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Introduction 

Schizophrenia spectrum and other psychotic disorders (SSD) affect up to 3% of the population 1, are 

accompanied by prominent social and occupational functional impairments, and represent one of the 

leading causes of disability worldwide 2. Symptoms associated with SSD comprise the following key 

dimensions: positive symptoms (e.g., hallucinations, delusions), negative symptoms (e.g., blunted affect, 

avolition), disorganized thinking (e.g., derailment, loose associations), abnormal motor behavior (e.g., 

catatonia) and cognitive deficits (e.g., memory impairments), as well as affective symptoms (e.g., mania, 

anxiety, depression) 3, 4. SSD can be studied along a developmental continuum, ranging from clinical-high 

risk (CHR), with sub-threshold psychotic symptoms and increased risk of developing a first-episode of 

psychosis (FEP), to enduring schizophrenia 5. This clinical staging model provides a framework to study the 

neurobiological correlates related to the potential risk, onset, and progression of SSD 6. 

 Magnetic resonance imaging (MRI), through its various modalities, has tentatively characterized 

such correlates and continues providing new insights into the pathophysiology of these disorders 7, 8. 

Notably, Blood-oxygen-level-dependent imaging (BOLD-MRI) studies have demonstrated modified brain 

activation over the course of illness and in relation to positive and negative symptomatology 9, 10. 

However, the BOLD signal (i.e., local change in oxyhemoglobin/deoxyhemoglobin) has a complex 

relationship with functional brain activity, oxidative metabolism, and neurovascular factors rendering it 

difficult to interpret 11. The BOLD signal is accompanied by an increase in blood flow, blood volume, and 

oxygen consumption, thought to reflect local changes in neural activity. Given the complex and ambiguous 

nature of the BOLD signal, the exploration of cerebral blood flow (CBF) itself could shed light on specific 

hemodynamic pathological correlates. CBF is the measure of the volume of blood per unit time (ml/min), 

and is typically measured as perfusion in a given quantity of brain tissue (ml/100g tissue/min) 12. The 

exploration of CBF can be global or regional, at rest or in response to vasoactive stimulation (e.g., 

hypercapnia manipulation, cognitive or behavioral tasks). CBF and its regulation through cerebrovascular 

reactivity (CVR, the hemodynamic response to a global vasoactive stimulus such as CO2) and 

neurovascular coupling (NVC) are thought to reflect the brain’s metabolism and its attempt to meet the 

metabolic demands of neural activity 13. This coupling between metabolism, neural activity and blood flow 

is thought to be achieved via the neurovascular unit (NVU) which embody the unique relationship 

between brain cells (e.g., neurons, glia) and the vascular system (e.g., endothelium, pericytes) 14. The main 

function of this coupling is to maintain homeostasis by delivering the energy substrates (e.g., O2, glucose) 

needed to initiate and sustain neural activity, while clearing potentially toxic by-products of brain 

metabolism (e.g., CO2, lactate, heat) 14. This involves a coordinated multi-dimensional response that might 
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be altered at different levels and evidenced by abnormal CBF, CVR or NVC. In a reversal of roles, 

hemodynamic factors could also influence the neural activity via mechanical, thermal, or chemical effects 

on the NVU (i.e., vasculo-neuronal coupling) 15, 16. Finally, there is a strong body of evidence suggesting 

that structural and functional alterations of the NVU are associated with various neurodegenerative 

disorders 14, as well as mental disorders, such as autism spectrum disorder, anxiety, depression and 

schizophrenia 17, 18.  

 Since CBF was first quantified in humans by Kety and Schmidt 19, techniques used to measure 

brain perfusion have evolved from direct blood sampling to functional nuclear imaging, such as single-

photon emission computed tomography (SPECT), positron emission tomography (PET) and most recently 

perfusion MRI. While PET and SPECT provided many of the findings that are key to our contemporary 

understanding of brain perfusion, they are limited by their reliance on radioisotopes and consequent 

radiation exposure. The two most common perfusion MRI methods are dynamic susceptibility contrast 

(DSC) and arterial spin labeling (ASL, the basic principles, advantages, and disadvantages of which are 

summarized in Table 1). ASL relies upon a relatively simple modification to a standard gradient echo MRI 

acquisition analogous to that used for BOLD: before the acquisition of the brain image, blood in the neck 

is converted into an endogenous MR tracer by the process of magnetic inversion of the hydrogen nuclei 

(i.e., spin) in water, commonly called labeling. After a delay period, which allows for blood to flow into the 

brain, where it accumulates within the tissue by crossing from the blood into cells and the extracellular 

space, the image acquired. The image thus contains information about the delivery of the tracer to the 

tissue. By comparing it with a control image, in which no labeling has been done, an image of perfusion 

can be obtained. Hence, the basic ASL experiment contains a pair of images: label and control. A typical 

acquisition collects multiple pairs of images to improve the signal-to-noise ratio. The labeling schemes 

and their variations in the timing and the plane of the radiofrequency fields applied are responsible for a 

variety of acquisition methods in ASL of which most recent technical development have been recently 

reviewed by Hernandez-Garcia et al., (2022) 20. With continuous (cASL) and pseudo-continuous (pCASL) 

ASL, any blood flowing through a defined labeling plane at the level of the carotids is inverted whereas 

with pulsed ASL (pASL), a single brief labeling pulse inverts all the blood-water spins within some spatial 

region 12. ASL imaging has been validated extensively against other perfusion methods by demonstrating 

accurate and reproducible quantification of CBF 21-24. Since it is completely non-invasive, ASL imaging has 

become useful for many clinical and research applications 25-28. 

 In psychosis, abnormal distribution of regional CBF (rCBF) was originally shown in PET/SPECT 

studies 29. Notably, the hypofrontality concept emerged from this technique and was initially suggested 
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in the mid-70s by Ingvar, Franzén 30. Their seminal paper described reduced perfusion in the frontal area 

of 31 patients with chronic schizophrenia, due to a gradient of frontal to posterior blood flow. Since then, 

this concept has gained significant support and been repeatedly described through various modalities 31, 

32. In the first meta-analysis conducted by Hill et al., (2004) conflicting findings regarding resting 

hypofrontality led to the suggestion that this alteration was progressive and related to the chronicity of 

psychotic episodes 31. The temporal area has also been a region of interest with the observation of a 

reduced left to right hemisphere gradient of cerebral blood flow in this region 33. More recently Guimarães 

et al., (2016) reviewed ASL studies in enduring schizophrenia and retrieved CBF findings from ten studies 

34. They identified predominantly decreased rCBF across the brain except in the putamen, which they 

interpreted as related to potential clinical and cognitive impairments 34. Hypoperfusion was mainly 

observed in the frontal area, notably in the middle and inferior frontal gyri, anterior cingulate cortex, and 

to a lesser extent in the occipito-temporal regions, and parietal area. rCBF results pertaining to the middle 

temporal gyrus and the thalamus, for their part, were more equivocal 34. While these initial ASL results 

supported previous PET/SPECT findings, generalizability is limited as six out of the ten studies included 

were conducted on a small sample (n < 20), totaling only 297 schizophrenia patients that could not allow 

the exploration of correlates of symptoms dimensions nor any other clinical stages. This confirms the 

necessity of further exploring rCBF in SSD populations with larger samples, in relation to symptomatology 

and progression of psychosis.   

