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Marcel S. Kallweit a, Boris Papazov a,c, Emanuel Boudriot a,f, Klaus Seelos d, Amir Dehsarvi e,  
Mattia Campana a, Florian Raabe a,f, Isabel Maurus a,b, Lisa Löhrs a, Matthias Brendel i,l,m,  
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A B S T R A C T

Background: Blood-brain barrier (BBB) disruptions are presumed to be implicated in schizophrenia-spectrum 
disorders (SSDs). Previous studies focused on cerebrospinal fluid (CSF) markers, which are imprecise for 
detecting subtle BBB disruption. Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) enables 
sensitive investigation of subtle BBB leakage in vivo, yet remains unexplored in SSD research. We hypothesized 
higher leakage in SSDs compared to healthy controls (HCs), indicating a clinical sub-phenotype.
Methods: Forty-one people with SSDs and forty age- and sex-matched HCs were included in this cross-sectional 
study employing DCE-MRI, clinical characterization, cognitive assessment, blood and CSF analyses. The vol
ume transfer constant Ktrans, calculated using the Patlak method to estimate the contrast agent transfer between 
blood and extravascular space, was compared between groups to detect differences in BBB leakage.
Results: Individuals with SSDs showed higher BBB leakage compared to HCs in a widespread pattern, in brain 
regions typically affected in SSDs. No significant association was detected between leakage and measures of 
cognition, symptom severity, peripheral inflammation markers and albumin CSF/serum ratio.
Conclusions: This is the first study to date reporting BBB leakage in SSDs compared to HCs in multiple brain 
regions implicated in the disorder. These findings provide insights into disease mechanisms, highlighting the 
need for further investigation into the role of the BBB in SSDs.
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1. Introduction

Despite advances in etiological research, the precise biological un
derpinnings underlying schizophrenia-spectrum disorders (SSDs) 
remain elusive. As a crucial interface between the periphery and the 
brain, the blood–brain barrier (BBB) has gained increasing research 
attention (Pollak et al., 2018). BBB breakdown and associated inflam
mation are speculated to initiate the early stages in the pathological 
cascade leading to neurodegeneration in neuropsychiatric disorders 
(Montagne et al., 2015; van de Haar et al., 2016) and BBB breakdown 
has been proposed as an early biomarker for cognitive dysfunction 
(Barisano et al., 2022; Nation et al., 2019).

Evidence of BBB alterations stems from postmortem studies, serum 
and cerebrospinal fluid biomarker analyses, and advanced neuro
imaging research. In SSDs, postmortem studies have revealed structural 
and morphological abnormalities, alterations in molecular marker 
expression, gene expression patterns, and immunological abnormalities 
(Zhang et al., 2025). Structural abnormalities included differences in 
capillaries and NVU (neurovascular unit) cell types, i.e. reduced number 
of pericapillary oligodendrocytes (Vostrikov et al., 2008) and decreased 
quantity of glial fibrillary acidic protein (GFAP)-positive astrocytes 
surrounding blood vessels (Webster et al., 2001), along with endothelial 
cell vacuolation, astrocytic end-foot thickening, and basal membrane 
thickening (Uranova et al., 2010). Immunological abnormalities 
included infiltration of CD3 + T lymphocytes and CD20 + B lympho
cytes (Busse et al., 2012) as well as elevated IgG levels in the temporal 
cortex in hippocampal areas in SSD brains, suggesting inflammatory 
BBB leakage. However, postmortem studies are limited by factors such 
as small sample sizes, variability in cause of death, and the inability to 
assess dynamic BBB changes in living patients.

In vivo evidence on BBB disruption has been postulated to stem from 
blood and cerebrospinal fluid (CSF) markers. A study combining mag
netic resonance imaging (MRI) of the brain and differential blood ana
lyses observed significantly increased neutrophil granulocytes in first- 
episode psychosis (FEP) patients (n = 137) vs. controls (n = 81) 
(Núñez et al., 2019). Neutrophil granulocytes were associated with 
reduced total brain gray matter and worse psychopathology (Núñez 
et al., 2019). This was interpreted as neutrophil-associated brain tissue 
loss in initial stages of SSDs, leading to potential cognitive and clinical 
decline, based on the hypothesis of BBB dysfunction in SSDs, facilitating 
cell migration into the brain along with the described destructive 
neutrophil properties on brain tissue in neurodegenerative diseases 
(Gadani et al., 2015). Other blood-derived markers proposed to suggest 
BBB disruption include S100 Calcium Binding Protein B (S100B), 
expressed in astrocytes and oligodendrocytes (Schümberg et al., 2016) 
and the BBB-associated proteins like the matrix metallopeptidase 9 
(Schoretsanitis et al., 2021). The current state-of-the-art method for 
evaluating the integrity of the BBB by the ratio of albumin in cerebro
spinal fluid (CSF) and blood Albumin ratio (QAlb) (Pollak et al., 2018).

