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ABSTRACT 

Objective To determine whether state-associated changes in microglial activity, 

measured with translocator-protein positron emission tomography (TSPO PET), can be 

identified in psychosis patients through longitudinal evaluation of their regional tracer 

uptake over the clinical course from acute psychosis to post-treatment follow-up, and 

comparison to healthy controls. We also evaluated the relation between tracer uptake, 

clinical symptoms and peripheral immunological markers. 

Method Second-generation radioligand [18F]-PBR111 TSPO PET-CT was used for 

longitudinal dynamic imaging in 14 male psychosis patients and 17 male age-matched 

healthy control subjects. Patients were first scanned during an acute psychotic episode 

followed by a second scan after treatment. Prior genotyping of subjects for the rs6917 

polymorphism distinguished high- and mixed-affinity binders. The main outcome was 

regional volume of distribution (VT), representing TSPO binding. Plasma concentrations 

of CRP, cytokines and kynurenines were measured at each timepoint.  

Results We found a significant three-way interaction between time of scan, age and 

cohort (cortical grey matter F6.50, p.020). Age-dependent differences in VT existed 

between cohorts during the psychotic state, but not at follow-up. Patients’ relative change 

in VT over time correlated with age (cortical grey matter Pearson’s r.574). PANSS positive 

subscale scores correlated with regional VT during psychosis (cortical grey matter r.767). 

Plasma CRP and quinolinic acid were independently associated with lower VT. 

Conclusions We identified a differential age-dependent pattern of TSPO binding from 

psychosis to follow-up in our cohort of male psychosis patients. We recommend future 
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TSPO PET studies in psychosis patients to differentiate between clinical states and 

consider potential age-related effects.  
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1. INTRODUCTION 

A role for neuroinflammation in the pathophysiology of schizophrenia and psychosis has 

been implied by genome-wide association studies, postmortem and PET imaging studies, 

with a prominent role for the central nervous system’s main immune regulators: the 

microglia (1). Exposure to inflammatory responses and/or genetically rooted excessive 

synapse pruning in the perinatal period (2) is thought to result in an activated or primed 

state of microglia in adulthood (1), leading to ongoing abnormal immune responses which 

drive psychotic episodes and cause an unfavorable illness course, with progressive loss 

of function and cumulative brain changes. Evidence from clinical studies suggests that 

psychotic exacerbations are accompanied by systemic immunological changes different 

from those seen in non-acute states, with patients during an acute psychotic event 

demonstrating increased IL-1β, IL-6, TGF-β and CD4/CD8 ratio which normalize after 

treatment (3, 4). We hypothesized the psychotic state to be accompanied with microglial 

activation in the brain, paralleling the state-associated changes observed in peripheral 

immunological markers. 

In neuroinflammation, activated microglial cells increase their expression of the 

translocator protein 18kDa (TSPO) on the outer mitochondrial membrane. The detection 

of activated microglial cells is acquired in vivo through Positron Emission Tomography 

(PET) of the brain using a radioligand for TSPO. Previous studies of TSPO binding that 

were performed in relatively small samples of schizophrenia or psychosis patients in 

various stages of the illness, and using different tracers and methods of analysis have 

generated mixed results (3). In this study we evaluated central nervous system TSPO 

levels with fluoropropoxy-substituted-2-(6-chloro-2-phenyl)imidazo[1,2-a]pyridine-3-yl)-
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N,N-diethylacetamide ([18F]-PBR111), a novel second-generation tracer with high specific 

in vitro and in vivo binding to TSPO, which is best described by a 2-tissue compartment 

model with an additional vascular trapping component (5). Similar to other second-

generation TSPO tracers, the use of [18F]-PBR111 is complicated by the rs6971 

polymorphism, requiring prior genotyping of study subjects to allow interpretation of tracer 

binding data.  

We previously found the regional test-retest variability of [18F]-PBR111 uptake in healthy 

controls from our sample to be 16-22%, which represents an acceptable standard for 

evaluating the longitudinal binding in these regions (5). To our knowledge, this is the first 

study to perform longitudinal TSPO PET imaging of acutely psychotic patients with follow-

up examination post-treatment. Our primary aim is to evaluate if longitudinal changes of 

patients’ regional [18F]-PBR111 uptake differ from healthy age-matched controls. As 

secondary outcomes, we evaluate the relationship between [18F]-PBR111 uptake and 

clinical symptoms or peripheral immunological markers, respectively. 