 Since this review dating from 2016, ASL has become increasingly accessible and has gained in 

popularity, with more than 400 new publications per year in all fields combined reported on PubMed® in 

the last 5 years. This includes the publication of consensus recommendations from the Perfusion Study 

Group of the International Society for Magnetic Resonance in Medicine 35. To our knowledge, there is no 

recent review of this literature nor any comprehensive meta-analysis of perfusion MRI findings in SSD. 

Given the expansion of a well-suited method to explore perfusion in clinical populations, we first sought 

to conduct an updated systematic review of MRI-based perfusion studies exploring CBF across the 

different clinical stages of SSD. Our goals were: 1) to qualify rCBF differences between enduring SSD 

patients and healthy individuals, 2) to examine the relationship between rCBF and psychotic symptoms, 

and 3) to assess stage-specific perfusion correlates. Second, we conducted a meta-analysis on whole-brain 

studies to quantify resting-state rCBF differences between enduring SSD patients and healthy individuals. 
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 Methods 

Registration, Databases and Search terms 

This systematic literature review followed a registered protocol (PROSPERO: CRD42020197538) and 

reporting was done in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-

analyses statement 36. MRI-based perfusion studies in SSD were identified from peer-reviewed human 

research articles published in English. A systematic OVID search was performed in Embase, MEDLINEOvid, 

and PsycINFO using the following terms: 1) schizophreni* OR psychosis OR psychoses OR psychot* OR 

“schizo af*” AND; 2) “magnetic resonance imaging” OR MRI OR fMRI OR “arterial spin label*” OR ASL OR 

“resting state” OR “perfusion weighted imaging” OR PWI AND; 3) Perfusion OR “cerebral blood flow” OR 

CBF OR “cerebrovascular reactivity” OR CVR OR “cerebral vascular reactivity” OR “cerebrovascular 

reactivity” OR “cerebral vasoreactivity” OR “cerebral vasomotor reactivity” OR “vasomotor 

responsiveness” OR “cerebrovascular responsiveness”. Terms were searched in the following fields: title, 

abstract or keywords. No time span was specified for the database queries (initial search: September 

2020; updated search: August 2022). Additional records were sought from the reference sections of 

included papers and perfusion neuroimaging reviews in psychiatric disorders.  

 

Inclusion and exclusion criteria 

After removal of duplicates, the titles and abstracts of all retrieved articles were independently screened 

by two of the authors (O.P., D.R-C). The two reviewers had a substantial agreement (Kappa statistic (κ) = 

0.851). Disagreements between the reviewers were discussed and resolved during consensus meetings. 

Studies eligible for inclusion in the systematic review met the following criteria: 1) involved individuals 

with clinical- or ultra-high risk for psychosis, first-episode psychosis or schizophrenia spectrum and other 

non-affective psychotic disorders 2) along with healthy controls; 3) MRI-based perfusion imaging methods 

were used (e.g., ASL, DSC); 4) CBF and/or CVR findings were reported. Exclusion criteria were: 1) affective 

psychotic disorders (e.g., bipolar disorder or major depressive disorder with psychotic features); 2) non-

MRI-based perfusion imaging (e.g., single-photon emission computed tomography, positron emission 

tomography); 3) conference abstracts, case reports, reviews and meta-analyses. Full texts of the 

remaining articles were assessed for eligibility and a final decision was made regarding inclusion. Studies 

were further included in a meta-analysis, if: 1) whole-brain analyses of 2) resting-state and 3) regional CBF 

were conducted 4) between a complete sample of enduring SSD patients and HC. In case of overlap 

between studies sample, defined as 50% of participants in common, only the study with the highest 

quality score remained included in the meta-analysis. 
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Risk of Bias Assessment 

To assess the methodological quality of included studies, the risk of bias was calculated according to an  

adapted version of the quality analysis tool for ASL studies recently published by Sukumar et al., (2020) 37 

and further detailed in Supplementary Table S1. Fifteen items were examined, according to four criteria 

dimensions: 1) participant selection; 2) image acquisition; 3) image preprocessing and analysis; and 4) 

statistical analysis techniques. Each criterion was rated as “adequate” (score = 1) if all aspects of the 

criterion were reported and met minimum standard, “inadequate” (score = 0) if aspects of the criterion 

were missing or did not meet minimum standard, or “intermediate” (score = 0.5) if aspects of the criterion 

were only partly reported (e.g., information only provided for sex, but not for age). An average score was 

then computed for each study with a maximum of 1. For studies using perfusion imaging method other 

than ASL, criteria 2) and 3) were adapted according to the specific recommended guidelines for that 

technique 38.  

 

Data Extraction 

Three researchers (O.P., D.R-C, J.U.) independently extracted the data of included studies into a Microsoft 

Excel spreadsheet. The spreadsheet was tested and revised prior to completing the data extraction 

process. Extracted variables included the following information: study authors, year of publication, study 

design, sample selection, sample characteristics, intervention and/or exposure description, control 

condition, details of the assessment, primary and secondary outcomes and measurement tools, MRI 

methods with MRI sequences and acquisition parameters, MRI analyses, statistical methods, and main 

results, attrition rate, amount of missing data. Recruitment location and period were also extracted to 

help identify potential overlap between study samples. For the purpose of conducting a quantitative 

meta-analysis, MNI/Talairach coordinates of significant peaks were extracted, as well as the covariates 

and significance thresholds. If data were missing, the authors were contacted by email to provide the 

required information. Quality control was conducted by D.R-C who checked the data extraction for 

completion and accuracy. Any discrepancy was resolved through consensus. 

 

Seed-based d Mapping (SDM) meta-analysis 

Studies conducting whole-brain analysis of resting-state rCBF between enduring SSD patients and HC were 

further meta-analyzed to quantify voxel-wise differences. Seed-based d Mapping (SDM) via permutation 

of subject images (PSI) was performed with SDM-PSI software version 6.21 for Linux 

(https://www.sdmproject.com/). Unlike other coordinate-based meta-analytic methods, which rely on 

https://www.sdmproject.com/
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tests of spatial convergence, SDM-PSI uses a novel algorithm (PSI) validated in Albajes-Eizagirre et al., 

(2019) to conduct standard voxel-wise tests 39. This allows SDM-PSI to overcome two limitations intrinsic 

to previous methods (i.e., that voxels are independent and have the same probability to have a “false” 

peak), while increasing statistical power in the presence of divergent effects 39. The analysis was 

performed following the step-by-step protocol described by Albajes-Eizagirre et al., (2019) 39. The 

preprocessing and main analysis were performed using the default parameters associated with the voxel-

based morphometry for the grey matter modality (full anisotropy, grey matter mask, FWHM = 20 mm). 

