

repeated dose administration, model parameters taken from previous studies conducted using 

amisulpride doses comparable with the one in our study were used (Glatard et al., 2020; 

Huang et al., 2021. The results obtained by the simulation were compared with the measured 

data and those reported in the literature by experiments with similar doses. The simulation 

was carried out using the MATLAB toolbox Simbiology. The classic Hill equation was used 

to describe the relationship between drug plasma concentration and receptor occupancy. 

This equation is a direct model and assumes that free drug concentration equilibrates rapidly 

between the plasma, free brain, and target-bound compartments: 
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Equation [6]: Hill equation 

 

Where 𝐶7 is the plasma concentration of the drug and 𝐸𝐶@A is the drug plasma concentration 

that achieves 50% of receptor occupancy. PET receptor occupancy data were available for 

only four subjects, so the model was first used to estimate the population 𝐸𝐶@A parameters 
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using the receptor occupancy that was measured with PET and the plasma concentration at 

the time of the PET scan. Once the model parameters were estimated, the Hill equation was 

used to predict the receptor occupancy for all the other subjects who did not perform the 

PET scans, by using measured plasma drug concentration. Preclinical models (Mandeville et 

al., 2013; Sander et al., 2013) have linked variation in cerebral blood volume (CBV) after D2R 

blockade with D2R occupancy using the following equation which was adapted to this case 

study: 
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Equation [7]: Neurovascular coupling model linking D2R occupancy with variation in CBV 

 

where positive variation in CBV (𝛥𝐶𝐵𝑉)	relates with amisulpride occupancy (𝜗4B), basal 

dopamine occupancy (𝜗(0)04), and the local receptor density 𝐵5$?,E via an inhibitory 

neurovascular coupling constant (𝑁E) estimated for D2R antagonists (Sander et al., 2013) 

Previous studies have demonstrated that CBV and CBF are linked by a power law 

relationship (Grubb et al., 1974; Ito, Ibaraki, et al., 2005):  

 

𝐶𝐵𝑉 = 𝑐 ∙ 𝐶𝐵𝐹. 
 

Equation [8]: Power law relationship linking CBV with CBF 
 

Combining Equation 7 with Equation 8, I obtained the following relationship between CBF 

changes and receptor occupancy: 

 
 

𝛥𝐶𝐵𝐹 = 	𝛼 ∙ 𝜗4BF  

 
Equation [9]: Relationship between CBF and receptor occupancy 

 

where	𝛼 = +	/-∙).,/,-∙H(A)!'
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  is a parameter that includes all the constant values inside the model 

by Sander et al. (2013), b is the inverse of the parameter β and 𝜗4BF  is the amisulpride receptor 

occupancy. I finally tested whether this relationship was able to fit changes in CBF and receptor 

occupancy data in bilateral putamen and caudate ROIs in this dataset. Both absolute CBF and 
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relative-to-global CBF (i.e., absolute CBF after regressing out grey matter CBF) differences 

were tested. All available PK data were used in this analysis including those collected in 

participants lost at follow-up, but for which detectable amisulpride plasma levels were 

available (N= 28). Five subjects were excluded because of missing data regarding the time of 

sampling and/or the time the last dose was taken. Therefore available data for 23 participants 

were included in this analysis.  

 

3.4 Results  

3.4.1 Sample characteristics 

Thirty-seven participants passed screening procedures, were enrolled in the study, and 

received the first dose of either amisulpride or placebo. Seven participants dropped out after 

enrolment and dosing. All but one participant who dropped out from the study had adverse 

events (AEs) possibly/probably related to drug administration. All but 7 participants who 

completed the study had AEs possibly/probably related to drug administration. All AEs were 

mild to moderate, were followed up and resolved with no interventions. No serious AEs were 

reported. Table 4 lists all AEs possibly/probably related to amisulpride administration that 

were observed in the study and their frequency. 

 

AE Number of participants 
sedation 20 

restlessness 13 
impaired concentration                     6 

anxiety 4 
nausea 4 

disturbed sleep 4 
headache 3 

blurred vision 3 
dizziness 2 
rigidity 2 

akathisia 2 
increased appetite 1 

breast pain 1 
constipation 1 

dystonia 1 
 
Table 4. The frequency of AEs possibly/probably related to amisulpride administration observed in the study.  
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Five participants had no detectable amisulpride plasma levels in the ACTIVE session and, 

therefore were excluded from all analyses as compliance with the study procedure was 

compromised. The final sample, therefore, included 25 subjects (15 females, age range: 19-56 

years, mean: 26.6 years, SD ± 7.7 years). For each imaging modality, some subjects were 

excluded because of corrupted or artefactual acquisitions or because of protocol 

unavailability. Two subjects had corrupted MP2RAGE acquisitions (files were corrupted at 

the time of transferring them from the MRI to the scanner), so T1 and brain volume analyses 

were performed in a subsample of 23 participants (14 females, age range: 19-56 years, mean: 

26.8 years, SD ± 8.1 years). PCASL was not acquired for 4 subjects because of protocol 

unavailability (the protocol was discontinued by the scanner manufacturer), so CBF analysis 

was performed in a subsample of 21 participants (11 females, age range: 19-56 years, mean: 

27.2 years, SD ± 8.3 years). Multi-echo resting-state fMRI was not acquired for 5 participants 

because of protocol unavailability. One participant was discarded from the resting-state 

dataset because of highly artefactual acquisition (signal drop in the frontal lobe) and three 

participants were discarded because of FD> 3mm in at least one session. Therefore, resting-

state analyses were performed in a subsample of 16 participants (11 females, age range: 19-56 

years, mean: 27.7 years, SD ± 8.8 years). Finally, complete baseline and follow-up [11C]-

PHNO scans were acquired in 4 participants who also had completed MRI sessions and 

detectable amisulpride plasma levels (1 female, age range: 22-56 years, mean: 31.5 years, SD 

± 16.4 years).  

 

3.4.2 Extrapyramidal symptoms analysis 

Paired t-test on total ESRS scores revealed, higher EPS in the ACTIVE session as compared 

with the PLACEBO session (mean(SD)ACTIVE= 4.2(5.39), mean(SD)PLACEBO= 0.25(0.37), 

t1,23= 3.55, p= 0.002, Cohen’s d= 0.73). Table 5 shows the frequency of severity of EPS in 

the sample based on the first subscale of the ESRS (Chouinard & Margolese, 2005). 
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Severity Number of subjects Percent 

absent 10 42% 

mild 8 33% 

moderate 4 17% 

severe 2 8% 

 
Table 5. The frequency of EPS severity as evaluated with the ESRS. 

 

3.4.3 PK analysis 

The mean (± SD) drug plasma concentration was 291 (± 187) µg/L. T-test revealed that there 

was no statistical difference (p= 0.995) in plasma concentration between female and male 

participants, even though the mean plasma concentration for females (343 ± 229) was 

numerically higher than for males (234 ± 114). The average (± SD) weight was 71 Kg (± 14). 

Spearman rank correlation revealed that there was no statistical correlation of both weight 

and age with plasma concentration (rho= -0.168, p= 0.39).  

 

3.4.4 D2R occupancy analysis 

I found an average (± SD) D2R occupancy (∆𝐵𝑃/0) of 57.1% in the caudate (± 8.5%) and 

49.4% in the putamen (± 5.3%). Figure 8 shows parametric maps indicating average voxel-

wise D2R occupancy achieved in the study.  

 

 
 

Figure 8. Parametric maps showing average BPND for BASELINE (top row) and ACTIVE (bottom row) 
sessions and indicating average voxel-wise receptor occupancy achieved in the study.  
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3.4.5 Brain volume analysis 

FreeSurfer ROI analysis 

No differences in total grey matter volume were found between ACTIVE and PLACEBO 

conditions (t(1,24)= 0.005, p= 0.99). No FDR-corrected differences between ACTIVE and 

PLACEBO conditions were found. Table 5 reports the full statistics of this analysis. Paired 

t-test revealed two areas significantly different before correction for multiple comparisons: 

the right frontal pole (t(1,24)= -2.81, puncorrected= 0.01) and in left putamen (t(1,24)= +2.95, 

puncorrected= 0.01). Post-hoc repeated measure ANCOVA including order (i.e., ACTIVE or 

PLACEBO first) did not return any significant difference between ACTIVE and 

PLACEBO conditions in both the right frontal pole (F(1,23)= 2.03. p= 0.16, -ve t above) and 

left putamen (F(1,23)= 0.1, p= 0.75). 

 

Brain Region  t Confidence 
Interval 

Standard 
Error 

p-value 
(uncorrected) 

p-value 
(FDR corrected) 

Cortical      
Left banks of the 
superior temporal sulcus 0.32 -72.48±98.32 41.38 0.76 0.98 

Left caudal anterior 
cingulate cortex 0.18 -54.62±65.02 28.99 0.86 0.98 

Left caudal middle 
frontal cortex 0.72 -81.6±167.84 60.43 0.49 0.98 

Left cuneus 0.46 -43.48±68.12 27.04 0.66 0.98 
Left entorhinal cortex 0.74 -52.76±110.68 39.6 0.48 0.98 
Left frontal pole 0.36 -35.07±49.47 20.48 0.73 0.98 
Left fusiform gyrus 1.8 -18.95±275.99 71.45 0.09 0.98 
Left inferior parietal 
gyrus -0.41 -203.25±137.09 82.45 0.7 0.98 

Left inferior temporal 
gyrus -0.47 -312.76±196.76 123.44 0.65 0.98 

Left insula 0.25 -127.86±162.1 70.25 0.81 0.98 
Left isthmus cingulate -0.06 -45.63±43.39 21.57 0.96 0.98 
Left lateral occipital 
cortex 0.84 -119.16±280.44 96.81 0.42 0.98 

Left lateral orbitofrontal 
cortex -0.85 -386.87±161.51 132.85 0.41 0.98 

Left lingual gyrus -0.64 -155.44±82.72 57.7 0.54 0.98 
Left medial orbitofrontal 
cortex -0.56 -290.26±167.54 110.91 0.59 0.98 

Left middle temporal 
gyrus -1.11 -650.02±197.54 205.33 0.29 0.98 

Left paracentral gyrus 1.31 -53.91±241.03 71.45 0.21 0.98 
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Left para-hippocampal 
gyrus 1.88 -6.49±136.17 34.56 0.08 0.98 

Left pars opercularis -0.41 -101.59±67.99 41.09 0.69 0.98 
Left pars orbitalis 0.07 -66.94±71.42 33.52 0.95 0.98 
Left pars triangularis -0.05 -62.31±59.51 29.51 0.97 0.98 
Left pericalcarine -0.68 -51.01±25.97 18.65 0.51 0.98 
Left postcentral gyrus 0.36 -177.35±251.75 103.96 0.73 0.98 
Left posterior cingulate -0.09 -76.92±71 35.84 0.94 0.98 
Left precentral cortex 0.85 -111.29±266.33 91.48 0.41 0.98 
Left precuneus 0.48 -91.13±146.33 57.53 0.64 0.98 
Left rostral anterior 
cingulate 0.44 -96.36±147.88 59.17 0.67 0.98 

Left rostral middle 
frontal gyrus 0.29 -186.56±246.4 104.89 0.78 0.98 

Left superior frontal 
gyrus 0.71 -241.16±492.2 177.67 0.49 0.98 

Left superior parietal 
gyrus 0.15 -156.85±181.09 81.87 0.89 0.98 

Left superior temporal 
gyrus -0.62 -247.3±134.18 92.42 0.55 0.98 

Left supramarginal gyrus -0.23 -203.82±163.26 88.93 0.83 0.98 
Left temporal pole -1.15 -117.91±33.99 36.8 0.27 0.98 
Left transverse temporal 
gyrus 0.55 -17.53±30.17 11.56 0.59 0.98 

Right banks of the 
superior temporal sulcus -0.34 -72.89±52.65 30.42 0.75 0.98 

Right caudal anterior 
cingulate cortex 0.43 -39.21±59.53 23.92 0.68 0.98 

Right caudal middle 
frontal cortex -0.07 -159.38±149.7 74.88 0.95 0.98 

Right cuneus 1.16 -24.94±88.22 27.42 0.26 0.98 
Right entorhinal cortex 0.87 -47.4±116.44 39.69 0.4 0.98 
Right frontal pole -2.81 -87.2±-13.29 17.91 0.01 0.43 
Right fusiform gyrus 0.27 -169.27±218.15 93.86 0.8 0.98 
Right inferior parietal 
gyrus 0.8 -162.81±366.01 128.11 0.44 0.98 

Right inferior temporal 
gyrus -0.73 -645±311.16 231.64 0.48 0.98 

Right insula -0.1 -222.44±202.52 102.95 0.93 0.98 
Right isthmus cingulate 1.93 -2.82±79.94 20.05 0.07 0.98 
Right lateral occipital 
cortex -0.34 -203.36±146.24 84.7 0.74 0.98 

Right lateral 
orbitofrontal cortex -0.36 -405.92±286.48 167.74 0.73 0.98 

Right lingual gyrus -0.77 -157.04±71.76 55.43 0.45 0.98 
Right medial 
orbitofrontal cortex 1.17 -45.9±165.02 51.1 0.26 0.98 

Right middle temporal 
gyrus -1.14 -659.97±192.53 206.53 0.27 0.98 

Right paracentral gyrus 1.01 -30.18±87.94 28.62 0.33 0.98 
Right para-hippocampal 
gyrus 0.33 -45.33±62.21 26.06 0.75 0.98 
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Right pars opercularis -0.39 -155.89±106.45 63.56 0.71 0.98 
Right pars orbitalis -1.18 -230.44±63.4 71.19 0.26 0.98 
Right pars triangularis -1.22 -181.61±47.29 55.46 0.24 0.98 
Right pericalcarine 1.45 -16.88±95.04 27.11 0.17 0.98 
Right postcentral gyrus 0.98 -65.44±182.08 59.97 0.35 0.98 
Right posterior cingulate -0.93 -141.14±54.02 47.28 0.37 0.98 
Right precentral cortex 0.76 -144.51±311.47 110.47 0.46 0.98 
Right precuneus 1.35 -29.72±141.4 41.46 0.2 0.98 
Right rostral anterior 
cingulate 0.14 -60.85±69.57 31.6 0.9 0.98 

Right rostral middle 
frontal gyrus -1.16 -562.78±157.98 174.61 0.26 0.98 

Right superior frontal 
gyrus 1 -140.64±403.04 131.72 0.33 0.98 

Right superior parietal 
gyrus 0.38 -135.48±196.04 80.31 0.71 0.98 

Right superior temporal 
gyrus -0.5 -151.41±93.01 59.21 0.63 0.98 

Right supramarginal 
gyrus 0.49 -109.42±175.98 69.14 0.64 0.98 

Right temporal pole 1.97 -3.22±125.62 31.22 0.07 0.98 
Right transverse 
temporal gyrus 1.24 -11.6±45.92 13.94 0.24 0.98 
      

Subcortical      

Brain Stem 0.16 -191.41±222.13 100.18 0.88 0.98 
Left Accumbens 0.16 -22.73±26.47 11.92 0.88 0.98 
Left Amygdala -0.41 -67.48±45.31 27.33 0.69 0.98 
Left Caudate 0.83 -20.73±48.15 16.69 0.42 0.98 
Left Cerebellum Cortex -0.05 -488.36±465.84 231.16 0.97 0.98 
Left Hippocampus -1.3 -73.01±16.64 21.72 0.21 0.98 
Left Pallidum -0.02 -34.46±33.82 16.54 0.99 0.99 
Left Putamen 2.95 25.14±142.53 28.45 0.01 0.43 
Left Thalamus 0.19 -146.11±175.67 77.96 0.86 0.98 
Left Ventral 
Diencephalon 1.14 -39.43±134.98 42.26 0.27 0.98 

Right Accumbens 0.79 -15.9±35.47 12.45 0.44 0.98 
Right Amygdala -0.07 -49.21±46.22 23.12 0.95 0.98 
Right Caudate 1.69 -21.3±208.1 55.58 0.11 0.98 
Right Cerebellum 
Cortex -0.28 -707.65±542.25 302.8 0.79 0.98 

Right Hippocampus 0.72 -42.75±87.72 31.61 0.49 0.98 
Right Pallidum 0.69 -71.14±141.69 51.56 0.51 0.98 
Right Putamen 1.63 -24.35±205.27 55.63 0.12 0.98 
Right Thalamus -1.78 -255.52±19.34 66.59 0.09 0.98 
Right Ventral 
Diencephalon 1.35 -22.27±106.08 31.1 0.2 0.98 
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Table 6. Summary statistics of the analysis of differences between ACTIVE and PLACEBO on FreeSurfer 
volumetric estimates for each cortical and subcortical parcellation. The direction of the numerical difference is 
given by the sign of the t value. For +ve t-value the contrast is ACTIVE>PLACEBO and for -ve t values 
ACTIVE<PLACEBO.  

 

Voxel-wise analysis 

VBM analysis did not reveal FWE-corrected significant results in both DRUG>PLACEBO 

and DRUG<PLACEBO contrasts.  

 

3.4.6 Quantitative T1 analysis 

ROI analysis 

No significant effect of the session was found in the three pre-selected a priori-defined ROIs. 

Table 6 and Figure 9 report the statistics of these analyses.  

 

 

Table 7. Summary statistics of the ROI subcortical analyses on T1 values (seconds). SD: standard deviation.  

 

 

 

 

Figure 9. Raincloud plots of the differences in T1 values between ACTIVE and PLACEBO conditions in the 
three pre-selected a priori ROIs.  

ROI DRUG Mean SD p-value 

Nucleus Accumbens PLACEBO 1.266 0.030 
0.79 

  ACTIVE 1.269 0.028 

Caudate PLACEBO 1.405 0.055 
0.40 

  ACTIVE 1.402 0.064 

Putamen PLACEBO 1.038 0.027 
0.37 

  ACTIVE 1.041 0.028 
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Voxel-wise analysis 

Voxel-wise analysis on T1 maps revealed no significant effects in both 

ACTIVE>PLACEBO and ACTIVE<PLACEBO contrasts.  

 

3.4.7 CBF analysis 

Global CBF 

No significant differences between ACTIVE and PLACEBO conditions in global CBF 

(ml/100g/min) were found (mean ± SD, ACTIVE: 41.6 ± 5.9, PLACEBO: 43.2 ± 8.3, p 

value= 0.23). 

 

ROI analysis 

Repeated measure ANCOVA with order and global CBF as covariate of no interest revealed 

a significant increase in regional CBF in all bilateral a priori defined ROIs in the ACTIVE 

condition as compared with the PLACEBO condition (nucleus accumbens: F= 12.8, ηp2= 

0.42, p= 0.002, average % CBF increase= 5.5%; caudate: F= 17.4, ηp2= 0.49, p< 0.001, 

average % CBF increase= 6.9%; putamen: F= 26.9, ηp2= 0.59, p< 0.001, average % CBF 

increase= 7.4%). All results survived Bonferroni correction for multiple testing (alpha= 

0.05/3= 0.016). Figure 10 summarizes the results of the ROI analysis on CBF data. Repeated 

measure ANCOVA with order but not global CBF as a covariate of no interest did not reveal 

statistically significant differences between ACTIVE and PLACEBO (all p> 0.15).  

 

 

 
Figure 10. Raincloud plots of the differences in CBF (residuals) between ACTIVE and PLACEBO conditions 
in the three pre-selected a priori ROIs.  
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Voxel-wise analysis 

Voxel-wise paired t-test with order and global CBF as a covariate of no interest revealed a 

significant increase in CBF bilaterally in caudate and putamen in the ACTIVE>PLACEBO 

contrast. The opposite contrast (i.e., ACTIVE<PLACEBO) did not reveal any significant 

clusters. Figure 11 shows the results of the voxel-wise analysis. Table 8 reports local maxima 

statistics of the voxel-wise analysis. The analysis without global CBF as a covariate of no 

interest did not reveal any statistically significant result in both ACTIVE>PLACEBO and 

ACTIVE<PLACEBO contrasts.  

 

 

 

Figure 11. Brain sections showing increased CBF in the ACTIVE relative to the PLACEBO condition in 
bilateral clusters encompassing the caudate and the putamen (TFCE-corrected clusters). The colour bar 
indicates t-statistics. 

 

Cluster Index t MNI coordinates (x, y, z) in mm Brain region 
1 6.72 26 -2 10 right putamen 
1 5.98 32 -6 -6 right putamen 
1 5.79 34 -6 2 right putamen 
1 5.67 20 6 16 right caudate 
1 5.15 12 10 -12 right nucleus accumbens 
1 5.15 12 12 0 right caudate 
2 8.01 -22 -6 10 left putamen 
2 7.33 -18 0 -6 left globus pallidus 
2 7.18 -32 4 2 left putamen 
2 7.1 -20 12 -6 left putamen 
2 6.92 -24 14 -4 left putamen 
2 6.61 -22 4 2 left putamen 
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Table 8. Local maxima statistics of the voxel-wise non-parametric paired t-test on CBF data 
(ACTIVE>PLACEBO contrast). Only TFCE-corrected clusters are reported.  

 
Spatial mapping to receptor density profiles 

The analysis of the spatial correlation between D2R density and ΔCBF returned a significant 

positive linear association between ΔCBF and D2R density profiles (rho= 0.4, p= 0.02). 

Results were retained also after controlling for spatial autocorrelation effects.  

 

Association with EPS 

Spearman correlation did not indicate an association between relative CBF changes in the 

voxel-wise significant cluster and total ESRS scores (rho= -0.35, p= 0.137).  

 

3.4.8 PK/PD model 

The pharmacokinetic simulation returned a model that was able to correctly predict the 

kinetics of amisulpride after repeated doses with the concentration being in line with previous 

reports (Bowskill, Patel, Handley, & Flanagan, 2012; Bressan et al., 2003; Meisenzahl et al., 

2008; Puech, Fleurot, & Rein, 1998). Moreover, the majority of the subjects fell inside the 

simulated concentration curves showing that the data were in agreement with the plasma 

concentration measured in previous studies (Figure 12). The subjects outside the range were 

considered outliers and not considered for further analysis.  
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Figure 12. Maximum, minimum, and mean curves obtained with PK simulation. Red dots and yellow triangles 
indicate the participants’ data. Red dots indicate participants whose amisulpride plasma levels fell within the 
expected range. Yellow triangles indicate participants whose amisulpride plasma levels were outliers for the 
given distribution.  

 

The fitting of PET receptor occupancy data returned a 𝐸𝐶@A value of 182.1 ng/ml for the 

putamen and 117.7 ng/ml for the caudate, in line with previous findings (Vernaleken et al., 

2004). Given the plasma concentration of amisulpride across subjects, simulated receptor 

occupancy ranged from 11.6 to 86.9% for the putamen and from 16.9 to 91.1% for the caudate. 

The mean+/-SD of amisulpride receptor occupancy was 52.9+/-17.7% for the putamen and 

62.3+/-17.2% for the caudate and in agreement with the expected D2R occupancy of the 

drug with the given dosage (Vernaleken et al., 2004). Figure 13 shows the results of the 

receptor occupancy simulation.  

 

 
 
Figure 13. Results of the receptor occupancy simulation for the putamen (top) and the caudate (bottom). The 
blue line indicates the predicted relationship between plasma amisulpride levels (mg/l) and receptor occupancy 
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(RO). Red circles indicate true data (RO calculated in this study), and black triangles indicate predicted 
receptor occupancy corresponding to true amisulpride plasma level for all the subjects who did not have PET 
scans.  

 

Figure 14 shows the relationship between amisulpride receptor occupancies and ∆𝐶𝐵𝐹 

changes for the putamen and the caudate. The models were statistically significant for both 

the putamen (F= 19.2, p< 0.001) and the caudate (F= 8.25, p-value< 0.01). The exponent b 

of the power law model (Equation 5) was 1.66 and 1.82 for the putamen and the caudate, 

respectively and both were in line with previous preclinical findings in primates (Sander et 

al., 2013). Taken together these results indicate that the model proposed by (Sander et al., 

2013) was able to fit ∆𝐶𝐵𝐹 changes and receptor occupancy in this dataset.  
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Figure 14. ΔCBF vs. amisulpride receptor occupancy for the putamen (top) and the caudate (bottom). Data 
show a monotonically increasing relationship (p< 0.001). RO: receptor occupancy.  

 
3.4.9 Functional connectivity analysis 

Figure 15 shows the group-average FC maps for each striatal seed. The group-average FC 

maps closely matched the expected FC networks for the three probabilistic striatal 

subdivisions of the Oxford-Imanova Atlas (Tziortzi et al., 2014). 

 

 
 
Figure 15. Top row: striatal probabilistic subdivisions as in the Oxford-Imanova atlas (Tziortzi et al., 2014). 
Central and bottom rows: group-average (for both ACTIVE and PLACEBO sessions) FC networks for each 
striatal subdivision. The colour legend applies to all rows, blue: sensorimotor, green: executive, red: limbic.  

 

Paired t-tests in randomise revealed a significant TFCE-corrected cluster (p= 0.008) for the 

ACTIVE<PLACEBO contrast in the sensorimotor network, which was located in the left 

motor cortex (Figure 16). Table 10 reports the local maxima statistics of this analysis. No 
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significant TFCE-corrected clusters were found in the opposite (i.e., ACTIVE>PLACEBO) 

contrast, nor in limbic and executive FC networks in both contrasts. 

 

 
Figure 16. Brain sections showing decreased (ACTIVE<PLACEBO) FC between the sensorimotor 
subdivision of the striatum and the primary motor cortex after amisulpride. The colour bar indicates t statistics. 
In light blue overlay of the group-average sensorimotor FC network.  

 
 

Cluster Index t 
MNI coordinates (x, y, z) in 

mm Brain region 
1 7.75 -58 0 0 left supplementary motor area (BA 6) 
1 6.61 -54 0 18 left supplementary motor area (BA 6) 
1 6.34 -60 -10 6 left primary motor cortex (BA 4) 
1 6.23 -44 -10 32 left primary motor cortex (BA 4) 
1 6.18 -50 -6 24 left supplementary motor area (BA 6) 
1 6.09 -58 -12 14 left primary sensory cortex (BA 1) 
2 9.3 -54 10 -8 left superior temporal gyrus (BA 22) 

 
 
Table 9. Local maxima statistics of the voxel-wise non-parametric paired t-test on FC within the sensorimotor 
network (ACTIVE>PLACEBO contrast). Only TFCE-corrected clusters are reported. BA: Brodmann Area. 

 

Association with CBF 

Spearman correlation did not indicate an association between CBF changes in the striatum 

and FC changes in the motor cortex using both absolute (rho= 0.04, p= 0.89) and relative-

to-global CBF (rho= 0.144, p= 0.59). 

 

Association with EPS 

Spearman correlation indicated a significant negative association between FC changes in the 

peak voxel in Broadman Area 6 (MNI coordinates: -58 0 0) and EPS changes such as subjects 

with a greater reduction in cortico-striatal FC in the ACTIVE conditions also showed greater 
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EPS after one week of amisulpride 400mg daily doses (rho= -0.54, p= 0.037). Figure 17 

reports the scatterplot of this association.  

 

 
 

Figure 17. Scatterplot showing the association between-sessions FC differences in the peak significant voxel in 
Broadman Area 6 (BA6, MNI coordinates: -58 0 0) and between-session difference in total ESRS score. Both 
differences were computed by subtracting PLACEBO from ACTIVE session values.  

 
 
3.5 Discussion 

Overall, the results of my analyses supported the main hypothesis of the study. In particular, 

they indicate that sustained D2R blockade produces functional alterations in the striatum in 

the absence of structural changes. In addition, my findings also provide preliminary evidence 

of an association between CBF changes in the striatum induced by antipsychotics and inter-

individual variability in D2R occupancy. Moreover, functional alterations were associated 

with EPS developed after antipsychotic administration.  