 

2. MATERIALS AND METHODS 

2.1 Subjects 

We included 14 male patients with a diagnosis within the spectrum of primary psychotic 

disorders (DSM-5 #295.4-9, 298.8-9.; aged 18 to 50 years) who were admitted between 

January 2013 and December 2016 to the University Psychiatric Hospital Campus Duffel 

and the Psychiatric Hospital Multiversum (campus Boechout and Mortsel) for an acute 
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psychotic episode (first-episode psychosis or acute relapse; defined as total score ≥14 

on the positive scale of the Positive and Negative Syndrome Scale (PANSS) + a score of 

≥5 on one or a score of ≥4 on two of the "positive factor" PANSS items P1, P3, P5 or G9 

(6, 7)). PANSS interviews were performed by a trained interviewer within one week prior 

to each PET scan, but not obtained for two subjects. All patients had been free of 

antipsychotic therapy for >4 weeks before hospitalization, after which medication was 

initiated based on clinical needs. Because benzodiazepines were found to have affinity 

for the TSPO receptor, no use of benzodiazepines was allowed for three times their half-

life prior to each PET-scan.(8) A second cohort consisted of 17 male age-matched healthy 

controls without personal history of any primary psychiatric disorder nor family history of 

psychotic or bipolar disorders.  

Main exclusion criteria were the use of any immunomodulating drugs within 21 days of 

participation; medical history of auto-immune disorders or other physical illness 

associated with abnormal immune changes within 14 days of participation and a positive 

test for alcohol or drugs of abuse, except cannabis or benzodiazepines (provided subjects 

did not meet DSM-5 criteria for substance use disorders within 3 months prior to the 

study).  

Subjects underwent two 90-min dynamic [18F]-PBR111 PET-scans at least 8 weeks apart 

at the same time of day. Patients were first scanned during the psychotic episode and 

again after ≥8 weeks of treatment in the absence of psychosis (PANSS positive scale 

total score ≤13 and ≤3 on items P1, P3, P5 or G9) - further indicated as “follow-up“ in this 

paper. In addition, subjects underwent MRI for evaluation of brain morphology within six 

months after PET imaging.  
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Approval for the study was obtained from the Committee for Medical Ethics of the 

University Hospital Antwerp (13/37/348) and of all participating hospitals. The project was 

registered under clinicaltrials.gov (NCT02009826). All participants provided informed 

consent. 

2.2 Genotyping 

Prior genotyping of subjects for the rs6971 polymorphism within the TSPO gene 

distinguished high- and mixed-affinity binders (HABs and MABs, respectively) while low-

affinity binders were excluded. Following DNA extraction of whole venous blood samples 

collected at screening, we performed a PCR reaction using following primers: GAT-CTC-

CTG-CTG-GTC-AGT-GG and TGC-AGA-AAG-CAC-AGG-ACA-CT. This reaction yields 

a PCR fragment surrounding the rs6971 SNP in the TSPO gene. The resulting fragments 

were purified using Calf Intestine Alkaline Phosphatase (Sigma-Aldrich, USA) and sanger 

sequenced using a Big Dye Terminator Cycle Sequencing kit (ThermoFisher, USA). Next, 

the reactions were loaded on an ABI 3130XL genetic analyzer. Resulting sanger traces 

were evaluated in CLC workbench version 5.7.1 (CLC Bio, Denmark).  

  

2.3 Peripheral blood measurements 

Non-fasting blood samples were acquired in a standardized manner at the same time of 

day and within one hour prior to each PET scan. Blood was drawn in EDTA and citrate 

containing tubes via a forearm vein, transferred to the laboratory (<5min) and stored at 4-

8°C until centrifugation (<30min). Samples were centrifuged for 10min at 4°C and the 

resulting plasma aliquots were frozen immediately at -30°C until analysis.  
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Kynurenine pathway analytes Kynurenine (Kyn), Quinolinic Acid (QA) and Kynurenic Acid 

(KA) were measured in citrate plasma at the Institute of Legal Medicine and Core Facility 

Metabolomics (Medical University of Innsbruck, Austria) using a validated liquid 

chromatography–tandem mass spectrometry (LCMS) method of analysis (9).  

Cytokines of interest were measured in duplicate in EDTA plasma by an 

electrochemiluminescence immunoassay technique developed by Mesoscale Discovery 

(Rockville, USA), according to the manufacturer’s instructions. We used standardized kits 

V-PLEX Proinflammatory Panel 1 Human Kit (for detection of IL6, IL8 and TNFα) and V-

PLEX Vascular Injury Panel 2 Human Kit (for CRP). Additionally, IL-1RA was detected 

using a custom 4-Spot Prototype Human IL-1RA kit. We calculated concentrations for 

each cytokine by fitting the sample signals on a 4-parametric logistic calibration curve. 