Following recommendations 40, an uncorrected threshold of p = 0.005 with a cluster extent of 10 voxels 

and SDM- Z > 1 was applied as it is thought to adequately control the probability of detecting an effect by 

chance. In addition, a threshold free cluster enhancement threshold (TFCE) corrected for FWE (p = .025) 

was applied in a pair of one-tailed tests. The robustness of the results was assessed by conducting a jack-

knife analysis. This was done by repeating the meta-analysis iteratively with a leave-one-out strategy for 

each included study. Each significant cluster was then given a score corresponding to the number of times 

it was reported among all iterations. Finally, we analyzed the residual heterogeneity, and each cluster was 

tested for small-study effect (i.e., whether larger effect sizes are observed in smaller studies) as well as a 

for excess significance (i.e., whether the number of significant findings is larger than expected) using the 

Bias Analysis option of SDM-PSI 39. Funnel plots of effect sizes for each cluster were visually inspected for 

asymmetries. 

 

Results 

Search results and general descriptions of reviewed studies 

The Ovid search yielded 648 publications. Following the removal of duplicates and conference abstracts, 

146 publications remained. The screening of titles and abstracts by O.P. and D.R-C yielded 65 articles to 

undergo full-text assessment for eligibility. Twenty-four additional articles were further excluded as they 

did not meet one or more of the selection criteria. One additional article was identified through reference 

list search 41. Thus, 42 articles comprising 1872 patients and 1608 controls were included in the systematic 

review of which 17 studies could be meta-analyzed. Figure 1 illustrates the PRISMA flowchart and Table 2 

presents the general characteristics of the reviewed studies.  

Overall, 41 studies explored resting-state CBF and one examined CVR using a hypercapnia 

challenge 41. Only three of them investigated NVC with a cognitive task 41, 42 or an emotion processing task 

43. Among CBF studies, 4 used DSC and 37 ASL methods. More precisely, pCASL was performed in 28 

studies (published between 2013 and 2022), PASL in eight studies (published between 2009 and 2021), 
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and CASL in one study (published in 2010). The risk of bias was assessed for each study and reported in 

Supplementary Figure S1. Studies with a score above the 25th upper percentile (score > 0.75) were 

considered as reflecting a low risk of bias and were prioritized when interpreting results. Concerning the 

continuum of populations examined, only 4 studies examined FEP patients (n=216) 44-47 and 3 studies 

examined CHR individuals (n=226) 48-50. Enduring SSD patients (n=1430) were examined in the remaining 

35 studies, either including schizophrenia patients only (n=23) or combining ICD/DSM diagnoses of 

schizophrenia and schizoaffective disorder (n=12). Overall, 12 studies split the clinical sample according 

to various variables of interest (i.e., symptomatology, gender, age). 

 

Detailed analysis of reviewed studies 

Group differences between enduring SSD patients and healthy controls 

Out of the 35 studies exploring perfusion in enduring SSD patients, 20 reported significant rCBF differences 

with HC, 7 reported significant rCBF differences between subgroups of patients and 1 reported significant 

CVR differences. In total, 8 studies did not find any significant differences. For each cluster, we determined 

the broader area of the brain of which it was situated (e,g., frontal lobe, cerebellum, etc).  We observed 

29 clusters in frontal lobe, 18 in temporal lobe, 8 in parietal lobe, and 12 in occipital lobe. We also 

identified 8 clusters in limbic area, 25 in subcortical areas, 3 in cerebellum, and 3 in corpus callosum. Seven 

other clusters overlapped with different regions. In the frontal area, the vast majority of results (25 out of 

29) revealed hypoperfusion in the SSD group relative to HC, notably in the middle frontal gyrus (MFG; 8 

clusters). Similar results were observed for the temporal area, with 13 out of 18 clusters displaying lower 

rCBF in the SSD group, especially in the middle temporal gyrus (MTG; 4 clusters) and insula (3 clusters). 

Hypoperfusion in the SSD group was also shown in the parietal area (6 out of 8), the occipital area (11 out 

of 12) including the middle occipital gyrus (MOG; 5 clusters), the limbic area (6 out of 7), mostly in the 

anterior cingulate cortex (ACC; 4 clusters), the cerebellum (3 out of 3), and the corpus callosum (3 out of 

3). On the contrary, in the subcortical region, unlike the other brain regions, SSD groups displayed 

hyperperfusion when compared to HC in 22 out of 25 clusters, notably in the putamen (8 clusters) and 

the thalamus (4 clusters). The only study exploring CVR reported an increased reactivity in schizophrenia 

when compared to HC during a breath-hold task 41. All results are reported in Supplementary Table and 

Figure S2 with the terminology used in the original publication and are presented according to the region, 

the direction of the group contrast, the brain lateralization, the labeled name of the cluster, and the 

cluster size.  
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Relationships between cerebral blood flow and symptomatology 

Clinical symptoms were explored in two ways. First, several studies conducted correlational analyses 

between rCBF and clinical scores. Twelve studies revealed significant correlations. The main clinical 

dimensions explored were: general psychopathology (one cluster), positive symptoms (10 clusters), 

negative symptoms (10 clusters), disorganization (6 clusters), catatonia (6 clusters), insight (3 clusters) 

and antipsychotic dosage (10 clusters). Results presented in Supplementary Table S3 were organized 

according to the clinical dimension, the direction of the correlation, the region of the cluster, the 

lateralization, and the labeled name of the cluster. For positive symptoms, we mainly observed positive 

correlations with the different brain areas (8 clusters) and two negative correlations with the precentral 

gyrus and frontal white matter 51, whereas negative symptoms were mainly negatively correlated to brain 

perfusion (6 clusters), except for two positive correlations in the temporal area 52 and two in the striatum 

53 (Figure 3). Additional results are presented in Supplementary Table S4.  

 

Group differences between early stages patients and healthy controls 

Out of the seven studies exploring early stages psychosis, three did not report any significant result when 

contrasting with controls 44, 46, 50. As in the SSD population, first-episode drug-naïve schizophrenia patients 

showed decreased rCBF in occipital and temporal regions as well as increased rCBF in subcortical regions 

47. In contrast, CHR individuals presented widespread hyperperfusions across frontal (6 clusters), temporal 

(4 clusters), occipital (3 clusters) and subcortical (4 clusters) regions. Supplementary Table S4 reports all 

significant results. 