These fluid blood and CSF biomarkers present notable limitations, 
including lack of specificity, extracerebral expression (Steiner et al., 
2011) (S100B) and susceptibility to be influenced by confounding fac
tors beyond BBB breakdown (Pollak et al., 2018). Moreover, lumbar 
puncture-derived markers, like QAlb, primarily allow for the evaluation 
of the blood-cerebrospinal fluid barrier (BCSFB) rather than the BBB 
itself (Yakimov et al., 2023).

The prevalence of BCSFB breakdown in SSDs (estimated through 
fluid biomarkers) has been reported to be around 20 % (Pollak et al., 
2018) and has been associated with clinical characteristics, such as 
worse cognitive performance and psychopathology (Campana et al., 
2024; Najjar et al., 2017). However, the role of the BBB in the etiology 
and clinical trajectories of SSDs remains largely unclear. Bridging the 
gap between the periphery and the brain poses a significant challenge. 
Limited understanding of the BBB has hindered its direct targeting in 
diagnostic and therapeutic approaches.

Among in-vivo methods, dynamic contrast-enhanced MRI (DCE- 

MRI) stands out as a minimally invasive tool for detecting BBB break
down. Unlike other approaches like QAlb, DCE-MRI provides specific 
assessment of BBB integrity, while also enabling localization of affected 
brain areas, with high spatial and temporal resolution (Montagne et al., 
2015). It is based on the extravasation (leakage) of intravenously 
injected contrast agent (CA) into the extravascular space, enhancing 
image contrast that can be quantified. The efflux rate of the CA from 
plasma into brain tissue can be calculated through pharmacokinetic 
modeling of DCE T1-weighted MRI signal intensities. This approach 
enables quantification of various permeability measures, such as the 
BBB regional permeability constant, Ktrans, that reflects the efflux rate 
(Candelario-Jalil et al., 2022; Sourbron and Buckley, 2013). It has been 
deemed the most advanced method for investigating subtle leakages 
(Wong et al., 2017; Chagnot et al., 2021; Heye et al., 2016), particularly 
favorable in BBB investigations in SSDs due to the low permeability 
values considered in this group (Larsson et al., 2009; Ewing and Bagher- 
Ebadian, 2013). DCE-MRI combined with kinetic modeling (i.e. the 
Patlak model) has been identified as the most accurate and appropriate 
method for quantifying subtle BBB leakage (Montagne et al., 2015; 
Cramer and Larsson, 2014).

In other neuropsychiatric disorders (e.g., Alzheimer’s disease, mild 
cognitive impairment, and small vessel disease), DCE-MRI has proven to 
be a valuable tool for investigating the blood–brain barrier, revealing its 
permeability and leakage (Li et al., 2021; Zhang et al., 2019; Nehra 
et al., 2022). To date, only one study has investigated the BBB integrity 
in SSDs using DCE-MRI, though in a limited sample size, which hampers 
the detection of minimal BBB leakage in core regions of SSDs, due to a 
lack of statistical power. Cheng et al. reported higher Ktrans values in the 
bilateral thalamus in a schizophrenia group (N = 29) compared to a 
healthy control group (N = 18), but these findings require further 
replication.

The present study significantly expands on this by utilizing the 
largest sample size to date (N = 81 individuals with SSDs and HC), which 
provides greater statistical power to investigate BBB permeability.

Our primary hypothesis is that individuals with SSDs will exhibit 
significantly increased BBB leakage in brain regions neuropathologically 
linked to the disorder (e.g. thalamus, hippocampus, prefrontal cortex, 
and cingulate cortex (DeLisi et al., 2006), aligning with prior postmor
tem and fluid biomarker studies suggesting CNS barrier disruption. 
Furthermore, we propose that BBB leakage may delineate a distinct 
clinical sub-phenotype within SSDs, characterized by worse cognitive 
performance and more severe psychopathology—similar to previously 
reported associations with barrier disruption (Campana et al., 2024; 
Cheng et al., 2022). Lastly, we hypothesize that BBB permeability will 
correlate positively with systemic inflammatory markers, given the ev
idence from postmortem, fluid-biomarker, and neuroimaging studies 
linking immune dysregulation to barrier dysfunction. Lastly, we hy
pothesize a positive association between BBB leakage and BCSFB 
dysfunction, as measured by QAlb. Given prior evidence suggesting that 
QAlb reflects barrier impairment in a subset of SSD patients, we expect 
that increased BBB permeability, as detected by DCE-MRI, will corre
spond with elevated QAlb values, indicating a broader pattern of CNS 
barrier dysfunction.