We excluded an individual assay if concentrations were below detection threshold in 

>50% of subjects, as well as all data points with an intra-assay coefficient of variation 

>15%. For all analyses, we prespecified the samples’ processing order so samples 

belonging to the same subject were in the same batch, and each batch contained an 

equal distribution of patient and control samples. Quality control samples were added to 

each batch. Plasma sample data were not obtained in one control and three patients.  

 

2.4 PET and MRI data acquisition and analysis 

Procedures for acquisition and analysis of PET and MR images are described in 

Ottoy et al (10). In short, a 3-dimensional T1-weighted magnetization-prepared rapid 

gradient echo (MPRAGE) scan was performed on a Siemens Magnetom Aera 1.5T MR 

scanner (Erlangen, Germany), while PET data were acquired using a Siemens Biograph 
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mCT time-of-flight PET-scanner and recorded over 90 min following an intravenous bolus 

injection of 192±19MBq of [18F]-PBR111.   

A metabolite-corrected hybrid plasma input function was created from 5min continuous 

arterial blood sampling (Twilite, Swisstrace, Switzerland) complemented by 8 manual 

samples. A metabolite-corrected hybrid plasma input function was created from 5min 

continuous arterial blood sampling (Twilite, Swisstrace, Switzerland) complemented by 8 

manual samples. Plasma-to-whole blood was lower in schizophrenia patients compared 

to healthy controls as shown earlier (5). The plasma free fraction did not differ significantly 

between clinical groups (Supplementary  Figure 1, one-way ANOVA corrected for multiple 

comparisons via Tukey), and was not considered for VT calculation (11).  

Regional volume of distribution (VT) was derived using a region-of-interest (ROI) based 

two-tissue compartmental analysis with an additional irreversible vascular trapping 

component. To account for progressive loss of whole brain volume and whole brain grey 

matter associated with schizophrenia(12), all TACs were corrected for partial volume 

effects based on the region-based geometric transfer matrix method (GTM as described 

by Rousset et al.) and a 5x5x5mm PET scanner resolution.(13) ROIs for this study were 

delineated based on automatic brain segmentation of the MRIs (PMOD Technologies 

Ltd., Zurich, Switzerland) and included total cortical grey matter (cortical GM), total 

cortical white matter (cortical WM), cerebellum, brainstem, cingulate cortex, thalamus, 

basal ganglia, amygdala and hippocampus. Interframe motion correction of the dynamic 

PET scans and PET-MRI co-registration were performed for each subject separately 

using PMOD v3.6 (PMOD Technologies Ltd., Zurich, Switzerland). 
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2.5 Statistical analysis 

Baseline differences in clinical and demographic parameters between cohorts were 

examined by two-tailed independent t-tests for continuous variables and Pearson chi-

square test for categorical variables. All data are presented as mean ± SD. 

We performed a series of linear mixed model analyses, with regional VT values as the 

dependent variables. The full model included subject number as random effect and 

genotype, cohort, time, age, age² (and their interactions) as fixed factors, which was 

simplified by stepwise backward elimination of the non-significant terms. Because a 

significant three-way interaction between time, age and cohort was observed in our 

primary model, we repeated this linear mixed model analysis after splitting the data from 

the patient cohort by time. The control cohort data were not split for time as we consider 

them to be part of the same sample, based on our earlier test-retest analysis. We also 

calculated differential scores representing the relative change in VT from the first to 

second scan (∆VT=(VT1 - VT2) / VT1) for each subject and used these as dependent 

variable in a linear regression analysis with age, cohort and their interaction as 

independent variables. Additionally, adjusted models with subject characteristics 

(smoking, cannabis use and BMI) and peripheral blood variables as covariates were 

tested. P-values were corrected for multiple testing (across 9 ROIs) using the The 

Benjamini-Hochberg implementation (14) of the False Discovery Rate (FDR)  correction. 

An FDR adjusted p-value of .05 was used as cutoff for significance (significant p-values 

are indicated by *). 
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All statistical analyses were performed in JMP version 13, except for partial correlation 

analyses, which were done in IBM SPSS version 24. These latter analyses tested the 

association of VT with symptom severity and peripheral immune markers, accounting for 

covariates age and genotype.  