 

Meta-analysis results  

Overall, thirteen studies conducting whole-brain analyses of resting state rCBF across 426 SSD patients 

and 401 HC were included in the quantitative review (written in bold in Table 2), 11 of which reported 

significant differences when compared to HC. Applying an uncorrected threshold (p = 0.005), clusters of 

hypoperfusion were identified in the left superior and middle frontal gyri (94 [21, 174] voxels, z = -3.02 [-

3.25, -2.82] and 84 [30, 330] voxels, z = -3.08 [-3.82, -2.93]) along with the middle occipital gyrus (29 [14, 

53] voxels, z = -3.08 [-3.3, -2.98]). In addition, hypoperfusion was also observed in the left superior 

temporal gyrus, left middle occipital gyrus, right superior occipital gyrus, left supramarginal gyrus, and left 

anterior cingulate / paracingulate gyri. However, these results failed to be significant in more than 15% of 

all iterations of the meta-analysis and therefore will not further be discussed as we wished to only report 

on the most robust results. Only one cluster of hyperperfusion was observed in the left putamen of the 
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lenticular nucleus (74 [44, 161] voxels, z = 3.37 [3.13, 3.77]). Neither of the hypoperfusion or 

hyperperfusion clusters survived the TFCE correction for FWE. All significant clusters are displayed in Table 

3 and Figure 2. The low I2 statistic (<12.4%) indicates small heterogeneity and the funnel plots does not 

show significant asymmetries (Supplementary Figure S3). In addition, the tests for small-study effect and 

excess significance did not indicate the presence of any biases (all p > 0.253).  

 

Discussion 

This updated systematic review of CBF literature in SSD was conducted with 42 MRI-based perfusion 

studies, extending the last published review of ASL studies in schizophrenia 34 by 32 articles. Our results 

revealed distinct patterns of regional cortical hypoperfusion and subcortical hyperperfusion when 

compared to HC. Interestingly, regional hypo- and hyperperfusions seemed associated with negative and 

positive symptoms respectively. Studies exploring CBF in the first stages of the SSD continuum were few. 

The meta-analysis of whole-brain CBF studies yielded converging results with previous reviews across 

different neuroimaging modalities. Hypoperfusion was notably located in fronto-occipital regions, 

including the SFG, MFG and MOG. In contrast, hyperperfusion was observed in the putamen.  

 

Cortical hypoperfusion 

MRI-based perfusion studies provided further support to the concept of hypofrontality as a putative 

pathophysiological model in SSD. As was Initially reported with SPECT/PET neuroimaging30, 33, 

hypoperfusion was again observed in the frontal area, corroborating Guimaraes et al., (2016) review 34 as 

well as Hill et al., (2004) meta-analysis 31. While the latter only reported overall hypofrontality, our meta-

analysis improved brain localization of perfusion alterations in SSD by demonstrating decreased rCBF in 

the SFG and MFG. Our results also revealed significant occipital hypoperfusion in the MOG, contradicting 

the initial suggestion that hypoperfusion was distributed along a gradient of reduced CBF from frontal to 

occipital regions 30. Our findings are in line with the bimodal meta-analysis (i.e., ASL/PET) conducted by 

Sukumar et al., (2020) who also reported reduced neuronal activity in fronto-occipital regions, while 

adding that rCBF changes were consistently associated with metabolic changes 37. In a recent meta-

analysis, the structural integrity of the SFG and MFG have been shown to drive the association between 

their respective functional network (i.e., the fronto-parietal and attention networks) and critically 

impaired cognitive domains in schizophrenia, including verbal and working memory along with reasoning 

and executive functions 54. Similarly, the MOG was found to be responsible for the association between 

the visual network and impairments in social cognition 54. Given their putative role in neurocognition and 
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social cognition, it is possible that hypoperfusion and neurovascular coupling disrupting fronto-occipital 

networks may be related to clinical symptoms in SSD. Reduced functional connectivity has also been 

observed in the visual networks 55 and our result in the MOG is in line with the recent models suggesting 

that visual processing is impaired in schizophrenia 56; alterations of the neural correlates of perceptual 

processing could be a precursor of different cognitive and clinical impairments observed in SSD patients 

57-59. For example, besides being a precursor of visual hallucinations, Pelletier-Baldelli & Holt (2019) 

proposed an integrated model supporting that difficulty in filtering perceptual information associated 

with cognitive changes may contribute to changes in social cognition and negative symptoms.   

Negative symptoms seemed negatively correlated with rCBF in fronto-limbic regions (i.e., MFG, 

IFG and ACC), while mixed findings were reported in temporal regions. Although such associations would 

need to be confirmed in a meta-regression, our results are consistent with previous structural 

neuroimaging studies. A decrease in grey matter volume of fronto-limbic and temporal regions has been 

consistently associated with negative symptoms 60-64, and this hypotrophy could relate to the observed 

decrease in regional perfusion. Indeed, a conjoint reduction in rCBF and grey matter volume in the ACC 

and insula has already been reported although the direction of the causality is open to interpretation. 

However, rCBF changes remained significant despite volume correction suggesting that perfusion 

alteration may not be caused by structural alteration 65. Similarly, a decrease in grey matter volume in the 

same regions was inconsistently associated to hypoactivation or hyperactivation in previous multimodal 

meta-analysis 8, 66 suggesting that incongruence between neuroimaging modalities could represent 

normalisation, overcompensation or continued abnormality.  

Furthermore, it worth noting the substantial overlap between the fronto-limbic and temporal 

regions identified in this review and the neural correlates found to be associated with cognitive 

impairments 67, 68, especially deficits in verbal, working memory, and social cognition 54. While this 

observation is consistent with the robust relationship existing between negative symptoms and cognition 

69-71, negative symptoms have also been shown to mediate the influence of neurocognition and social 

cognition on functional outcome 72-74. Interestingly, increased baseline rCBF in the MFG predicted poor 

functional outcome at follow-up 75. In this context, our results also substantiate Wojtalik et al., (2017) 

meta-analytic review indicating that integrity of fronto-limbic regions is consistently related to functional 

outcome in individuals with schizophrenia 76. While the interplay between such dimensions can be hard 

to disentangle, perfusion neuroimaging offers a promising avenue to explore such relationships and 

perhaps identify specific hemodynamic correlates to target through intervention. 
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Subcortical hyperperfusion 

Our review revealed regional hyperperfusions in individuals with SSD that were predominantly observed 

in the subcortical area, notably in the putamen. As this finding did not survive correction in our meta-

analysis, it is possible that putamen metrics are associated to greater variability among patients such as 

already demonstrated in structural imaging 77. Nevertheless, it contrasts Hill et al., (2004) meta-analysis 

as they did not report any hyperperfusion 31, while the putamen was the only region with increased rCBF 

in Guimaraes et al., (2016) review 34. Interestingly, the putamen was also pointed out by Sukumar et al., 

(2020) who demonstrated conjoint perfusion and metabolic increase in schizophrenia 37. Our findings are 

in line with the dopaminergic hypothesis of schizophrenia, in which basal ganglia and particularly striatal 

dopaminergic dysfunction is thought to underlie the development of psychotic symptoms 78-80. It is 

possible that inconsistencies seen in the perfusion of basal ganglia may reflect the status (i.e., acute vs 

residual) or severity of symptoms.  

Consistently, positive symptoms were positively correlated with rCBF in subcortical regions such 

as the lenticular nucleus (i.e., pallidum and putamen), caudate and striatum along with the hippocampus. 

In functional neuroimaging studies, increased activation of the putamen which contains rich dopaminergic 

neurons 81 has been similarly associated with hallucinations 82 and delusions 83. Although the coupling 

between modalities remains to be further explored, it is possible that an increased activity, volume and/or 

metabolism in the putamen may result in the increased perfusion related to positive symptoms. 