2. Methods and Materials

2.1. Subjects

A total of 45 (11 females) people with SSDs treated at the Depart
ment for Psychiatry and Psychotherapy of the LMU University Hospital, 
Munich, Germany, were enrolled between March 2022 and October 
2023. Inclusion criteria comprised age between 18 and 60 years and a 
diagnosis of SSD, according to DSM-V, assessed with the Mini Interna
tional Neuropsychiatric Interview (M.I.N.I.), German version 7.0.2 
(Sheehan et al., 1998). All were inpatients, included at various stages of 
the subacute phase of their disorder. Eleven individuals had their first 
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episode psychosis, 15 were treatment-resistant, all were treated with 
antipsychotics during inclusion, mean duration of illness (DOI) was 
109.96 (± 115.91) months and mean CPZ dose was 406.84 (± 271.41) 
mg per day. In addition, 42 age- and sex-matched HCs (11 females) were 
recruited via announcements in digital channels (e.g. homepage of the 
university hospital, social media) and enrolled between June 2022 and 
October 2023. HCs were defined as participants with no past or current 
self-reported psychiatric disorder (collected via interview). HC were also 
aged between 18 and 60 years. Four individuals with SSDs and two HCs 
were declared as dropouts and excluded from the analyses (reasons for 
dropout are explained in Supplementary Methods), resulting in a total of 
n = 41 individuals with SSDs (10 females, mean age: 35.17 ± 9.77 
years) and n = 40 HCs (11 females, mean age: 33.55 ± 9.60 years) in our 
final analyses.

Detailed demographic data for both cohorts are presented in Tables 1 
and 2.

Exclusion criteria for both groups were defined as follows: for SSD 
cohort: a primary psychiatric disorder other than SSD, current electro
convulsive therapy or non-invasive brain stimulation treatment, coer
cive treatment, acute suicidality, for both groups: any central nervous 
system (CNS) disorder, history of traumatic brain injury (TBI), severe 
somatic (e.g. inflammatory, rheumatic) diseases, acute infections, cur
rent pregnancy (excluded in clinical routine in the SSD cohort and via 
self-report in HC) or lactation, regular current drug abuse (in the past 
month, excluded via self-report and in the SSD group with additional 
clinical tox-screens when necessary), inability to provide informed 
consent, current participation in clinical trials and contraindication(s) to 
MRI or DCE-MRI, such as renal failure (assessed with Serum creatinine 
and estimated Glomerular Filtration Rate (eGFR)). Prior to inclusion in 
the study, all participants provided written informed consent. The study 
protocol was approved a priori by the local ethics committee of the 
Ludwig-Maximilian University Munich (reference number 21–1139). 
The study was conducted according to the Declaration of Helsinki.

2.2. CSF and blood acquisition

Only individuals with SSDs underwent basic blood test including 
complete blood count analyses as part of the clinical routine in our clinic 
(collected around 8 a.m.). Neutrophil-to-lymphocyte ratio (NLR), 
monocyte-to-lymphocyte ratio (MLR) (ratios from absolute blood 
counts) were selected as inexpensive proxy markers indicative for in
flammatory and immune-related processes as previously described in 
the literature (Ghobadi et al., 2022). Both NLR and MLR have been 
described as elevated in SSD (Karageorgiou et al., 2019; Özdin et al., 
2017; Özdin and Böke, 2019), strengthening the role of immune- 
associated mechanisms of the disorder. The rations were calculated by 
dividing the absolute number of neutrophils and monocytes by the ab
solute number of lymphocytes per individual (Steiner et al., 2020). 
Absolute counts were obtained from clinical lab results, determined in 

our hospital laboratory using an automated counter (Sysmex Deutsch
land GmbH).

As part of standard SSD diagnostics in Germany, CSF examinations 
were offered to individuals with SSD, in accordance with the national 
schizophrenia guidelines (Gaebel et al., 2020) resulting in CSF collection 
from 25 individuals. QAlb (as a continuous variable) was selected as 
indicative for CSF pathology or BCSFB disruption and adjusted for age 
according to the formula: QAlb = (4 + age/15) × 10− 3 (Reiber et al., 
2001), age indicated as years. In all cases, CSF and serum were tested for 
neuronal autoantibodies (Supplementary Methods) to rule out 
autoimmune-mediated psychosis or encephalitis.

2.3. Demographic, clinical, and cognitive assessments

All individuals underwent basic demographic and clinical assess
ments (body mass index (BMI), total education, medication intake, so
matic conditions, substance abuse, current smoking status), collected via 
interviews and questionnaires and, if possible, verified using medical 
records. In individuals with SSDs the following additional variables were 
collected through self-report and verified on medical reports: informa
tion on current antipsychotic medication (current daily antipsychotic 
medication on the day of DCE-MRI scans were converted to chlor
promazine equivalent doses (CPZ equivalent), according to the Defined 
Daily Dose method (Leucht et al., 2016), lifetime antipsychotic medi
cation in months, duration of illness (DUI, defined as time period since 
first diagnosis), first-episode (FEP) or multi- episode psychosis (MEP) 

Table 1 
Demographic data of individuals included in the DCE-MRI analyses.