 

3. RESULTS 

3.1 Subjects  

Demographic information is presented in Table A. Three patients discontinued the study 

after the first scan. Data of 6 PET scans were excluded from analysis because of technical 

issues during arterial blood sampling (n=1 patient) or due to artefacts caused by subjects’ 

head movement during 90 min PET imaging (n=3 patients and n=2 controls). This 

resulted in data for n= 11 patients and n=16 healthy controls available for analysis at the 

first scan point and n=10 patients and n=16 healthy controls at follow-up (10). Patients’ 

baseline PANSS total scores, positive subscale and general psychopathology subscale 

scores were significantly higher than at follow-up.  

Table A: Subject characteristics, raw outcome scores and PANSS interview scores 

 Controls (n=17) Patients (n=14) 
Test 

statistic 

Two-

tailed 

p 

value 

Genotype 41,2% HAB 57,1% HAB Χ² 0.48 .491 
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58,8% MAB 42.9% MAB 

Scan interval 19.9 ± 10.3 weeks 12.3 ± 4.6 weeks T 2.27 .032 

Age (y) 27.2 ± 5.5 32.2 ± 8.3 t -1.71 .098 

Duration of illness 

(y) 
 

5.2 ± 7.6 

(n=9 DOI <5y) 
  

BMI 23.3 ± 1.8 25.5 ± 3.9 t -2.42 .023 

Smoking 11.8% 78.6% Χ² 13.03 <.001 

Cannabis use 
5.9% occasional 

use 

21.4% occasional use 

28.6% regular use 
Χ² 9.18 .010 

Antipsychotic use  
90.9% at first scan 

80% at follow-up 
  

     

 
(average of both 

timepoints) 
First scan Follow-up   

VT cortical GM 

1.78 ± 0.64  

HAB (n=7) 

1.59 ± 0.46  

MAB (n=10) 

2.54 ± 1.11 HAB 

(n=6) 

1.53 ± 0.31 MAB 

(n=5) 

2.70 ± 0.83 HAB 

(n=6) 

1.39 ± 0.20 MAB 

(n=4) 

  

VT cortical WM 
1.39 ± 0.33 HAB 

1.37 ± 0.35 MAB 

1.66 ± 0.53 HAB 

1.36 ± 0.20 MAB 

1.80 ± 0.41 HAB 

1.30 ± 0.14 MAB 
  

VT cerebellum 
1.83 ± 0.69 HAB 

1.66 ± 0.52 MAB 

2.49 ± 0.79 HAB 

1.52 ± 0.27 MAB 

2.63 ± 0.91 HAB 

1.53 ± 0.20 MAB 
  

VT brainstem 
2.21 ± 0.85 HAB 

2.07 ± 0.48 MAB 

3.14 ± 1.00 HAB 

1.90 ± 0.45 MAB 

3.38 ± 1.23 HAB 

2.02 ± 0.59 MAB 
  

VT cingulate 
2.05 ± 0.69 HAB 

1.76 ± 0.44 MAB 

2.81 ± 1.17 HAB 

1.73 ± 0.30 MAB 

3.02 ± 0.96 HAB 

1.67 ± 0.08 MAB 
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VT thalamus 
2.41 ± 0.90 HAB 

2.16 ± 0.53 MAB 

3.23 ± 1.36 HAB 

2.03 ± 0.41 MAB 

3.55 ± 1.11 HAB 

1.87 ± 0.24 MAB 
  

VT basal ganglia 
1.84 ± 0.56 HAB 

1.67 ± 0.48 MAB 

2.64 ± 0.94 HAB 

1.55 ± 0.27 MAB 

2.56 ± 0.68 HAB 

1.45 ± 0.14 MAB 
  

VT amygdala 
2.21 ± 0.92 HAB 

1.92 ± 0.43 MAB 

3.27 ± 1.37 HAB 

1.87 ± 0.32 MAB  

3.20 ± 1.03 HAB 

1.82 ± 0.20 MAB 
  

VT hippocampus 
2.30 ± 1.04 HAB 

2.11 ± 0.51 MAB 

3.28 ± 0.84 HAB 

2.03 ± 0.41 MAB 

3.23 ± 1.08 HAB 

2.39 ± 0.86 MAB 
  

 

PANSS interview 

scores 

 First scan Follow-up 

Matched 

pairs T-

test  

(df 7) 