Alternatively, rCBF alterations might be underpinned by antipsychotic action as longitudinal studies of the 

effects of medication have consistently shown increase in basal ganglia perfusion following treatment, 

particularly in the caudate 84. Interestingly, reduction of positive symptoms has been associated with a 

greater increase in striatal rCBF following antipsychotic treatment 85. Conversely, non-response to 

clozapine was associated with lower basal ganglia perfusion 86. Although in this review, Zhu et al., (2015) 

reported a positive association in the putamen 52 with antipsychotic dosage, while the only study of 

antipsychotic-free SSD patients also demonstrated increased rCBF in the subcortical area 87. 

In this review, we also sought to have a broader understanding of the CBF alterations found across 

the early stages of the illness. Although CHR and FEP studies were scarce, fronto-occipital hypoperfusions 

revealed in SSD are in line with decreased grey matter volume highlighted across all stages of the spectrum 

88. In addition, both initial and replication studies by Allen et al., (2016, 2018) displayed subcortical 

hyperperfusion in the hippocampus and pallidum/putamen in CHR 48, 49, while similar findings were 

reported by Chen et al., (2022) in the caudate and putamen in FEP 47. Interestingly, improvement in 

positive symptoms in antipsychotic-naive patients was associated with reduced rCBF in the ventral 
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striatum at follow-up. Even more interestingly, only patients who no longer met CHR criteria at follow-up 

displayed a longitudinal reduction of rCBF in the left hippocampus. Conversely, increased rCBF in the right 

hippocampus at baseline predicted poor functional outcome at follow up in association with an elevated 

striatal dopamine synthesis capacity 50. The resolution of the high-risk state and positive symptoms 

associated to the normalization of the perfusion in subcortical regions is consistent with findings from FEP 

and SSD populations and constitutes a compelling argument suggesting that subcortical hyperperfusion 

might be an early marker of SSD. However, further longitudinal research on CHR and FEP is necessary to 

explore the hemodynamic correlates of the transition to psychosis and confirm this subcortical pattern. 

 

Potential perfusion markers of SSD 

The cortico-subcortical contrasted pattern observed in SSD linked to the symptomatology could constitute 

a marker of the disorder and reflect altered perfusion covariance. Only few studies have explored CBF 

connectivity and, among our selection, the four that displayed CBF connectivity results used different 

methodologies (i.e., seed-based, independent component analysis and/or graph theory) 45, 52, 89, 90. All 

studies demonstrated decreased connectivity in SSD when compared to controls. More specifically, 

Oliveira et al., (2018) explored the connectivity within 6 pre-identified cortical networks and reported 

reduced connectivity in SSD between the fronto-parietal and attention networks, substantiating our 

hypoperfusion results 90. The other low risk-of-bias study revealed decreased covariance between the left 

thalamus (seed) and the medial part of the superior frontal gyrus (SFG) supporting functional connectivity 

studies 52. Dysconnectivity between a subcortical structure and a frontal region might partially explain our 

contrasting results in these regions. Indeed, aberrant functional integration between cortical and 

subcortical structures has been highlighted with other neuroimaging modalities 7, 91 and the 

interdependence and strength in the coupling between brain cells and cerebral blood vessels might play 

a key role in the development and maintenance of SSD. Anatomical alterations of the NVU could 

contribute to modified CBF and brain activity but some knowledge gaps remain to understand its exact 

pathophysiological role 14. 

Moreover, considering a dimensional approach, the specificity of alterations highlighted in this 

review is an important question to raise.  For example, SSD and bipolar disorder (BD) are both severe 

mental illnesses with psychotic features that share significant affective, cognitive and neuroimaging 

characteristics 92-94. A recent systematic review of the literature on CBF in BD have reported widespread 

resting hypoperfusion in the cingulate gyrus, frontal, and anterior temporal regions during acute phases 

of the disorder when compared to controls 95. Similarities between the cortical regions hypoperfused in 
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BD and SSD may suggests a transdiagnostic relation accounting for shared affective or cognitive 

impairments observed in both disorders. Whether or not this represents an intermediate shared 

phenotype 96 or a marker of psychosis, it would require a direct comparison to be confirmed. However, 

increased functional connectivity in the left SFG and fronto-parietal network has started to emerge as a 

potential endophenotype for SSD serving as a marker to separate patients from healthy 97 and clinical 

controls 7. Interestingly, the absence of subcortical findings in the BD literature suggests that 

hyperperfusion in these regions may also serve as a more specific diagnosis marker of SSD.  

In this context, machine learning classification coupled with multimodal brain imaging techniques 

offers a promising opportunity 98. Data driven approach can relate multiple clinical, structural, and 

functional dimensions to provide a comprehensive insight into underlying neurobiology and mechanisms 

of psychosis. A recent publication conducted with a non-clinical sample of youth presenting sub-psychosis 

symptoms attempted to classify participants based on ASL and/or BOLD resting-state functional 

connectivity using support vector 99. The relative success of the classifier using ASL connectivity changes, 

complementary to the BOLD changes, raised the specific interest of CBF in predicting psychosis in youth. 

 

Limitations 

Our review has some limitations that should be considered. First, the scarcity of perfusion MRI 

studies in early stages psychosis provided little information regarding CBF alterations associated to CHR 

and FEP status. Second, outside of the scope of this review were studies exploring the effect of 

antipsychotic medication on brain perfusion as they usually use clinical control comparisons instead of 

healthy controls. However, this specific matter has already been addressed in a systematic-review by 

Goozée et al., (2014), showing that rCBF in basal ganglia and frontal regions appear to be affected by 

antipsychotics 84. Considering the potential confounding effect of antipsychotics, longitudinal studies 

exploring early stages psychosis and antipsychotic-naïve populations are warranted to distinguish the 

neuroprogressive from the pharmacological nature of perfusion alterations in SSD across time and care. 