 

Effect of sustained D2R blockade on brain structure 

I did not find differences in either brain volume or quantitative T1-signal between amisulpride 

and placebo conditions. FreeSurfer ROI analysis revealed differences between amisulpride 

and placebo conditions in the right frontal pole and the left putamen. However, these effects 

were not significant after correction for multiple comparisons indicating that they were likely 

spurious results. 
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These negative findings are in line with previous studies in HC using single-dose 

administration of antipsychotics (Hawkins et al., 2018) and in contrast with earlier reports of 

changes in T1 (Fujimoto et al., 1987) and grey matter volume (Tost et al., 2010) after acute 

intravenous injection of haloperidol in dogs and humans respectively. However, a direct 

comparison between our study and the studies by Fujimoto et al. (1987) and Tost et al. (2010) 

is complicated by the different routes of administration. In particular, acute intravenously 

administered doses (Fujimoto et al., 1987; Tost et al., 2010) produce large and rapid increases 

in drug plasma levels as compared with the oral repeated-dose regime with first-pass 

metabolism and steady-state equilibrium used in the present study and typical clinical dosing 

regimens. For example, acute intravenous administration of high doses of antipsychotics 

could produce physiological changes (both locally and systemically) that alter the biophysical 

environment and could consequently have an impact on the MRI measurement even in the 

absence of real changes in tissue characteristics such as microstructure composition or 

volume. In other words, several other transient processes could explain the alterations in MRI 

signal interpreted as apparent “structural” changes in these studies such as changes in cell 

microstructure, cell and tissue hydration, changes in iron content, activation of microglia, 

transient tissue remodelling as a consequence of systemic effects (Weinberger & Radulescu, 

2016, 2021) which might manifest only in these particular experimental conditions and not in 

oral exposures like in our study and in Hawkins et al. (2018). Critically, in this study, I 

investigated the effect of D2R blockade on brain structure adding to standard volumetric 

analysis on T1-weighted data also quantitative T1 mapping as the outcome measure. As 

discussed in the introduction, quantitative T1 mapping is more informative on brain 

microstructure as compared with standard T1-weighted images (Franklin et al., 2013; 

Marques et al., 2010; Salgado-Pineda et al., 2006). Indeed, T1-weighted images are 

qualitative measures that are heavily dependent on acquisition protocols which limits 

reproducibility and could also be influenced by several “non-structural” factors that alter the 

magnetic resonance properties of the tissue (e.g., T1 relaxation time) such as differences in 

the water content, changes in iron content, myelination, or microglial activation (Cousins et 

al., 2013; Deoni, 2011; Franklin et al., 2013; Salgado-Pineda et al., 2006). Therefore, the 

absence of an effect of sustained D2R blockade on quantitative mapping provides a within-

study validation of the negative findings in brain volume based on T1-weighted images. 
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Thus, the findings of my structural analysis showed that there were no differences in 

structural morphometrics, and also no differences in quantitative T1 values which influence 

the T1-weighted mapping approach that is commonly used. This extends earlier evidence of 

single-dose studies in healthy volunteers with clinically relevant doses (Hawkins et al., 2018), 

indicating that sustained D2R blockade in healthy volunteers, obtained with repeated 

administration of D2R antagonists, is not associated with changes detectable with both T1 

mapping techniques and T1-weighted morphometric. This indicates that both acute and 

sustained D2R blockade at clinically relevant doses that achieve antipsychotic effects in 

patients with psychosis do not produce a pharmacological effect in brain structural 

morphometrics as detectable by current MRI techniques in healthy individuals. Critically 

the present findings and the one in Hawkins et al. (2018) were found in randomised, within-

subjects and placebo-controlled experiments as opposed to previous results obtained in serial 

experiments without a placebo-control session (Tost et al., 2010).  

A very limited number of clinical studies with placebo-controlled designs have investigated 

the effects of antipsychotics on brain structure in patients with psychosis. While this scarcity 

is justifiable by ethical concerns, recently the results from two randomized placebo-controlled 

studies in patients have been published. Voineskos et al. (2020) found, in a 36-week placebo-

controlled study in patients with psychotic depression a reduction in cortical thickness in 

patients treated with olanzapine as compared with the placebo arm. Notably, patients were 

not naïve to antipsychotic treatment as they were randomly assigned to the active or placebo 

arm after having reached remission of both psychosis and depression in a previous trial with 

a combination of olanzapine and sertraline. Chopra, Fornito, et al. (2021) investigated in 

antipsychotic naïve FEP the effects of SGAs (risperidone or paliperidone) against placebo in 

6 months. The two groups were also paralleled with a longitudinal cohort of healthy 

volunteers. At 3 months, the authors found an increase in pallidal grey matter volume in 

patients treated with antipsychotics, a reduction in the placebo arm and no changes in the 

HC cohort. However, pallidal volume normalized in both active and placebo arms after 12 

months. As discussed in the Introduction, the two studies reported inconsistent results which 

might be explained by different study designs, patient characteristics, treatment regimes and 

other disease states. 

The results presented here are also inconsistent with these placebo-controlled studies in 

patients (Chopra, Fornito, et al., 2021; Voineskos et al., 2020). However, it should be noted, 
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that both investigations examined a much longer exposure (i.e., 3-9 months) as compared 

with the exposure tested in this study (i.e., one week). So, one possible interpretation of our 

findings in the context of the clinical evidence might suggest that tissue remodelling induced 

by D2R blockade might require longer exposure (i.e., at least more than one week) to produce 

detectable changes in MRI signals currently used for the investigation of brain structure. This 

hypothesis might be sustained also by pre-clinical studies in rodents and non-human primates 

which have found reduced grey matter volumes after chronic antipsychotic administration 

(with an exposure approximately equivalent to as much as 2 human years) (Dorph-Petersen 

et al., 2005; Vernon et al., 2012; Vernon et al., 2011). This hypothesis is also coherent with 

the findings of Andersen et al. (2020) who reported increased striatal volume in FEP after 6 

weeks of treatment with a low dose of amisulpride. However, their investigation was not 

paralleled by careful investigation of T1 and CBF so it might be possible that their findings 

were just “apparent” morphometric changes. In light of the inconsistencies and the limitations 

of the clinical study, the present negative findings add to the current debate on the effect on 

the brain structure of exposure to antipsychotics, showing that one week of D2R blockade in 

HC, so in the absence of disease state and trait effects, does not produce alteration in MRI 

signals usually interpreted as brain “structural” changes. Future placebo-controlled clinical 

studies in patients with psychosis with higher control of confounding factors as compared 

with previous studies (e.g., heterogeneity in diagnosis, treatment, dosing regime, previous 

exposure, etc.) and maybe placebo-controlled studies in healthy control with longer exposure 

as compared to the one used in this study might further clarify the role of antipsychotic 

exposure on brain remodelling and how it interacts with disease effects. However, it must be 

acknowledged that studies in HC with D2R blockade exposure longer than one week might 

be difficult to perform in reason of ethical concerns about the risk-benefit ratio for 

participants. In addition, the present study suggests that future longitudinal clinical studies 

could add to standard brain morphometric analyses based also quantitative T1 mapping to 

dampen down the highlighted risk to interpret as “structural” changes alterations of MRI 

signals unrelated to actual brain remodelling processes (Weinberger & Radulescu, 2016, 

2021).  
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Effect of sustained D2R blockade on brain perfusion 

Both ROI and voxel-wise analyses indicated increased CBF in the striatum with a larger 

effect size in the putamen as compared with other striatal subdivisions. These results extend 

previous evidence from single-dose studies in healthy volunteers (Fernandez-Seara et al., 

2011; Handley et al., 2013; Hawkins et al., 2018; Mehta et al., 2003) indicating that also 

sustained D2R blockade is associated with increased perfusion in the striatum. Interestingly, 

similarly to Hawkins et al. (2018) I found increased CBF in the absence of changes in T1 

relaxometry metrics, further suggesting that changes in brain perfusion induced by 

antipsychotics are not likely to drive brain volumetric changes (or apparent changes) as 

hypothesized by previous reports (Franklin et al., 2013). My findings might appear in contrast 

with the results reported by Viviani et al. (2013), which showed that a repeated daily oral 

dose of amisulpride 200mg for 7 days was associated with a large significant cortical reduction 

in CBF and a modest (and not corrected for multiple comparisons) increase in the striatum. 

In this study, I found a robust increase in CBF in the basal ganglia in the absence of cortical 

reduction. This apparent discrepancy might be reconciled by taking into account that in this 

study we used a higher amisulpride dose (i.e., 400mg) which achieves on average 

approximately 60% of D2R occupancy in the striatum which is within the therapeutic range 

required for the treatment of psychotic symptoms (Kapur et al., 2000; Vernaleken et al., 

2004). Therefore the use of a higher dose of amisulpride with a higher occupancy of D2R 

could explain the larger effect size of CBF change in the striatum in our study as compared 

with previous reports. This interpretation is also coherent with preclinical models suggesting 

a direct monotonic relationship between D2R occupancy and neurovascular coupling 

(Mandeville et al., 2013; Sander et al., 2013) confirmed by the PK/PD analysis performed 

here. The absence of cortical effects in our study is more difficult to reconcile with the 

findings by Viviani et al. (2013), but a possible explanation might rely upon the different doses 

as well. As discussed in the introduction, amisulpride, as other benzamides (e.g., sulpiride), 

at low doses, shows a selective modulation of dopamine release acting preferentially on pre-

synaptic D2R/D3R auto-receptors (Pani & Gessa, 2002; Schoemaker et al., 1997). Given the 

hypothesized indirect monotonic relationship between dopamine release and CBV via D2R 

agonism (Mandeville et al., 2013; Sander et al., 2016) it might be possible that at low dose 

amisulpride could produce a reduction in CBV and CBF which is not detectable at higher 

doses where the antagonism at post-synaptic D2R/D3R blockade is prevalent.  
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In this study, I was able to detect increased perfusion in the striatum after sustained D2R 

blockade after regressing out global perfusion as a covariate of no interest whereas these 

effects did not reach statistical significance without the inclusion of this covariate in the 

model. However, it should be noted that absolute CBF and relative-to-global CBF are not 

necessarily interchangeable or collinear measures (see this issue discussed in greater detail in 

Chapter 4) and therefore a careful interpretation of the findings in this context is important. 

The regression of global perfusion in CBF analyses is an approach that has been adopted in 

many studies to minimize between-subjects and between-session variability and has been 

shown to increase sensitivity in within-subject designs in both PET and ASL experiments 

(Boellaard, 2009; Viviani et al., 2009). In the specific context of studies investigating the 

effect of antipsychotic exposure on CBF, most authors reported differences between the two 

metrics with larger effect sizes obtained in global-perfusion-regressed models as compared 

with absolute CBF estimations also in the absence of differences in global perfusion between 

conditions as in this study (Fernandez-Seara et al., 2011; Handley et al., 2013; Hawkins et 

al., 2018; Viviani et al., 2013). Previous studies have shown dose-dependent relative CBF 

changes after drug administration in the absence of absolute changes (Black et al., 2000), 

suggesting that changes in relative CBF might better capture “neuronal” effects of drug 

exposure as opposed to absolute CBF which might be more heavily affected by non-neuronal 

(e.g., vascular) effects. My results are therefore in line with previous findings as regards CBF 

metrics and with this hypothesis. In addition, it is important to highlight that, even though 

amisulpride has a high affinity for D2R/D3R receptors, it also shows non-negligible affinities 

for serotonin receptors such as 5HT2BR and 5HT7R (Abbas et al., 2009). Antagonism at 

serotonin receptors (including 5HT2BR and 5HT7R) has been associated with relative 

vasodilation due to the blockade of the sympathetic tone induced by the endogenous ligand 

serotonin (Kovacs et al., 2012; Launay et al., 2002; Ullmer et al., 1995). Even though in this 

study I did not find a significant difference in whole grey matter CBF between sessions on 

average grey matter perfusion was lower in the amisulpride as compared with the placebo 

condition (amisulpride: 41.6 ± 5.9, placebo: 43.2 ± 8.3). Therefore, as previously discussed, it 

might be possible that in this study the inclusion of the global perfusion as a covariate might 

have further increased sensitivity by partially regressing out non-neuronal effects. 

Interestingly, a similar pattern of differential effect sizes between absolute and relative-to-

global CBF has been observed in previous studies using single-dose administration of other 
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antipsychotics with affinity to serotonin receptors such as olanzapine, risperidone and 

aripiprazole (Handley et al., 2013; Hawkins et al., 2018). Also, D3R mediate non-neuronal 

changes in CBF being present in astroglial cells where D3R agonism has been shown to 

produce vasoconstriction (Choi et al., 2006). Amisulpride has a strong affinity for both D2R 

and D3R receptors as an antagonist, therefore the contribution of non-neuronal effects on 

CBF mediated by D3R represents an important factor contributing to the observed CBF 

increase due to vasodilation. In this study, I found the largest increase in CBF in striatal 

regions such as the putamen and the caudate in which the relative concentration of D2R 

prevails over D3R as compared with other regions such as the ventral striatum, the globus 

pallidus and the substantia nigra (Smart et al., 2020; Tziortzi et al., 2011). Therefore, even 

though the D3R-mediated effect on CBF should be considered an important confounding 

factor in this study, the spatial distribution of the effects found in this study suggests that it 

is unlikely that my findings have been completely driven by non-neuronal mechanisms.  

I also found a spatial association between CBF changes induced by amisulpride and D2R 

spatial distribution profiles as indexed by the [18F]-Fallypride BPND template map. These 

findings extend the ones reported in Chapter 2 (Selvaggi et al., 2019) indicating that a spatial 

match exists also between D2R distribution in the brain and CBF changes induced by 

sustained D2R blockade induced by antipsychotics. Also here data shows that the 

relationship between CBF increases after antipsychotic administration also matched D2R 

profiles in extra-striatal ROIs, significantly populated by D2R such as the thalamus and the 

amygdala, even though they show lower BPND template values as compared with striatal 

ROIs further suggesting that the hypothesized neurovascular coupling model (Mandeville et 

al., 2013; Sander et al., 2013) might also be valid outside the striatum. However as discussed 

in Chapter 2, spatial matching, being based on a population-based profile of D2R density, 

does not take into account between-subject variability in D2R within the same brain region 

(Farde et al., 1995) which might drive inter-individual differences in drug response.  

 

PK/PD model 

To explore how between-subjects variability in D2R relates to differences in CBF changes 

after D2R blockade, I investigated the relationship between D2R occupancy and CBF 

changes. However, since in this study [11C]-PHNO PET scans were allocated only to a 

limited number of participants, I did not have a number of complete datasets (i.e., both 
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longitudinal PET [11C]-PHNO and ASL scans) to achieve a sufficient power to detect such 

a relationship in the whole sample. For this reason, a PK/PD predictive framework was 

developed to overcome these limitations. First, I verified using a simulation that measured 

amisulpride plasma levels in each participant conformed to a repeated dose administration 

PK model described in the literature. I found that most of the subjects had amisulpride plasma 

levels falling inside the range of concentration predicted by the literature-based model 

(Bowskill et al., 2012; Bressan et al., 2003; Meisenzahl et al., 2008; Puech et al., 1998). The 

results of the receptor occupancy analyses were in line with what was expected from previous 

studies investigating D2R occupancy by amisulpride in humans (la Fougere et al., 2005; 

Martinot et al., 1996; Vernaleken et al., 2004). Amisulpride plasma levels were used to 

predict unknown D2R occupancy for the remaining subjects through the Hill equation. I 

obtained receptor occupancy predictions, given the corresponding amisulpride plasma levels, 

that were also in line with previous reports (Sparshatt et al., 2009). Finally, the relationship 

between predicted receptor occupancy and observed CBF changes after amisulpride in our 

dataset was significantly fitted by the neurovascular coupling model described in non-human 

primates (Sander et al., 2013). Model fit indicated a monotonically increasing relationship 

between CBF changes and D2R occupancy in the caudate and the putamen such as higher 

D2R occupancy was associated with higher CBF increase in the amisulpride as compared 

with the placebo condition. To the best of my knowledge, this is the very first time that this 

relationship has been detected in vivo in humans. However, it must be acknowledged that 

the present findings were obtained using a combination of real and simulated data. Future 

studies with a methodology with higher sensitivity and precision (e.g., simultaneous 

PET/MR) could refine the evidence presented here. In addition, future studies could also 

test the stability of this neurovascular coupling model to different D2R antagonists with 

different affinities to D2R and other receptors such as serotonin receptors and with different 

brain penetration mechanisms (Hartter et al., 2003; Sekhar et al., 2019). Establishing a 

detailed PK/PD relationship in drug studies could open a variety of useful clinical and 

experimental applications. Taking the example examined in the present thesis, if future 

human studies could demonstrate with sufficient reproducibility and specificity the link 

between D2R occupancy and consequent CBF change following D2R blockade, it might be 

possible in principle to index D2R occupancy in patients with psychosis with MRI signals 

with maybe higher precision than currently available methods and while avoiding exposure 
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to noxious effects such as injected radioactivity or more importantly side effects associated 

with a D2R occupancy above the therapeutic window of antipsychotics (Kapur et al., 2000; 

Nord & Farde, 2011). Another interesting clinical application of the present findings might 

be to test whether such neurovascular coupling exists in patients with psychosis, how it 

compares with the physiological one and how it relates to treatment response and side effects.    

 

Effect of sustained D2R blockade on functional connectivity 

Seed-based FC analyses revealed a functional uncoupling (i.e., reduced functional 

connectivity) between the sensorimotor subdivision of the striatum and the primary motor 

cortex after sustained D2R blockade with amisulpride. No significant effects were detected 

in cortico-striatal FC with the limbic and executive striatal seeds. My results are difficult to 

match with inconsistent evidence coming from longitudinal studies in FEP showing either 

reduced functional connectivity between the striatum and frontal and parietal cortices (Lui 

et al., 2010) or increased cortico-thalamic FC (Sarpal et al., 2015). However, as already 

discussed, the interpretation of drug effects in clinical longitudinal studies is complicated by 

disease state and traits, and other factors that affect most studies (e.g. non-randomisation to 

treatment, lack of placebo control) which do not allow us to fully elucidate treatment effects. 

My results better match and extend evidence from earlier reports of single-dose 

administration of antipsychotics showing a reduced FC between the striatum and parietal 

regions including the motor cortex (Cole, Beckmann, et al., 2013; Cole, Oei, et al., 2013; 

Tost et al., 2010), by showing that a cortico-striatal functional uncoupling within the motor 

circuit is present also after sustained D2R blockade. Grimm et al. (2020) reported increased 

FC between the striatum and the motor cortex after a single dose of amisulpride 200mg 

which is in apparent contrast with my findings. However, as already discussed previously, 

amisulpride at low doses acts preferentially on pre-synaptic D2R/D3R auto-receptors 

modulating dopamine release as opposed to higher doses where it acts preferentially as an 

antagonist at post-synaptic D2R/D3R (Pani & Gessa, 2002; Schoemaker et al., 1997). Thus, 

this dose-dependent dual mechanism of action might explain the opposite findings between 

this study and the one by Grimm et al. (2020).   

I was able to show that functional uncoupling between the sensorimotor subdivision of the 

striatum and the motor cortex also correlated with the severity of EPS after amisulpride 

administration. My findings extend earlier evidence which showed an association between 
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functional uncoupling within the motor cortico-striatal loop and motor impairment evaluated 

as delayed reaction time in a motor task following intravenous acute injection of haloperidol 

in seven healthy participants (Tost et al., 2010) indicating that this relationship also exists 

after sustained D2R blockade with oral, repeated doses of a D2R antagonist. Interestingly, in 

this study reduced FC between the dorsal striatum and the motor cortex after sustained D2R 

blockade, was associated with EPS which represents more profound motor impairments as 

compared with delayed response in a motor task. Critically, these results are coherent with 

current knowledge on the role of D2R in striatal MSN of the indirect pathway which are 

interconnected with the motor cortex (Borra et al., 2021; Martel & Galvan, 2022; Wall et 

al., 2013) and participate in motor control. Indeed, pre-clinical studies have shown that 

chronic blockade of D2R alters neuronal plasticity in the dorsal striatum reducing the 

excitability of the indirect pathway and in turn altering the balance of striatal functional 

connections (Cazorla et al., 2014; Cazorla et al., 2012; Chan et al., 2012). As stated in the 

introduction, the most frequent and perhaps most disabling side effect associated with 

chronic D2R blockade in patients with psychosis are EPS. Here I was able to identify a 

pattern of brain MRI signal alterations after sustained D2R blockade in healthy volunteers 

which were associated with EPS which might be tested as a potential biomarker for EPS in 

clinical studies.  

Finally, even though the significant cluster found in the CBF analysis, and the sensorimotor 

seed used in the FC analysis overlapped in the dorsal striatum (i.e., posterior putamen), I did 

not find an association between both absolute and relative CBF changes and FC changes 

induced by amisulpride. Considering the tight association between CBV, CBF and the 

BOLD signal (Buxton et al., 2004) this might indicate that the changes in FC found in this 

study were not affected by changes in striatal perfusion induced by amisulpride.  

 

Strength and limitations 

One strength of this study is that I tested the effect of repeated doses of antipsychotics in 

healthy volunteers on brain structure and function using a multimodal approach that 

combined different advanced (e.g., quantitative T1 mapping, multi-echo fMRI) MRI 

sequences with in vivo D2R estimation using PET and with detailed clinical evaluations. To 

the best of my knowledge, this kind of study is unprecedented. In addition, the use of 

clinically relevant doses of antipsychotics (i.e., a dose that achieves at least 60% of D2R 
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occupancy) is of particular interest for the possible translation of the findings in the clinical 

setting. Moreover, another strength is the adoption of a rigorous counterbalanced within-

subject study design which overcomes the limitations of previous studies using longitudinal 

uncontrolled designs (Tost et al., 2010). The extensive use of non-parametric testing and 

careful control for false positives in multiple testing which sometimes undermines the 

reproducibility of neuroimaging studies (Eklund et al., 2016) is another strength. However, 

this study has some limitations that must be acknowledged to correctly interpret the results. 

First, the counterbalanced approach of the study design implied that not all ACTIVE 

conditions longitudinally followed the PLACEBO conditions. While this approach has the 

advantage of controlling for order effects, it could be argued that changes present in the 

ACTIVE conditions could be carried over into later sessions. However, considering that 

longitudinal single-dose studies have shown that antipsychotic effects are reversible 

(Hawkins et al., 2018; Tost et al., 2010), I believe that the separation of sessions by a wash-

out period of at least 5 amisulpride half-lives has been sufficient to protect from carry-over 

effects. This is further sustained by the fact that all our findings were robust to the inclusion 

of order as a covariate of no interest and therefore not limited to one order. In addition, even 

though PET and MRI were acquired on the same day, they were not acquired at the same 

times which might have undermined the power to explore the between-subjects variability 

in the PK/PD model. Moreover, as previously stated, my findings were based on a 

combination of real and simulated data. Future studies using simultaneous PET/MR might 

be able to remove this source of variance, therefore, increasing the sensitivity and specificity 

of the PK/PD model. 
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4 Brain perfusion in non-medicated FEP patients 

 

4.1 My contribution  

At the start of my PhD, the full dataset was already acquired. I performed the pre-processing 

of ASL data with the advice of Dr. Fernando Zelaya. I integrated the clinical data with the 

neuroimaging data with the help of Dr. Sameer Jauhar. I also performed all statistical 

analyses. I interpreted the data with the help of Dr. Sameer Jauhar, Prof. Oliver Howes and 

my first supervisor Prof. Mitul Mehta. Finally, I drafted the manuscript for publication 

(Selvaggi et al. (2022) and Appendix C).  

 

4.2 Aims and hypothesis of the study 

ASL studies in people with chronic Schizophrenia, treated with antipsychotics, show 

reduced CBF in frontal, parietal and occipital regions and increased CBF in the basal ganglia 

(Legind et al., 2019; Liu et al., 2012; Oliveira et al., 2018; Pinkham et al., 2011) though the 

basal ganglia findings have not been consistently replicated (Ota et al., 2014; Zhu et al., 2017). 

Thus, there is evidence for cortical hypoperfusion in chronic schizophrenia, but it is unclear 

from these studies when this occurs in the development of the disorder. The results of 

previous chapters of the present thesis indicate, in line with evidence from pre-clinical studies 

(Sander et al., 2013) and other experimental studies (Handley et al., 2013; Hawkins et al., 

2018; Mehta et al., 2003), that acute blockade of D2R is associated with an increased CBF 

in the basal ganglia and also that the increased perfusion in the basal ganglia persists after 

sustained D2R blockade in healthy volunteers. Thus, I aimed to determine if CBF is altered 

in FEP patients who are free from antipsychotic medication. Based on prior results of this 

thesis and previous studies in medicated FEP (Kindler et al., 2018), I hypothesized that 

antipsychotic-free FEP would show lower absolute CBF in the frontal cortex while keeping 

CBF in the striatum within physiological ranges. In addition, while previous cross-sectional 

investigations have shown associations between altered CBF and severity of psychotic 

symptoms in Schizophrenia (Kindler et al., 2018), it is unknown if brain perfusion before 

treatment (therefore not influenced by antipsychotic medication) is associated with 

subsequent symptomatic improvement with antipsychotic treatment. Thus, I aimed to 
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explore this association in a prospective study of patients who went on to receive 

antipsychotic treatment. 

 

4.3 Methods 

4.3.1 Study Participants  

Study participants were recruited from FEP teams within South London and Maudsley 

NHS Foundation Trust (Fusar-Poli et al., 2020) and Central and West London NHS Trust. 

All participants provided informed written consent. For both groups’	exclusion criteria were 

history of head trauma, dependence on illicit drugs, any significant medical co-morbidity 

(minor illnesses such as seasonal allergies were permitted) and contraindication to MRI 

scanning.  

 

Baseline study  

The inclusion criteria for the patient group were psychotic disorder according to ICD-10 

criteria (World Health Organization et al., 1992) in the first episode of illness. Age and sex-

matched healthy volunteers were recruited through local advertisements from the same 

geographical areas. Inclusion criteria for HC were: no personal history of psychiatric illness 

(assessed using the Structured Clinical Interview for the Diagnostic and Statistical Manual 

for Mental Disorders (DSM), First (2014)) and no history of psychotropic medication use. 

All patients were antipsychotic-naïve or antipsychotic-free for at least 6 weeks for oral 

antipsychotics or 6 months for depot antipsychotics (Jauhar et al., 2019). The sample 

included nine antipsychotic-naïve and 12 antipsychotic-free patients. All but one patient 

included in the baseline study was not taking other psychotropic medication (i.e., 

antidepressants, mood stabilizers, benzodiazepines) at the time of the MRI scan. Only one 

patient was taking antidepressant medication (sertraline) at the time of the MRI scan (Viviani 

et al., 2012). 

 

Follow-up study  

Inclusion criteria for the patient group were: psychotic disorder according to ICD-10 criteria 

(World Health Organization et al., 1992); in the first episode of illness; and antipsychotic-

free or -naïve or minimally treated (taking antipsychotics at minimal effective dose for less 

than 2 weeks, (Agid et al., 2003; Levine & Leucht, 2012). All patients were clinically assessed 
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at baseline and reassessed after taking antipsychotic treatment, at a therapeutic dose as 

specified in the Maudsley Prescribing Guidelines (Taylor et al., 2021), for a minimum of 4 

weeks. All patients were in stable treatment at follow-up after titration. Clinical measures 

were rated at baseline and follow-up using the Positive and Negative Syndrome Scale 

(PANSS) (Kay et al., 1989). Patients received follow-up for at least 6 months to determine 

if there had been a subsequent response in patients who showed non-response at 4 weeks 

(duration to follow-up in months 24.73 ± 16.89) (Jauhar et al., 2019). Subjects with psychosis 

were classified by antipsychotic exposure as antipsychotic-naïve, antipsychotic-free (prior 

oral antipsychotic medication but free of treatment for at least 6 weeks (oral) or 6 months 

(depot, if relevant)) or minimally treated (taking antipsychotic medication for 2 weeks or 

less). The sample included seven antipsychotic-naïve, four antipsychotic-free and three 

minimally treated with antipsychotics.  

 

4.3.2 MRI acquisition and pre-processing  

MRI acquisition  

Scans were acquired using a GE MR750 3-T scanner and a 12-channel head coil. A T1-

weighted MPRAGE scan was also acquired (FOV= 260 mm; TE= 2.8 ms; TR= 6.98ms; 

256×256 matrix; slice thickness= 1.2 mm, flip angle = 11) for normalization purposes. A T2-

weighted image (FOV= 240 mm; TE= 54.68 ms; repetition time = 4380 ms; 320 × 320 matrix; 

slice thickness= 4 mm) was also acquired and used for the pre-processing of ASL images (see 

below). Measurement of CBF was carried out using a 3D-PCASL sequence. Labelling of 

arterial blood was achieved with a 1,500 ms train of Hanning-shaped RF pulses in the 

presence of a net magnetic field gradient along the flow direction (the z-axis of the 

magnet). After a post-labelling delay of 1525ms, a whole brain volume was read using a 3D 

inter-leaved “stack-of-spirals” Fast Spin Echo readout, consisting of 8 interleaved spiral arms 

in the in-plane direction, with 512 points per spiral interleave (TE/TR= 11 ms/4968  

ms;  60 slice-partitions of 3mm thickness were defined in the 3D readout). The in-plane FOV 

was 240×240 mm. The spiral sampling of k-space was re-gridded to a rectangular matrix with 

an approximate in-plane resolution of 3.6mm. The sequence used four background 

suppression pulses to minimise static tissue signal at the time of image acquisition. The 

combination of flow-driven adiabatic inversion of the PCASL pulse, plus background 

suppression, yields a substantial increase in the SNR of ASL, of up to 50%. Therefore, only 
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four pairs of control-labelled images are required to produce reliable perfusion-induced signal 

differences. The mean perfusion weighted difference image was derived from the average of 

the difference of the four Control-Label pairs. The entire acquisition time of the 3D-PCASL 

sequence was 6:08 min. 