Two-

tailed 

p 

value 

Total 75.3 ± 21.0 58.6 ± 12.0 t 4.7 .002 

Positive subscale 24.1 ± 5.4 9.6 ± 2.2 t 10.4 .001 

Negative subscale 16.7 ± 7.2 17.0 ± 8.2 t -0.3 .0.75 

General 

psychopathology 

subscale 

34.5 ± 10.6 30.8 ± 5.2 t 3.5 .010 

 

 

3.2 Patients with schizophrenia versus healthy controls 

To model differences in VT over time between the cohorts, allowing for effects of genotype 

and age, we fitted linear mixed models. Our primary linear mixed model (VT = [SubjID] + 

genotype + cohort + time + cohort*time) could not demonstrate a significant difference in 
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the longitudinal change of VT between patients and controls within any of the regions. Yet 

when a possible interaction effect with age was considered, we observed a significant 

three-way interaction between cohort, time and age, indicating that the difference in VT 

between the cohorts varied depending on subjects’ age, and that this relationship 

behaves differently across the two time points. Based on the graphical presentation, we 

further improved the fit of the model by operating a quadratic age effect (AICc 110 for the 

quadratic effect versus AICc 112.5 for the linear effect in cortical GM). The final model 

(VT = [SubjID] + genotype + cohort + time + age + age² + cohort*time + cohort*age² + 

age²*time + cohort*time*age²) demonstrated a significant three-way interaction between 

cohort, time and age² in all regions (cortical GM F6.50, p.020; cfr. Figure A.1; 

Supplementary Table A.1). Duration of illness, cannabis use, smoking and BMI were not 

significant covariates. 

To further evaluate the interaction between cohort, age and time, a second linear mixed 

model analysis was performed in which healthy control data were compared to data 

derived from patients during the psychotic episode. We again observed a significant 

interaction between age and cohort with a quadratic age effect (cortical GM cohort*age 

F18.92, p<.001; age² F16.99, p<.001; cfr. Figures A.2 and B; Supplementary Table A.2). 

We subsequently performed a similar analysis using the data of patients at follow-up. Age 

was significant as a covariate, but there was no significant interaction between age and 

cohort. When adjusted for age and genotype, schizophrenia patients demonstrated 

slightly elevated VTs compared to healthy controls in most regions, yet only in the 

brainstem (F9.28, p.006), amygdala (F6.70, p.016) and hippocampus (F9.64, p.005) the 
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differences surpassed the FDR significance threshold (cfr. Figure A.3; Supplementary 

Table A.3). 
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Figure A: Dot plot of F-values in final linear mixed models 

 

 

 

 

 

 

 

 

 

 

  

Legend: Dot plot of F-values for the main (or highest-order) terms in each final linear mixed 

model, per region of interest. Red symbols indicate significance level is attained under FDR 

correction, blue symbols indicate nonsignificant terms. Final linear mixed models include the 

following (terms shown in the graph are underlined):  

(1) longitudinal model for all patients and control data: VT = [SubjID] + genotype + cohort + 

time + age + age² + cohort*time + cohort*age² + age²*time + cohort*time*age²; (2) patients 

during a psychotic episode vs. controls: VT = [SubjID] + genotype + cohort + age + age² + 

cohort*age; (3) patients in remission vs. controls: VT= [SubjID] + genotype + cohort + age. 

Detailed information on all F- and p-values in these models can be found in Supplementary 

Table A. 
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Figure B: Relationship between age and VT in cortical grey matter 

 

 

 

Finally, strong correlations between ∆VT and age were found in the patient group in all 

regions, with the highest correlations in the hippocampus (r.901, p.002), brainstem (r.827, 

p.011) and amygdala (r.784, p.021), while in the control group no relevant correlations 

with age (|r|<0.3) in all regions) were found (cfr. Figure C, Supplementary Table B.1). 

Regression analysis (∆VT = age + cohort + age*cohort) confirmed medium effect sizes 

Legend: quadratic relationship between age (in years) and VT in cortical grey matter of 

patients during a psychotic episode (P; n=11) versus controls (C; n=17 subjects, 32 data points). 
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for the interaction term in the brainstem (η² .243, p.016), cerebellum (η² .216, p.025), 

amygdala (η² .210, p.021), hippocampus (η² .196, p.029) and cortical gray matter (η² .137, 

p.086), yet these did not reach FDR significance level in any region. 