N (SSD/HC) SSDs 41 HCs 40 SSDs vs. HCs
Chi2 df p

Demographics ​ ​ ​ ​ ​ ​ ​ ​
Sex (f: m) 81 (41/40) 10:31 11:29 0.004 1 0.95
Current smoking status (y: n) 81 (41/40) 22:18 5:35 14.31 1 0.00015
​ ​ Mean/ Median SD Mean/ Median SD t/W* df p
Age (yrs) 81 (41/40) 35.17 9.77 33.55 9.60 897* − 0.47
Total education (yrs) 77 (37/40) 14.84 3.59 18.39 2.14 − 57.73 2.57e-06
BMI (kg/m2) 80 (40/40) 27.14 4.50 24.21 4.45 1110* − 0.0029
Cognition ​ ​ ​ ​ ​ ​ ​ ​
TMT-A (sec) 72 (32/40) 33.31 13.67 23.10 6.36 933* − 0.0009
TMT-B (sec) 72 (32/40) 92.78 64.34 54.55 19.02 954.5* − 0.0004

BMI = Body-Mass Index, CPZ = Chlorpromazine, df = degrees of freedom, n = no, SD = standard deviation, TMT = Trail-Making Test, W = Wilcoxon rank-sum, y =
yes, asterisk (*) highlighting where Wilcoxon rank-sum was used.

Table 2 
SSD group, disease characteristics.

N Mean SD

Disease characteristics ​ ​ ​
Diagnosis (DSM-V) 41 − −

Schizophrenia 35 − −

Schizoaffective disorder 5 − −

Brief psychotic disorder 1 − −

Duration of illness (DOI) (months) 41 109.96 115.91
Age at first symptoms (AFS) (yrs) 37 26.65 9.98
First episode (y: n) 11:30 − −

TRS (y: n) 15:26 − −

Andreasen remission criteria (y: n) 6:31 − −

Antipsychotic treatment (y: n) (41:0) − −

CPZ equivalent [mg per day] 41 406.84 271.41
Lifetime AP treatment (months) 41 87.57 110.11
GAF 41 49.78 12.51
Psychopathology ​ ​ ​
PANSS total 38 62.47 13.00
PANSS positive 38 15.74 4.72
PANSS negative 38 15.08 5.28
PANSS general 38 31.66 6.18
Cognition ​ ​ ​
TMT-A (sec) 32 33.31 13.67
TMT-B (sec) 32 92.78 64.35
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status (FEP being defined as first hospitalization due to psychotic 
symptoms). Cognitive performance was assessed with the Trail-Making 
Test (TMT, part A and B) in both groups. TMT assesses the cognitive 
elements attention, visual search and scanning, processing speed, task 
switching, cognitive flexibility and executive function (Bowie and Har
vey, 2006) which are typically affected domains in SSDs. Patients 
additionally underwent the Mini International Neuropsychiatric Inter
view (M.I.N.I.) interview for diagnosis validation (Sheehan et al., 1998), 
a symptom severity assessment using the Positive and Negative Syn
drome Scale (PANSS) (Kay et al., 1987), and the Global Assessment of 
Functioning (GAF) Scale (Suzuki et al., 2015).

2.4. Structural and DCE-MRI acquisition

MRI images were acquired on a 3-Tesla MRI scanner (3 T Magnetom 
Prisma, Siemens Healthcare GmbH) in the Department of Psychiatry and 
Psychotherapy, University Hospital, LMU Munich, Munich, Germany, 
with a 64-channel head coil. Supplementary Fig. S1 illustrates the data 
acquisition and analysis steps, while Supplementary Table S1 details 
the scanning methodology.

The imaging protocol included T1-weighted magnetization-prepared 
rapid gradient-echo (MP-RAGE) and T2-weighted sampling perfection 
with application optimized contrast using different flip angle evolution 
(SPACE) sequences for anatomical reference and clinical evaluation. The 
DCE sequence was used for leakage calculations. This sequence had a 
total scan time of 23 min and a voxel size of 1.8 × 1.8 × 1.8 mm. During 
this sequence (after approximately 2 min, scanning time point 12/80), 
the gadolinium-based contrast agent (GBCA) (Gadobutrol, Gadovist®, 
Bayer AG, Leverkusen, Germany, 0.1 mmol/kg) was injected in the 
antecubital vein (injection rate 3 mL/s, followed by 25–30 mL saline 
flush). All scans were evaluated by an experienced neuroradiologist, and 
pathological scans were excluded from further analyses.

2.5. Data processing and analysis

2.5.1. Statistical analysis of demographics
The following tests were used to compare demographic character

istics between SSD and HC groups and clinical characteristics within the 
SSD cohort, with R (R version 4.1.2 (2021–11-01), Rstudio, version 
2021.09.1 (RStudio Team (2020), 2020). Group differences in sample 
characteristics were explored with Chi-squared test for categorical var
iables, Welch’s two sample t-test for normally distributed, and Man
n–Whitney U test for non-normally distributed continuous variables. 
Normality within groups was assessed using the Shapiro-Wilk test. The 
threshold for statistical significance was set at a p-value < 0.05. 
Descriptive statistics are shown as mean ± standard deviation (Table 1).