Third, the diversity of the scales used for symptoms assessment prevented us to conduct a meta-

regression analysis of rCBF alterations with symptom dimensions. Further rCBF studies specifically 

investigating the relationship between perfusion alterations and symptomatology are required, not only 

focusing on positive or negative symptoms, but also on disorganized thinking, abnormal motor behavior, 

cognitive impairments, and affective symptoms. Fourth, factors known to influence brain perfusion 

measurements, such as smoking status 100 or arterial transit time (i.e., the time for labeled blood to reach 

brain tissue) 101, 102, were inconsistently accounted for across studies. While the heterogeneity in 
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controlled variables and acquisition parameters may have contributed to heterogeneous findings, it also 

confounds their interpretation. We cannot rule out that results reported here are not better explained by 

differences in regional and individual sensitivity to ASL imaging. Hence, we urge caution in the interpreting 

of the present review as significant differences in cortical versus subcortical gray matter, juxtacortical 

versus periventricular white matter 103, and healthy versus pathological tissue 104, 105 have recently been 

shown for both arterial transit time and CBF, depending on age and sex. To address this issue, recent 

multiple post-labeling delays schemes, such as part of the ASL imaging protocol in the Human Connectome 

Project-Aging 106, are now able to provide robust measures of arterial transit time allowing for 

optimization of rCBF modeling. In addition, standardization of data acquisition and post-processing 

methods according to good practice is not only essential to promote comparability but would also improve 

accuracy and facilitate the interpretation of perfusion findings. First attempts to a standardized approach 

have been made by Alsop et al., (2015) who provided expert guidelines for ASL acquisition 35 while 

Clement et al., (2018) have recommended measurement conditions and correction for important 

confounding variables 100. Finally, the lack of functional imaging studies of brain perfusion calls for an 

increased use of vasoactive stimuli such as cognitive tasks or hypercapnia challenge to provide a dynamic 

perception of neurovascular coupling and cerebrovascular reactivity. Due to the tight relationship 

between energy demand and supply, perturbations in the brain function and/or structure are likely to be 

echoed in the brain perfusion and/or vasculature. Whether or not this functional-structural coupling is 

congruent, represents normalization, overcompensation or continued abnormality, its strength has 

already shown regional differences 107 that could be better explained by hemodynamic processes. The 

findings from the present review, including the latter limitations, converge towards the need for 

multimodal connectivity studies of brain perfusion in SSD. Interestingly, a recent ASL resting state 

functional connectivity study of youth with early psychosis symptoms have demonstrated the 

discriminative power of perfusion parameters. ASL imaging holds great promise to the development of 

individualized and innovant diagnostic and therapeutic approaches with the brain perfusion and the NVU 

as potential targets 18. 

 

Conclusion 

The results of our review and meta-analysis highlight specific patterns of regional CBF in schizophrenia 

patients compared to HC in relation with the symptomatology. This suggest that CBF is a valid and reliable 

neuroimaging marker for investigating the physio-pathological correlates of SSD although further research 

is warranted to explore perfusion at different clinical stages. The cortical regional hypoperfusion and 
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subcortical hyperperfusion observed support the implication of hemodynamic correlates in relation to the 

dysconnectivity hypothesis of SSD. The relationship between brain perfusion and dimensions of symptoms 

is particularly important as it could help better explain clinical heterogeneity and improve outcome 

prediction. 
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Basic principle + - Recommendations

Dynamic Susceptibility Contrast  (DSC)

• intravenous injection of an 

exogenous paramagnetic contrast 

agent (typically gadolinium-based) 

• serial measurement of the regional 

susceptibility-induced signal loss in 

T2/T2*-weighted images 

• clinical indications (e.g. brain tumors, 

acute inflamation, cerebrovascular 

disorders) 

• non-ionizing radiations

• measure several hemodynamic 

parameters (e.g., CBF, CBV, MTT, TTP)

• invasive

• sensitive to signal loss due to artifact

• abolute quantification of 

hemodynamic parameters depend on 

the deconvolution method of the 

perfusion-weithed imaging data (no 

consensus)

American Society of Functional 

Neuroradiology (Welker et al., 2015)

Arterial Spin Labelling (ASL)

CASL: continuous ASL

pASL: pulse ASL

pCASL: pseudocontinuous ASL

Table 1. Comparison of MRI-based perfusion methods.

Abbreviations: CBF = cerebral blod flow; CBV = cerebral brain voume; MTT = mean-transit-time; TTP = time-to-peak. 

•  magnetic labelisation  of arterial 

blood water protons (i.e.,  spins) as an 

endogenous tracer

• delay to let the labelled blood-water 

flow through the neurovasculature

• acquisition of multiple pairs of label 

and control images

• non-invasive

• non-ionizing radiations

• quantitative measure of absolute 

perfusion

• sensitive to motion

• requirement for a high signal to noise 

ratio

• possible inaccuracy of measurement 

in the context of  high or low CBF

International Society for Magnetic 

Resonance in Medicine Perfusion 

Study Group and the European 

Consortium for ASL in Dementia (Alsop 

et al., 2015)
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Stages Authors Population N Sex (M/F) Age (SD) MRI Sequence T Analysis Perfusion outcome Significant differences (ROIs) Quality

Stegmayer et al., 2017a* 125 SSD 47 29/18 38.2 (11.4) 72.6 (17.1) 400.2 (344.2) 12.2 (12.3) pCASL 3 WB resting-state rCBF HC > SSD (10) 1.00

Pinkham et al., 2015 123 SZ, SZA;  

paranoia +/-
32 19/13 38.7 (10.8) 15.9 (3.5) 341.4 (467.4) pCASL 3 WB resting-state rCBF

HC > SSD (4); SSD > HC (1); 

HC >  paranoia + (1); paranoia + > HC (2); 

paranoia - > HC (1)

1.00

Oliveira et al., 2018 90 SZ 28 24/4 32.8 (7.8) 69.4 (17.2) 14.3 (8.3) pCASL 3 WB resting-state rCBF HC > SSD (12); SSD > HC (5) 0.97

Pinkham et al., 2011 122 SZ, SZA 30 18/12 36.7 (10.3) 373.7 (333.4) PASL-QUIPSSII 3 WB resting-state rCBF HC > SSD (5); SSD > HC (4) 0.93

Kindler et al., 2015 + 113 SSD 34 18/16 41.5 (12.9) 75.5 (17.3) 518.9 (235.7) pCASL 3 WB resting-state rCBF HC > SSD (2) 0.90

Walther et al., 2011 127 SZ 11 8/3 35.4 (12.5) 54.3 (14.1) 442.6 (241.0) 8.9 (13.3) PASL-QUIPSSII 3 WB resting-state rCBF HC > SSD (5) 0.90

Ota et al., 2014a 118 SZ 36 17/19 39.8 (12.6) 61.8 (19.3) 604.8 (459.2) 16.8 (11.3) pCASL 3 WB resting-state rCBF HC > SSD (3) 0.87

Scheef et al., 2010 87 SZ 11 8/3 32.0 (5.0) 43.1 (8.5) CASL 3 WB resting-state rCBF HC > SSD (8); SSD > HC (6) 0.87

Homan et al., 2013 + 109 SZ, SZA 11 3/8 37.1 (8.8) 67.1 (18.9) 714.5 (475.5) pCASL 3 ROI resting-state rCBF SSD > HC (1) 0.83

Horn et al., 2009 110 SZ 13 8/5 29.6 (11.2) 63.9 (16.7) 556.2 (NR) 2.8 (2.6) PASL-QUIPSSII 1.5 WB resting-state rCBF NS 0.83

Zhu et al., 2015 ▲ 52 SZ 100 57/43 33.6 (8.6) 71.3 (22.7) 453.2 (342.9) 0.9 (0.7) pCASL 3 WB resting-state rCBF HC > SSD (5); SSD > HC (6) 0.77

Stegmayer et al., 2017b* 124 SSD 47 29/18 38.8 (13.6) 72.6 (17.1) 400.2 (344.2) 7.2 (7.1) pCASL 3 WB resting-state rCBF HC > SSD (2) 0.70