 

Figure C: Relationship between age and ∆VT scores in the hippocampal region 

 

 

 

3.3 Relation with clinical symptomatology and peripheral immune markers 

Legend: Linear relationship between age and ∆VT scores (=relative change in VT between the 

first and second scan) of patients (P; n=8) and controls (C; n=15) in the hippocampal region. 
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Peripheral immune markers (CRP, TNFα, IL1RA, IL6, IL8, KA, QA, QA/KA ratio, KA/Kyn 

ratio) were measured together with each PET scan to evaluate their association with 

TSPO uptake. There were no major group or longitudinal differences in plasma 

concentrations except for a lower concentration of KA in patients (linear mixed model 

analysis after adjusting for BMI and age, cohort F13.7, p.001). The QA/KA ratio increased 

significantly between the first and follow-up scans in patients but not in controls 

(cohort*time F26.7, p<.001).  

We analyzed partial correlations between regional VT and PANSS subscale scores or 

peripheral immune markers, accounting for age and genotype. For patients during a 

psychotic episode, we identified strong positive correlations with scores on the PANSS 

positive subscale in all regions of interest (cortical GM r.767, p.026), but not with other 

subscales (cfr. Supplementary Table B.2). The regional VT of patients during a psychotic 

episode also correlated positively with QA/KA ratio (cortical GM r.873, p.010) and 

negatively with KA concentrations (cortical GM r-1.000, p<.001). Regional VTs of patients 

at follow-up correlated negatively with KA concentrations (cortical GM r-1.000, p<.001) 

and QA concentrations (except for amygdala region, cortical GM r-1.000, p<.001). Finally, 

in healthy controls, [18F]-PBR111 uptake correlated negatively with CRP concentrations 

(cortical GM r-.530, p.005) as well as IL8 concentrations (cortical GM r-.482, p.013).  

Addition of peripheral immune markers QA*cohort and CRP as covariates (defined by 

stepwise comparison of different linear mixed models) improved the fit of our earlier linear 

mixed model significantly (AICc 80.8 for cortical GM). (cfr. Supplementary Table C).  

4. Discussion 



21 

 

4.1 Interpretation of Findings 

The outcomes of our study point towards a differential pattern of tracer uptake from 

psychosis to post-treatment follow-up, mediated by patients’ age. Older patients were 

more likely to demonstrate higher TSPO binding in the psychotic state and an associated 

decrease at follow-up, whereas younger patients exhibited a reverse pattern with lower 

uptake in the acute phase followed by a relative increase (cfr. Figure D).  

Figure D: Patients' change in TSPO binding over time in the hippocampal region 

 

 
Legend: Patients’ change in TSPO binding over time in the hippocampal region for three age 

categories (<30y n=5; 30-39y n=6, ≥40y n=2). Time 1 = first scan during acute psychotic state; 

Time 2 = Post-treatment follow-up. Data points represent mean ± SE. 
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Previous TSPO studies in psychosis patients (summarized in De Picker et al 2017) have 

been heterogeneous in their choice of tracer, kinetic model, outcome measure and patient 

population, leading to mixed results which have been difficult to interpret. A recent meta-

analysis of TSPO PET studies with second generation tracers (n=5 (15-19)) by Plavén-

Sigray et al (online preprint prior to peer-review) concluded the evidence in favor of a 

relative decrease in tracer uptake in psychosis patients compared to healthy controls 

largely outweighs the evidence for a relative increase, however age was not included as 

a covariate (20). Compared to these studies, the patients in our sample were significantly 

older than those from Coughlin et al (t3.26, df17, p.004) and significantly younger than 

those from Kenk et al (t2.48, df24.3, p.020) and Bloomfield et al (t4.25, df21.8, p<.001), 

who found a significant correlation between age and [11C]PBR28 VT in total gray matter 

(15, 16, 18). Autoradiographic studies have reported both higher (21) and lower (22) 

TSPO binding in patients. Our data suggest that, depending on the clinical state and the 

age of the patient at the time of the investigation, both hypotheses may be true.  

Our data seem to indicate an age-related increase in TSPO binding in psychotic patients 

which is different from or accelerated compared to healthy controls. Such age-related 

increases in microglia and TSPO have been reported in animal, human and postmortem 

studies and are usually considered consequences of age-related oxidative damage to 

DNA and accumulation of glycated proteins, causing a compensatory upregulation of 

microglial ‘housekeeping’ functions. We however did not find any significant effect of 

duration of illness on TSPO uptake. Our findings in psychosis patients may therefore 

reflect the premature onset of physiological changes associated with normal aging. 