2.5.2. Pharmacokinetic model analysis of DCE-MRI and Ktrans maps
The DCE-MRI quantification and Ktrans maps were calculated using 

the open-source software ROCKETSHIP v. 1.2, 2016 (Barnes et al., 
2015), which runs on Matlab, and Patlak modeling (Patlak et al., 1983). 
Quantitative pharmacokinetic modeling was chosen for its ease of 
interpretation and reduced sensitivity to the acquisition protocol, 
enhancing comparability across studies and sites (Thrippleton et al., 
2019). The Patlak method was selected due to the low expected 
permeability and hence low likelihood of back-diffusion (transport of 
contrast agent from brain tissue back to blood) that are prerequisites for 
the use of the Patlak method (Cramer and Larsson, 2014). Data pro
cessing in ROCKETSHIP included the following steps: Preparation of the 
dynamic datasets for DCE-MRI analysis, T1 mapping, selection of the 
arterial input function (AIF) or reference region (transversal sinus), 
noise filtering. The derived DCE-MRI parametric maps were based on 
the fitted AIF from the individual datasets. (For more details see Sup
plementary Methods).

2.6. DCE-MRI group comparisons

To compare the whole-brain leakage (Ktrans parameter maps) across 
cohorts (SSDs vs. HCs (main hypothesis)), analyses were conducted 
using voxel-wise multiple regression or voxel-wise analysis of covari
ance (ANCOVA), including age, sex, BMI, smoking status and total ed
ucation (in years) as covariates in line with current evidence for their 
implication in BBB disruption (Montagne et al., 2022; Mazzone et al., 
2010; Feng et al., 2024; Weber and Clyne, 2021) and/or due to their 
significant difference between the cohorts. We then conducted linear 
regression analyses to investigate the leakage (Ktrans value at each voxel) 
as predictor variable within the SSD group in relation to psychopa
thology (PANSS total/positive/negative/general), cognition (TMT-A, 
B), peripheral inflammatory markers (NLR, MLR)) and BCSFB pathol
ogy/breakdown (QAlb) as outcome variables, controlling for age, sex, 
BMI, smoking status and education. Significance threshold was set to 
voxel-wise alpha threshold of 0.001 and family-wise error (FWE) cluster 
correction at an alpha of 0.05 in all analyses. All analyses were con
ducted in SPM12.

A binary mask was generated by applying a threshold of 0.3 to the 
statistical contrast map using FSL’s fslmaths tool. This thresholding 
procedure delineated regions of significant leakage for Cohen’s d values 
> 0.3. ROIs (Regions of Interest) were selected from the Brainnetome 
atlas (Fan et al., 1991) and comprised anatomically defined whole brain 
regions. These ROIs were stored as individual binary masks in NIfTI (.nii. 
gz) format. The thresholded binary mask derived from the statistical 
contrast map served as a reference for determining the volume of acti
vations within each ROI. For each ROI, the volume of activations was 
calculated in milliliters (ml) using FSL’s fslstats tool with the − V option. 
This process involved isolating the voxels within each ROI that over
lapped with the binary mask and computing their total volume. The 
resulting volume measurements represented the spatial extent of 
leakage within the respective ROIs. Furthermore, the percentage of ac
tivations relative to the total volume of each ROI was computed. This 
calculation provided a normalized measure of the proportion of acti
vated voxels within each ROI, facilitating comparisons across different 
brain regions. As the Brainnetome atlas does not include specific 
brainstem regions, the Brainstem Navigator toolkit was used. The 
thresholded (voxel-wise alpha threshold of 0.001 and FWE cluster 
correction of alpha of 0.05) binary mask derived from the statistical 
contrast map served as a reference for determining the volume of acti
vations within each ROI.

3. Results

3.1. Demographic data

A total of n = 41 individuals with SSDs (10 females, mean age: 35.17 
± 9.77 years) and n = 40 HCs (11 females, mean age: 33.55 ± 9.60 
years) were included in our final analyses. Based on the only existing 
study to date, which reported differences in leakage using a sample of 29 
individuals with SSDs compared to 18 HCs, this sample size was 
considered sufficient to detect differences between the groups. In
dividuals with SSDs had on average a significantly shorter period of 
education (in years) compared to HCs (14.84 vs. 18.39, p = 2.57e-06), 
higher BMI scores (27.14 vs. 24.21 kg/m2, p = 0.0029) and worse 
cognitive function (TMT-A (33.31 vs. 23.10 sec, p = 0.0009) and TMT-B 
(92.78 vs. 54.55 sec, p = 0.0004)). Sex and age did not differ signifi
cantly between groups. Table 1 shows the demographic characteristics 
of the two groups and Table 2 the further characterization of the SSD 
cohort.

3.2. DCE-MRI (Ktrans) group comparisons

The voxelwise Ktrans map comparisons of the two cohorts (SSDs vs. 
HCs) at a whole brain level showed significantly higher Ktrans signal 
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(leakage) in the SSD cohort compared to HCs (main hypothesis), when 
corrected for age, sex, BMI, smoking and total education. Fig. 1 illus
trates the SSD/HC Ktrans group comparison.