 

Pre-processing  

Proton density images were used to obtain a quantification of absolute CBF in standard 

physiological units (ml blood/100g tissue/min) using the formula suggested in the ASL 

consensus paper (Alsop et al., 2015). The unified segmentation algorithm as implemented in 

SPM (Ashburner & Friston, 2005) was used to create grey matter, WM and CSF images 

from each T1-weighted image and to create a set of flow fields to later transform each 

subject’s T1-weighted and ASL data into standard space. The T2-weighted images were co-

registered with the T1-weighted images. Each raw proton density image was then co-

registered with the T2 image. The parameters for this transformation were then applied to 

the CBF maps (as they were already in alignment with the proton density image) before their 

normalization. The addition of these two co-registration steps helped us to achieve a better 

alignment between CBF and T1-weighted images which prevented distortions during 

normalization. Images were resampled to 2 mm isotropic voxels and normalized into standard 

MNI space. Finally, the normalized CBF maps were smoothed using a 6 mm full FWHM 

kernel. Normalized T1-weighted images were also smoothed using a 6 mm FWHM kernel.  

 

4.3.3 Statistical analysis  

Demographics  

Demographic characteristics (i.e., age, sex) were compared between FEP and HC using χ2 

or independent sample t-tests for categorical and continuous data respectively.  

 

ROI analysis  

Absolute CBF values in the whole grey matter and each ROI were extracted using spatially 

normalized individual grey matter images and the WFU-Pickatlas ROIs with the MarsBar 

toolbox (http://marsbar.sourceforge.net). Based on previous findings (Allen et al., 2016; 

Kindler et al., 2018), the following bilateral ROIs were selected as the primary ROIs: the 

frontal cortex (size= 61 104 mm), the hippocampus (size= 15 024 mm) and the striatum (size= 
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36 816 mm). For comparisons with the same investigations (Allen et al., 2016; Kindler et al., 

2018), I also explored differences between FEP and HC in relative-to-global perfusion CBF. 

For each ROI a linear regression model was performed with absolute CBF in the ROI as the 

dependent variable and global grey matter CBF as the independent variable. For each linear 

regression in each ROI, unstandardized residuals were computed.  

To test the primary hypothesis that FEP would show reduced absolute CBF in the frontal 

cortex and increased CBF in the striatum and hippocampus, a repeated measure ANOVA 

was used with “ROI” as the within-subject factor and “GROUP” as the between-subject 

factor. Tukey HSD test has been used for post hoc pairwise comparison. An independent 

sample t-test was used to test absolute CBF in the whole grey matter to determine if there 

was a global group difference in CBF. Cohen’s d has been computed to obtain estimates of 

effect size. To test differences in relative-to-global CBF, absolute CBF unstandardized 

residual against global grey matter CBF were entered as dependent variables in a repeated 

measure ANOVA with “ROI” as the within-subject variable and “GROUP” as the between-

subjects variable. Tukey HSD has been used for post hoc pairwise comparison. Even though 

groups were matched by age and sex, to further control for age and sex effects I performed 

two separate sensitivity analyses by adding age and sex as a covariate of no interest in 

ANCOVA models.  

 

Voxel-wise analysis  

Differences in absolute CBF were also tested in whole-brain voxel-wise analyses. Based on 

recent recommendations (Eklund et al., 2016), I performed a non-parametric analysis as 

implemented in FSL randomise (Winkler et al., 2014) and TFCE (Smith & Nichols, 2009) 

with 5000 permutations to create a non-parametric null distribution and calculate a 5% 

significance threshold. I also tested relative-to-global-perfusion CBF differences between 

FEP and HC in voxel-wise analysis using FSL randomise by including global grey matter 

CBF as a nuisance covariate in the model.  

 

Structural analysis  

To check whether results could be influenced by differences in grey matter volume 

differences between FEP and HC, standard VBM analysis as implemented in SPM was 

performed on pre-processed T1-weighted images to determine if there were volumetric 
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differences between groups. Voxel-wise independent sample t-test as implemented in SPM 

was performed to assess differences in grey matter volume between FEP and controls. Grey 

matter, WM and CSF images of each participant were combined to obtain estimates of total 

intracranial volume (ICV). In addition, T1-weighted images were processed using FreeSurfer 

(version 7.1.1, http://surfer.nmr.harvard.edu) image analysis suite to produce measures of 

cortical thickness estimates using the FreeSurfer automated brain segmentation process 

(recon-all) (Fischl et al., 2002; Fischl et al., 1999). An FWHM Gaussian kernel of 10mm was 

applied. Vertex-wide independent sample t-test was performed for both left and right 

hemispheres to assess differences in cortical thickness between FEP and controls. Both 

FEP>HC and FEP<HC contrast were analysed. Cluster-level correction for multiple 

comparisons was implemented with −log 10(p)value= 3 as cluster-defining threshold and 

alpha= 0.05. I performed additional analyses to further control for partial volume effects. In  

particular, I performed:  i) ANOVA with grey matter absolute CBF as the dependent 

variable, “GROUP” (i.e., FEP, HC) as the between-subject variable and whole grey matter 

volume as a covariate of no interest; ii) Pearson correlations between grey matter volume 

estimates and absolute CBF extracted from pre-defined ROIs. An independent sample t-test 

was used to test differences in ICV between FEP and HC. 

 

Correlation with PANSS change  

Percentage changes in PANSS were calculated, adjusting for minimum scores (% change in 

total PANSS= [((baseline score – 30) − (follow-up score – 30))/(baseline score − 30)] × 100) 

(Leucht et al., 2005). To explore the association between baseline CBF and improvement in 

symptoms, linear regression analysis was performed between both baseline absolute and 

relative-to-global CBF values from the primary ROIs and percentage change in total 

PANSS. For each linear regression model, Bonferroni correction was applied for the number 

of ROI tested (alpha= 0.05/3= 0.016). For all linear regression models, Mahalanobis distance 

and Cook’s distance were computed to examine the presence of multi-variate outliers and to 

estimate the presence of highly influential data points. To identify multivariate outliers, 

Mahalanobis distance values were compared to a χ2 distribution with degrees of freedom 

equal to the number of variables (two in this case) with p= 0.001 (Finch, 2012). Any data 

point with Cook’s distance higher than 1 was considered a highly influential outlier and 

excluded from the analysis as recommended (Cook & Weisberg, 1982). To further test the 
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robustness of the analysis by reducing the effect of extreme observations, I used the bias-

corrected accelerated bootstrap technique with 10,000 resamples (Efron et al., 1994). I have 

also tested the association between CBF (both absolute and relative-to-global) with PANSS 

positive and negative subscales changes. Percentage changes in PANSS positive and 

negative were calculated, adjusting for minimum scores (% change in positive/negative 

PANSS= [((baseline score – 7) – (follow-up score – 7))/ (baseline score – 7)] * 100) (Leucht 

et al., 2005). 

 

Bayesian hypothesis testing  

In light of the limited sample size of the study, I paralleled the standard hypothesis testing 

method (p-value approach) with Bayesian hypothesis testing to verify that non-significant 

results support evidence of absence of effects or absence of evidence (Keysers et al., 2020). 

All analyses were performed in JASP (version 0.14.1, https://jasp-stats.org). In particular, to 

assess evidence of an interaction between absolute CBF in ROIs and groups I performed a 

Bayesian Repeated Measure ANOVA with ROI as a repeated measure and GROUP as a 

between-subjects factor. The comparison was performed against the null model and Bayes 

Factor (BF) BF10 was selected as the output measure. Similarly, I also performed a Bayesian 

Independent Sample t-test for each ROI. Results are reported using the one-tailed BF10 

(FEP<HC). Effect size estimates are reported as median posterior probability with a 95% 

credibility interval. Bayes factor robustness check was also performed. 

 

4.4 Results 

4.4.1 Baseline study  

Demographics 

Twenty-one people with FEP (mean age ± SD, 24.85 ± 3.85, three females) and 22 HC 

(23.45 ± 3.21, eight females) were included in the baseline study. HC and FEP groups did 

not significantly differ in age (t=1.29, p=0.3) or sex (χ2= 2.8, p= 0.1). 
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Table 10. Summary of demographic and clinical characteristics of the baseline study sample. 

 

Absolute CBF  

Absolute whole brain CBF was significantly lower in FEP (mean ± SD, 27.642 ± 59.52) as 

compared to HC (mean ± SD, 32.334 ± 43.75) (t(1,41)= −2.94, p= 0.005, Cohen’s d= 0.89). 

Results did not change after the removal of the participant receiving antidepressants at the 

time of the scan (p< 0.001). For the ANOVA including all ROIs, there was a significant main 

effect of GROUP (F(1)= 4.74, p= 0.035) and a significant ROI × GROUP interaction (F(1.55)= 

3.89, p= 0.032 after Greenhouse–Geisser correction) on absolute CBF. Tukey HSD post hoc 

test revealed significantly lower absolute CBF in the frontal cortex in FEP as compared to 

HC (t(1,41)= −2.75, p= 0.009, Cohen’s d= 0.84) with no statistically significant differences 

between FEP and HC in the hippocampus (t(1,41)=−1.5, p= 0.13) or striatum (t(1,41)=−1.4, p= 

0.1). Results did not change after the removal of the participant receiving antidepressants at 

the time of the scan (p< 0.001). Figure 19 shows absolute CBF values in the three ROIs (i.e., 

frontal cortex, hippocampus, and striatum). I conducted an exploratory analysis separating 

the patients into antipsychotic-naïve and antipsychotic-free sub-groups (Figure 20). 

ANOVA of grey matter CBF revealed a significant effect of GROUP (F= 4.258, p= 0.021). 

Tukey HSD post hoc pairwise comparison revealed a significant difference between HC and 

 FEP, n= 21 HC, n= 22 p-value 

Age (mean ± SD) 24.85 ± 3.85 23.45 ± 3.21 0.3 

Sex (M/F) 18/3 14/8 0.1 

Education (years, mean ± SD) 14.4 ± 2.1 15.68 ± 2.6 0.1 

PANSS Total baseline (mean ± SD) 70.7 ± 18.6 - - 

PANSS Positive baseline (mean ± SD) 13.7 ± 4.4 - - 

PANSS Negative baseline (mean ± SD) 13.4 ± 6.3 - - 

Antipsychotic naïve (%) 43% - - 

Antipsychotic-free (%) 57% - - 

Minimal antipsychotic treatment (%) 0% -  

Smoking status (never/past/current) 13/2/6 12/6/4 0.3 

Substance use (never/past/current) 17/3/1 15/3/4 0.4 

Alcohol (never/past/current) 11/2/8 9/1/12 0.5 

Ethnicity (white/black/asian/others) 4/6/5/6 4/13/3/2 - 
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antipsychotic-free (p= 0.049) and a trend towards a significant difference between HC and 

antipsychotic-naïve (p= 0.069). No statistical difference was found between antipsychotic-

free and -naïve patients (p= 0.997). Repeated measure ANOVA revealed no statistically 

significant ROI by GROUP interaction (F= 2.2, p= 0.09, after Greenhouse-Geisser 

correction).  

 

 
Figure 18. Absolute CBF in the selected a priori ROIs. There were significant main effects of GROUP and 
ROI, and a significant GROUP by ROI interaction (p= 0.032, Greenhouse-Geisser correction). Post-hoc 
testing showed that CBF was significantly lower in the frontal cortex (Cohen's d= 0.84, p= 0.009) but not in 
the other regions in patients with FEP relative to controls. FEP: first episode psychosis, HC: healthy controls. 
Asterisks (*) indicated significant tests. Bars indicate 95% confidence intervals. 

 
 
 

 



 119 

 

Figure 19. Absolute CBF differences between healthy controls (HC), antipsychotic-naïve and antipsychotic-
free patients. Bars indicate 95% confidence intervals. 

 

ANOVA on whole grey matter CBF with GROUP as a between-subject factor and SEX as 

a covariate of no interest revealed a significant main effect of GROUP (p= 0.008), a 

significant main effect of SEX (p= 0.042), but a non-significant GROUP x sex interaction 

(p= 0.97). Repeated measure ANOVA with ROI as a within-subject factor, GROUP as a 

between-subject factor and sex as a covariate of no interest revealed a significant ROI x 

GROUP interaction (p= 0.017 Greenhouse-Geisser corrected), and non-significant ROI x 

SEX and ROI x SEX x GROUP interactions (p= 0.243 and p= 0.142 respectively, 

Greenhouse-Geisser corrected). ANOVA on whole grey matter CBF with GROUP as a 

between-subject factor and age as a covariate of no interest revealed a significant main effect 

of GROUP (p= 0.012) and a non-significant main effect of age (p= 0.14). Repeated measure 

ANOVA with ROI as a within-subject factor, GROUP as a between-subject factor and age 

as a covariate of no interest revealed a significant ROI x GROUP interaction (p= 0.04 

Greenhouse-Geisser corrected), a non-significant ROI x age interactions (p= 0.97 and p= 

0.142 respectively, Greenhouse-Geisser corrected).  

 

Relative-to-global CBF  

There was a trend towards a significant main effect of GROUP (F= 3.9, p= 0.054), but no 

significant main effect of ROI (p= 0.85) or significant ROI x GROUP interaction (p= 0.23) 

on relative CBF.  

 

CBF whole-brain voxel-wise analysis  

Figure 21 shows whole-brain voxel-wise differences (p< 0.05, TFCE-corrected) between 

FEP and HC. The direct voxel-wise comparison revealed significantly lower CBF in FEP 

compared to HC in widespread cortical areas including frontal, parietal and occipital areas. 

The opposite contrast (i.e., HC<FEP) did not reveal any significant clusters. Whole brain 

voxel-wise analysis of relative-to-global CBF did not reveal any TFCE-corrected cluster in 

either FEP>HC or FEP < HC contrasts.  
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Figure 20. Brain sections showing significantly lower absolute CBF in FEP relative to HC in the frontal, parietal 
and occipital cortex (TFCE-corrected clusters). The colour bar indicates t-statistics. 

 

Bayesian hypothesis testing 

Bayesian Repeated Measure ANOVA provided evidence for an effect of group (BFincl= 

4.385) and a GROUP x ROI interaction (BFincl= 5.707). Figure 21 shows posterior 

distribution plots for both effects. This analysis further provides evidence of an interaction 

between ROI and GROUP in absolute CBF.  

 

 

Figure 21. Posterior distribution plots for the main effect of group (A) and ROI by GROUP interaction (B). 

 

Furthermore, given the evidence of an ROI x GROUP interaction and a significant 

difference between FEP and HC in the frontal cortex, but not in the striatum and 

hippocampus, I also performed a Bayesian Independent Sample t-test for each ROI. Results 

are reported using the one-tailed BF10 (FEP<HC). Effect size estimates are reported as 

median posterior probability with a 95% credibility interval. Bayes factor robustness check 

was also performed. Results revealed moderate to strong evidence of reduction of absolute 
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CBF in the frontal cortex (BF-0= 10.93, median posterior probability= -0.716, 95%, CI= [-

1.344, -0.158]), whereas the data suggest inconclusive evidence for a reduction in the 

hippocampus (BF-0= 1.423, median posterior probability= -0.41, 95%, CI= [-0.975, -0.036]) 

and striatum (BF-0= 1.167, median posterior probability= -0.379, 95%, CI= [-0.934, -0.030]). 

Overall, the results suggest that there is moderate to strong evidence in favour of reduced 

absolute CBF in FEP as compared with HC in the frontal cortex. Instead, even though the 

data tend to the null hypothesis in both hippocampus and striatum H0 and H1 are equally 

likely in the sample. However, results from the sequential analysis show that increasing 

sample size would increase evidence for reduced absolute CBF in the frontal cortex in FEP 

as compared with HC, but not in the hippocampus and striatum. Figure 22 summarizes the 

results of these analyses.  

 

Figure 22. Results of the Bayes independent sample t-test in the frontal cortex (A), hippocampus (B), and 
striatum (C). The first column shows plots of priors and posteriors of each t-test together with the median and 
CI of the effect size. The second column shows absolute CBF in each ROI as a function of effect size priors. 
The third column shows the results of the Sequential Analysis that returns the accumulation of evidence with 
increasing sample size.  
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Structural analysis  

FEP and HC did not differ in total grey matter volume (t(1,41)= −1.8, p= 0.08) or total ICV 

(t(1,41)= 0.95, p= 0.96). Voxel-wise VBM analysis did not reveal any significant differences in 

grey matter volume between FEP and HC. FreeSurfer analysis did not reveal any significant 

cluster of cortical thickness differences between FEP and HC. ANCOVA on grey matter 

absolute CBF revealed a significant effect of GROUP (F= 7.67, p= 0.008) and a non-

significant effect of grey matter volume (F= 0.14, p= 0.9). No significant correlations were 

found between grey matter volume estimates and absolute CBF in the whole grey matter (r= 

0.13, p= 0.39), frontal cortex (r= 0.16, p= 0.29), striatum (r= 0.004, p= 0.98) and hippocampus 

(r= 0.05, p= 0.74).  

 

4.4.2 Follow-up study  

Demographics  

Fourteen patients with FEP (23.85 ± 3.77, four female) were included in the follow-up study. 

Eleven patients also took part in the baseline study (Table 12).  

 
 FEP, n= 14 p-value  
Age (mean ± SD)  23.85 ± 3.77 - 
Sex (M/F) 10/4 - 
PANSS Total baseline (mean ± SD) 75.42 ± 18.2 - 
PANSS Positive baseline (mean ± SD) 20.21± 6.19 - 
PANSS Negative baseline (mean ± SD) 15.57 ± 6.5 - 
PANSS Total follow-up (mean ± SD) 58.7 ± 19.22 - 
PANSS Positive follow-up (mean ± SD) 13.9 ± 5.5 - 
PANSS Negative follow-up (mean ± SD) 14.5 ± 7.1 - 
PANSS Total change (mean ± SD) 32.6 ± 33.1 0.02 
PANSS Positive change (mean ± SD) 9.4 ± 9.1 0.01 
PANSS Negative change (mean ± SD) 5.9 ± 9.3 0.29 
Antipsychotic naïve (%) 50% - 
Antipsychotic-free (%) 29% - 
Minimal antipsychotic treatment (%) 21% - 
Smoking status (never/past/current) 6/4/4 - 
Substance use (never/past/current) 7/4/3 - 
Alcohol (never/past/current) 6/3/5 - 
Ethnicity (white/black/asian/others) 1/4/4/5 - 

 
Table 11. Summary of demographics and clinical characteristics of the follow-up study sample.  
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Correlations between baseline CBF and PANSS change  

There were no significant associations between absolute CBF extracted from the ROIs and 

percentage change in total PANSS score (p> 0.32). However, relative-to-global CBF in the 

frontal cortex correlated positively with the percentage change in total PANSS (Figure 18; 

r= 0.67, p= 0.008). In all linear regression models, none of the data points was identified as 

an influential outlier (all Cook’s distances< 1) or multivariate outliers (all Mahalanobis 

distances p>0.001). Results were retained after applying a bias-corrected accelerated 

bootstrap technique with 10,000 resamples (bootstrapped p= 0.05). In addition, Spearman 

rank correlations yielded similar results to linear regression analysis (Spearman rho= 0.574, 

p= 0.032). I found that % positive PANSS change was not associated with absolute CBF (all 

p> 0.323) and relative-to-global CBF (all p> 0.093) in all ROIs (i.e., grey matter, frontal 

cortex, striatum, hippocampus). I found that % negative PANSS change was not associated 

with absolute CBF (all p> 0.857) and relative-to-global CBF (all p> 0.515) in all ROIs (i.e., 

grey matter, frontal cortex, striatum, hippocampus). 

 

 

Figure 23. Scatterplot showing significant correlations between relative-to-global frontal CBF at baseline and 
percentage improvement in total PANSS with subsequent treatment (r= 0.57, p= 0.05). 

 

Given the known effect of antipsychotics on CBF, I have also performed a sensitivity analysis 

in the follow-up sample to test the association between relative-to-global CBF in the frontal 

cortex with PANSS total change after removing patients minimally treated at baseline (N= 
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3). The analysis revealed and confirmed an effect in the same direction as the main analysis, 

although this result was not formally significant (r= 0.46, p= 0.07). The results of this sub-

analysis along with the fact that the subjects removed in this sub-analysis were receiving 

antipsychotic treatment at a minimal effective dose for less than two weeks before the 

baseline scan suggest that it is unlikely that the inclusion of minimally treated patients in the 

follow-up sample could have biased the result of this analysis. 

 

4.5 Discussion  

I found absolute CBF was significantly lower in the frontal cortex but not striatum or 

hippocampus in people with FEP free of antipsychotic medication. My whole brain analyses 

found significantly lower perfusion in the patients in additional cortical areas, including the 

parietal and occipital cortices. Lower perfusion and metabolism of the frontal cortex at rest 

is a replicated finding in chronic Schizophrenia (Bullmore et al., 1999; Weinberger & 

Berman, 1988) demonstrated using various neuroimaging techniques including SPECT, 

[18F]-FDG and [15O]-H2O PET, BOLD signal and recently with ASL (Hill et al., 2004; 

Kindler et al., 2015). Interestingly previous studies using PET and SPECT in unmedicated 

FEP revealed reduced cortical perfusion and metabolism (Brewer et al., 2007; Molina et al., 

2005). My results corroborate and extend this evidence by showing the existence of lower 

frontal cortical absolute perfusion in FEP without the potential confound of antipsychotic 

treatment, using MRI. In addition, my exploratory whole-brain analyses indicate cortical 

hypoperfusion extends beyond the frontal cortex, including both parietal and occipital 

cortices. This extends evidence that the function of these regions is altered during cognitive 

tasks in Schizophrenia (Calderone et al., 2013; Hahn et al., 2018) to show perfusion is also 

altered early in the illness course. In contrast to findings in antipsychotic-treated patients and 

people at clinical risk of psychosis (Allen et al., 2016; Kindler et al., 2018), I found no 

significant difference in absolute and relative-to-global CBF in the striatum or hippocampus 

relative to controls. When these results are considered alongside the preclinical (Mandeville 

et al., 2013; Sander et al., 2013)  and experimental (Handley et al., 2013; Hawkins et al., 2018; 

Shcherbinin et al., 2015; Viviani et al., 2013) evidence that antipsychotics increase striatal 

perfusion, with a mechanism possibly mediated by D2R (Selvaggi et al. (2019), see also 

Chapter 2 and Chapter 3 of the present thesis), this could indicate that previous evidence of 

higher striatal CBF in people with Schizophrenia taking antipsychotics might be explained 
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by D2R blockade. Longitudinal studies are required to confirm preliminary evidence (Goozee 

et al., 2014) suggesting that treatment with antipsychotics does increase striatal perfusion in 

patients.  

I did not find any differences in the hippocampus in either absolute or relative-to-global 

perfusion, in contrast to findings in people at clinical risk of psychosis. Taken with my 

findings in the frontal cortex, this could suggest that there is a progression of 

pathophysiological alterations from the hippocampus before the onset of psychosis to the 

frontal cortex with the development of illness. However, it should be recognized that not all 

subjects at clinical risk develop psychosis and longitudinal studies with repeated scanning are 

required to test if there are changes in hypoperfusion during the development of psychosis.  

Relative-to-global CBF in the frontal cortex at presentation explained approximately 40% of 

the variance in subsequent response to antipsychotic treatment, such that patients with 

higher relative-to-global CBF showed higher symptom improvement with treatment. These 

results extend prior evidence that response to antipsychotic treatment in FEP is associated 

with FC (Sarpal, Argyelan, et al., 2016), D2R availability (Wulff et al., 2015), and dopamine 

synthesis capacity (Jauhar et al., 2019) to suggest that relative frontal perfusion could 

potentially contribute to a biomarker for antipsychotic response in FEP (Veronese et al., 

2021). I did not find correlations between relative-to-global CBF in the striatum and 

hippocampus and PANSS change. However, given the lower CBF in several cortical regions 

in patients, it might be possible that cortical regions other than the frontal cortex are also 

linked to treatment response, but the test was underpowered to detect these relationships. I 

did not find correlations between absolute CBF and PANSS change, suggesting that changes 

in local perfusion relative to whole brain perfusion are best able to capture variability in 

clinical response. I found that antipsychotic-free FEP shows lower absolute CBF in cortical 

regions but no significant difference in relative-to-global CBF. Treatment response was 

associated with relative-to-global frontal CBF but not with absolute CBF. The absence of 

group differences in relative-to-global CBF is consistent with my whole brain findings that 

indicate that there is lower absolute CBF in other cortical regions, mainly driven by lower 

CBF in parietal and occipital cortices as compared with controls. On the other hand, 

subcortical CBF (i.e., striatal, and hippocampal) seems to be unaltered in patients relative to 

controls (see Bayes Factor testing). Thus, taken together, these findings suggest an 

imbalance between cortical and subcortical blood flow early in Schizophrenia. The 
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association between relative-to-global CBF (but not absolute CBF) with treatment response 

might seem counterintuitive. However, this finding might be less difficult to interpret 

considering the direct association between the two variables. Patients with larger 

improvement in symptoms (i.e., greater symptoms reduction) were those with relatively 

lower alterations in frontal CBF as compared with the rest of the cortex (i.e., higher relative-

to-global frontal CBF), suggesting that patients with more marked frontal hypofunction are 

less responsive to treatment with D2R antagonists. This extends other evidence of frontal 

dysfunction in patients whose illness does not respond to D2R antagonism (Howes & 

McCutcheon, 2017; Howes et al., 2017; Mouchlianitis et al., 2016; Potkin et al., 2020). This 

interpretation is also coherent with recent reports indicating neurovascular uncoupling in 

brain regions such as the frontal cortex in Schizophrenia (Sukumar et al., 2020). 

 

Strengths and limitations  

Strengths of this study include the inclusion of people with FEP free from antipsychotic 

medication, and longitudinal measures in FEP patients. A methodological strength of the 

study is the evaluation of both absolute and relative-to-global CBF. Previous studies in CHR-

P and FEP have used one metric without reporting the other (Allen et al., 2018; Allen et al., 

2016; Kindler et al., 2018; Modinos, Egerton, et al., 2018). However, my results suggest that 

antipsychotic-free FEP show different patterns of alteration in absolute and relative-to-global 

CBF. Therefore, I advise that future studies should include both metrics to facilitate 

comparisons. Previous works testing CBF differences in chronic Schizophrenia as compared 

with HC using ASL have shown variability in grey matter perfusion across individuals (Chen 

et al., 2022; Parkes et al., 2004; Pinkham et al., 2011). In this study, I used a 3D-PCASL 

with background suppression which offers a non-invasive, efficient, and highly reproducible 

tool to investigate brain perfusion as compared with other ASL methods (Alsop et al., 2015; 

Chen et al., 2022). PCASL sequences have shown higher test-retest reliability as compared 

with other MRI sequences (such as BOLD task or resting state fMRI) used to identify 

biomarkers in psychosis (Holiga et al., 2018). In addition, PCASL has shown good test-retest 

reliability (Intraclass coefficient (ICC) range: 0.63–0.83; Holiga et al. (2018)), and is 

comparable with PET [18F]-DOPA (ICC range: 0.42–0.94; Egerton et al. (2010)), which has 

been proposed as a potential biomarker for treatment stratification in psychosis (Veronese et 

al., 2021). I obtained absolute CBF values on average of 40–50 ml/100 g tissue/minute in 
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grey matter in healthy volunteers which are at the lower range of previous investigations 

using pulsed ASL and/or other scanner manufacturers (Alsop et al., 2015). In our study, we 

used a post-labelling approach and background suppression protocol that was slightly slower 

than the one recommended by the ASL white paper (Alsop et al., 2015), which could 

account for the slightly lower CBF values we obtained. However, I did not find artefactual 

hyperperfusion regions in my analysis, suggesting that the post-labelling delay had no major 

effect on data quality. One potential issue in the imaging analysis could be the influence of 

partial volume effects given structural brain alterations in FEP (Brugger & Howes, 2017). 