Kindler et al., 2018 + 114 SZ, SZA 32 18/14 41.6 (13.4) 76.6 (17.4) 497.0 (210.0) pCASL 3 WB resting-state rCBF SSD > HC (1); HC > SSD (3) 0.70

Zhu et al., 2017 ▲  133 SZ 89 49/40 33.5 (7.8) 71.1 (23.6) 458.9 (343.3) 9.8 (7.6) pCASL 3 WB resting-state rCBF HC > SSD (6); SSD > HC (6) 0.70

Wright et al., 2014 ●  130 SZ 50 31/19 36.9 (13.4) 629.0 (653.0) 19.1 (12.9) pCASL 3 WB resting-state  global CBF NS 0.70

Zhuo et al., 2017 ▲  134 SZ; AVH +/- 76 45/31 31.9 (6.7) 70.6 (23.3) 470.5 (329.1) 9.3 (6.9) pCASL 3 WB resting-state rCBF
HC > AVH + (6); AVH + > HC (8); 

HC > AVH - (5); AVH - > HC (7) 
0.70

Zhu et al., 2016 132 SZ; delusion +/- 49 26/23 35.4 (9.3) 67.1 (18.9) 483.7 (368.0) 11.1 (8.8) pCASL 3 WB resting-state rCBF
HC > delusion + (5); delusion + > HC (1);

HC > delusion - (5);  delusion - > HC (1)
0.70

Kim et al., 2019 112 SZ, SZA 12 7/5 45.0 (12.1) 492.1 (184.9) 19.6 (12.9) pCASL 3 WB resting-state rCBF HC > SSD (2) 0.67

Schneider et al., 2019 53 SZ 29 22/7 27.7 (7.2) 47.7 (10.2) 497.7 (407.4) 7.2 (7.1) pCASL 3 ROI resting-state rCBF NS 0.67

Wright et al., 2015 ●  131 SZ 46 30/16 37.5 (13.4) 19.5 (13.5) pCASL 3 WB resting-state  global CBF HC > SSD (3) 0.67

Cui et al., 2017a 89 SZ; AVH +/- 50 27/23 24.0 (6.1) 100.5 (17.7) 9.6 (14.9) PASL-PICORE 3 WB resting-state rCBF HC > AVH + (10); HC > AVH - (1) 0.67

Walther et al., 2017* 128 SZ; catatonia +/- 42 28/14 36.7 (11.4) 70.7 (17.3) 404.9 (354.9) 11.3 (10.9) pCASL 3 WB resting-state rCBF
HC > SSD (3)

catatonia + > catatonia - (2)
0.67

Legind et al., 2019 115 SSD; MZ/DZ 45 28/17 40.6 (9.7) 60.1 (19.0) 14.2 (8.0) pCASL 3 ROI resting-state rCBF SSD > HC (5) 0.63

Jing et al., 2018 111 SZ; insight +/- 18 8/10 33.5 (10.7) 70.4 (19.4) 374.7 (188.0) 11.3 (8.3) pCASL 3 WB resting-state rCBF HC >  insight + (8);  insight - > HC (5) 0.63

Ma et al., 2016 ▲  116 SZ; male/female 95 51/44 33.6 (8.4) 71.5 (23.2) 453.5 (345.6) 9.9 (7.6) pCASL 3 WB resting-state rCBF
HC m > SSD m (3); 

HC f  > SSD f (12); SSD f  > HC f  (8)
0.63

Wijtenburg et al., 2017 ●  129 SZ; younger/older 95 60/35 37.2 (5.0) 15.6 (7.7) pCASL 3 ROI resting-state rCBF NS 0.63

Xu et al., 2017 ▲  64 SZ 100 58/42 34.1 (8.2) 108.3 (25.7) 451.8 (342.3) 10.5 (8.1) pCASL 3 WB resting-state rCBF HC > SSD (4); SSD > HC (2) 0.63

Liu et al., 2012 43 SZ, SZA 19 11/8 622.1 (418.0) 20.5 (10.0) PASL-QUIPSSII 3 WB
resting-state rCBF

face processing task NVC
HC > SSD (2); SSD > HC (1) 0.60

Foucher et al., 2018 42 SZ, SZA; 

catatonia/cataphasia
29 14/15 38.0 (11.6) 66.0 (14.6) 12.7 (10.9) 15.2 (11.2) PASL-QUIPSSII 3 WB cognitive task  rCBF

SSD > HC (2); 

catatonia > HC (5); HC > cataphasia (3)
0.60

Pillinger et al., 2019 121 TRS 19 16/3 39.7 (10.9) 72.5 (10.2) pCASL 3 ROI resting-state rCBF NS 0.57

Ota et al., 2014b 119 SZ 22 19/3 36.3 (10.4) 65.2 (13.3) 573.9 (470.8) pCASL 3 WB resting-state rCBF NR 0.57

Cui et al., 2017b 45 FES 45 25/20 26.8 (5.6) 96.0 (18.0) PASL 3 WB resting-state rCBF FES > HC (2) 0.73

Chen et al., 2022 47 FES; AVH +/- 85 39/46 21.0 (7.6) 82.0 (15.4) pCASL 3 WB resting-state rCBF

HC > FES  (5); FES > HC (2)

HC > AVH +  (3); AVH - > HC (6)

HC > AVH -  (1)

0.63

Mäntylä et al., 2021 46 FEP 19 17/2 24.8 (NR) 41.0 (NR) 341.7 (NR) PASL-Q2TIPS 3 WB resting-state rCBF NS 0.87

Modinos et al., 2021 O  117 CHR 67 40/27 22.8 (4.23) pCASL 3 WB resting-state rCBF NS 0.87

Allen et al., 2018 O  48 UHR 77 44/33 22.6 (3.6) pCASL 3 ROI resting-state rCBF UHR > HC (2) 0.83

Allen et al., 2016 O  49 UHR 52 23/29 22.4 (4.4) pCASL 3 WB resting-state rCBF UHR > HC (8) 0.83

Dynamic susceptibility contrast

Talati et al., 2015 126 SZ, SZA 15 10/5 36.2 (12.6) 61.1 (13.3) 352.50 (160.4) 10.5 (8.8) DSC 3 ROI resting-state rCBF NS 0.80

Bellani et al., 2011 X  108 SZ 47 31/16 37.0 (11.4) 249.0 (NR) 12.0 (NR) DSC 1.5 ROI resting-state rCBF NS 0.73

Peruzzo et al., 2011 X  120 SZ 39 25/14 37.1 (11.5) 245.9 (170.6) 12.3 (10.2) DSC 1.5 ROI resting-state rCBF NS 0.73

FEP Squarcina et al., 2015 44 FEP 35 16/19 36.2 (8.4) 0.2 (0.3) DSC NR WB resting-state  global CBF NS 0.60

Blood-oxygen level dependent

SSD Friedman et al., 2008 41 SZ; smoker +/- 12 10/2 41.5 (8.7) 18.5 (10.2) BOLD 1.5 WB

Breath hold, cognitive task  CVR 

(MTP, MTT, activation volume, 

signal change) 

SSD > HC (1) 0.71

Table 2. Study characteristics, as well as the quality scores for each study.