The Ktrans values were calculated region-specifically based on the 
percentage and volumetric fraction (in ml) of the Brainnetome Atlas 
regions. The results for the ten regions with the highest values are shown 
in Fig. 2, results for all 246 Brainnetome regions can be found in Sup
plementary table S2.

The results for the ten regions with the highest values for brainstem 
regions are shown in Supplementary Table S3.

In order to evaluate the individual data distribution, Ktrans mean 
values across all significant voxels were visualized and are shown in 
Fig. 3.

3.3. Within group (SSD) tests

Linear regression models, investigating the association of higher 
leakage (Ktrans) and psychopathology/cognition (PANSS total, positive, 
negative, general; n = 38, TMT-A and TMT-B; n = 32), corrected for age, 
sex, BMI, smoking, total education, were performed and showed no 
significant associations.

Linear regressions investigating the association of higher leakage 
(Ktrans) and peripheral inflammatory markers (NLR, MLR; n = 41), 
showed no significant results. Linear regression investigating the asso
ciation of higher leakage (Ktrans) and QAlb showed no association 

between higher Ktrans values and QAlb (n = 25).

4. Discussion

This study aimed to investigate BBB leakage in the largest cohort of 
individuals with SSD to date, compared to HCs, using dynamic contrast- 
enhanced MRI (DCE-MRI).

Our study for the first time revealed significantly elevated Ktrans 
values, in a widespread pattern, mostly affecting subcortical and cortical 
regions both limbic and fronto-temporal areas, indicating widespread 
BBB leakage in individuals with SSDs compared to HCs.

This finding aligns with the only other DCE-MRI study among in
dividuals with SSD by Cheng et al., which reported higher BBB leakage 
in the thalamus among 29 individuals with SSDs compared to 18 HC 
(Cheng et al., 2022). Replicating this finding provides substantial evi
dence for BBB leakage in the thalamus, further substantiating its rele
vance in SSD pathophysiology. Disruption in the tightly regulated 
relationship between neuronal activity and blood flow (neurovascular 
coupling) can result in disturbed oxygen metabolism, neuronal death, 
and brain tissue atrophy (Sukumar et al., 2020). Thalamic leakage could 
thus play a key role in the context of already established structural 
(thalamic volume reduction), functional (disrupted functional connec
tivity), neurochemical (e.g. glutamatergic) and metabolic alterations 
(Adriano et al., 2010; Gong et al., 2019; Clinton and Meador-Woodruff, 
2004).

Fig. 1. Ktrans map comparisons of the two cohorts (SSDs vs. HCs) showing higher widespread leakage in individuals with SSD compared to healthy controls (SPM12) 
colored signal represents brain voxels in which statistically significant higher leakage was detected in the SSD cohort compared to HC. Ktrans values are shown 
thresholded for a Cohen’s d between 0.3 and 0.7. The volumetric images are shown in axial z-orientation, coronal y-orientation and sagittal x-orientation with 
standard MNI spatial coordinates. Note: radiological convention, L = R and R = L.
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However, our study also detected leakage in additional brain regions 
such as the amygdala, cingulate, putamen, hippocampus, insular, fron
tal, and temporal regions, that are also presumed to be altered in SSD 

(van Erp et al., 2016). The broader pattern of leakage in our study 
compared to Cheng et al. may be attributed to a larger sample size, 
differences in methodology (e.g. longer scan duration of 22 min vs. 10 
min in our protocol which enhances the detection of subtle barrier 
breakdown (Raja et al., 2018) and differences in cohort characteristics 
(e.g., younger subjects and shorter illness durations in Cheng et al.). 
Notably, BBB leakage in the hippocampus, another region majorly 
impacted in SSDs (van Erp et al., 2016), has previously been described in 
Alzheimerś disease (Montagne et al., 2015), another disorder marked by 
cognitive impairment, establishing a parallel between these disease 
entities.

Possible pathomechanistic factors contributing to the increased BBB 
permeability in SSDs include abnormalities in the macrovascular system 
(Schmidt-Kastner et al., 2012; Moises et al., 2015), the microcircuitry 
(Katsel et al., 2017) and in the regional cerebral blood flow (rCBF), i.e. 
hypoperfusion in frontal, temporal, parietal, cingulate, and thalamic 
regions leading to hypoxia (Sukumar et al., 2020; Katsel et al., 2017). 
Inflammatory processes are also key contributors, with circulating pro- 
inflammatory cytokines, such as TNF-alpha, commonly reported in 
schizophrenia (Halstead et al., 2023). These cytokines have been shown 
to affect the integrity of the BBB by altering astrocytic end-feet, a major 
component of the barrier, through the release of nitric oxide, as 
demonstrated in animal models (Farkas et al., 2006). On a smaller scale, 
capillary abnormalities, such as thickening, deformation, vacuolation of 
basal lamina, prominent swelling and vacuolation of astrocytic end-feet, 
alterations of pericapillary oligodendrocytes and signs of activation of 
microglial cells, have been described post-mortem (Uranova et al., 
2010). Also, significantly reduced claudin-5 levels, a tight junction 
protein in SSD-relevant brain regions such as the hippocampal grey 
matter, and altered expression of junctional components, have been 
reported (Greene et al., 2020) (Uranova et al., 2010).