Moreover, a similar accelerated ageing trajectory has been observed in schizophrenia 
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patients related to age-related decreases in neuroplasticity (23, 24). Increased TSPO 

binding in older patients could therefore also signify the compensatory effects of a 

microglial system struggling to keep up amidst failing neuroplasticity. Interestingly, these 

age-related cumulative changes may offer a microanatomical explanation for the 

progressive anatomical abnormalities of brain structure recorded in longitudinal studies 

of psychosis patients, including the characteristic enlarged ventricle size and reductions 

in grey matter volume, whole-brain volume, and white matter anisotropy (25).   

Besides age, we identified peripheral immune markers from two separate immunological 

pathways as independent predictors of TSPO binding. The acute phase protein CRP 

correlated inversely with tracer uptake in controls, while kynurenine pathway metabolites 

such as quinolinic acid but also kynurenic acid were negatively associated with uptake 

uniquely in patients. To our knowledge, no prior studies have investigated the effects of 

kynurenines or CRP on TSPO binding in psychosis patients. Coughlin et al did not identify 

any significant effect of plasma IL1β, IFNγ, IL-10, IL-6 and TNF-α concentrations on 

[11C]DPA-713 uptake in recent-onset patients (16), nor did Di Biase et al for serum IL-1β, 

TNF-α and IL-6 on [11C]PK11195 uptake in ultra-high risk, recent-onset and chronic 

patient groups (26). Several meta-analyses have demonstrated increases in pro-

inflammatory markers, such as cytokines and CRP, in CSF and plasma of patients 

suffering from psychotic illness (4, 27, 28). In the brain, microglia and astrocytes are the 

key players involved in the immune response (29). Therefore, increases in numbers or 

activity of these cells have been hypothesized to accompany peripheral pro-inflammatory 

changes. Interestingly, we observed an inverse correlation between CRP and TSPO 

binding in healthy controls. Based on the hypothesis that systemic inflammation can 
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trigger microglial activation, one would expect the opposite. However, while the 

relationship between systemic immune responses and the brain remains poorly 

understood (30), it was recently suggested that systemic pro-inflammatory signals 

provoke a compensatory decrease in TSPO signal in the brain (31, 32).  

Finally, we observed significant correlations between PANSS positive subscale scores 

and the tracer uptake of patients during a psychotic episode, though only when corrected 

for age and genotype. This suggests that during an acute episode, the severity of the 

psychotic symptoms mediates the amount of TSPO expression, although our study 

design did not allow us to further evaluate this hypothesis. In their meta-analysis, Plavén-

Sigray et al found little to no evidence for a correlation between regional VT and PANSS 

scores. In comparison, the PANSS positive scores in our sample were significantly higher 

(24.1±5.4 at the time of the first scan in our patient sample versus 18,2±4,2 pooled mean 

of Plavén-Sigray et al; t3.47, df11.3, p.004) (20). 

4.2 Limitations 

Whereas our sample sizes are in line with those of previous studies, our a priori power 

was decreased due to the less than perfect test-retest reliability of the tracer (10). Missing 

data and exclusions related to technical difficulties related to the scanning protocol 

caused additional loss of power. We therefore preferred methods of analyses which are 

less affected by missing data, such as linear mixed models. Analyses which were more 

vulnerable to missing data were the correlation analyses stratified by subgroups and the 

regression model for ∆VT. VT values were derived from a metabolite corrected plasma 

input function but VT was not corrected for plasma free fraction as fp values cannot be 
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accurately measured through ultrafiltration. However, no significant differences in fp were 

found between the different groups. Further technical challenges related to this study are 

discussed in Ottoy et al (10). It has been our concern that the complexity and invasiveness 

of the scanning protocol combined with the restrictive inclusion criteria (including a 

requirement for patients not to use benzodiazepines prior to the scan) arguably 

represented a significant cause of missing or excluded data and non-response bias. 

Although patients in our sample demonstrated symptom severity scores in the same 

range or higher than previous TSPO studies, less demanding scanning protocols are 

clearly needed particularly for patient groups with a high symptomatic burden and/or 

during an acute psychotic episode. 

Our study was not a priori designed to examine age-related effects and included only two 

patients older than 40 years of age. These results therefore require cautious interpretation 

and need to be replicated in studies specifically designed to compare different age groups 

of psychosis patients. Furthermore, the mean age of HAB and MAB subjects differed 

significantly in controls (HAB mean 29.6±1.35y; MAB 25.5±1.13y; t2.31, p.030), but not 

in patients (t0.42). We therefore cannot exclude that the age-dependent increase in VT 

observed in controls is caused by a genotype imbalance. The effect of age on TSPO 

expression in healthy human brains as examined by [11C]-PK11195 (33-36) or by newer 

TSPO radioligands [11C]-vinpocentine, [11C]-DAA1106 and [18F]-FEPPA (37-39) has 

generated mixed results. 