Note:  Studies are written in bold when included in the meta-analysis. Studies are in italics and marked with a matching symbol when samples are overlapping.

NR

PANSS (SD) CPZeq (SD) Years of illness (SD)

Arterial spin labelling

SSD

NR

NR

NR NR

NR

Drugnaive NR

NR

NR

NR

NR NR

NR

NR

NR NR

NR

NR NR

NR

FEP

Drugnaive NR

Drugnaive NR

NR

NR

CHR

NR NR NR

NR NR NR

NR NR NR

Abbreviations:  AVH = auditory verbal hallucinations; ASL = arterial spin labelling; CASL: continuous ASL; CHR = clinical high-risk; CVR = cerebrovascular reactivity; CPZeq = Chlorpromazine equivalent; HC = healthy controls; HR = high-risk; F = female; FEP = first episode psychosis; FES = first episode 

schizophrenia; M = male; MTT = mean transit time; N: sample size; NVC = neuro-vascular coupling; pASL =  pulse ASL; pCASL =  pseudocontinuous ASL; NR = not reported; NS = not significant; rCBF = regional cerebral blood flow; SD = standard deviation;  SSD = schizophre

schizophrenia; SZA = schizoaffective disorder; TRS = treatment resistant schizophrenia; TTP = time to peak; UHR = ultra high-risk

SSD NR

NR

NR NR

NR NR

MNI 

coordinate
P

Jack-Knife 

score

Hyperperfusion - SSD > HC

Blobs of ≥ 72 voxels  with all peaks SDM-Z ≥ 3.369

Left lenticular nucleus, putamen, BA48 -28,6,8 3.37 [3.13, 3.77] <0.001 72 [44, 161] 9 (69%)

Hypoperfusion - HC > SSD

Blobs of ≥ 14 voxels with all peaks SDM-Z ≤ -2.772

Left superior frontal gyrus, medial, BA 9 -2,46,30 -3.02 [-3.25, -2.82] <0.005 94 [21, 174] 10 (77%)

Left middle frontal gyrus, BA 10 -36,56,0 -3.08 [-3.82, -2.93] <0.005 84 [30, 330] 10 (77%)

Right middle occipital gyrus, BA 18 32,-94,8 -3.08 [-3.3, -2.98] <0.005 29 [14, 53] 8 (62%)

Left superior temporal gyrus, BA 42 -58,-36,16 -2.78 [-2.85, -2.72] <0.005 26 [16, 35] 2 (15%)

Left middle occipital gyrus, BA 19 -34,-80,32 -2.89 [-2.91, -2.88] <0.005 22 [15, 28] 2 (15%)

Right superior occipital gyrus 24,-94,12 -3.52 N/A <0.001 139 N/A 1 (8%)

Left supramarginal gyrus -58,-36,24 -2.77 N/A 0.003 14 N/A 1 (8%)

Left anterior cingulate / paracingulate gyri 2,46,14 -3.08 N/A 0.001 145 N/A 1 (8%)

Table 3. Brain regions of significant difference in regional cerebral blood flow (rCBF) between patients with SSD and healthy controls. 

Abbreviations:  FWE = familly-wise error; HC = healthy controls; MNI = Montreal Neurological institute; SDM-Z = seed based d mapping z 

score;  SSD = schizophrenia spectrum disorders; TFCE = threshold-free cluster enhancement.

Mean 

SDM-Z

Mean Number 

of voxels

Note: Jack-knife analysis was scored out of 13 studies. Voxel threshold: uncorrected, p<0.005; TFCE corrected for FWE p<0.025. Peak 

height threshold: peak SDM-Z > |1.0|. Extent threshold: cluster size ≥ 10 voxels.
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Identification of studies via databases 
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Records identified from: 
Embase (n = 332) 
Medline (n = 181) 
PsycInfo (n = 135) 

 
Total (n = 648) 

Records screened 
 (n = 146) 

Reports sought for retrieval 
(n = 65) 

Reports assessed for eligibility 
 (n = 65) 

Reports 

excluded 
(n= 0) 

 

Identification of studies via other methods 

Reports not 
retrieved 

 (n = 0) 

Records identified from: 
Citation searching 

(n = 1) 

Reports sought for 
retrieval 
(n = 1) 

Reports assessed for 
eligibility 
(n = 1) 

 
Reports of included studies 

(n = 42) 

Systematic review 
 

 
Reports of included studies 

(n = 13) 

Meta-analysis 

Records removed before 
screening: 

Duplicate records  
removed (n = 256) 
Records marked as 

ineligible by automation 
tools (n = 246) 

Records excluded  

(n = 81) 

Reports not retrieved 
 (n = 0) 

Reports excluded (n=24): 
No SSD (n = 1) 

No HC (n = 9) 
No CBF/CVR (n = 7) 
Not MRI-based (n=7) 

Reports excluded (n=29): 

FEP/CHR (n=7) 
ROI analyses (n=8) 
No rCBF contrast (n=5) 

Subgroup analyses(n=4) 
Samples overlap (n=3)  

Missing data (n=2) 

Figure 1. Flow chart of the litterature search

Abbreviations:  CBF = cerebral blood flow; CVR = cerebrovascular reactivity; HC = healthy controls; SSD = schizophrenia spectrum 

disorders.
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HC > SSD

SSD > HC

L. SFGL. MFG

L. PUT

R. MOG

Abbreviations: HC = healthy controls; L = left;  MFG = middle frontal gyrus; MOG = middle occipital gyrus; PUT = 

putamen; R = right; SFG = superior frontal gyrus; SSD = schizophrenia-spectrum disorders.

Note:  Clusters in blue represent decreased rCBF (hypoperfusion) in SSD patients when compared to HC and 

clusters in red represent increased rCBF (hyperperfusion) in SSD patients when compared to HC.  For illustration 

purpose, the firgure displays results of the meta-analysis including all 13 studies. Results  are overlaid with a 

MRIcron template for illustration (www.mricro.com/mricron).

Figure 2. Illustration of  significant clusters of regional cerebral blood flow (rCBF) difference between patients 

with schizophrenia-spectrum disorders (SSD) and healthy controls with uncorrected threshold (p<0.005).

Figure 3. Significant A) positive and B) negative correlations between rCBF and positive or negative symptoms. 

Note: the size of the link is reflective of the number of studies repporting the same association.

Abbreviations: ACC = anterio cingulate cortex; ANG = angular cortex; HIP = hippocampus;  IFG = inferior frontal gyrus; INS = insula; ITG = inferior temporal 

gyrus; MTG = middle frontal gyrus; MTG = middle temporal gyrus; PAL = pallidum; PreCG = precentral gyrus; PUT = putamen; SFG = superior frontal gyrus; 

SPG = superior parietal gyrus; STR = striatum.