Interestingly, the main effect was driven by four individuals (~10 % 
of SSD patients). This is consistent with the heterogeneous nature of 
SSD, suggesting that BBB leakage may be a sub-phenotype observed in 
certain individuals rather than a characteristic of the disorder as a 
whole. This is also consistent with existing literature, which reports that 
20–30 % of SSD patients exhibit blood-CSF barrier breakdown (e.g., via 
QAlb) (Pollak et al., 2018). This suggests that DCE-MRI offers a more 
specific and reliable method for assessing BBB disruption, as compared 
to QAlb, which has several limitations and is more susceptible to false 

Fig. 2. Top 10 Leakage ROIs. The ten ROIs with the highest leakage, presented by ROI name, ROI description, volume in ml, and leakage in per cent. Atlas used: 
Brainnetome. Note: representation in radiological convention L = R and R = L.

Fig. 3. Data distribution (log-transformed) of Ktrans mean values across all 
significant voxels. Comparison of BBB leakage (Ktrans) between SSD and HC 
show significant higher leakage in the SSD cohort. Data points represent indi
vidual log-transformed Ktrans mean values, calculated for the significant clus
ters, in which leakage was detected in SSD compared to HC.
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positives due to non-BBB-related factors that can elevate albumin levels 
(Yakimov et al., 2023; Pollak et al., 2020). The role of QAlb in evaluating 
BBB integrity should hence be strongly questioned in the research 
community.

Our study did not find a significant correlation between Ktrans values 
and symptom severity (PANSS positive, negative, general, total). This is 
in contrast to the findings of Cheng et al., who reported significant 
correlations between BBB leakage and symptom severity. The discrep
ancy might be partially due to differences in study populations. In 
addition to the differences mentioned above the SSD cohort in the study 
of Cheng et al., showed on average a higher symptom burden compared 
to our cohort and almost half of them were antipsychotic-naïve, while all 
of our patients were treated with antipsychotic medication at the 
timepoint of the study. This possibly indicates that Ktrans is a biomarker 
for psychopathology in the more acute (and severe) stages of disease. Of 
note, in line with our results, evidence on post-mortem ultrastructural 
changes in vasculature in SSDs also showed no association with clinical 
SSD subgroups (negative/positive symptoms, paranoid/nonparanoid 
types, different course of paranoid schizophrenia) (Uranova et al., 
2010), further highlighting the difficulty to establish a clear link with 
clinical parameters. It is also possible that the PANSS subscale values 
were not sensitive enough to detect subtle associations with BBB 
leakage, warranting further research with more refined assessment 
tools, such as single-items in larger cohorts.

No studies have yet investigated the association between cognition 
and leakage in DCE-MRI in SSDs. Our findings, indicating a lack of as
sociation, are in contrast to available evidence in other psychiatric and 
non-psychiatric disease entities (e.g., Alzheimerś disease (AD), mild 
cognitive impairment, small vessel disease, systemic lupus erythema
tosus (Li et al., 2021; Zhang et al., 2019; Nehra et al., 2022; Kamintsky 
et al., 2020), which identified significant correlations between BBB 
leakage and cognitive decline. Notably, BBB leakage in the hippocampus 
in AD was associated with early cognitive dysfunction, irrespective of 
Alzheimer’s Aβ and/or tau biomarker changes, suggesting that BBB 
breakdown is an early biomarker of human cognitive dysfunction in AD, 
independent of these disease-specific changes (Nation et al., 2019). 
However, the comparability of findings between these entities may be 
limited due to different underlying pathologies. The lack of association 
in our study may be due to the limited cognitive domains assessed by the 
TMT, suggesting that other cognitive domains could potentially show a 
correlation with Ktrans. Additionally, within-cohort analyses may have 
been underpowered due to the small sample size. Missing data (n = 9) in 
cognitive assessments could have biased the results. The cross-sectional 
design may not fully capture the association between leakage and 
cognitive decline, as leakage may reflect an acute state (all participants 
were in inpatient treatment in both our study and Cheng et al.’s), while 
cognitive decline may manifest later, as observed in a longitudinal 
cohort (Kerkhofs et al., 2021). The lack of a clear correlation between 
BBB leakage and clinical outcomes highlights the complexity of SSDs 
and suggests that BBB leakage alone may not be a sufficient biomarker 
for symptom severity or cognitive impairment. Further research with 
prospective approaches applied in larger cohorts is urgently needed.

Our study showed no association between Ktrans and QAlb, which 
represents BCSFB integrity. This finding is consistent with studies in 
different forms of dementia, where no correlation between BBB leakage 
(as measured by Ktrans) and CSF/blood markers (e.g., QAlb) was reported 
(Hillmer et al., 2023). Possible reasons for this lack of correlation 
include structural and functional differences between the BBB and 
BCSFB (Yakimov et al., 2023), which might respond differently to 
pathological processes. Additionally, the low statistical power due to the 
small sample size of individuals with CSF in our study could have 
influenced the ability to detect significant associations between these 
biomarkers.