However, I did not find group differences in grey matter volume, total ICV and cortical 

thickness, suggesting that partial volume effects are unlikely to explain our results, although 

we cannot completely rule out a contribution of partial volume effects to our findings. 

Demographic heterogeneity of the sample is thought to be an important factor contributing 

to variability across individuals. Age and sex have been strongly associated with CBF 

variability (Liu et al., 2012; Viviani et al., 2009). The groups were very similar in mean age 

and sex distribution. Nevertheless, to check for any influence of these, we conducted further 

analyses including these as covariates. The results remained essentially unchanged when sex 

and age were added as covariates of no interest, suggesting these are not influencing our 

findings. Body-mass index, caffeine intake or nicotine consumption immediately before 

scanning could be other sources of variability. In common with prior studies in psychosis 

(Davies et al., 2019; Modinos, Simsek, et al., 2018; Overton et al., 2020), I did not control 

for these. However, the two groups did not differ in terms of smoking status, alcohol intake 

and substance use, which suggests that both caffeine intake and nicotine consumption might 

be similar between groups. Nevertheless, we cannot exclude group differences in the use of 

these substances influencing our findings and further studies matching for intake on these 

would be useful. In addition, it should be recognized that the frontal ROI is larger than the 

hippocampal and striatal ROIs. This may result in a higher SNR for the frontal region over 

these other regions, and consequently, greater sensitivity to detect group differences. 

However, SNR estimates and sensitivity analyses both suggest that it is unlikely that ROI 

size has affected our results. Furthermore, in the follow-up study patients were treated in a 

naturalistic design. Thus, these findings do not provide information about the specific effects 

of antipsychotic treatment. Finally, although the baseline study constituted a larger cohort 

than that previously reported in FEP (Kindler et al., 2018) given the relatively modest sample 
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size, further studies are needed to test the generalisability of our findings to other cohorts and 

settings.  

 

Implications and future directions  

Frontal dysfunction is one of the key mechanisms thought to contribute to the 

pathophysiology of psychosis (Howes & Murray, 2014; McCutcheon et al., 2020; 

Weinberger & Berman, 1988). These findings indicate that frontal hypoperfusion is present 

early in the development of the disorder and in unmedicated patients and are consistent with 

these models and other markers of frontal hypofunction in SCZ (Howes & McCutcheon, 

2017; Onwordi et al., 2020; Osimo et al., 2019). In addition, given the close link between 

CBF and brain metabolism (Riederer et al., 2018), our results are in line with the evidence of 

increased lactate levels and pH (Dogan et al., 2018; Du et al., 2014) and mitochondrial 

dysfunction in SCZ (Prince et al., 1999; Rajasekaran et al., 2015) suggesting that altered brain 

oxidative capacity could be the pathophysiological substrate underlying abnormal brain 

function in psychosis. In addition, these results indicate that alterations in brain perfusion at 

presentation are associated with subsequent antipsychotic response suggesting that brain 

perfusion could be used to help predict future clinical response. Previous evidence suggested 

antipsychotics may normalize brain metabolism (Buchsbaum et al., 2009); however recently 

some authors have proposed that this normalization might not be sustainable in some patients 

(Turkheimer et al., 2020). Future longitudinal studies are therefore needed to understand the 

effect of antipsychotic treatment on brain metabolism in psychosis.  
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5 Discussion 

 
In this chapter, I will summarise my results discussing them in relation to the overall rationale 

and main hypotheses of my PhD. I will discuss the potential clinical implications of my 

findings in the context of the treatment of patients with psychosis along with possible future 

directions. This chapter will not discuss in detail each of my findings in the context of existing 

literature which has been already extensively discussed in each of the main chapters.  

 

One of the main goals of my PhD was to link brain changes evaluated with MRI induced by 

antipsychotics to plausible neurochemical mechanisms such as D2R blockade bridging the 

gap between PK and PD. First, I conducted a study (Chapter 2) that revealed that the brain 

topology of CBF changes induced by a single dose of antipsychotics in healthy volunteers 

was associated with the spatial distribution of D2R in the brain as evaluated using PET D2R 

population-based templates and DRD2 mRNA expression data from the AHBA. 

Interestingly, the spatial coupling between ΔCBF and D2R profiles varied between the 

different antipsychotics tested, possibly reflecting differential affinities. My first project, 

therefore, provided evidence of an association between the functional effect of antipsychotics 

(i.e., perfusion changes) and the distribution of their target receptors (i.e., D2R) in striatal and 

extra-striatal regions. This link between neurotransmitter target and haemodynamic change 

supported the translation in humans of the proposed preclinical model indicating the 

existence of neurovascular coupling mechanisms linked with D2R occupancy (Sander et al., 

2013; Sander et al., 2016). However, in this study, I was not able to assess how between-

subject variability in D2R occupancy relates to CBF changes after antipsychotic 

administration.  

 

In my second project (Chapter 3) I aimed to specifically address this issue in a study of 

sustained blockade of D2R. In this study, I was able to test the association between CBF 

changes after sustained D2R in healthy volunteers (taking daily doses of amisulpride 400mg 

for one week) with between-subject variability in amisulpride plasma levels and D2R 

occupancy as assessed with [11C]-PHNO PET. As only a subset of participants had complete 

MRI and PET scans, data was likely underpowered to detect a relationship between D2R 

occupancy and CBF changes. Therefore, I developed a PK/PD framework that was able to 
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predict from available PK data D2R occupancy estimates that were in line with previous 

amisulpride receptor occupancy studies (Sparshatt et al., 2009). I was then able to fit D2R 

occupancy data and CBF changes using the model proposed by Sander et al. (2013) in the 

caudate and the putamen. These results provided evidence in humans that a monotonically 

increasing relationship between changes in brain perfusion and D2R occupancy by 

antagonists exists not just between brain regions but also between subjects. Interestingly, 

while these findings represent the first in human evidence of such a relationship, these might 

also extend the model based on acute single-dose D2R blockade (Sander et al., 2013) to 

sustained D2R blockade achieved with repeated doses in a steady state equilibrium. This is 

particularly relevant for the potential translation of the findings as this route of administration 

recreates a PK scenario which is much closer to the one observed in patients taking 

antipsychotics chronically as compared with experimental designs. However, future studies 

are needed to confirm these associations in humans as my results are based on a mixture of 

real and simulated data.  

 

In light of the strong evidence of D2R blockade being associated with increased CBF, 

especially in the basal ganglia (Handley et al., 2013; Hawkins et al., 2018; Mehta et al., 2003; 

Viviani et al., 2013) it remains unclear to which extent alterations in brain perfusion described 

in patients with psychosis are related to pathophysiological processes or rather a consequence 

of pharmacological treatment. Therefore another aim of my PhD was to try to disentangle 

between medication and disease effects in brain perfusion. Previous studies using ASL in 

medicated FEP and chronic schizophrenia showed a reduction in cortical perfusion and an 

increase in CBF in the basal ganglia as compared with healthy controls (Kindler et al., 2015; 

Kindler et al., 2018; Legind et al., 2019; Liu et al., 2012; Oliveira et al., 2018; Ota et al., 2014; 

Pinkham et al., 2011; Pinkham et al., 2015). In my third project (Chapter 4) I investigated  

CBF differences between FEP free from antipsychotic medication and HC assessing both 

absolute and relative-to-global CBF. In the same project, I also investigated the association 

between baseline CBF and treatment response in a partially nested follow-up study as an 

exploratory aim. I found a significantly lower absolute CBF in the frontal cortex and no 

differences in the striatum or hippocampus. Whole brain voxel-wise analysis revealed 

widespread cortical reductions in absolute CBF in large cortical clusters that encompassed 

occipital, parietal and frontal cortices. I did not find differences in relative-to-global CBF in 
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the selected region of interest and voxel-wise analysis. Finally, relative-to-global frontal CBF 

was correlated with the percentage change in total PANSS after antipsychotic treatment. In 

contrast to findings in antipsychotic-treated patients, in this study, I did not find CBF 

differences in the striatum between antipsychotic-free FEP and healthy controls. 

Considering these findings alongside the consolidated evidence (also supported by the results 

of the present thesis) that antipsychotics do increase striatal perfusion with a plausible 

mechanism associated with D2R occupancy, my results point toward the fact that previous 

evidence of higher striatal CBF in people with schizophrenia taking antipsychotics might be 

considered a direct effect of medication linked with D2R blockade. Longitudinal studies in 

antipsychotic naïve FEP might clarify to which extent D2R blockade increases CBF in 

patients and how this relates to psychosis pathophysiology. By the time of writing the present 

PhD thesis Bojesen et al. (2023) published their paper investigating CBF differences in 

antipsychotic naïve FEP as compared with healthy controls and longitudinal changes after 

six weeks of treatment with variable doses of aripiprazole (5mg to 20mg). At baseline, they 

replicated the findings reported in the present thesis with no significant differences in striatal 

perfusion between antipsychotic-free FEP and healthy controls. Interestingly, longitudinal 

analysis revealed that after six weeks of treatment with aripiprazole, FEP had increased CBF 

in the striatum as compared with a matched longitudinal cohort of healthy controls. The 

authors also explored the association between CBF changes and symptom improvement 

reporting no associations between changes in striatal and thalamic perfusion and changes in 

the PANSS scale. This might indicate that changes in striatal perfusion might not be related 

to pathophysiological changes linked with symptom severity. Together with the results of 

the experiment conducted in my PhD which shows that striatal perfusion increases in HC 

after single and repeated doses of antipsychotics (Chapter 2 and Chapter 3), this might 

further suggest that changes in striatal perfusion in patients with psychosis might be more 

likely a direct pharmacological consequence of D2R blockade rather than the effect of a 

pathophysiological process. In addition, in my study in antipsychotic-free FEP, I found that 

baseline cortical perfusion was associated with subsequent treatment response (Chapter 4) 

suggesting that changes in other brain regions are more likely to reflect changes in disease 

states as compared with changes in regions such as the basal ganglia which might be more 

susceptible to pharmacological effect of the local D2R blockade. Future multimodal imaging 

longitudinal studies in patients could confirm this hypothesis and also test its validity in the 
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context of different antipsychotics with different receptor affinity profiles and mechanisms 

of action. In addition, both my study nor the one by Bojesen et al. (2023) did not differentiate 

between patients with affective (i.e., bipolar or psychotic depression, schizoaffective 

disorder) and non-affective psychosis (i.e., first-episode schizophrenia or schizophreniform 

disorder). Future longitudinal studies might also disentangle the effect of disease traits (i.e., 

differential diagnosis) on cerebral perfusion and how it interacts with treatment effects.  

 

While this thesis provides further evidence on the link between D2R blockade and CBF 

increases after antipsychotic exposure, the cellular mechanisms underlying this association 

remain unclear. CBF is continuously regulated to meet the high metabolic demands of the 

brain tissue, through the response to local changes in neuronal activity (i.e., neurovascular 

coupling) (Attwell et al., 2010), but also through other mechanisms such as i) the response of 

cerebral vessels to changes in perfusion pressure (i.e., autoregulation); ii) the vascular 

reactivity to vasoactive stimuli (e.g., carbon dioxide (CO2)); and iii) the endothelium 

responses (Claassen et al., 2021). Some authors (Goozee et al., 2014) have speculated that 

increased CBF after antipsychotic exposure might reflect greater metabolic demand as a 

consequence of synapsis processes related to D2R antagonism in line with the neurovascular 

coupling model. Indeed, most brain energy is used for synaptic transmission, with the largest 

ATP consumption happening post-synaptically to pump out ions mediating synaptic currents 

followed by pre-synaptic processes such as ATPase pumps (e.g., sodium-, calcium- and 

vacuolar proton-ATPase pumps) and vesicle trafficking. Also, astrocytes contribute to the 

metabolic demand of the brain with ATP largely used to extrude Na+  (Attwell & Laughlin, 

2001; Harris et al., 2012). Animal models suggested that CBV and CBF responses follow a 

dopamine-mediated function such as changes in CBF are the result of the relative balance 

between D1R-mediated excitation and D2R-mediated inhibition (Mandeville et al., 2013). 

Indeed D1R and D2R produce opposing effects post-synaptically by stimulating or inhibiting 

the adenylate cyclase by interacting with protein Gas and protein Gai respectively. This 

model is supported by the experimental evidence that D1R agonism increases perfusion in 

the basal ganglia whereas antagonism decreases it (Choi et al., 2006; Mandeville et al., 2011; 

Marota et al., 2000), and D2R agonist and antagonist produce changes in the opposite 

direction (Chen et al., 2005; Sander et al., 2013; Sander et al., 2016). In non-human primates 

and humans, where the striatum contains a similar density of D1R and D2R receptors 
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(Cumming, 2011), changes in D2R availability are thought to explain large variations in 

dopamine-mediated CBV/CBF response as a result of the higher affinity of dopamine for 

D2R as compared to D1R (Marcellino et al., 2012). As a result, D2R antagonist is thought to 

displace dopamine at D2R shifting the D1R/D2R balance toward excitation. Therefore, the 

increase of CBF in the basal ganglia after D2R blockade might reflect increased activity 

perhaps particularly in D1 MSN (Kharkwal et al., 2016; McCutcheon et al., 2019). The 

functional uncoupling between the striatum and the motor cortex and its association with 

EPS discussed in Chapter 3 might support this hypothesis. Also, pre-synaptic mechanisms 

might contribute to the neurovascular response associated with D2R blockade. For instance, 

antagonism at pre-synaptic D2R autoreceptors induces dopamine release which could 

potentiate the neurovascular response associated with excitation of the post-synaptic 

terminal and also increase the metabolic demand of the pre-synaptic terminal due to 

increased vesicle trafficking (Sander et al., 2013; Stamford et al., 1988). In addition, also 

blockade of postsynaptic D2R increases dopamine release through the feedback mechanisms 

which could also contribute to the increase in the energy demand of the presynaptic terminal 

(Cumming et al., 1997). Notably, these mechanisms are not mutually exclusive, therefore 

they all might contribute synergistically to the CBF increase following the D2R blockade. A 

further complication of this model is that the magnitude of the CBF response may also 

depend on the amount of dopamine present in the synaptic space as well as interindividual 

variability in dopamine synthesis capacity and release. This might be particularly relevant for 

antipsychotics with partial agonism properties (e.g., aripiprazole) and in patients with 

psychosis who have elevated dopamine release as a trait. Furthermore, it is not possible to 

exclude that this CBF response might be also influenced by non-neuronal mechanisms such 

as the dopaminergic modulation of the brain microvasculature, endothelium and astrocytes. 

Indeed stimulation of D1R on smooth muscle cells produces vasodilation with increased CBV 

and stimulation of D3R on astrocytes produces vasoconstriction and CBV decreases (Choi et 

al., 2006). Even though these non-neuronal effects are less likely to be produced by a direct 

effect of D2Rs due to their lower density on microvessels and astrocytes relative to D1Rs and 

D3Rs, it might be possible that D2R blockade might indirectly interact with these 

mechanisms by altering dopamine release. In addition, non-neuronal mechanisms could 

partially contribute to the CBF response of antipsychotics with a high affinity for D3R such 

as amisulpride. Moreover, blockade of 5HT2AR on smooth-muscle cells of brain arteries has 
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been shown to induce relative vasodilation (i.e., blocking vasoconstriction caused by the 

endogenous ligand serotonin) (Kovacs et al., 2012). Therefore other non-neuronal 

mechanisms might influence the CBF response to antipsychotics which are both serotonin 

and dopamine antagonists such as SGAs.  

 

Finally, another aim of the present thesis was to investigate how changes in brain structure 

and function observed in experimental studies in healthy volunteers after single-dose 

administration compare with experimental studies of sustained D2R blockade, thus in a 

dosing regimen close to the clinical practice. This aim fits in the ongoing debate on the 

consequences of long-term exposure to antipsychotic medication on brain structure and 

function (Correll et al., 2018; Fountoulakis & Stahl, 2022; Lawrie, 2022), which is 

complicated by the difficulties in teasing apart disease states and traits from medication 

effects and is also facing criticisms related to the correct biological interpretation of changes 

detected using MRI (Weinberger & Radulescu, 2016, 2021). To address this goal I have 

investigated the effects of sustained D2R blockade in a double-blinded, randomized, 

crossover, placebo-controlled study in healthy volunteers who received either amisulpride 

400mg or a placebo daily for seven days. I found that, while sustained D2R blockade did not 

induce structural changes, as showed in the result of T1 signal and volume, it was associated 

with increased CBF in the striatum and reduced FC between the dorsal striatum and the 

motor cortex. Interestingly, FC changes were also associated with EPS such as a greater 

reduction in FC was associated with greater EPS. CBF findings have been already 

extensively discussed above. The analysis of structural metrics revealed that one week of 

D2R blockade with oral administration of antipsychotic was not associated with changes in 

T1 signal and brain morphometrics. While my results suggest that it is unlikely that 

antipsychotic administration induces an alteration of brain structure, at least in the short term, 

they do not allow to draw any conclusions on long-term exposure. It might be possible that 

a longer exposure (e.g., > 1 week) is needed to allow tissue remodelling processes which have 

been hypothesized to explain structural changes observed in longitudinal studies in patients 

with psychosis (Chopra, Fornito, et al., 2021; Voineskos et al., 2020). This hypothesis is 

coherent with findings in pre-clinical studies in rodents and non-human primates which have 

found reduced cortical grey matter volumes after chronic antipsychotic administration and 

reversible increase of striatal volume (with an exposure approximately equivalent to as much 
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as 2 human years) (Dorph-Petersen et al., 2005; Vernon et al., 2012; Vernon et al., 2011). 

The results by Andersen et al. (2020) of increased striatal volume after 6 weeks of low dose 

of amisulpride in antipsychotic naïve FEP are also in favour of this hypothesis. The cellular 

mechanisms that could underly these alterations in brain structural metrics are largely 

unknown. Animal studies have not provided evidence of neuronal loss per se after 

antipsychotic exposure, while loss of the neuropil has been observed including alterations of 

astrocyte and microglial cell density and morphology (Konopaske et al., 2007; Vernon et al., 

2014). However, it is still unknown whether this represents a homeostatic response or an 

ongoing, detrimental inflammatory process (Amato et al., 2017; Cotel et al., 2015; 

Turkheimer et al., 2020). As previously stated, it is difficult to directly compare the findings 

from clinical studies with my findings as they were obtained in a well-controlled experiment 

in healthy volunteers, i.e., in the absence of all the confounding factors that accompany 

clinical studies (e.g., disease state and trait, between-subjects differences in medications and 

doses, comorbidity, substance abuse, etc.). Nonetheless, considering the inconsistencies and 

the limitations of the clinical studies, the present negative findings add to the current debate 

on the effect on the brain structure of exposure to antipsychotics, showing that one week of 

D2R blockade in healthy controls, in the absence of disease state and trait effects, does not 

produce any alteration in MRI signals usually interpreted as brain “structural” changes. 

Future placebo-controlled clinical studies in patients with psychosis with higher control of 

confounding factors as compared with previous studies (e.g., heterogeneity in diagnosis, 

treatment, dosing regime, previous exposure, etc.) might further clarify the role of 

antipsychotic exposure on brain remodelling and how it interacts with disease effects. 

Critically, the addition of the evaluation of short-term effects (e.g., acute or one-week 

exposure) in future longitudinal studies in patients could also significantly contribute to 

disentangle disease from treatment effects and further confirm the hypothesis advanced here.  

 

My negative findings in brain morphometrics are further corroborated by a parallel careful 

examination of changes in T1 relaxometry. The vast majority of studies investigating 

alterations in “brain structure” typically rely on the segmentation of images into tissue types 

based on the distribution of T1-weighted intensity values and a priori probabilistic tissue 

maps. This is the common approach implemented by the widely used software SPM (i.e., 

VBM) and FreeSurfer (Ashburner & Friston, 2000, 2005; Fischl et al., 2002). However T1-
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weighted images are qualitative measures heavily dependent on acquisition protocols, which 

limits reproducibility and could also be influenced by several “non-structural” factors altering 

the magnetic resonance properties of the tissue such as differences in the water content 

(Duning et al., 2005; Franklin et al., 2013; Kempton et al., 2011; Weinberger & Radulescu, 

2016). The recent advances in quantitative T1 relaxometry mapping allow an absolute 

measure of T1 relaxation time, which is voxel-wise and can be acquired within a typical MRI 

protocol. Because the measure is quantitative, it is also more easily comparable between time 

points and represents a more informative measure of microstructural changes as compared 

with T1-weighted images (Draganski & Kherif, 2013; Draganski et al., 2014; Sagi et al., 

2012). Notably, T1 (and T2) relaxation times highly depend on the concentration of macro-

molecules such as proteins, phospholipids, polysaccharides and fat as well as on the amount 

of water bound to macro-molecules  (e.g., bound water protons tend to have shorter T1 and 

T2) (Akber, 1996, 2008; Black et al., 2000; Edzes & Samulski, 1977; James, 1977; Knauss et 

al., 1996). Antipsychotic exposure has been associated with alterations which might modify 

the water composition of brain tissue even in the short term such as changes in CBV and 

CBF (Franklin et al., 2013; Hawkins et al., 2018; Sander et al., 2013) or other neuroadaptation 

mechanisms such as inflammation (Amato et al., 2017; Cotel et al., 2015). In my study 

sustained D2R blockade was not associated with changes in either T1-weighted volumetric 

analysis or T1 relaxometry maps indicating that it is very unlikely that one week of D2R 

blockade is associated with alterations in brain microstructure detectable with current MRI 

techniques at standard 3T resolution. A multimodal approach such as the one used in the 

study (Chapter 3) might enhance the specificity of clinical studies investigating brain 

“structural” changes in patients with psychosis.  

 

However, in the absence of any detectable tissue remodelling effects, sustained D2R 

blockade in healthy volunteers was associated with functional changes. I found that sustained 

D2R blockade was associated with reduced FC between the dorsal striatum and the motor 

cortex. As for other imaging modalities, FC results of this thesis, are difficult to compare with 

clinical longitudinal studies because of the high heterogeneity that typically characterizes 

these investigations. Lui et al. (2010), in their study in antipsychotic-free FEP, found, after 6 

weeks of treatment with SGAs, a widespread reduction in network-level functional 

connectivity (i.e., changes in FC between networks) that was correlated to increased regional 
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ALFF. None of the changes were associated with changes in symptom severity. Notably, 

when they paralleled longitudinal changes in patients with HC, they found reduced FC 

between the striatum and frontal cortices. However, they did not explore differences in 

cortico-striatal connectivity between striatal subdivisions. Sarpal et al. (2015) specifically 

investigated changes in cortico-striatal FC in antipsychotic-free FEP after 12 weeks of 

treatment with either risperidone or aripiprazole. In contrast with Lui et al. (2010), they did 

not find a reduction in FC when comparing follow-up scans with HC in a paired manner, but 

instead, they found that, in the absence of longitudinal differences with controls, patients 

with better clinical improvement had higher positive FC changes between the associative 

striatum and the prefrontal cortex, between the ventral striatum and the hippocampus, and 

between the ventral putamen and the insula. Both studies did not report altered FC between 

the striatum and the motor cortex, putting my results in a position of apparent contrast with 

the findings of those clinical studies. However, as already discussed, clinical and 

methodological heterogeneity (e.g., medication status at baseline, different diagnoses, 

duration of follow-up, etc.) might explain this discrepancy. In this context, of particular 

interest are the results by Lui et al. (2010), in which alterations in FC, observed at baseline 

in FEP as compared with HC, normalized after treatment (e.g., in the frontoparietal 

network). This might indicate that D2R blockade might have different effects on FC in the 

presence of alterations in FC at baseline due to pathophysiological processes that occurred 

before antipsychotic exposure. Similarly, the same pathophysiological alterations might 

interact with the effects of D2R blockade on physiological (i.e., normal) brain networks 

producing a mixed effect in which pathological processes are difficult to separate from pure 

pharmacological effects. The consistent evidence of a cortico-striatal functional uncoupling 

within the motor circuit after a single dose (Cole, Beckmann, et al., 2013; Cole, Oei, et al., 

2013; Tost et al., 2010) and repeated dose (the present thesis) administration of antipsychotics 

in HC might support this hypothesis. Duration to follow-up might be another possible 

explanation for the inconsistency between clinical and experimental studies in healthy 

volunteers. For example, alterations in FC within the cortico-striatal motor loop might be 

particularly manifest after short-term exposure as opposed to long-term exposure when the 

occurrence of structural and functional remodelling processes might create a more complex 

picture.  
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The FC analysis also highlighted the functional uncoupling between the striatum and the 

motor cortex as a neural correlate of EPS observed after one week of D2R blockade. 

Interestingly, this association between neural alteration and behavioural effects after 

antipsychotic administration has been already shown after acute injection of haloperidol in 

healthy volunteers (Tost et al., 2010). Notably, here I was able to investigate a similar 

research question but using a different experimental setting characterized by repeated daily 

oral doses of antipsychotics for one week, a randomized placebo-controlled study design and 

state-of-the-art clinical evaluation of EPS. Therefore, the results of my PhD further suggest 

that alterations in cortico-striatal connectivity might merit further investigations to establish 

and validate a potential biomarker for antipsychotic side effects in patients with 

schizophrenia.    

 

Future directions 

Overall the results of my PhD show that the integration between imaging modalities could 

have an added value in addressing research questions that are not easily addressable by 

studies involving just one modality. Each imaging method has its advantages and 

disadvantages and specificity to particular neurobiological processes. For example, PET has 

provided excellent quantitative mapping of drug binding to neuro-receptors. However, this 

approach is expensive, inapplicable in large studies, impractical when a drug targets multiple 

receptor sites and poorly informative on drug functional effects. Similarly, structural and 

functional MRI have their drawbacks hinged on the biophysical nature of MRI markers 

which complicate the interpretation of findings at the molecular level and are also prone to 

artefactual effects. Taken together the results of my PhD might encourage future clinical and 

pharmacological applications of multimodal imaging.  

 

Future drug studies could highly benefit from the adoption of multimodal approaches such 

as the one used in this thesis. Here I showed that the combination of PET with MRI (which 

could be even tightly integrated by acquiring simultaneous PET/MRI signals) could be a 

powerful way of demonstrating how the functional effects of drugs are associated with major 

receptor targets. Beyond the full validation of the neurovascular coupling model to D2R in 

humans, future studies might also investigate the association between functional effects and 

other antipsychotic targets such as serotonin receptors or different actions to D2R such as 
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partial agonism (e.g., aripiprazole, brexpiprazole, etc.). A more challenging but intriguing 

application might be also to characterize antipsychotics PK/PD relationship in a dose-

dependent fashion such as different effects might be associated with different target 

occupancy achieved at different doses (e.g., pre-synaptic D2R in the case of amisulpride, 

D2R vs. 5HT2A in the case of olanzapine or risperidone, etc). This method could also be 

applied to novel antipsychotics to enhance the translation in humans of PK/PD investigations 

that are usually performed in pre-clinical studies. Also, the approach might not necessarily 

be limited to compounds that directly bind to receptor targets, as it could also be used to 

investigate downstream effects (McCutcheon et al., 2021; Rogeau et al., 2022).  