Similarly, the study found no significant correlation between Ktrans 
values and MLR/NLR hindering an association between leakage and 
peripheral inflammation. There are no studies investigating this 

association in SSDs. There is however mounting evidence for an asso
ciation between systemic inflammation and BBB leakage (Galea, 2021) 
and for inflammatory response following BBB disruption, through the 
activation of glial cells (microglia and astrocytes) that triggers the 
release of proinflammatory cytokines, leading to neurotoxicity (Takata 
et al., 2021). Potential explanations for the absence of correlation in our 
study include the inherent limitations of peripheral biomarkers in 
capturing nuanced alterations in BBB integrity or central nervous system 
inflammation. Additionally, these ratios predominantly mirror the 
cellular immune response, which may not directly correspond to the 
subtle pathophysiological changes we sought to measure.

The lack of association between BBB leakage and peripheral CSF/ 
inflammatory markers underscores the difficulty in bridging the brain 
and the periphery, especially in the context of subtle inflammatory 
mechanisms. It also highlights the importance of distinguishing CNS 
barriers and their roles in SSD pathology, emphasizing the need for more 
specific BBB integrity biomarkers.

Limitations.
Our findings must be interpreted with caution. Firstly, although we 

corrected our statistical models for BMI and smoking, we did not correct 
for all cardiovascular disease risk factors (CVDRF) that could mediate 
BBB disruption. Future studies should aim to incorporate a more 
comprehensive adjustment for cardiovascular risk factors to better un
derstand their impact on BBB integrity in SSDs. Additionally, we did not 
selectively include or stratify patients based on known inflammatory 
markers, despite evidence that a subset (~40 %) of patients may exhibit 
elevated levels (Boerrigter et al., 2017). This may have influenced our 
ability to detect cellular and molecular correlates of BBB disruption. 
Future research should consider stratification based on inflammatory 
status to better delineate its role in BBB integrity. Further limitations 
involve a sampling bias, since not all individuals with SSDs were eligible 
for inclusion in our single-site study. We did not standardize inclusion 
based on the acuteness of the disorder, which might have impeded 
interpretation of the results in regards to the stage of the disorder. Our 
cohort did not include medication-naïve individuals with SSDs and thus 
the magnitude of the effect that antipsychotic treatment potentially had 
on our findings cannot be measured. Future studies should include 
medication-naive individuals. Additionally, there was an underrepre
sentation of female participants, which could affect the generalizability 
of our findings. Another limitation pertains to the method of pharma
cokinetic models used, which are based on a highly simplified descrip
tion of tissue microstructure and function and can hence ignore 
potentially relevant features such as interstitial fluid transport 
(Thrippleton et al., 2019). However, the combination of DCE-MRI with 
the Patlak model has been described as the method of choice in 
permeability imaging with expected subtle leakage (Cramer and Lars
son, 2014) Although this study included the largest SSD cohort to date 
undergoing DCE-MRI compared to HCs, our sample size for subgroup 
analyses remained relatively small. Future studies with larger sample 
sizes should focus on individual case-level analyses to better understand 
the clinical characteristics of the most affected individuals. Lastly, the 
cross-sectional nature of the approach does not allow conclusions on 
dynamic changes in the BBB that possibly underly the disorder. Larger 
longitudinal, multimodal studies, that investigate the temporal rela
tionship between BBB impairment and symptom severity, combined 
with vascular and BBB genomics are essential to robustly replicate our 
findings and comprehend the relevance and dynamics of BBB distur
bances in SSDs.

4.1. Conclusion

Our findings provide robust evidence for widespread BBB leakage in 
SSDs compared to HCs, extending beyond the thalamus to multiple brain 
regions associated with SSDs. Compared to the only available study to 
date (Cheng et al., 2022), which included 29 SSDs and 18 HCs, this study 
nearly doubles that sample size to 82, making it the largest cross- 
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sectional DCE-MRI study in SSDs to date. This increase in sample size 
enhances statistical power, allowing for a more thorough investigation 
of subtle BBB changes in regions beyond the thalamus. Our study further 
covers a broad spectrum of assessments, including psychopathology, 
cognition, disease progression, blood derived immune-related and CSF 
markers. Additionally, it is the first study to conduct DCE-MRI with a 
sufficient sequence duration to detect minimal leakage in SSDs. Our 
findings validate the hypothesis of BBB disruption in SSDs and under
score the potential of DCE-MRI as a valuable diagnostic tool for this 
disorder. Understanding the role of the BBB in SSDs could open avenues 
for targeted interventions aimed at preserving or restoring BBB integ
rity. Moreover, the integration of DCE-MRI assessments of BBB integrity 
with existing diagnostic tools holds promise for enhancing early detec
tion of biological mechanisms in SSDs.
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