 

As shown here, multimodal approaches could also bridge the gap between drug actions at 

target receptors and behavioural effects (Uchida et al., 2011). The investigation of brain 

functional effects linked with receptor occupancy could increase our understanding of 

neurobiological mechanisms driving treatment response and side effects. This might be 

particularly relevant to elucidate between-subject variability in drug response. The search for 

biomarkers is a longstanding issue in neuroimaging research applied to psychiatry (Dazzan, 

2014; Kraguljac et al., 2021; Rubio et al., 2021; Sarpal, Lencz, et al., 2016; Tregellas, 2014; 

Wylie et al., 2016). Neuroimaging biomarkers have been thought of as a possible tool to guide 

clinical decision-making to deliver a precision medicine approach to patients and therefore 

reduce the costs of ineffective treatment and long-term side effects (Linden & Fallgatter, 

2009). However, issues related to clinical and biological heterogeneity and technical 

reproducibility have heavily limited the concrete translation of different neuroimaging 

measures into clinically useful biomarkers (Kapur et al., 2012). It has been proposed that for 

a neuroimaging biomarker to be successful it should focus on clinically relevant questions, 

have a close link with biological mechanisms and pathophysiological processes and have a 

high predictive value in both experimental and clinical settings (Abi-Dargham & Horga, 

2016). This thesis shows that the effect of D2R blockade exerted by antipsychotics on brain 

function is linked with well-established biological and pharmacological mechanisms and is 

associated with highly disabling side effects experienced by patients with psychosis such as 

EPS. From this evidence, future multimodal longitudinal imaging investigations in patients 

with psychosis could establish the validity of these findings as biomarkers. For example, 

future studies could identify a proxy for D2R occupancy based on CBF data and a predictive 
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model for EPS which could guide the clinician to narrow the antipsychotic treatment within 

the known “therapeutic window” of D2R blockade (Kapur et al., 2000). In addition, similar 

multimodal investigation could link D2R occupancy with other behavioural alterations 

putatively associated with functional domains. Some examples might include positive 

symptoms and salience processing, negative symptoms and reward processing, and cognitive 

deficits and working memory.   
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6 Conclusion 

 
My whole PhD project highlights the importance of investigating the effects of 

antipsychotics on brain structure and function to generate knowledge to be translated into 

clinical settings. In my PhD, I was able to show that D2R blockade produces alterations in 

striatal perfusion in healthy controls, within a plausible PK/PD framework. These alterations 

were absent in patients free from antipsychotic medications, thus suggesting that these 

alterations are likely pharmacological effects. In addition, I found evidence supporting the 

potential role of altered cortico-striatal connectivity as a potential biomarker for EPS which 

are among the most distressing side effects experienced by patients with psychosis taking 

antipsychotic treatment. Finally, the use of a multimodal approach allowed me to directly 

link functional effects with neurochemical mechanisms. The results of my PhD strongly 

encourage this effort in neuroimaging research, especially in pharmacological MRI, to 

overcome the natural limitations of the MRI signal, enhance biological plausibility and reduce 

the degree of conjecture when interpreting results. This would dramatically improve our 

understanding of the effects of pharmacological treatment on brain structure and function. A 

more in-depth understanding of these effects is crucial to better explain pathophysiological 

mechanisms and between-subjects variability in response. 
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A B S T R A C T

As a result of neuro-vascular coupling, the functional effects of antipsychotics in human brain have been inves-
tigated in both healthy and clinical populations using haemodynamic markers such as regional Cerebral Blood
Flow (rCBF). However, the relationship between observed haemodynamic effects and the pharmacological action
of these drugs has not been fully established. Here, we analysed Arterial Spin Labelling (ASL) rCBF data from a
placebo-controlled study in healthy volunteers, who received a single dose of three different D2 receptor (D2R)
antagonists and tested the association of the main effects of the drugs on rCBF against normative population maps
of D2R protein density and gene-expression data. In particular, we correlated CBF changes after antipsychotic
administration with non-displaceable binding potential (BPND) template maps of the high affinity D2-antagonist
Positron Emission Tomography (PET) ligand [18F]Fallypride and with brain post-mortem microarray mRNA
expression data for the DRD2 gene from the Allen Human Brain Atlas (ABA). For all antipsychotics, rCBF changes
were directly proportional to brain D2R densities and DRD2 mRNA expression measures, although PET BPND
spatial profiles explained more variance as compared with mRNA profiles (PET R2 range¼ 0.20–0.60, mRNA PET
R2 range 0.04–0.20, pairwise-comparisons all pcorrected<0.05). In addition, the spatial coupling between ΔCBF and
D2R profiles varied between the different antipsychotics tested, possibly reflecting differential affinities. Overall,
these results indicate that the functional effects of antipsychotics as measured with rCBF are tightly correlated
with the distribution of their target receptors in striatal and extra-striatal regions. Our results further demonstrate
the link between neurotransmitter targets and haemodynamic changes reinforcing rCBF as a robust in-vivo
marker of drug effects. This work is important in bridging the gap between pharmacokinetic and pharmacody-
namics of novel and existing compounds.

1. Introduction

Antipsychotics are still the preferred choice for the treatment of
conditions such as schizophrenia and other mental health disorders with
psychotic features (Stroup et al., 2009). The main target of most of these

compounds is the dopamine D2 receptor (D2R) (Burt et al., 1977; Farde
et al., 1986) where they act as antagonists or partial agonists. D2R oc-
cupancy of antipsychotics has been assessed in vivo with emission to-
mography in healthy controls and clinical populations (Agid et al., 2007;
Kapur et al., 1995; Nyberg et al., 1995) and it has also been linked with
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treatment response (Kapur et al., 2000). While antipsychotics have been
well characterized in terms of their pharmacokinetics (PK) and clinical
response, their impact on brain physiology and function is still not well
understood. A deeper understanding of these effects is crucial to uncover
biological mechanisms driving their clinical efficacy as well as their side
effects.

Functional effects of antipsychotics in the brain have been investi-
gated using different neuroimaging tools. Seminal work using Positron
Emission Tomography (PET) [18F]fluorodeoxyglucose and [15O]H2O
showed that drug naïve first episode psychosis patients, had increased
glucose utilization after treatment with antipsychotics (DeLisi et al.,
1985; Holcomb et al., 1996) and greater perfusion (Goozee et al., 2014;
Miller et al., 2001, 1997) in the basal ganglia. Similar results were also
obtained in healthy volunteers using a single dose of antipsychotics (Kim
et al., 2013; Mehta, 2003). Studies using Arterial Spin Labelling (ASL), a
Magnetic Resonance Imaging (MRI) sequence designed to quantitatively
measure regional cerebral blood flow (rCBF), found results in line with
the earlier PET studies. In particular (Fern!andez-Seara et al., 2011), re-
ported increased rCBF in the striatum and thalamus in healthy volunteers
after a single oral dose of 10mg of metoclopramide (a D2R antagonist)
and (Handley et al., 2013) showed that both haloperidol 3 mg (a D2R
antagonist) and aripiprazole 10mg (a D2R partial agonist with 5-HT2a
antagonism properties) increased rCBF in the striatum in healthy vol-
unteers with a larger effect size for haloperidol. Recently, we tested the
effects of a single clinical effective dose of different antipsychotics
(Hawkins et al., 2018). Consistent with the existing literature, 3 mg
haloperidol, 2mg risperidone and 0.5mg risperidone increased striatal
rCBF as compared with placebo.

One of the major limitations of pharmacological MRI studies stands
on the haemodynamic nature of the main functional measures (e.g. BOLD
and rCBF). According to the neurovascular coupling model (Attwell and
Iadecola, 2002; Logothetis et al., 2001) changes in haemodynamic MRI
measures reflect a complex cascade of cellular, metabolic and vascular
events associated with changes in neuronal activity (Heeger and Ress,
2002; Hoge et al., 1999; Singh, 2012). In line with this model, the main
effects of drug may be interpreted as the result of dose-dependent
enhanced or reduced pre- or post-synaptic activity due to the action of
the drug on its targets (Khalili-Mahani et al., 2017). Although many
antipsychotics bind to numerous receptors, the effects on rCBF have been
tacitly attributed to D2R blockade. In particular, D2R antagonism would
lead to enhanced neurotransmitter turnover in the dopaminergic syn-
apses inducing metabolic activity and therefore perfusion demands
(Goozee et al., 2014; Handley et al., 2013). The findings of altered
dopamine synthesis capacity after acute antipsychotics administration in
human volunteers and rats support this hypothesis (Hertel et al., 1996;
Ito et al., 2009; Vernaleken et al., 2008). However, since MRI does not
measure neuronal activity directly, making a link between
neuro-receptor binding and haemodynamic effects of these compounds
requires a degree of conjecture. In addition, in the case of dopaminergic
drugs, MRI hemodynamic changes have also been related to
non-neuronal mechanisms including the action of D1-like receptors on
vessels and D2-like receptors (mainly D3R) on perivascular astrocytes and
endothelial cells (Choi et al., 2006; Krimer et al., 1998). For these rea-
sons, despite the body of evidence, the neurochemical mechanisms un-
derlying CBF changes after antipsychotics administration remain
unclear. The use of multimodal approaches, e.g. combining MRmeasures
with ex-vivo autoradiography (Dukart et al., 2018), have started to fill
this gap of knowledge.

Receptor occupancy theory posits that the magnitude of the drug
response is a function of receptor availability (Clark, 1970; Ploeger et al.,
2009). In other words, incremental changes in functional response
correspond to increments of the fraction of receptors bound. This rela-
tionship also depends on specific characteristics of each compound, such
as receptor affinity (i.e. Ki). This basic pharmacology principle has been
used to characterize the spatial profile of drug effects in the brain (also
called “drug fingerprinting”) assuming that brain regions with high

density of the target receptor will show higher magnitude of drug effects
(Khalili-Mahani et al., 2017). This approach has been proposed to
describe MRI changes to dopaminergic drugs in preclinical data (Man-
deville et al., 2013). Indeed, a monotonic increase in regional Cerebral
Blood Volume (rCBV) has been observed following injection of an
increasing dose of the D2/D3 antagonist radiotracer [11C]raclopride in
the striatum of two male rhesus macaques (Sander et al., 2013). Inter-
estingly, [11C]raclopride non-displaceable binding potential changes
(BPND) reflecting changes in D2/D3 receptor occupancy, correlated with
the amplitude of hemodynamic changes (i.e. rCBV): the higher the dose
the larger rCBV increase; and in time: BPND variation and changes in
rCBV showed similar temporal profiles. The same group also found an
inverse relationship between receptor occupancy and rCBV with the se-
lective D2/D3 agonist quinpirole in male rhesus macaques (i.e. rCBV
decrease in face of dose-dependent increase of receptor occupancy)
(Sander et al., 2016). Both studies provide evidence for a neurovascular
coupling mechanism linking MR haemodynamic changes and D2/D3 re-
ceptors pharmacological modulation in non-human primates although
they are limited to the striatal region.

The aim of the present work is to test in humans whether rCBF
changes induced by a single dose of different antipsychotics co-varies
with in vivo measures of D2R distribution. In particular, we employed
two datasets from healthy volunteers (Hawkins et al., 2018) to evaluate
the spatial correlation between rCBF variation in the placebo vs anti-
psychotic comparison against the population-based receptor density
profiles derived from human PET scans using the high affinity D2/D3
antagonist [18F]Fallypride (Mukherjee et al., 1995). We also investigated
the same relationship at the gene expression level using post-mortem
mRNA expression measures of the DRD2 gene (the gene coding for D2R)
extracted from the Human Allen Brain Atlas (ABA) (Hawrylycz et al.,
2012). Brain mRNA expression variation across brain regions has been
shown to be associated with resting state fMRI networks suggesting that
brain hemodynamic response may be linked to the architecture of the
human brain transcriptome (Hawrylycz et al., 2015; Richiardi et al.,
2015). Here, brain microarray mRNA expression data was chosen as a
proxy to protein-level receptor density in the human brain. In fact, while
post-transcriptional events may alter the relationship between gene
expression and protein synthesis (Liu et al., 2016), brain mRNA expres-
sion maps have been shown to predict in vivo proteins level as measured
with PET (Beliveau et al., 2017; Rizzo et al., 2014).

Following the receptor occupancy theory and the neurovascular
coupling model proposed by (Sander et al., 2013) we hypothesized that
there will be a detectable linear relationship between main effects of
antipsychotics on CBF measures and D2R receptor density profiles eval-
uated at the protein and gene expression level. Even though brain
microarray mRNA expression data from the ABA is noisier and more
discrete (i.e. limited number of samples) than the PET BPND maps, we
expect CBF increases after antipsychotics to be linearly associated also
with DRD2 mRNA expression spatial profiles. However, given the fact
that mRNA expression only approximates cellular protein levels due to
post-transcriptional regulatory mechanisms we predict microarray data
to explain less variance in CBF changes than PET derived maps.

2. Materials and methods

2.1. Participants and study design

Data were collected as part of a project approved by the National
Research Ethics Service Committee London – Brent (REC reference: 13/
LO/1183). Details about participants, protocol and study design have
been described in detail in (Hawkins et al., 2018). Briefly, forty-two
healthy male subjects were enrolled in a double-blind, placebo-con-
trolled, randomised, fully counterbalanced, three-session crossover
design. Participants were randomised into two equal parallel study
groups (Group 1 age mean/SD 27.6/6.9; Group 2 age mean/SD
28.3/6.3). In the first group participants received placebo, 7.5mg of
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olanzapine (OLA), or 3mg of haloperidol (HAL) on each study day. In the
second group, participants received placebo, 0.5 or 2mg risperidone
(lowRIS and highRIS respectively). All but lowRIS dosage were chosen in
order to achieve on average at least 60% of D2 receptor occupancy
(Kapur et al., 2000; Tauscher et al., 2004). On dosing day, participants
followed a standardised regime. The MRI scan was performed at the time
of predicted peak level of plasma concentration of the drug after oral
administration (Tmax): approximately 5 h after drug administration for
Group 1 and 2 h for Group 2 (de Greef et al., 2011; Midha et al., 1989;
Nyberg et al., 1995; Tauscher et al., 2004). Study days were seven days
apart to allow washout between sessions. After the final visit, a follow-up
phone call was made to monitor potential adverse events related to the
study drugs.

2.2. MRI acquisition and pre-processing

All scans were conducted on a GE MR750 3 Tesla scanner using a 12-
channel head coil. ASL image data were acquired using a 3D pseudo-
continuous ASL sequence (3DpCASL) with a multi-shot, segmented 3D
stack of axial spirals (8-arms) readout with a resultant spatial resolution
(after re-gridding and Fourier Transformation) of 2! 2! 3mm. Four
control-label pairs were used to derive a perfusion weighted difference
image. The labelling RF pulse had a duration of 1.5s and a post-labelling
delay of 1.5s. The sequence included background suppression for opti-
mum reduction of the static tissue signal. A proton density image was
acquired in 48s using the same acquisition parameters in order to
compute the CBF map in standard physiological units (ml blood/100 g
tissue/min). Pre-processing of all CBF data was performed exactly as
described in (Hawkins et al., 2018) (for further details please see Sup-
plementary Materials).

2.3. Receptor density profiles

Fig. 1 shows the general framework of the analysis. D2R profiles
where extracted from an independent [18F]Fallypride PET template ob-
tained by averaging six binding potential (BPND) whole brain maps ac-
quired in healthy young volunteers (age range: 18–30 years) who did not
participate in the drug study (Dunn et al., 2009). [18F]Fallypride is a
D2/D3 receptor antagonist and it is a well-established PET radiotracer in
the study of D2-like receptor distribution in the brain (Mukherjee et al.,
1995). Compared with other D2-like antagonist radiotracers (e.g. [11C]
raclopride), [18F]Fallypride has higher affinity and higher signal-to-noise
ratios in vivo and therefore provides reliable quantitative measures of D2R
concentration including extra-striatal brain regions (Mukherjee et al.,
2002; Stark et al., 2018). The [18F]Fallypride template was segmented
with the Desikan-Killiany Atlas (Desikan et al., 2006) and for each of the
85 Regions of Interest (ROIs) of the template, the voxel-wise mean BPND
value was extracted with the flslmeants function implemented in the
Functional Software Library suite (FSL, FMRIB, Oxford, UK). Conven-
tional parametric modelling of regional BPND was performed by using the
cerebellum as reference region (Ichise et al., 2003). Therefore, both left
and right cerebellar ROIs (namely “rh_cerebellum_cortex” and “lh_cer-
ebellum_cortex”) were excluded from correlation analyses with CBF
profiles. To compare the contribution of striatal vs extra-striatal regions
to this association, we also extracted BPND profiles from a [11C]raclopride
template obtained from a matchted group of healthy controls (Grecchi
et al., 2014) (see Supplementary Material).

2.4. CBF profiles

CBF profiles were obtained from maps of CBF changes at the group
level. In particular, for each antipsychotic, a group-wide paired T-test
was performed in SPM12 for each drug vs placebo. Whole brain total
blood flowwas added as a covariate of no interest in the model to account
for peripheral (global) drug effects and between-subjects variability in
global brain perfusion (Handley et al., 2013; Viviani et al., 2013, 2009).

For each antipsychotic the main effect of the drug was tested using group
voxel-wise paired t-tests with cluster-level FWE correction (alpha¼ 0.05,
cluster defining threshold¼ 0.001) as implemented in SPM12. In
agreement with previous studies (Handley et al., 2013; Hawkins et al.,
2018), we identified statistically significant increases in CBF after drug
administration (against placebo) and have thus focussed on this contrast
in the remainder of this work. Therefore, DRUG>PLACEBO contrast
maps for each antipsychotic where segmented by using the
Desikan-Killiany Atlas (Desikan et al., 2006) using the same approach
used for the extraction of receptor profiles. This resulted in 85 ΔCBF
profiles measuring the antipsychotic induced increase of CBF in each
ROI. For consistency with the receptor profile data, we carried out cor-
relation analyses excluding the two cerebellum ROIs.

2.5. Statistical analysis for the ΔCBF/receptor density profiles correlations

To test the associations between ΔCBF profiles (derived for each
antipsychotic) and D2/D3 receptor density profiles, linear regression
models as implemented in SPSS were used (IBM, SPSS Statistics, Version
23). Normal distribution of the residuals of the regression models were
tested by Shapiro-Wilk test. BPND data were transformed using a natural
logarithmic function (ln) so that the residuals conformed to a normal
distribution. For all linear regression models Mahalanobis distance and
Cook's distance were computed in order to explore the presence of
multivariate outliers and estimate the presence of highly influential data
points. To identify multivariate outliers, Mahalanobis distance values
were compared to a chi-square distribution with degrees of freedom
equal to the number of variables (two in this case) with p¼ 0.001 (Finch,
2012; Tabachnick and Fidell, 2013). Any data point with Cook's distance
higher than 1 was considered as highly influential outlier and excluded
from the analysis (Cook and Weisberg, 1982). To further control for the
effect of extreme observation we also used the bias-corrected accelerated
bootstrap technique as implemented in SPSS (Efron and Tibshirani,
1986) with 10,000 resamples. Non-parametric Spearman's correlations
betweenΔCBF profiles and receptor BPND profiles were also performed as
a countercheck. In addition, Fisher's r-to-z transformation was performed
to test pairwise significance of the difference between correlation co-
efficients of ΔCBF profiles between different antipsychotics. Asymptotic
covariance method was adopted to account for the fact that correlations
had one variable in common (Lee and Preacher, 2013).

2.6. mRNA profiles and genetic correlations

DRD2 gene brain microarray mRNA expression values were extracted
from ABA data (http://human.brain-map.org) by using the Multimodal
Environment for Neuroimaging and Genomic Analysis (MENGA) toolbox
(http://www.nitrc.org/projects/menga/) (Rizzo et al., 2016). The same
toolbox was used to carry out correlations with ΔCBF profiles of each
antipsychotic. First, antipsychotics’ contrast images (DRUG>PLACEBO)
were resampled in the ABA space. Then, each CBF image sample was
spatially matched with the corresponding genomic ABA sample within a
search window of a sphere of 5mm radius centred on the MNI co-
ordinates of the ABA sample. Both CBF contrast image and ABA data
were then segmented using the list of structures (N¼ 169) provided by
the ABA (Hawrylycz et al., 2012). A subset of 89 structures (ROIs), each
containing at least one genomic sample for all the six ABA brains (do-
nors), was selected to perform correlations between ΔCBF profiles and
gene expression. For each donor, samples data were converted from their
original log2 intensity in z-scores using mean and standard deviation as
normalization factor for a given subject. This was done to minimize bias
related to inter-donor variability in the ABA dataset. For the DRD2 gene a
unique profile was obtained by selecting the probe which expression
values were highly consistent across donors. In particular, distributions
of expression values for all the probes were evaluated across donors,
retaining the probe with the most symmetric and least skewed distribu-
tion. In the case of multiple samples within the same ROI, the average
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Fig. 1. General framework of the analysis. Group-level map showing main effect of drug was computed for each antipsychotic. The resulting maps and the [18F]
Fallypride PET template were segmented into 83 ROIs by using the Desikan-Killiany Atlas (Desikan et al., 2006). For each ROI ΔCBF profiles and [18F]Fallypride BPND
template values were extracted and then correlated. DRD2 gene brain microarray mRNA expression values were extracted from ABA data (http://human.brain-map.
org) (Hawrylycz et al., 2012). MENGA software (http://www.nitrc.org/projects/menga/) (Rizzo et al., 2016) was used to extract DRD2 mRNA expression profiles
which then entered multivariate correlation analysis against ΔCBF profiles (please refer to Material and methods and Supplementary Material for a more detailed
description).
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between samples within the ROI was calculated (Rizzo et al., 2016).
After completing the matching and the extraction of ΔCBF and gene

expression profiles, two different correlations were performed: 1)
between-donors correlation or gene auto-correlation returning the bio-
logical variability of the spatial profile of mRNA expression between
donors (the higher the gene autocorrelation the lower the heterogeneity
in mRNA expression spatial profile between donors); 2) correlation be-
tween each gene expression and the ΔCBF by ROIs also called cross-
correlation. A Principal Component Analysis (PCA) on mRNA expres-
sion measures of the 6 ABA donors was performed beforehand in order to
extract the component that accounted at least for the 95% of the total
variance in the mRNA expression data. In particular, the PCA was per-
formed on an 89! 6 matrix (89 ROIs by 6 donors) and represented a
consistent spatial mRNA expression profile across all donors. This
component was then used in the regression model against CBF profiles.
Significance was assessed with a bootstrapping approach resulting in a
chance likelihood of the correlation coefficient expressed as a %. More
specifically, ROIs were permuted within donors repeating the correlation
between PCA component and CBF profiles 1000 times, in order to obtain
a measure of the likelihood that the correlation found was different from
chance level. For further details on ABA mRNA processing and analysis
see Supplementary Material and (Rizzo et al., 2016). A multivariate
spatial correlation using MENGA was also performed between DRD2
gene expression profiles and [18F]Fallypride BPND maps (see Supple-
mentary Material). As for protein density profile analysis, Fisher's r-to-z
transformation was performed to test pairwise significance of the dif-
ference between correlation coefficients of ΔCBF profiles between
different antipsychotics and also between PET and mRNA profiles.

3. Results

3.1. Main effect of antipsychotic on CBF

Group paired T-tests revealed that all antipsychotics but olanzapine,
produced a statistically significant increase of CBF in basal ganglia, in
particular in the striatum with haloperidol causing the largest increase as
compared with lowRIS and highRIS. In particular HAL>PLA t-contrast
revealed a significant cluster in the left Putamen; OLA>PLA t-contrast
revealed a significant cluster in the righ parietal cortex and in the right
parahippocampus; lowRIS>PLA t-contrast revealed a significant cluster
in the left caudate; highRIS>PLA t-contrast revealed a significant cluster
in the left caudate. None of the DRUG<PLA t-contrast revealed statisti-
cally significant clusters. Full statistics and voxel-wise t-maps are in
Supplementary Material.

3.2. CBF changes with D2 receptor profiles correlations

All antipsychotic ΔCBF profiles significantly correlated with [18F]
Fallypride BPND template values (Table 1 and Fig. 2). HAL ΔCBF had the
strongest correlation with [18F]Fallypride BPND template (Rlinear¼ 0.78)
followed by RIS (Rlinear¼ 0.73 and Rlinear¼ 0.72 for lowRIS and highRIS
respectively) and OLA (Rlinear¼ 0.48). Results from linear models and
non-parametric Spearman correlations were consistent. In all linear re-
gressions, none of the data points were identified as a highly influential
outlier (all Cook's distances> 1) or multivariate outliers (all Mahalanobis

distances p> 0.01). Results were retained after 10,000 resamples (all
bootstrapped p< 0.01). The rank of order and Rlinear values matched the
variation in affinity with D2 receptor (McCormick et al., 2010), with the
stronger the association between ΔCBF profiles and D2 receptor densities
the lower the Ki (Table 1 and Fig. 4). In the pairwise correlation com-
parisons we found significant difference for HAL vs OLA (z¼ 5.46),
lowRIS vs OLA (z¼ 4.19) and vs highRIS vs OLA (z¼ 3.90) (all ptwo--

tailed< 0.01, Bonferroni corrected, Fig. 4). All the other comparisons were
not significant. To compare striatal vs extra-striatal contributions to this
association we also performed correlations between ΔCBF and receptor
density profiles by extracting BPND values from a [11C]raclopride PET
template. We found weaker correlation with [11C]raclopride BPND tem-
plate as compared with [18F]Fallypride BPND template (see Supplemen-
tary material).

3.3. mRNA expression correlations

The average correlation coefficient (R2) of the genomic autocorrela-
tion analysis for the DRD2 gene was 0.575 (standard deviation¼ 0.058)
for the six donors. This result indicated good stability between donors of
DRD2 mRNA expression spatial profile (Rizzo et al., 2016).

For the different antipsychotic drugs, the correlation coefficients were
all positive and statistically significant (Fig. 3 and Table 1) and also
significantly lower than those obtained for the PET template (PET R2

range¼ 0.20–0.60; mRNA PET R2 range 0.04–0.20; pairwise-
comparisons all p< 0.05). As for the correlation with [18F]Fallypride
values, genomic mRNA expression correlations qualitatively mirrored Ki
differences (McCormick et al., 2010) between antipsychotics at D2R
(Fig. 4). However, none of the pairwise comparisons between correlation
coefficients between antipsychotics were statistically significant after
correction for multiple comparisons.

4. Discussion

The aim of the present study was to investigate the relationship be-
tween the effects of single clinical effective doses of antipsychotics on
rCBF and receptor distribution profiles in the brain as indexed by [18F]
Fallypride BPND values extracted from a template map and brain DRD2
mRNA expression profiles. Consistently with our hypothesis, we found
that for all compounds there was a spatial coupling between drug-
induced CBF changes and D2 receptor density profiles (at both protein
and gene expression level). In addition, we found that mRNA data
explained less variance in CBF changes than PET derived map.

4.1. Receptor density profiles

The association between CBF changes induced by all antipsychotics
and receptor brain spatial distribution of D2R matches earlier evidence in
non-human primates showing large CBF increases after injection of the
D2 antagonist PET tracer [11C]raclopride in brain regions with high D2R
density (Sander et al., 2013). This suggests that the relationship between
the physiological response to D2R antagonist and D2R availability
described by (Sander et al., 2013) in preclinical models also exists in vivo
in humans. Furthermore, we have shown that the relationship between
ASL-CBF increases after antipsychotic administration also matched [18F]

Table 1
Summary of the correlations of ΔCBF profiles D2 receptor profiles ([18F]Fallypride BPND template) and of genomic multivariate cross-correlations of antipsychotics’
ΔCBF profiles with DRD2 mRNA expression profiles.

DRUG>PLA contrast [18F]Fallypride BPND template DRD2 mRNA expression

Rlinear plinear Spearman rho pSpearman R Chance likelihood

HAL þ0.78 p< 0.001 0.61 p< 0.001 þ0.34 0%
OLA þ0.48 p< 0.001 0.51 p< 0.001 þ0.21 0%
lowRIS þ0.73 p< 0.001 0.76 p< 0.001 þ0.43 0%
highRIS þ0.72 p< 0.001 0.61 p< 0.001 þ0.45 2%
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Fallypride BPND template values in extra-striatal ROIs significantly
populated by D2R such as the thalamus and the amygdala, even though
they show lower BPND template values as compared with striatal ROIs.
These results extend earlier evidence (Sander et al., 2016) and suggest
that the linear coupling between CBF response to dopaminergic drugs
and D2R concentration might also be a valid model outside the striatum.
This interpretation is also supported by the weaker correlation of ΔCBF
with [11C]raclopride BPND template as compared with [18F]Fallypride
BPND template (Supplementary Material). Of note, in Sander et al. (2016;
2013) the functional measure was rCBV instead of rCBF. However, given
the tight association between rCBV changes and rCBF changes (Ito et al.,
2005), we believe this difference will not affect the interpretation of our

findings.

4.2. Microarray mRNA expression data

We found that for all antipsychotics, the ΔCBF profiles also correlated
with microarray mRNA expression data extracted from the ABA. All
genomic correlations were positive and therefore in the same direction of
[18F]Fallypride BPND template linear models. Notably, microarray mRNA
expression measures explained less variance in ΔCBF than [18F]Fall-
ypride BPND template values. This is consistent with our hypothesis
motivated by the existence of a large variability between mRNA
expression and protein synthesis due to post-transcriptional regulation

Fig. 2. Scatterplots of ΔCBF/receptor density profiles correlations. Top row: scatterplot of the correlation between HAL ΔCBF profiles and [18F]Fallypride BPND
template (left) and of the correlation between OLA ΔCBF profiles and [18F]Fallypride BPND template (right). Bottom row: scatterplot of the correlation between
lowRIS ΔCBF profiles and [18F]Fallypride BPND template (left) and of the correlation between highRIS ΔCBF profiles and [18F]Fallypride BPND template (right).
Dashed lines indicate 95% confidence bands.
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mechanisms (Liu et al., 2016). Our findings are consistent with previous
works that have linked the spatial architecture of the brain transcriptome
to brain structure (Grecchi et al., 2017; Veronese et al., 2015), function
(Hawrylycz et al., 2015; Richiardi et al., 2015) and in vivo measures of
brain proteins (Gryglewski et al., 2018; Rizzo et al., 2016, 2014; Ver-
onese et al., 2016). Here we could show that post mortem brain mRNA
expression data may potentially be used to map also variations in MRI
functional response to drug stimulation. However, such mapping has still
many limitations to be addressed in order to adopt it extensively in the
context of pharmacological-MRI studies. For instance, it might be

difficult to use mRNA expression mapping in neurotransmitter systems
where protein synthesis is highly dependent on post-transcriptional
regulation mechanisms (e.g. serotonin system) (Beliveau et al., 2017;
Rizzo et al., 2014). While further studies are needed to fully validate this
mRNA expression-MRI approach, it might be especially valuable for
profiling the functional effects of drugs with poorly characterized or
unknown targets. Interestingly, as for the correlation with receptor
density profiles, the rank order of correlations between ΔCBF and DRD2
mRNA expression measures mirrored affinity profiles of the compounds,
although these differences were only numerical. It is worth noting that

Fig. 3. Scatterplots of the genomic correlation. For all scatterplots on the y axis normalized DRUG>PLACEBO CBF changes and on the x axis DRUG>PLACEBO CBF
changes predicted by the first Principal Component of the mRNA expression measures of the 6 ABA donors. Top right: HAL; Top left: OLA; Bottom right: lowRIS;
Bottom left: highRIS. Dashed lines indicate 95% confidence bands.
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the variance explained by genomic correlation was lower than the PET
correlations (Table 1), which might have reduced the chance of detecting
any significant difference on the pairwise comparison between the cor-
relation coefficients.

These findings represent a further evidence supporting the hypothe-
sized PK/PD model of antipsychotic effect of CBF measures (Mandeville
et al., 2013). Indeed, we were able to show that quantitative measures of
brain functional effect of antipsychotics (i.e. CBF changes) are directly
associated with receptor density measures. However, intrinsic limitations
of the ABA dataset should be considered when evaluating mRNA/ΔCBF
relationships. First the number of available ABA donors is limited (N¼ 6)
and therefore only approximates population-level brain mRNA expres-
sion templates. However, despite this limitation, ABA data has been
showed to be able to predict brain protein densities (Beliveau et al., 2017;
Gryglewski et al., 2018; Rizzo et al., 2016, 2014; Veronese et al., 2016)
and other neuroimaging measures (Hawrylycz et al., 2015; Richiardi
et al., 2015; Ritchie et al., 2018). Another limitation is that different
approaches have been proposed to analyse this dataset (French and Paus,
2015; Gryglewski et al., 2018). The fact that different strategies in ABA
dataset processing could affect reproducibility of the findings is under
debate (Arnatkeviciute et al., 2018). We have also analysed the
mRNA/ΔCBF correlations using a different methods that employs
whole-brain voxel-wise mRNA expression maps obtained from vario-
grams (Gryglewski et al., 2018). The results of this analysis were com-
parable with the analysis performed in MENGA (Supplementary
Materials). Therefore we believe that it is unlikely that this methological
issue could have biased our results.

4.3. Differential strength of association between ΔCBF and receptor density
profiles

The correlation strength between ΔCBF and receptor density
measured with PET varied between the different antipsychotics tested
(Fig. 4). One possible interpretation of this difference might be related to

the differential affinities for these compounds to D2R (Dukart et al.,
2018). Our data seems to be in line with this hypothesis. In fact, the
strengths of the association were higher for antipsychotics with higher
affinity for D2R (Table 1 and Fig. S1). In particular, HAL was the drug
with the highest correlation coefficient and the lowest Ki, whereas OLA
showed the lowest correlation coefficient and the highest Ki. Both lowRIS
and highRIS were in the middle between HAL and OLA. Another possible
interpretation might be that related with the different secondary affin-
ities between the drugs. For instance, for compounds with an high af-
finity with 5HT2a receptors like risperidone and olanzapine, part of the
effect on CBF might also be linked with a mechanism different from D2R
blockade (Goozee et al., 2014). In fact, both OLA and RIS as well as other
second-generation antipsychotics (e.g. aripiprazole) showed decreases in
CBF especially in cortical areas with a mechanism that is possibly
mediated by 5HT2a receptors (Handley et al., 2013; Lahti et al., 2005).
We did not find differences in correlations between the two different
doses of risperidone, despite the fact that they do show different effect
size in CBF increase (as shown in Fig. 2 bottom row). This might indicate
that the coupling between the measurable physiological effects and
target receptor distribution can be detected regardless the dose of the
compound if that dose is able to produce detectable functional effects.
Nonetheless, differences in brain disposition of antipsychotics have been
reported in previous studies (Kornhuber et al., 2006; Rodda et al., 2006).
In particular, animal data suggested that antipsychotics (including the
ones considered in the present work) show different blood-brain barrier
penetration and brain clearance leading to dissimilar spatial distribution
in the brain (Loryan et al., 2016). Even though these dissimilarities have
been reported to be only moderate (Loryan et al., 2016), brain disposition
is a factor to be considered in addition to receptor affinity when linking
the pharmacodynamics of each antipsychotic with receptor occupancy.
Therefore, without maps of brain deposition variation, conclusions
regarding the D2R affinities and strength of associations between re-
ceptors and CBF are necessarily incomplete.

Fig. 4. Differential strength of association between ΔCBF and D2R profiles. Heat maps showing z-values for the pairwise comparison of correlations. Colour bar
indicates z-scores. On the left correlations with [18F]Fallypride BPND template values, on the right correlations with mRNA microarray data from the ABA.
HAL¼ haloperidol, OLA¼ olanzapine, lowRIS¼ low dose of risperidone, highRIS¼ high dose of risperidone. The following tests were performed HAL vs OLA, HAL vs
lowRIS, HAL vs highRIS, lowRIS vs OLA, highRIS vs OLA, highRIS vs lowRIS.
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4.4. Limitations

A number of limitations need to be considered for the present study.
First, we used population-based profiles of D2R density as the spatial
architecture of D2R is typically consistent across individuals (Rizzo et al.,
2014; Veronese et al., 2016). For example, the striatum always has higher
D2R density than the thalamus which in turn has higher D2R density than
the cortex. However, variance in density between individuals within the
same brain region (Farde et al., 1995) may drive inter-individual dif-
ferences in the drug functional response. Individualized receptor profiles
mapping is therefore necessary to bring more precision to the method
and to further validate the present findings. Nevertheless, normative
atlases for protein and mRNA expressions have proven useful in many
different applications, suggesting that the core spatial architecture of the
brain receptor systems is consistent across individuals (Beliveau et al.,
2017; Rizzo et al., 2016, 2014; Veronese et al., 2016).

In addition, we considered only local effects by matching CBF
changes and D2R receptor density measures with the same ROIs. How-
ever, studies in patients and healthy volunteers showed that antipsy-
chotics also produce changes in functional connectivity in rs-fMRI
suggesting the existence of downstream effects (Cole et al., 2013; Sarpal
et al., 2015) that were not included in our analyses.

As discussed above, increases in CBF after acute antipsychotic chal-
lenge have been usually interpreted as the result of a neuronal metabolic
changes due to D2R blockade. D2-like receptors are also present in peri-
vascular astrocytes and endothelial cells modulating brain hemodynamic
changes. However these receptors are mainly D3R and not D2R (Choi
et al., 2006). Together with the knowledge that the affinity of these
compounds for D2R is higher than for D3R we expect the change in CBF is
mainly neuronal in origin. In addition, both risperidone and olanzapine,
but not haloperidol, act as antagonists at the serotonin-2a receptors
(5HT2a) (Meltzer, 1999). Blockade of 5HT2a receptors on
smooth-muscle cells of brain arteries has been shown to induce relative
vasodilation in animal models (i.e. blocking vasoconstriction caused by
the endogenous ligand serotonin) (Kov!acs et al., 2012). Therefore, the
degree to which these non-neuronal effects contribute to the associations
described here is not known. Finally, we believe that the limited sample
size offered by the ABA (N¼ 6) could have undermined power in
detecting a linear relationship between mRNA data and rCBF changes.
This factor could also be an alternative explanation of the difference we
found between mRNA and PET correlations with rCBF.

5. Conclusion

Understanding the link between neurochemical changes and brain
function is crucial to uncover mechanisms underlining the effects of
psychopharmacological treatment and between-subjects variability in
response. In this work we investigated the case of antipsychotics whose
functional effect, evaluated as changes in CBF measures, mirror the well-
known spatial distributions of their main target (i.e. D2R). The charac-
terisation of the haemodynamic response using this multimodal
approach might be applicable also for other classes of drugs and it be-
comes particularly valuable for profiling compounds known to bind to
multiple targets or with unknown or poorly characterised targets. Finally,
our work demonstrates that the use of MRI 3D pCASL as a measure of
regional CBF offers an efficient, non-invasive tool to investigate CNS
penetration in the process of psychotropic drug development that is also
linked with brain chemistry.
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A B S T R A C T   

The Allen Human Brain Atlas (AHBA) is the first example of human brain transcriptomic mappings and detailed 
anatomical annotations which, for the first time, has allowed the integration of human brain transcriptomics 
with neuroimaging. This has been made possible because the AHBA offered an original dataset that contains 
mRNA expression measures for >20,000 genes covering the whole brain and, critically, in a standard stereotaxic 
space. In recent years many different methods have been used to integrate this data set with brain imaging data, 
although this endeavour has lacked harmony in terms of the workflow of data processing and subsequent ana-
lyses. In this work we discuss five main issues that experience has highlighted as in need of thorough consid-
eration when integrating the AHBA with neuroimaging. These concerns are corroborated by comparing the 
performance of three different publicly available methods in correlating the same measures of serotonin re-
ceptors density with the correspondent AHBA mRNA maps. In this representative case, we were able to show how 
these methods can lead to discrepant results, suggesting that processing options are not neutral. We believe that 
the field should take into serious consideration these issues as they could undermine reproducibility and, in the 
end, the intrinsic value of the AHBA. We also advise on possible strategies to overcome these discrepancies. 
Finally, we encourage authors towards practices that will improve reproducibility such as transparency in 
reporting, algorithm and data sharing, collaboration.   

1. Introduction 

The release of the Allen Human Brain Atlas (AHBA) (Hawrylycz 
et al., 2012) offered a unique opportunity to integrate brain tran-
scriptomics with neuroimaging data. The AHBA is a free access multi-
modal dataset (Shen et al., 2012) containing comprehensive 
genome-wide whole-brain microarray transcriptomic, structural Mag-
netic Resonance Imaging (MRI) and histological information obtained 
from six healthy adult human donors. At the time of writing Scopus 
counts a total of 987 citations for the original paper from the Allen 
Institute for Brain Science (Hawrylycz et al., 2012). This highlights the 
growing interest on whole-brain transcriptomics. One popular applica-
tion of this dataset has been to combine mRNA expression data from the 
AHBA with brain imaging measures and to explore possible associations 
by running spatial correlations between the two (Rizzo et al., 2014a; 

Veronese et al., 2015; Rizzo et al., 2016; Beliveau et al., 2017; Komor-
owski et al., 2017; Gryglewski et al., 2018; Ritchie et al., 2018; Shin 
et al., 2018; Liu et al., 2019; Patania et al., 2019; Komorowski et al., 
2020; Norgaard et al., 2020; Patel et al., 2020). 

The atlas features the expression levels of >20,000 genes profiled by 
~60,000 microarray probes in different brain regions that are spatially- 
resolved in the standard Montreal Neurological Institute (MNI) co-
ordinates system. This allows a one-to-one spatial matching with neu-
roimaging data (Shen et al., 2012), and mRNA data from the AHBA has 
been found to be associated with T1-weighted (McColgan et al., 2018), 
T1-weighted/T2-weighted ratio images (Ritchie et al., 2018), cortical 
thickness (French and Paus, 2015; McColgan et al., 2018; Shin et al., 
2018), diffusion-weighted MRI images (Forest et al., 2017; Romme 
et al., 2017), Positron Emission Tomography data (PET) (Rizzo et al., 
2014a 2014b; Veronese et al., 2016; Beliveau et al., 2017; Gryglewski 
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et al., 2018; Komorowski et al., 2020; Nørgaard et al., 2020), functional 
MRI networks and functional connectivity measures (Cioli et al., 2014; 
Hawrylycz et al., 2015; Richiardi et al., 2015; Vértes et al., 2016). Since 
AHBA publication in 2012, a number of authors developed distinct 
pipelines to process AHBA data and match them with brain images. 
Notably, AHBA data analysis is a non-trivial task because different 
choices could be made in the various analysis steps required to integrate 
mRNA expression measures with imaging data. Analysis of complex data 
are at higher risk of poor reproducibility without standardization of 
methods (Lindquist, 2020). We identified five main issues that could 
potentially impact the results: i) probe selection, ii) spatial mapping of 
samples, iii) data normalization and between-donors variability, iv) 
region selection, and v) statistics. In this paper we evaluate their possible 
impact on the final quantitative result, e.g. the degree of association 
between mRNA and neuroimaging data. In addition, we compared 
correlations of AHBA data with in vivo protein density measures from the 
same PET neuroimaging dataset (Beliveau et al., 2017) performed with 
three different publicly available tools (French and Paus, 2015; Rizzo 
et al., 2016; Gryglewski et al., 2018). While the comparisons used are 
not necessarily generalizable to all possible applications of the AHBA 
they clearly illustrate the impact of these issues on results. Therefore, it 
represents an ideal test-case that shows how the magnitude of 
mRNA-to-protein correlations could differ between methods. 

2. Source of variability in AHBA data analysis 

2.1. Probe selection 

In the AHBA, mRNA expression for each gene is measured with 
multiple probes (on average 2.0 ± 1.4 probes per gene). Therefore, it 
becomes important to define a unique mRNA profile that is represen-
tative of each gene. Even though the AHBA documentation suggests data 
filtering strategies based on intensity of the signal compared with 
background noise, (http://human.brain-map.org/static/docs) to date 
there is no consensus on which is the best method for probe selection 
when 2 or more probes pass this threshold for the same gene. Filtering 
against the background noise or comparison against expression of 
house-keeping genes (French and Paus, 2015) could also be useful to 
assess whether or not a gene is significantly expressed in certain brain 
regions. Many other different strategies have been proposed for probe 
selection including consistency measures (e.g. correlations between 
probes) (Hawrylycz et al., 2015; Myers et al., 2015; Burt et al., 2018), 
distribution-based measures (e.g. by discarding probes showing the 
highest variance (Richiardi et al., 2015; Negi and Guda, 2017) or the 
least skewed distribution (Rizzo et al., 2016) or spatial variability 
measures (Gryglewski et al., 2018). Other authors did not select any 
probe and instead utilized all available probes (Rizzo et al., 2014a b) or 
created a unique profile by simply averaging their expression (French 
and Paus, 2015; Ritchie et al., 2018). Each method has its own advan-
tages and disadvantages. For instance, correlation-based methods 
cannot be used for genes with less than 3 probes available. Distribution 
methods might be driven by between-donors variance (see below) 
instead of between probes variability. In addition, averaging may 
introduce bias while single probe analysis will increase variability. 
Moreover, works that analysed all available probes revealed that 
different probes showed different results in cross-correlation with pro-
tein density measures derived from PET (Rizzo et al., 2014a) which 
further suggest how critical is the probe selection step. Cross-correlation 
with protein density measures could be an additional strategy to be 
explored. Another method that has been proposed for probe selection is 
to compare microarray data with RNA sequencing (RNAseq) data (Myers 
et al., 2015). RNAseq offers higher sensitivity and specificity as 
compared with microarray technique. However, the implementation of 
this method is limited by the fact that RNAseq data in AHBA is available 
only for two donors (and for a limited number of samples). Furthermore, 
it is important to note that some genes have different transcript isoforms 

(e.g the DRD2 gene has two different transcripts which code for the short 
and long isoform of the dopamine D2 receptor). It might be possible that 
some probes used in the AHBA are specific to some transcript isoforms. 
Therefore, in this case not all the probes are biologically interchangeable 
which further complicates the probe selection task. Finally, another 
relevant issue that relates with probe selection is the annotation of the 
probes to a specific gene. In particular, the AHBA contains not-annotated 
probes and, in addition, there is a risk that probes currently assigned to a 
specific gene in the AHBA could need re-annotation given the contin-
uous updates of the public sequencing databases (Richiardi et al., 2015; 
Romero-Garcia et al., 2018) 

2.2. Spatial mapping of samples 

The Allen Institute, prior to dissection, acquired whole brain T1- 
weighted MRI images from each donor which were subsequently regis-
tered in standard MNI-152 space, such that mRNA samples across brain 
regions could be identified using native and MNI coordinates. In addi-
tion, each sample is associated with an anatomical ID. Even though a 
common standard space allows a one-to-one matching between mRNA 
expression and imaging signals, the distribution of AHBA sampling is 
sparser and more discrete than voxel-wise images that are commonly 
used in neuroimaging. One possible solution that has been proposed to 
overcome this issue is to implement a region-based segmentation 
approach where the whole AHBA dataset is resolved into discrete brain 
regions using a reference atlas (Rizzo et al., 2014a; French and Paus, 
2015; Beliveau et al., 2017; Komorowski et al., 2017; Burt et al., 2018). 
This approach has two main drawbacks: i) the transcriptomic-imaging 
integration is highly dependent on the atlas adopted, ii) it might be 
possible that samples are inaccurately assigned to a different brain re-
gion that is close to the one where the sample was taken originally. To 
mitigate these problems, other authors took advantage of the detailed 
anatomical annotations of the AHBA instead of using external atlases 
(Cioli et al., 2014; Rizzo et al., 2016; Ritchie et al., 2018). The AHBA in 
fact provides, along with each tissue sample, anatomical annotations 
(called anatomical IDs). These annotations are offered at two different 
resolutions: coarse level (26 regions) and structure level (169 regions). 
Brain images can then be resampled in the AHBA space identifying for 
each transcriptomic sample its corresponding imaging sample. All the 
data points can be then analysed separately (Cioli et al., 2014; Ritchie 
et al., 2018) or combined into groups of samples defined using the 
different levels of resolution offered by the AHBA (Rizzo et al., 2016). 
Works that used the AHBA anatomical annotations have the advantage 
that they work on a common parcellation framework that is provided by 
the AHBA and that is closer to the raw data, even though it does not 
always match segmentations typically used in imaging analysis. 
Regardless the strategy used for segmentation, studies often do not 
consider the fact that, even if all the six donors have been sampled 
within the same anatomical regions, donors differ in each region with 
regard to both number and position of the samples. 

Gryglewski et al. (2018) proposed a spatial analysis method that 
employs variogram models and Gaussian Process Regression to predict 
gene expression measures in locations that were not originally sampled 
in the AHBA. In particular, the authors computed variograms models to 
relate the distance and the variance in mRNA expression between AHBA 
samples. These models were then used to predict missing expression 
measures having as output whole-brain voxel-wise mRNA expression 
measures for each gene. The clear advantage of this approach is that 
overcomes the lack of samples homogeneity between brain regions 
without requiring any kind of pre-defined brain parcellation. However, 
it relies on the assumption that neighbouring samples have similar 
mRNA expression which might not be necessarily and consistently met 
for all brain regions (i.e. cortical vs subcortical regions) (Arnatkeviciute 
et al., 2019). In addition many different spatial gradients of 
co-expression might be present in the brain that reflects hierarchical 
segregation of brain structures (Burt et al., 2018; Vogel et al., 2020) 
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rather than distance measures. 
Finally, another important source of variability is the spatial 

normalization and registration. The vast majority of the AHBA brain 
parcellation is performed at the group level (all the donors together). 
However, the normalization performed by the Allen Institute was not 
consistent between donors (e.g. linear and non-linear transformation 
were used for different donors (Hawrylycz et al., 2012). Normalization 
and segmentation strategies applied to each individual brain have been 
also proposed and they show better accuracy in assigning samples to 
brain regions as compared with conventional normalization procedures 
(Burt et al., 2018; Romero-Garcia et al., 2018). However, because brain 
data could be registered using many different tools that will have 
different outputs (Dadar et al., 2018), we anticipate that using different 
registration strategies from the one provided by the AHBA will further 
increase variability and possibly inconsistency between studies. 

2.3. Region selection 

Related to the previous point, a number of different strategies have 
also been used to select brain regions used to carry out correlation 
analysis of AHBA data with imaging datasets. For instance some authors 
limited the analyses to cortical regions (French and Paus, 2015; 
Richiardi et al., 2015; Burt et al., 2018; Ritchie et al., 2018) whereas 
other authors performed cross-correlations in the whole brain, including 
both cortical and subcortical areas (Rizzo et al., 2014a; Beliveau et al., 
2017; Komorowski et al., 2017; Gryglewski et al., 2018). While in some 
cases the choice of excluding subcortical brain areas is due to the specific 
research question addressed (Richiardi et al., 2015; Ritchie et al., 2018) 
in other cases careful considerations have to be made when including 
both cortical and subcortical regions. In fact variance in gene expression 
has been reported to be different between cortical and subcortical re-
gions (Hawrylycz et al., 2015) and therefore the inclusion or the 
exclusion of subcortical areas from the analysis could potentially lead to 
different degrees of inconsistency in the results depending on the ho-
mogeneity of mRNA expression across the whole brain of the specific 
gene(s) considered (Beliveau et al., 2017; Komorowski et al., 2017; 
Gryglewski et al., 2018). In addition, AHBA sampling covered only the 
left hemisphere for four donors whereas for two donors both hemi-
spheres were covered. Even though lateralization effects on brain gene 
expression have been reported to be modest to negligible (Hawrylycz 
et al., 2012; Pletikos et al., 2014), this issue is still a matter of debate 
(Francks, 2015; Karlebach and Francks, 2015). To avoid potential 
lateralization biases some authors selected samples only from the left 
hemisphere (discarding the data on the right hemisphere available from 
two donors, (French and Paus, 2015; Rizzo et al., 2016) while other 
author analysed the whole dataset as it is pooling the data from left and 
right hemispheres together (Richiardi et al., 2015; Burt et al., 2018) or 
mirrored the left samples to synthetically create the corresponding 
missing samples on the right hemisphere (Gryglewski et al., 2018). 
Given the fact that the impact of lateralization on specific gene sets and 
specific brain regions is still unknown this issue must be considered 
when performing region selection. Finally, as discussed before, brain 
regions can have quite a substantial different number of samples, 
questioning whether there should be a minimum number of samples 
defining the mRNA expression of a particular regions to be chosen for 
the analysis. Irrespective of the number of the samples, brain regions 
also differ in terms of spatial extension. Large regions are expected to 
show higher variability in gene expression, as they are more likely to 
encompass sub-regions characterized by different gene expression pat-
terns (Hawrylycz et al., 2012; Vértes et al., 2016). 

2.4. Data normalization and between-donor variability 

AHBA data comes from post-mortem brains of 6 different donors. 
The donors are 5 males and 1 female, the age range is 24–57 years and 
they have different ethnic background (3 Caucasians, 2 African 

Americans, 1 Latin). We have already mentioned in the previous section 
the fact that only two out of the six donors were sampled in both 
hemispheres. Moreover, donors also differ with regard to many other 
characteristics: cause of death, post-mortem intervals, brain pH, tissue 
cytoarchitectural integrity, RNA quality, number of sampling, sampling 
sites, number and type of probes used for each gene (http://human. 
brain-map.org/static/docs). It is also important to consider that in a 
large study like the one performed by the Allen Institute for Brain Sci-
ence, that spans over a number of years, systematic biases are very likely 
to be introduced. The AHBA provides normalized data as well as raw 
data expressed in log2 intensity. The Allen Institute used two separate 
normalizations: within-donors normalization to account for array- 
related and dissection-related biases and differences in RNA integrity 
number (RIN); and between-donor normalization to allow comparison 
across brains (http://help.brain-map.org/download/attachmen 
ts/2818165/Normalization_WhitePaper.pdf). However, the aim of the 
normalization provided by the AHBA was to minimize the effects of 
technical and systematic biases preserving the intrinsic biological vari-
ability thus allowing biologically meaningful within- and between-brain 
comparisons. While preserving this information might be valuable for 
analysis within the AHBA data (Forest et al., 2017; Negi and Guda, 
2017), between-donor variability must be minimized when AHBA data 
is aggregated for cross-comparison with external imaging datasets. 
Different normalization approaches have been used like z-score trans-
formation (Rizzo et al., 2016; Burt et al., 2018; Romero-Garcia et al., 
2018) and scaling to average (Gryglewski et al., 2018). Normalization 
strategies could also introduce bias when data from mRNA data is used 
to predict missing data in the opposite hemisphere or in brain areas not 
originally sampled in the AHBA (Gryglewski et al., 2018) by reducing 
the estimated variance. In addition, the order with which the mRNA 
samples are pre-processed to match with neuroimaging-derived mea-
sures (including z-normalization, sample averaging, log transformation) 
might lead to different results. It is still unknown what normalization 
strategy should be and no consensus or recommendations in this regard 
have been proposed. 

2.5. Statistics 

Another relevant point of disagreement between studies is which 
statistical test use to correlate AHBA mRNA expression measures with 
imaging data. Most authors employed Spearman rank correlation anal-
ysis given the fact that AHBA data pooled from all the donors and all the 
regions does not follow a normal distribution for most of the genes 
(Rizzo et al., 2014a; French and Paus, 2015; Komorowski et al., 2017; 
Burt et al., 2018; Gryglewski et al., 2018; Ritchie et al., 2018). However, 
other authors employed the General Lineal Model and Pearson corre-
lation (Rizzo et al., 2016; Veronese et al., 2016; Beliveau et al., 2017). As 
a general rule normality should be always checked beforehand or 
non-parametric testing should be used as a countercheck. Moreover, 
before performing any kind of correlational analysis consistency of tests 
across donors should be always considered. That is because the spatial 
pattern of mRNA expression could be heavily affected by inter-subject 
and intra-subject variability. While this issue might be less relevant in 
the future when data for more donors would be added to the AHBA, at 
the moment, with data coming from only six donors, this variability has 
to be seriously taken into account. Genes with highly variable spatial 
patterns between donors are more likely to produce spurious results in 
correlation analysis. This preliminarily check has been shown to 
improve stability and interpretability of the results (Rizzo et al., 2014a). 
Another way to control for inter-subject heterogeneity in correlation 
analysis that has been proposed is the use of multivariate correlations 
where mRNA data from different donors is weighted to reflect biological 
variability (Rizzo et al., 2016). 
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3. Comparison of publicly available methods 

3.1. Rationale 

Among all the different applications of AHBA data in neuroimaging, 
three different tools have been publicly released to process and analyse 
this dataset (French and Paus, 2015; Rizzo et al., 2016; Gryglewski et al., 
2018). All offer a simplified and relatively easy-to-use analysis frame-
work and they are also free and publicly available. Here we present a 
representative test in which we used these tools to investigate the degree 
of correlation between brain transcripts (as reported by AHBA) and the 
corresponding in vivo protein measures (as returned by PET). Correlation 
of PET in vivo measures of protein levels in the brain with the genetic 
data of the AHBA has been a popular task in recent years (Veronese 
et al., 2016; Beliveau et al., 2017; Komorowski et al., 2017; Gryglewski 
et al., 2018). This application is based on the core function of mRNA that 
is to carry genetic information taken from the DNA to produce the 
correct linear sequence of amino-acids for protein synthesis. Therefore, 
we should expect a direct relationship between mRNA levels and protein 
density measures that could vary depending on the presence of tran-
scriptional and post-transcriptional regulatory mechanisms. We are 
aware that many other applications of the AHBA dataset exist other than 
correlation with PET data, such as correlation with functional and 
structural MRI measures. However, this application relies on the bio-
logically plausible assumption of correspondence between mRNA 
expression and protein synthesis (Liu et al., 2016) and therefore in our 
view constitutes an ideal case to test reproducibility of methods. 

3.2. Methods 

3.2.1. Comparison of tools 
In our example we focused on the serotonin system and used the NRU 

Serotonin Atlas (https://xtra.nru.dk/FS5ht-atlas/) (Beliveau et al., 
2017) for the four main serotonin receptors (5-HT1aR, 5-HT1bR, 5-HT2aR 
and 5-HT4R) and for the serotonin transporter (5-HTT) as the imaging 
reference. This NRU atlas represented an optimal testing case for this 
analysis: i) it uses high sensitivity/specificity PET ligands that can reli-
ably and robustly map brain concentrations of these protein in the brain; 
ii) it is an high-resolution, population-based atlas that is also calibrated 
with post-mortem human brain autoradiography; iii) the relationship 
between protein levels within the serotonin system as assessed by PET 
and mRNA expression has been well established and independently 
replicated (Beliveau et al., 2017; Komorowski et al., 2017; Gryglewski 
et al., 2018). 

All the images are registered in MNI space and represents average 
distribution of serotonin proteins generated from 210 healthy volunteers 
(age range: 18–45 years) scanned with different PET radioligands se-
lective for each of the targets. Each image entered correlation analyses 
against mRNA expression values of the corresponding gene (namely 
HTR1A, HTR1B, HTR2A, HTR4 and SCL6A4) extracted from the AHBA. 
In the original publication of the NRU Serotonin Atlas (Beliveau et al., 
2017) the authors already assessed the spatial association between 
protein concentrations and mRNA expression from the AHBA by using 
the tool by (French and Paus, 2015). Briefly this tool maps gene 
expression data from the AHBA into cortical and subcortical regions 
defined by the Desikan-Killiany atlas (Desikan et al., 2006) using the 
FreeSurfer software. In this method expression values are averaged 
across probes and median values are extracted for each region and 
across donors. For this tool we report the results as they are presented in 
the NRU Serotonin Atlas paper (Beliveau et al., 2017) where mRNA 
values are averaged between left and right hemispheres and no 
normalization is performed. The second tool used for the comparison is 
MENGA (Rizzo et al., 2016). MENGA takes advantage of the brain par-
cellation provided by the AHBA. In addition, gene expression data is 
normalized using z-score transformation and probe selection is per-
formed by selecting the probes with the less skewed distribution. In this 

comparison we correlated density measures of the major serotonin 
proteins using mRNA expression data using the default settings of the 
MENGA software exactly as they are reported in the original publication 
(Rizzo et al., 2016). In particular we used the simplified coarse level to 
define the regions (15 regions), a 5 mm radius search window and 
univariate correlations. The third method used in this comparison is the 
one proposed by (Gryglewski et al., 2018). This tool offers voxel-wise 
brain mRNA expression maps that are obtained by predicting expres-
sion measures for each voxel from AHBA samples using variogram 
models. Probes selection excluded the ones that showed high spatial 
variability and low correlation with other probes. Moreover 
between-donors variability is minimized by mean-centering expression 
measures for each sample. We downloaded whole-brain voxel-wise 
expression maps for HTR1A, HTR1B, HTR2A, HTR4 and SCL6A4 genes 
(http://www.meduniwien.ac.at/neuroimaging/mRNA.html). Each 
image derived from (Gryglewski et al., 2018) was then segmented into 
84 cortical and subcortical regions by using the Desikan-Killiany atlas 
and for each region mRNA expression data for all the genes were 
extracted. The same segmentation was applied to the NRU Serotonin 
Atlas to extract protein density measures. Then, Pearson’s product 
moment and the Spearman rank correlation analyses were used to 
correlate mRNA expression data and protein density measures for all the 
methods considered. The threshold for significance was p = 0.05 with 
within-gene Bonferroni correction for multiple comparison. Of note, one 
important difference between methods is the number of regions 
selected. Both French and Paus and Gryglewski et al. methods are based 
on the segmentation provided by the Desikan-Killiany atlas which con-
tains 84 regions, whereas in the default settings used in MENGA only 15 
regions are included. This setting is included as default in the MENGA 
software to guarantee that all regions in all donors contain at least 10 
AHBA sample. Due to the different number of regions, the correlations 
will therefore have different degrees of freedom depending on the 
method used (82 for French and Paus and Gryglewski et al. methods and 
13 for MENGA, see below). Results are reported in R(df). 

Table 1 summarizes the key differences between the three methods 
considered here. 

3.2.2. Impact of data processing 
Even though an extensive quantitative analysis on the impact of 

different choices in AHBA processing is beyond the scope of this 
manuscript and partially covered elsewhere (Rizzo et al., 2016, Ver-
onese et al., 2016; Arnatkeviciute et al., 2019) we have also performed 
additional analysis to provide an example of how specific analysis steps 
had an impact on the results obtained by the methods chosen in our 
comparison. In particular, we assessed i) the role of genetic 
auto-correlation (i.e. between-donors variability), ii) differences in 
correlation strength when different atlas resolutions are used, iii) dif-
ferences in mRNA/protein correlations when different probes are 
selected for each gene. 

To address the point of between-donors variability (i) we have per-
formed consistency analysis to verify the stability of the spatial pattern 
of mRNA expression for the selected genes across the AHBA donors 
(Rizzo et al., 2016). Briefly, this analysis consists in between-donors 
auto-correlation of mRNA samples returning Pearson’s correlation co-
efficients (mean and standard deviation of all couplings) for each pairs 
of donors for each gene considered. This method flags genes with highly 
variable spatial patterns between donors and indirectly inform on the 
level of noise/heterogeneity in the data. We also tested performance of 
each of the methods used in this comparison after varying the number of 
brain regions used (ii). In particular for both French and Paus (2015) and 
Gryglewski et al. (2018) methods we tested the correlation between 
protein levels and mRNA data using three subsets of 20, 40 and 60 brain 
regions randomly selected from the Desikan-Killiany atlas which is the 
standard space adopted by these methods. The MENGA toolbox does not 
adopt the Desikan-Killiany atlas, but provides different segmentations 
derived from the AHBA data structure: the structure level (169 regions), 
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the coarse level (26 regions) and the simplified coarse level (15 regions). 
For the structure level the MENGA toolbox automatically selected 90 
regions discarding brain regions that contained less than 2 samples per 
gene. Finally, we used the MENGA toolbox to test whether different 
probes lead to different mRNA/protein correlations (iii). For this scope 
we used the simplified coarse level to extract mRNA data from 10 of all 

the available probes for each gene. AHBA contains only 3 probes for both 
HTR1A and HTR1B genes, thus all available probes were selected for 
these genes. 

Table 1 
Main differences in processing default options between the methods selected for the comparison.  

Settings French and Paus (2015) Gryglewski et al. (2018) Rizzo et al. (2016) 

Probe selection Average of all available probes for a gene Exclusion of probes with low 
correlation with other probes and high 
spatial variability between donors 

Exclusion of probes with high skewed 
distribution across donors 

Flag of 
transcripts 
isoforms 

no no no 

Re-annotation of 
probes 

no no no 

RNAseq check no no no 
Spatial mapping Freesurfer segmentation using the Desikan-Killiany atlas and 

average within ROIs 
Voxel-wise maps in MNI space 
obtained through variogram analysis. 
Freedom of choice on how segment 
voxel-wise maps 

Anatomical annotations provided by the AHBA 

Region selection 

Free choice Free choice Free choice 

Data from the left hemisphere only 
Data from both hemispheres (missing 
data predicted if right hemisphere not 
present) 

Data from the left hemisphere only 

Data 
normalization No normalization mean-centering z-score transformation 

Statistics Free choice Free choice Linear correlation 
Multivariate correlation 

Major findings  

• Association between serotonin receptor densities profiles and 
mRNA expression (Beliveau et al., 2017);  

• Association of structural MRI signal with mRNA expression 
profile specific to CA1 pyramidal cells and oligodendrocyte- 
specific gene-expression profiles (Patel et al., 2020);  

• Association between mRNA expression profiles and structural 
MRI anomalies in psychiatric disorders (Writing Committee for 
the Attention-Deficit/Hyperactivity Disorder et al., 2020)  

• Association between risk factor genes for diabetes and regional 
glucose metabolism during both normal aging and Alzheimer 
disease (Nugent et al., 2020)  

• Association between TBR1, SCN1A, MAGEL2, and CACNB gene 
expression spatial profile and fMRI signal in visual and motor 
cortices (Bueichekú et al., 2020)  

• Association between dynamic connectivity patterns (fMRI) and 
gene expression (Diez and Sepulcre, 2018)  

• Brain co-localization of in vivo of tau and Aβ propagation and 
gene expression (Sepulcre et al., 2018)  

• Dopamine D2/3 receptors binding 
potential and mRNA expression of 
DRD2 and DRD3 genes (Komorowski 
et al., 2020)  

• Association between thalamo- 
cortical connectivity and CALB1 and 
PVALB gene expression (Müller 
et al., 2020)  

• Association between neuronal 
timescales and brain mRNA 
expression profiles (Gao et al., 
2020)  

• Correlation between 5-HT1A 
receptor density and mRNA 
coexpression gene sets 
(Unterholzner et al., 2020)  

• Association between changes in cerebral 
blood flow after antipsychotic 
administration and DRD2 gene expression 
data (Selvaggi et al., 2019)  

• Association between PET 18 kDa 
translocator protein (TSPO) and gene 
expression (Veronese et al., 2017)  

• Use of mRNA data to estimate 
nondisplaceable fraction in PET studies 
(Veronese et al., 2016)  

• Translocator protein (TSPO) brain 
quantification (Zanotti-Fregonara et al., 
2019)  

• Comparison of radioligand performance for 
quantification of metabotropic glutamate 
receptor 5 in human brain (Lohith et al., 
2016)  

Fig. 1. Correlations of in vivo serotonin protein densities with AHBA data using three different publicly available tools. SCL6A4 correlations with all methods and 
HTR1B correlation with MENGA were not significant (p < 0.05), hence no bar is visible. HTR4 mRNA expression data did not pass normality test (Shapiro-Wilk test) 
using the French and Paus (2015) method, hence no bar is visible. Note: in the correlation analysis for the HTR2A gene, for the French and Paus (2015) method only 
cortical samples were selected. 
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3.3. Results 

3.3.1. Comparison of tools 
Fig. 1 shows results of correlations (expressed as correlation coeffi-

cient) for each method and each gene. 
For both the serotonin transporter 5-HTT (correspondent gene 

SCL6A4) and serotonin receptor 5-HT4 (correspondent gene HTR4) the 
three tools showed consistent results. All the methods returned very low 
and not significant (p > 0.05) correlations with 5-HTT density measures. 
Correlations with 5-HT4R protein levels were comparable between 
methods that all returned moderate correlations (R range: 0.44 – 0.54). 
On the other hand, results were inconsistent between the tools for 
HTR1A, HTR1B and HTR2A genes. We found the most remarkable dif-
ferences for the HTR1B gene. In fact, with MENGA the correlation with 
5-HT1bR levels was not significant (p > 0.05), French and Paus method 
showed a strong correlation (R(82) = 0.66) and (Gryglewski et al., 2018) 
method showed only a modest association (R(82) = 0.29). We found 

remarkable differences between methods also for the HTR2A gene: while 
using Beliveau et al. and Gryglewsky et al. methods we obtained strong 
associations between mRNA data and protein density levels (R(82) =
0.65 and R(82) = 0.77 respectively), using the Rizzo et al. method the 
correlation was modest (R(13) = 0.44). Finally, for the HTR1A gene 
French and Paus method returned the highest correlation (R(82) = 0.94) 
with similar correlations between the Rizzo et al. and Gryglewski et al. 
methods (R(13) = 0.74 and R = 0.69(82) respectively). 

3.3.2. Impact of data processing 
Gene auto-correlation analysis revealed that the gene with the 

highest between-donors correlation was HTR1A (R(13) = 0.90) followed 
by SCL6A4 (R(13) = 0.74) and HTR4 (R(13) = 0.73). By contrast both 
HTR1b and HTR2a showed highly variable mRNA expression spatial 
pattern across donors (R(13) = 0.169 and R(13) = 0.078 respectively). 

Fig. 2 shows results of differences in mRNA/protein correlations 
when varying the number of brain regions considered. The MENGA 

Fig. 2. Correlations of in vivo serotonin protein densities with AHBA data using three different publicly available tools when varying the number of regions 
considered. 2A Gryglewski et al., 2018, 2B French and Paus, 2015, 2C MENGA. For HTR1B and SCL6A4 genes the MENGA toolbox returned R = 0, hence no bar 
is visible. 
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toolbox returned the highest variability in correlations when comparing 
correlations with a different number of brain regions. This effect was 
particularly evident in the case of HTR2A (R range: 0.11 – 0.37) and 
HTR4 (R range: 0 – 0.51) genes. The effect of segmentation was less 
pronounced in Gryglewski et al. and French and Paus methods as 
compared with MENGA, however high variability in correlations were 
evident for HTR4 (R range: 0 – 0.58) and HTR1B (R range: 0.15 – 0.66) 
genes in French and Paus method and for HTR4 gene (R range: 0.44 – 
0.7) in Gryglewski et al. method. 

Fig. 3 shows mRNA/protein levels correlation for each gene using 
different probes available in the AHBA. Correlations between SCL6A4 
and HTR4 mRNA expression with their respective protein levels where 
highly variable depending on the probe considered, whereas more 
consistent results between probes were observed in the case of HTR1A 
and HTR2A genes. 

3.4. Discussion 

3.4.1. Comparison of tools 
In our comparison we obtained consistent results between the three 

methods considered only for 5-HTT and 5-HT4R density profiles. Results 
were inconsistent between the tools for HTR1A, HTR1B and HTR2A 
genes. As regard 5-HTT the analysis performed with all tools suggest that 
there is a poor spatial correspondence between 5-HTT density measures 
and the expression map of its corresponding gene. One possible expla-
nation for the lack of association in this case might be related to the fact 
5-HTT is often located on the terminal projections of serotonin neurons 

and therefore distant from the soma where most of corresponding mRNA 
is present (Tao-Cheng and Zhou, 1999; Beliveau et al., 2017). The 
HTR1B gene showed also high variability between tools. The inconsis-
tency found for the case of the HTR1B gene might be explained by dif-
ferential mRNA/protein association between cortical and subcortical 
regions due to different expression of 5-HT1bR auto-receptor (presyn-
aptic) and 5-HT1bR hetero-receptors (postsynaptic) in different brain 
regions (Beliveau et al., 2017). This difference might explain why the 
correlation with 5-HT1bR using the MENGA software was not significant. 
In fact, among the 15 regions provided in MENGA only 6 regions refer to 
the neocortex. The difference in performance between French and Paus 
(2015) and (Gryglewski et al., 2018) methods is more difficult to 
interpret. The ratio between cortical and subcortical regions is the same 
between the two methods as the same atlas has been applied. However, 
Spearman correlation returned very similar results between French and 
Paus (2015) and (Gryglewski et al., 2018) methods. One possible 
interpretation of these results might stand on different skewness in the 
data extracted using the two methods. For instance high skewed distri-
bution of data points might have inflated the linear correlation in the 
French and Paus (2015) method. We found less pronounced but still 
relevant differences for the HTR1A and HTR2A genes. Interestingly, for 
the HTR2A gene, the correlation with the French and Paus (2015) 
method was performed only using cortical samples and no correlation in 
subcortical regions was found (Beliveau et al., 2017). However, we 
found significant correlation in both cortical and subcortical samples 
using MENGA (R = 0.44) and (Gryglewski et al., 2018) method (R =
0.77), with the latter method showing a stronger association. However, 

Fig. 3. Correlations of in vivo serotonin protein densities with AHBA data using for each gene different available probes in AHBA. Dot line indicates statistical 
significance threshold for N = 15, alpha = 0.05 (R(13) = 0.51). 
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after excluding subcortical samples in both MENGA and (Gryglewski 
et al., 2018) methods correlation coefficients dropped (RMENGA = 0.39; 
RGryglewski = 0.18). This analysis clearly shows how heavily the results 
could be affected using a different selection of brain regions. Finally, all 
the methods showed high correlations for the HTR1A gene (R range =
0.69 – 0.94), with the highest correlation achieved by French and Paus 
(2015) tool. This is consistent with previous findings (Rizzo et al., 
2014a) which also show that correlation for 5-HT1aR tend to vary 
depending on the specific HTR1A probe that is selected. Therefore, we 
can hypothesize that different strategies in probe selection between the 
three methods could explain the differences we found here. Finally, 
despite the skewed distribution of some of the data, the Pearson’s and 
Spearman correlation methods produced broadly similar results, but 
with some notable exceptions. The French and Paus method described a 
relationship between the HRT1B mRNA and PET data that was more 
than double for the Pearson’s method. This indicates that data distri-
bution should not be ignored when evaluating the associations between 
mRNA expression spatial patterns with imaging data. 

Some limitations of this comparison should be acknowledged. The 
limited number of donors in the AHBA, the limited number of methods 
and genes tested, and the type of comparison performed here do not 
allow to draw any kind of definitive conclusions about the correct data 
analysis workflow for correlating mRNA levels with protein densities. 
For instance, we cannot exclude that the differences shown here could 
be related to any other factor other than methodological issues or that 
could be more or less pronounced when using different gene-sets. 
However, despite these limitations we were able to show that even in 
the ideal case where the same data (both imaging and mRNA) are used, 
different methods return inconsistent results. These findings suggest that 
methodological options in AHBA data processing are not neutral and 
could heavily affect reproducibility of the findings. 

3.4.2. Impact of data processing 
Gene autocorrelation analysis showed that HTR1b and HTR2a 

showed highly variable mRNA expression spatial pattern across donors. 
This high biological variability suggests that any results reported for 
these two genes should be interpreted with caution. These results are in 
line with previous reports (Rizzo et al., 2016; Arnatkeviciute et al., 
2019) suggesting that high between-donors variability in AHBA mRNA 
expression data is an important source of noise in this dataset. We also 
found an effect of segmentation on mRNA/protein correlation strength. 
This effect was higher for the MENGA toolbox as compared with the 
other two methods. This difference might be explained by the fact that 
the segmentation adopted by Gryglewski et al. and French and Paus 
methods (i.e. Desikan-Killiany atlas) was able to include in each ROI an 
higher number of data points (i.e. samples) than the AHBA structure and 
coarse level used in MENGA. In addition, HTR1A and HTR2A genes 
showed more stable correlation strength than other serotonin genes 
across tools. This is not surprising given the homogenous distribution of 
these genes across cortical regions (Beliveau et al., 2017), however re-
sults obtained with other serotonin genes corroborate our concerns 
regarding the impact of different segmentation strategies. Finally, we 
found that in 2 out of 5 genes of our case example different correlations 
strength were obtained when using different probes. Our case example 
highlights that at least for some genes in the AHBA datasets mRNA 
expression data from different probes are not interchangeable. 

It is important to highlight that our findings are limited to the spe-
cific case tested and therefore cannot immediately be generalizable to all 
genes and all the possible applications of the AHBA. Other authors have 
started to systematically assess the impact of pre-processing choices in 
AHBA analysis to derive guidelines (Arnatkeviciute et al., 2019). 

4. General considerations 

In addition to the five issues described above another important 
factor that limits generalizability of AHBA data analysis has to be 

acknowledged. The number of available ABA donors is limited (N = 6) 
and therefore only approximates population-level brain mRNA expres-
sion templates. Nonetheless, AHBA data has been already used as a 
population-based atlas and associated with a variety of neuroimaging 
measures. However, in our view, as discussed above the limited number 
of donors opens serious concerns about how between-donor variability 
is handled and therefore represents an important limitation. Future 
works should account for it. 

Given the number of different applications of the AHBA dataset we 
anticipated that some of the issues might be more or less relevant 
depending on specific scenarios. Therefore, it is difficult at this stage to 
provide specific recommendations or guidelines that could work in all 
the cases. Nevertheless, we would like to propose some strategies that 
could improve reproducibility of the results for AHBA-imaging associ-
ation studies: i) to test and externally-validate each method using 
normative datasets for which the relationship with brain mRNA 
expression measures is well-established; ii) to clean the AHBA dataset 
from high insensitive probes and evaluate probes annotations and their 
specificity in the case of transcript isoforms; iii) to validate the statistics 
of the methods used for each analysis step (i.e. probe selection, 
normalization, region selection, etc. (Arnatkeviciute et al., 2019), iv) to 
report the methods in a more systematic and uniform manner (similar to 
what is currently used for systematic reviews and meta-analysis. 

5. Conclusion 

The integration of brain transcriptomics with brain imaging has a 
great potential to help answer old and new neuroscience questions. 
However, there is still a lack of harmony in the methods used. Here, we 
have provided an overview of the most prominent methodologies and 
identify five main issues that might heavily affect the results. We also 
show that different available tools lead to different results when mRNA 
data is used to correlate with brain protein densities. Given this 
discrepancy we strongly encourage further discussion in the community 
to avoid reproducibility issues that could seriously jeopardize the value 
of this tool. Even though in our comparison we consider only mRNA/ 
protein density correlation it is likely that the issues reviewed here 
might apply in many other cases. While some authors are beginning to 
formally address the issue (Arnatkeviciute et al., 2019), further work is 
necessary to achieve a consensus regarding the best approach for each 
scenario to make these tools reproducible and thus enhance their utility 
for the scientific community. We anticipate that a consensus cannot be 
easily reached for all the issues. As a result, we strongly advice future 
authors to be at least fully transparent in the description of their 
methods and reviewers to take into serious consideration reproducibility 
issues. In addition, given the concerns about reproducibility we 
encourage the field to discuss and define best practices, to share algo-
rithms and data in order to boost transparency and collaborative efforts 
(Nichols et al., 2017). We also suggest that the impact of different op-
tions in the AHBA workflow on the results should be carefully evaluated 
case-by-case. Finally, we believe that it is extremely important that re-
searchers in this fast-growing field are aware of the high risk of incon-
sistent results and therefore take the right steps to avoid serious 
controversies that emerged in other fields of neuroimaging (Eklund 
et al., 2016). 
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Abstract

Background. Altered cerebral blood flow (CBF) has been found in people at risk for
psychosis, with first-episode psychosis (FEP) and with chronic schizophrenia (SCZ).
Studies using arterial spin labelling (ASL) have shown reduction of cortical CBF and increased
subcortical CBF in SCZ. Previous studies have investigated CBF using ASL in FEP, reporting
increased CBF in striatum and reduced CBF in frontal cortex. However, as these people were
taking antipsychotics, it is unclear whether these changes are related to the disorder or
antipsychotic treatment and how they relate to treatment response.
Methods. We examined CBF in FEP free from antipsychotic medication (N = 21), compared
to healthy controls (N = 22). Both absolute and relative-to-global CBF were assessed. We also
investigated the association between baseline CBF and treatment response in a partially nested
follow-up study (N = 14).
Results. There was significantly lower absolute CBF in frontal cortex (Cohen’s d = 0.84,
p = 0.009) and no differences in striatum or hippocampus. Whole brain voxel-wise analysis
revealed widespread cortical reductions in absolute CBF in large cortical clusters that
encompassed occipital, parietal and frontal cortices (Threshold-Free Cluster
Enhancement (TFCE)-corrected <0.05). No differences were found in relative-to-global
CBF in the selected region of interests and in voxel-wise analysis. Relative-to-global frontal
CBF was correlated with percentage change in total Positive and Negative Syndrome Scale
after antipsychotic treatment (r = 0.67, p = 0.008).
Conclusions. These results show lower cortical absolute perfusion in FEP prior to starting
antipsychotic treatment and suggest relative-to-global frontal CBF as assessed with magnetic
resonance imaging could potentially serve as a biomarker for antipsychotic response.

Introduction

Schizophrenia (SCZ) and related psychotic disorders are amongst the leading causes of global
disease burden (McCutcheon, Reis Marques, & Howes, 2020b). Current treatments are
ineffective for many patients (Kaar, Natesan, McCutcheon, & Howes, 2020), highlighting
the need to understand the neurobiology underlying psychosis to inform development of
new drug treatments (Jauhar & Howes, 2019; McCutcheon, Krystal, & Howes, 2020a).
Altered brain perfusion and metabolism have been implicated in the neurobiology of SCZ
(Goozée, Handley, Kempton, & Dazzan, 2014; Hill et al., 2004; Townsend et al., 2022), ini-
tially with positron emission tomography (PET). PET studies with [18F]-fluorodeoxyglucose
(FDG) and [15O]H2O reported hypometabolism and hypoperfusion in frontal, anterior cingu-
late, temporal and parietal cortices (Andreasen et al., 1997; Buchsbaum et al., 1982; Gur et al.,
1995). More recently, arterial spin labelling (ASL), utilizing magnetic resonance imaging
(MRI), has been used to measure cerebral blood flow (CBF). Because of the well-established
phenomenon of neuro-vascular coupling, measures of regional CBF are an indirect but highly
sensitive signature of regional cellular activity. ASL studies in people with chronic SCZ, treated
with antipsychotics, show reduced CBF in frontal, parietal and occipital regions and increased
CBF in basal ganglia (Legind et al., 2019; Liu, Qiu, Constable, & Wexler, 2012a; Oliveira et al.,
2018; Pinkham et al., 2011, 2015), though the basal ganglia findings have not been consistently
replicated (Ota et al., 2014; Zhu et al., 2017). Thus, there is evidence for cortical hypoperfusion
in chronic SCZ, but it is unclear from these studies when this occurs in development of the
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disorder. Studies in clinical high risk for psychosis (CHR-P) indi-
viduals have reported increased CBF in basal ganglia and hippo-
campus (Allen et al., 2016, 2018; Modinos et al., 2018b). Increased
hippocampal perfusion in CHR-P individuals has also been found
with gadolinium-enhanced MRI (Schobel et al., 2013). These
findings indicate that CBF alterations may occur early in develop-
ment of psychosis, though, because the majority of CHR-P sub-
jects do not go on to develop psychosis, it is unclear how
specific they are to psychosis. To date, only one study has inves-
tigated cerebral perfusion using ASL in people with first-episode
psychosis (FEP) (Kindler et al., 2018). This study found increased
perfusion in basal ganglia and reduced CBF in frontal cortex in
people with FEP, all of whom were taking antipsychotic
medication.

However, antipsychotics have effects on brain metabolism and
CBF (Goozée et al., 2014; Hawkins et al., 2018; Mehta et al., 2003;
Miller et al., 1997; Turkheimer et al., 2020), with evidence from
preclinical models (Sander et al., 2013, 2019; Sander, Hooker,
Catana, Rosen, & Mandeville, 2016; Viviani, Graf, Wiegers, &
Abler, 2013) and experimental medicine studies in healthy indivi-
duals (Hawkins et al., 2018; Selvaggi et al., 2019; Viviani et al.,
2013) suggesting that antipsychotics increase CBF in the basal
ganglia with a mechanism possibly mediated by D2 receptors
(Sander et al., 2013; Selvaggi et al., 2019). The effect of antipsy-
chotics on cortical perfusion is even less understood. Studies
using PET and single photon emission computed tomography
(SPECT) found consistently reduced perfusion and metabolism
in the frontal cortex in both medicated and unmedicated patients
with SCZ (Makarić et al., 2017; Molina et al., 2005). Viviani et al.
(2013) found decreased cortical perfusion after amisulpride
administration in healthy volunteers. It is therefore unclear if pre-
vious findings in FEP were confounded by antipsychotic treat-
ment and what is the extent of the interaction between
antipsychotic effects and pathophysiology. Thus, we aimed to
determine if CBF is altered in people in their first episode of
psychosis who are free from antipsychotic medication (baseline
study). Based on prior studies in FEP and subjects at CHR-P,
we hypothesized that antipsychotic-free people with FEP would
show lower absolute CBF in the frontal cortex while keeping
CBF in the striatum within physiological ranges.

Moreover, while previous cross-sectional investigations have
shown associations between altered CBF and severity of psychotic
symptoms in SCZ (Kindler et al., 2018; Pinkham et al., 2011), it is
unknown if brain perfusion before treatment is associated with
subsequent symptomatic improvement with antipsychotic treat-
ment. Thus, we aimed to explore this association in a prospective
study of patients who went on to receive antipsychotic treatment
(follow-up study). To summarize, we adopted a partially nested
two-study design to (i) investigate differences in brain perfusion
in FEP prior to start antipsychotic treatment (baseline study)
and (ii) identify brain perfusion markers of treatment response
possibly unbiased by antipsychotic effects on CBF.

Materials and methods

Study participants

Study participants were recruited from FEP teams within South
London and Maudsley NHS Foundation Trust (Fusar-Poli et al.,
2020) and Central and West London NHS Trust. All participants
provided informed written consent. For both groups’ exclusion
criteria were history of head trauma, dependence on illicit

drugs, any significant medical co-morbidity (minor illnesses
such as seasonal allergies were permitted) and contra-indication
to MRI scanning.

Baseline study
Inclusion criteria for the patient group were: psychotic disorder
according to ICD-10 criteria (World Health Organization, 2004)
in first episode of illness. Age and gender-matched healthy volun-
teers were recruited through local advertisement from the same
geographical areas. Inclusion criteria for healthy controls (HCs)
were: no personal history of psychiatric illness [assessed using
the Structured Clinical Interview for the DSM (First, 2014)] and
no history of psychotropic medication use. All patients were
antipsychotic-naïve or antipsychotic-free for at least 6 weeks for
oral antipsychotics or 6 months for depot antipsychotics
(Jauhar et al., 2019; Leucht et al., 2015). The sample included
nine antipsychotic-naïve and 12 antipsychotic-free patients. All
but one patient included in the baseline study was not taking
other psychotropic medication (i.e. antidepressants, mood stabili-
zers, benzodiazepines) at the time of MRI scan. Only one patient
was taking antidepressant medication (sertraline) at the time of
MRI scan (Viviani, Abler, Seeringer, & Stingl, 2012).

Follow-up study
Inclusion criteria for the patient group were: psychotic disorder
according to ICD-10 criteria (World Health Organization,
2004); in first episode of illness; and antipsychotic-free
or -naïve or minimally treated [taking antipsychotics at minimal
effective dose for less than 2 weeks (Agid, Kapur, Arenovich, &
Zipursky, 2003; Levine & Leucht, 2012)]. All patients were
clinically assessed at baseline and reassessed after taking anti-
psychotic treatment, at a therapeutic dose as specified in the
Maudsley Prescribing Guidelines (Taylor, Barnes, & Young,
2018), for a minimum of 4 weeks. All patients were in stable treat-
ment at follow-up after titration. Clinical measures were rated at
baseline and follow-up using the Positive and Negative
Syndrome Scale (PANSS) (Kay, Fiszbein, & Opler, 1987).
Patients received follow-up for at least 6 months to determine if
there had been a subsequent response in patients who showed
non-response at 4 weeks (duration to follow-up in months
24.73 ± 16.89). Subjects with psychosis were classified by anti-
psychotic exposure as antipsychotic-naïve, antipsychotic-free
[prior oral antipsychotic medication but free of treatment for at
least 6 week (oral) or 6 months (depot, if relevant)] or minimally
treated (taking antipsychotic medication for 2 weeks or less)
(Jauhar et al., 2019; Leucht et al., 2015). The sample included
seven antipsychotic-naïve, four antipsychotic-free and three peo-
ple minimally treated with antipsychotics.

MRI acquisition and pre-processing

MRI acquisition
Scans were acquired using a GE MR750 3-T scanner and a
12-channel head coil. A T1-weighted MPRAGE scan was
also acquired (FOV = 260 mm; echo time = 2.8 ms; repetition
time = 6.98 ms; 256 × 256 matrix; slice thickness = 1.2 mm, flip
angle = 11) for normalization purposes. A T2-weighted
image (FOV = 240 mm; echo time = 54.68 ms; repetition time =
4380 ms; 320 × 320 matrix; slice thickness = 4 mm) was also
acquired and used for the pre-processing of ASL images (see
below). ASL data were acquired using a pseudo-continuous arter-
ial spin labelling sequence (PCASL). Four control-label pairs were
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used (labelling time = 1525 ms; post labelling delay = 1500 ms).
Images were read with a 3D Fast-Spin echo stack of spirals
scheme, consisting of eight inter-leaved spiral arms, 512 points
per arm and 60 slice-locations of 3 mm thickness. The raw spatial
resolution of the perfusion sensitive images was approximately
3.6 mm in plane and 3 mm through plane; and the data points
were re-gridded to a rectangular matrix prior to Fourier
transformation and written with a voxel size of 1 × 1 × 3 mm
(no gap). The sequence had background suppression for optimum
reduction of the static tissue signal (for further details, see online
Supplementary materials). A proton density (PD) image was also
acquired over 48 s using the same acquisition parameters.

Pre-processing
PD images were used to obtain quantification of absolute CBF in
standard physiological units (ml blood/100 g tissue/min) using
the formula suggested in the recent ASL consensus paper
(Alsop et al., 2015). The unified segmentation algorithm in
SPM12 (Ashburner & Friston, 2005) was used to create grey mat-
ter, white matter and cerebrospinal fluid (CSF) images from each
T1-weighted image and to create a set of flow fields to later trans-
form each subject’s T1-weighted and ASL data into standard
space. The T2-weighted images were co-registered to the
T1-weighted images. Each raw PD image was then co-registered
to the T2 image. The parameters for this transformation were
then applied to the CBF maps (as they were already in alignment
with the PD image) prior to their normalization. The addition of
these two co-registration steps helped us to achieve a better align-
ment between CBF and T1-weighted images which prevented
from distortions during normalization. Images were resampled
to 2 mm isotropic voxels and normalized into a standard space
(Montreal Neurological Institute, MNI). Finally, the normalized
CBF maps were smoothed using a 6 mm full width at half max-
imum (FWHM) kernel. Normalized T1-weighted images were
also smoothed using a 6 mm FWHM kernel.

Statistical analysis

Demographics
Demographic characteristics (i.e. age, gender) were compared
between FEP and HC using χ2 or independent sample t tests
for categorical and continuous data respectively.

Region of interest (ROI) analysis
Absolute CBF values in the whole grey matter and in each ROI
were extracted using spatially normalized to individual grey matter
images and the WFU-Pickatlas ROIs with the MarsBar toolbox
(http://marsbar.sourceforge.net). Based on previous findings
(Allen et al., 2016; Kindler et al., 2018), the following bilateral
ROIs were selected as our primary ROIs: the frontal cortex
(size = 61 104mm), the hippocampus (size = 15 024mm) and
the striatum (size = 36 816mm). For comparisons with previous
investigations (Allen et al., 2016; Kindler et al., 2018), we also
explored differences between FEP and HC in relative-to-global-
perfusion CBF (relative CBF). For each ROI a linear regression
model was performed with absolute CBF in the ROI as the
dependent variable and global grey matter CBF as the independent
variable. For each linear regression in each ROI unstandardized
residuals were computed.

To test our primary hypothesis that FEP would show reduced
absolute CBF in frontal cortex and increased CBF in striatum and
hippocampus, a repeated measure analysis of variance (ANOVA)

was used with ‘ROI’ as the within-subject factor and ‘GROUP’ as
the between-subject factor. Tukey HSD test has been used for
post-hoc pairwise comparison. An independent sample t test
was used to test absolute CBF in the whole grey matter to deter-
mine if there was a global group difference in CBF. Cohen’s d has
been computed to obtain estimates of effect size. To test differ-
ences in relative-to-global CBF, absolute CBF unstandardized
residual against global grey matter CBF were entered as dependent
variables in a repeated measure ANOVA with ‘ROI’ as within-
subject variable and ‘GROUP’ as between-subjects variable.
Tukey HSD has been used for post-hoc pairwise comparison.

Voxel-wise analysis
Differences in absolute CBF were also tested in whole-brain voxel-
wise analyses. Based on recent recommendations (Eklund,
Nichols, & Knutsson, 2016), we performed non-parametric ana-
lysis as implemented in FSL randomise (Winkler, Ridgway,
Webster, Smith, & Nichols, 2014) and threshold-free
cluster enhancement (TFCE) (Smith & Nichols, 2009) with
5000 permutations to create a non-parametric null distribution
and calculate a 5% significant threshold. We also tested
relative-to-global-perfusion CBF differences between FEP and
HC in voxel-wise analysis using FSL randomise by including glo-
bal grey matter CBF as a nuisance covariate in the model. An
independent sample t test was used to test differences in intracra-
nial volume (ICV) between FEP and HC.

Structural analysis
In order to check whether results could be influenced by differ-
ences in grey matter volume differences between FEP and HC,
standard voxel-based morphometry (VBM) analysis as imple-
mented in SPM was performed on pre-processed T1-weighted
images to determine if there were volumetric differences between
groups. Voxel-wise independent sample t test as implemented in
SPM were performed to assess differences in grey matter volume
between FEP and controls. Grey matter, white matter and CSF
images of each subject were combined to obtain estimates of
total ICV. In addition, T1-weighted images were processed
using FreeSurfer (version 7.1.1, http://surfer.nmr.harvard.edu)
image analysis suite to produce measures of cortical thickness
estimates using the FreeSurfer automated brain segmentation pro-
cess (recon-all) (Fischl & Dale, 2000; Salat et al., 2004). An
FWHM Gaussian kernel of 10 mm was applied. Vertex-wide
independent sample t test was performed for both left and right
hemisphere to assess differences in cortical thickness between
FEP and controls. Both FEP > HC and FEP < HC contrast were
analysed. Cluster-level correction for multiple comparison was
implemented with −log 10( p)value = 3 as cluster-defining thresh-
old and alpha = 0.05 (Greve & Fischl, 2018).

Correlation with PANSS change
Percentage changes in PANSS was calculated, adjusting for min-
imum scores (% change in total PANSS = [((baseline score – 30)
− (follow-up score – 30))/(baseline score − 30)] × 100) (Leucht
et al., 2005).

To explore the association between baseline CBF and improve-
ment in symptoms, linear regression analysis was performed
between both baseline absolute and relative-to-global-CBF values
from our primary ROIs and percentage change in total PANSS.
For each linear regression model Bonferroni correction was
applied for the number of ROI tested (alpha = 0.05/3 = 0.016).
For all linear regression models Mahalanobis distance and
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Cook’s distance were computed to examine the presence of multi-
variate outliers and to estimate the presence of highly influential
data points. To identify multivariate outliers, Mahalanobis dis-
tance values were compared to a χ2 distribution with degrees of
freedom equal to the number of variables (two in this case)
with p = 0.001 (Finch, 2012). Any data point with Cook’s distance
higher than 1 was considered a highly influential outlier and
excluded from the analysis as recommended [see Cook &
Weisberg, 1982]. To further test the robustness of our analysis
reducing the effect of extreme observations, we used the bias-
corrected accelerated bootstrap technique with 10 000 resamples
(Efron & Tibshirani, 1986).

Results

Baseline study

Demographics
Twenty-one people with FEP [mean age ± standard deviation
(S.D.), 24.85 ± 3.85, three female] and 22 HC (23.45 ± 3.21, eight
female) were included in the baseline study. HC and FEP
groups did not significantly differ in age (t = 1.29, p = 0.3) or
gender (χ2 = 2.8, p = 0.1) (Table 1).

Absolute CBF
Absolute whole brain CBF was significantly lower in FEP (mean
± S.D., 27.642 ± 59.52) as compared to controls (mean ± S.D.,
32.334 ± 43.75) (t = −2.94, df = 41, p = 0.005, Cohen’s d = 0.89).
Results did not change after removal of the subject receiving
antidepressant at the time of the scan ( p < 0.001).

There was a significant main effect of ‘GROUP’ (F = 4.74,
p = 0.035) and a significant ‘ROI’ × ‘GROUP’ interaction
(F = 3.89, p = 0.032 after Greenhouse–Geisser correction) on
absolute CBF. Tukey HSD post hoc test revealed significantly
lower absolute CBF in the frontal cortex in FEP as compared to
HC (t = −2.75, df = 41, p = 0.009, Cohen’s d = 0.84) with no stat-
istically significant differences between FEP and HC in the hippo-
campus (t = −1.5, df = 41, p = 0.13) or striatum (t =−1.4, df = 41,
p = 0.1). Results did not change after removal of the subject
receiving antidepressant at the time of the scan ( p < 0.001).
Figure 1 shows absolute CBF values in the three ROIs (i.e. frontal
cortex, hippocampus and striatum).

We conducted an exploratory analysis separating the patients
into antipsychotic-naïve and antipsychotic-free sub-groups. This
shows that CBF levels are similar in antipsychotic-naïve and
antipsychotic-free sub-groups (see online Supplementary
materials).

Relative-to-global CBF
There was a trend towards a significant main effect of
‘GROUP’ (F = 3.9, p = 0.054), but no significant main effect
of ‘ROI’ ( p = 0.85) or significant ‘ROI ×GROUP’ interaction
( p = 0.23) on relative CBF.

CBF whole-brain voxel-wise analysis
Figure 2 shows whole-brain voxel-wise differences ( p < 0.05,
TFCE-corrected) between FEP and HC. The direct voxel-wise
comparison revealed significantly lower CBF in FEP compared
to HC in widespread cortical areas including frontal, parietal
and occipital areas. The opposite contrast (i.e. HC < FEP) did
not reveal any significant clusters.

Whole brain voxel-wise analysis of relative-to-global CBF did
not reveal any TFCE-corrected cluster in either FEP > HC or
FEP < HC contrasts.

Structural analysis
FEP and HC did not differ in total grey matter volume (t =−1.8,
df = 41, p = 0.08) or total ICV (t = 0.95, df = 41, p = 0.96).
Voxel-wise VBM analysis did not reveal any significant differ-
ences in grey matter volume between FEP and HC. FreeSurfer
analysis did not reveal any significant cluster of cortical thickness
differences between FEP and HC.

Follow-up study

Demographics
Fourteen FEP (23.85 ± 3.77, four female) were included in the
follow-up study. Eleven patients also took part in the baseline
study (Table 2).

Correlations between baseline CBF and PANSS change
There were no significant associations between absolute CBF
extracted from the ROIs and percentage change in total PANSS
score ( p > 0.32). However, relative-to-global CBF in the frontal
cortex correlated positively with percentage change in total
PANSS (Fig. 3; r = 0.67, p = 0.008). In all linear regression models,
none of the data points were identified as influential outliers (all
Cook’s distances < 1) or multivariate outliers (all Mahalanobis
distances p > 0.001). Results were retained after applying bias-
corrected accelerated bootstrap technique with 10 000 resamples
(bootstrapped p = 0.05). In addition, Spearman rank correlations

Table 1. Summary of demographic and clinical characteristics of the baseline
study sample

FEP,
n = 21

HC,
n = 22 p value

Age (mean ± S.D.) 24.85 ± 3.85 23.45 ± 3.21 0.3

Gender (M/F) 18/3 14/8 0.1

Education (years,
mean ± S.D.)

14.4 ± 2.1 15.68 ± 2.6 0.1

PANSS total baseline
(mean ± S.D.)

70.7 ± 18.6 – –

PANSS positive baseline
(mean ± S.D.)

13.7 ± 4.4 – –

PANSS negative baseline
(mean ± S.D.)

13.4 ± 6.3 – –

Antipsychotic-naïve (%) 43 – –

Antipsychotic-free (%) 57 – –

Minimal antipsychotic
treatment (%)

0 –

Smoking status (never/
past/current)

13/2/6 12/6/4 0.3

Substance use (never/
past/current)

17/3/1 15/3/4 0.4

Alcohol (never/past/
current)

11/2/8 9/1/12 0.5

Ethnicity (white/black/
Asian/others)

4/6/5/6 4/13/3/2 –

4 Pierluigi Selvaggi et al.
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yielded similar results to linear regression analysis (Spearman rho
= 0.574, p = 0.032).

Discussion

We found absolute CBF was significantly lower in frontal cortex
but not striatum or hippocampus in people with FEP free of anti-
psychotic medication. Our whole brain analyses found signifi-
cantly lower perfusion in the patients in additional cortical
areas, including the parietal and occipital cortices.

Lower perfusion and metabolism of frontal cortex at rest is a
replicated finding in chronic SCZ (Bullmore et al., 1999;
Weinberger & Berman, 1988) demonstrated using various neuroi-
maging techniques including SPECT, [18F]-FDG and [15O]-H2O
PET, blood oxygen level dependent (BOLD) signal [i.e. functional
magnetic resonance imaging (fMRI)] and recently with ASL (Hill
et al., 2004; Kindler et al., 2015). Interestingly previous studies
using PET and SPECT in unmedicated FEP revealed reduced

cortical perfusion and metabolism (Brewer et al., 2007; Makarić
et al., 2017; Molina et al., 2005). Our results corroborate and
extend this evidence by showing the existence of lower frontal cor-
tical absolute perfusion in FEP without the potential confound of
antipsychotic treatment using MRI. In addition, our exploratory
whole brain analyses indicate cortical hypoperfusion extends
beyond the frontal cortex, including both parietal and occipital
cortices. This extends evidence that the function of these regions
is altered during cognitive tasks in SCZ (Calderone et al., 2013;
Hahn, Robinson, Leonard, Luck, & Gold, 2018; Weiss et al.,
2009) to show perfusion is also altered early in illness course.
In contrast to findings in antipsychotic-treated patients and peo-
ple at clinical risk of psychosis (Allen et al., 2018; Kindler et al.,
2018), we found no significant difference in relative-to-global
CBF in the striatum or hippocampus relative to controls. When
our results are considered alongside preclinical (Mandeville
et al., 2013; Sander et al., 2013, 2019) and clinical (Handley
et al., 2013; Selvaggi et al., 2019; Shcherbinin et al., 2015;
Viviani et al., 2013) evidence that antipsychotics increase striatal

Fig. 1. Absolute CBF in the selected a priori ROIs. There were significant main effects of group and ROI, and a significant group*ROI interaction (p = 0.032,
Greenhouse-Geisser correction). Post-hoc testing showed that CBF was significantly lower in the frontal cortex (Cohen’s d = 0.84, p = 0.009) but not the other regions
in patients with FEP relative to controls. FEP = first episode psychosis, HC = healthy controls. Asterisks (*) indicated significant tests. Bars indicate 95% confidence
intervals.

Fig. 2. Brain sections showing significantly lower absolute CBF in FEP relative to HC in frontal, parietal and occipital cortex (TFCE corrected clusters). Colorbar
indicates t-statistics.

Psychological Medicine 5
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perfusion, with a mechanism possibly mediated by D2 receptors
(Selvaggi et al., 2019), this could indicate that previous evidence
of higher striatal CBF in people with SCZ taking antipsychotics
might be explained by D2 receptors blockade.

Longitudinal studies are required to confirm preliminarily evi-
dence (Goozée et al., 2014) suggesting that treatment does
increase striatal perfusion in patients.

We did not find any differences in hippocampus in either
absolute or relative-to-global perfusion, in contrast to findings
in people at clinical risk of psychosis. Taken with our findings
in frontal cortex, this could suggest that there is progression of
pathophysiological alterations from the hippocampus prior to
the onset of psychosis to the frontal cortex with the development
of illness. However, it should be recognized that not all subjects at
clinical risk develop psychosis and longitudinal studies with
repeated scanning are required to test if there are changes in
hypoperfusion during the development of psychosis.

Relative-to-global CBF in the frontal cortex at presentation
explained approximately 40% of the variance in subsequent
response to antipsychotic treatment, such that patients with
higher relative-to-global CBF showed higher symptom improve-
ment with treatment. These results extend prior evidence that
response to antipsychotic treatment in FEP is associated with
functional connectivity (Sarpal et al., 2016), D2/3 availability
(Wulff et al., 2015), and dopamine synthesis capacity (Jauhar
et al., 2019) to suggest that relative frontal perfusion could poten-
tially contribute to a biomarker for antipsychotic response in FEP
(Veronese et al., 2021). We did not find correlations between
relative-to-global CBF in the striatum and hippocampus and
PANSS change. However, given the lower CBF in a number of
cortical regions in patients, it might be possible that cortical
regions other than the frontal cortex are also linked to treatment
response but we were underpowered to detect these relationships.
We did not find correlations between absolute CBF and PANSS
change, suggesting that changes in local perfusion relative to
whole brain perfusion are best able to capture variability in clin-
ical response. We found that antipsychotic-free FEP show lower
absolute CBF in cortical regions but no significant difference in

Table 2. Summary of demographics and clinical characteristics of the follow-up
study sample

FEP, n = 14 p value

Age (mean ± S.D.) 23.85 ± 3.77 –

Gender (M/F) 10/4 –

PANSS total baseline (mean ± S.D.) 75.42 ± 18.2 –

PANSS positive baseline (mean ± S.D.) 20.21 ± 6.19 –

PANSS negative baseline (mean ± S.D.) 15.57 ± 6.5 –

PANSS total follow-up (mean ± S.D.) 58.7 ± 19.22 –

PANSS positive follow-up (mean ± S.D.) 13.9 ± 5.5 –

PANSS negative follow-up (mean ± S.D.) 14.5 ± 7.1 –

PANSS total change (mean ± S.D.) 32.6 ± 33.1 0.02

PANSS positive change (mean ± S.D.) 9.4 ± 9.1 0.01

PANSS negative change (mean ± S.D.) 5.9 ± 9.3 0.29

Antipsychotic-naïve (%) 50 –

Antipsychotic-free (%) 29 –

Minimal antipsychotic treatment (%) 21 –

Smoking status (never/past/current) 6/4/4 –

Substance use (never/past/current) 7/4/3 –

Alcohol (never/past/current) 6/3/5 –

Ethnicity (white/black/Asian/others) 1/4/4/5 –

Fig. 3. Scatterplots showing significant correlations between relative-to-global frontal CBF at baseline and percentage improvement in total PANSS with subse-
quent treatment (r = 0.57, p = 0.05).
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relative-to-global CBF. Treatment response was associated with
relative-to-global frontal CBF but not with absolute CBF. The
absence of group differences in relative-to-global CBF are consist-
ent with our whole brain findings that indicate that there is lower
absolute CBF in other cortical regions, mainly driven by lower
CBF in parietal and occipital cortices as compared with controls.
On the other hand, subcortical CBF (i.e. striatal and hippocam-
pal) seems to be unaltered in patients relative to controls (see
Bayes factor testing in online Supplementary materials). Thus,
taken together, these findings suggest an imbalance between cor-
tical and subcortical blood flow early in SCZ. The association
between relative-to-global CBF (but not absolute CBF) with treat-
ment response might seem counterintuitive. However, this finding
might be less difficult to interpret considering the direct associ-
ation between the two variables. Patients with larger positive
improvement in symptoms (i.e. greater symptoms reduction)
were those with relatively lower alterations in frontal CBF as com-
pared with the rest of the cortex (i.e. higher relative-to-global
frontal CBF), suggesting that patients with more marked frontal
hypofunction are less responsive to treatment with D2 blockers.
This extends other evidence of frontal dysfunction in patients
whose illness does not respond to D2 blockers (Mouchlianitis,
McCutcheon, & Howes, 2016; Potkin et al., 2020). This interpret-
ation is coherent with recent reports indicating neurovascular
uncoupling in brain regions such the frontal cortex in SCZ
(Sukumar, Sabesan, Anazodo, & Palaniyappan, 2020).

Strengths and limitations

Strengths of this study include the inclusion of people with FEP
free from antipsychotic medication, and longitudinal measures
in FEP patients. A methodological strength of the study is the
evaluation of both absolute and relative-to-global CBF. Previous
studies in CHR-P and FEP have used one metric without report-
ing the other (Allen et al., 2018; Kindler et al., 2018; Modinos
et al., 2018b). However, our results suggest that antipsychotic-free
FEP show different pattern of alteration in absolute and
relative-to-global CBF. Therefore, we advise that future studies
should include both metrics to facilitate comparisons. Previous
works testing CBF differences in chronic SCZ as compared with
HCs using ASL have shown variability in grey matter perfusion
across individuals (Chen et al., 2022; Parkes, Rashid, Chard, &
Tofts, 2004; Pinkham et al., 2011; Wang et al., 2004). In our
study we used a 3D PCASL with background suppression which
offers a non-invasive, efficient and highly reproducible tool to
investigate brain perfusion as compared with other ASL methods
(Alsop et al., 2015; Chen, Wang, & Detre, 2011). PCASL
sequences have shown higher test–retest reliability as compared
with other MRI sequences (such as BOLD task or resting state
fMRI) used to identify biomarkers in psychosis (Holiga et al.,
2018). In addition PCASL has shown good between- and within-
subjects reliability [Intraclass coefficient (ICC) range: 0.63–0.83;
(Holiga et al., 2018)], and comparable with PET [18F]-DOPA
[ICC range: 0.42–0.94; (Egerton, Demjaha, McGuire, Mehta, &
Howes, 2010)], which has been proposed as a potential biomarker
for treatment stratification in psychosis (Veronese et al., 2021).
We obtained absolute CBF values on average of 40–50 ml/100 g
tissue/min in grey matter in healthy volunteers which are at the
lower range of previous investigations using pulsed ASL and/or
other scanner manufacturers (Alsop et al., 2015). In our study
we used a post-labelling approach and background suppression
protocol that was slightly slower than the one recommended by

the ASL white paper (Alsop et al., 2015), which could account
for the slightly lower CBF values we obtained. However, we did
not find artefactual hyper-perfusion regions in our analysis, sug-
gesting that the post-labelling delay is not having a major effect on
data quality. One potential issue in the imaging analysis could be
the influence of partial volume effects given structural brain
alterations in FEP (Brugger & Howes, 2017). However, we did
not find group differences in grey matter volume, total ICV and
cortical thickness, suggesting that partial volume effects are
unlikely to explain our results, although we cannot completely
rule out a contribution of partial volume effects to our findings.
Demographic heterogeneity of the sample is thought to be an
important factor contributing to variability across individuals.
In particular age and gender have been strongly associated with
CBF variability (Liu et al., 2012b; Viviani et al., 2009; Zhang
et al., 2018). The groups were very similar in mean age and gender
distribution. Nevertheless, to check for any influence of these, we
conducted further analyses including these as covariates. Our
findings remained essentially unchanged when gender and age
were added as covariate of no interest (see online
Supplementary materials), suggesting these are not influencing
our findings. Body-mass index, caffeine intake or nicotine con-
sumption immediately prior to scanning could be other sources
of variability. In common with prior studies in psychosis
(Davies et al., 2019; Modinos et al., 2018a; Overton, Bhagwat,
Viviano, Jacobs, & Voineskos, 2020; Schneider et al., 2019), we
did not control for these. However, the two groups were matched
by smoking status, alcohol intake and substance use, which sug-
gests that both caffeine intake and nicotine consumption might
be similar between groups. Nevertheless, we cannot exclude
group differences in use of these substances influencing our find-
ings and further studies matching for intake on these would be
useful.

In addition, it should be recognized that the frontal ROI is lar-
ger than the hippocampal and striatal ROIs. This may result in a
higher signal-to-noise ratio (SNR) for the frontal region over
these other regions, and consequently greater sensitivity to detect
group differences. However, SNR estimates and sensitivity ana-
lyses (see online Supplementary materials) both suggest that it
is unlikely that ROI size has affected our results.

Furthermore, in our follow-up study patients were treated in a
naturalistic design. Thus, our findings do not provide information
about the specific effects of antipsychotic treatment. Finally,
although the baseline study constituted a larger cohort than
that previously reported in FEP (Kindler et al., 2018), given the
relatively modest sample size, further studies are needed to test
the generalisability of our findings to other cohorts and settings.

Implications and future directions

Frontal dysfunction is one of the key mechanisms thought to con-
tribute to the pathophysiology of psychosis (Howes & Murray,
2014; McCutcheon et al. 2020b; Weinberger & Berman, 1988).
Our finding that frontal hypoperfusion is present early in the
development of the disorder and in unmedicated patients is con-
sistent with these models and other markers of frontal hypofunc-
tion in SCZ (Howes and McCutcheon, 2017; Onwordi et al., 2020;
Osimo, Beck, Reis Marques, and Howes, 2019). In addition, given
the close link between CBF and brain metabolism (Riederer et al.,
2018), our results are in line with the evidence of increased lactate
levels and pH (Dogan, Yuksel, Du, Chouinard, & Öngür, 2018;
Du et al., 2014) and mitochondrial dysfunction in SCZ (Prince,
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Blennow, Gottfries, Karlsson, & Oreland, 1999; Rajasekaran,
Venkatasubramanian, Berk, & Debnath, 2015) suggesting that
altered brain oxidative capacity could be the pathophysiological
substrate underlying abnormal brain function in psychosis. In
addition, our results suggest alterations in brain perfusion at pres-
entation are associated with subsequent antipsychotic response.
These findings suggest that brain perfusion could be used to
help predict future response.

Previous evidence suggested antipsychotics may normalize brain
metabolism (Buchsbaum et al., 2009), however recently some
authors have proposed that this normalization might not be sus-
tainable in some patients (Turkheimer et al., 2020). Future longitu-
dinal studies are therefore needed to understand the effect of
antipsychotic treatment on brain metabolism in psychosis.

Conclusions

Our results provide evidence for lower frontal perfusion in FEP
without the potential confound of antipsychotic treatment. In
addition, relative CBF in frontal cortex at baseline is associated
with subsequent antipsychotic response. These findings indicate
there is cortical hypofunction early in the course of psychosis.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291722002288.
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