Almost all patients in our study were medicated during the scans and so we cannot rule 

out changes in the patient group may be due to antipsychotic treatment. However, a 
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recent [3H]PBR28 autoradiography study in rats demonstrated haloperidol does not affect 

microglial cell density, morphology or TSPO expression.(40) Another potential 

confounder could be the higher proportion of smokers among schizophrenia patients 

compared to healthy controls. Although smoking status was not found to be a significant 

covariate in our analysis, one study found whole brain standardized uptake values of 

[11C]-DAA1106 in smokers to be significantly lower compared to non-smokers.(40) 

Moreover, for statistical as well as safety reasons, our study only included male subjects 

and our findings may therefore not apply to female psychosis patients. 

Finally, the direct biological relationship between microglia and TSPO binding in vivo is 

still not fully understood. Not only microglial cells, but also astrocytes as well as 

endothelial cells have been revealed as cellular sources of TSPO expression in CNS 

pathology (41). Even if changes in TSPO tracer uptake truly reflect altered microglial 

activation, PET images cannot differentiate between the various morphological and 

functional states which activated microglial cells can display, ranging from pro- to anti-

inflammatory. Contrary to the widespread notion that increased TSPO expression is a 

hallmark of pro-inflammatory states, recent in vitro data suggests that pro-inflammatory 

macrophages may show reduced TSPO expression (42). Interpretation of altered TSPO 

binding is therefore complex, as it may reflect both a protective response or a damaging 

neuroinflammatory process and will require accompanying neuropathological studies.  

4.3 Conclusions and recommendations 

In this paper we provide, to our knowledge, the first longitudinal evidence that TSPO 

binding of male psychosis patients from acute psychosis to post-treatment remission 
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changes could be dependent on patients’ age.  We also show that TSPO binding in 

patients during a psychotic episode increases with their age and the severity of the 

psychotic symptoms. Peripheral concentrations of acute phase protein CRP and 

kynurenine pathway metabolite quinolinic acid correlated negatively with TSPO binding. 

We strongly recommend investing in more longitudinal studies, while considering the 

need for a larger sample size due to less than ideal tracer reliability. Secondly, we 

advocate study designs that allow to differentiate patients in different clinical states and 

assess potential age-related effects.  
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Article: State-associated changes in longitudinal [18F]-PBR111 TSPO PET Imaging of psychosis 
patients: evidence for the accelerated ageing hypothesis? 
SUPPLEMENTARY INFORMATION 
 

 
Supplementary Figure 1: Plasma free fraction (Fp%) for the different study groups (mean 3.27 ± 0.75%). C= controls; P= patients; 
TP1= first scan, TP2= follow-up scan.  

 
 
Supplementary Table A: Details of the final longitudinal linear mixed models for  

(1) all patient and control data.  

(2) patients during a psychotic episode vs. controls;  

(3) patients in remission vs. controls. 

(1) Longitudinal model for all 

patients and control data 

VT = [SubjID] + genotype + cohort + time + age + 

age² + cohort*time + cohort*age² + age²*time + 

cohort*time*age² 

Region Term F ratio 

(effect size) 

p 

Cortical GM Cohort*time*age² 

Genotype 

6.50 

9.50 

.020* 

.005* 

Cortical WM Cohort*time*age² 

Genotype 

4.59 

3.11 

.044* 

.090 
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Cerebellum Cohort*time*age² 

Genotype 

9.29 

9.54 

.006* 

.005* 

Brainstem Cohort*time*age² 

Genotype 

12.19 

9.07 

.002* 

.006* 

Cingulate Cohort*time*age² 

Genotype 

4.74 

10.77 

.042* 

.003* 

Thalamus Cohort*time*age² 

Genotype 

6.37 

9.81 

.021* 

.005* 

Basal Ganglia Cohort*time*age² 

Genotype 

6.01 

11.31 

.024* 

.003* 

Amygdala Cohort*time*age² 

Genotype 

12.93 

11.59 

.002* 

.003* 

Hippocampus Cohort*time*age² 

Genotype 

8.68 

7.87 

.008* 

.010* 

(2) Patients during a 

psychotic episode vs. 

controls 

VT = [SubjID] + genotype + cohort + age + age² + 

cohort*age 

Region Term F p 

Cortical GM Cohort*age 

Age² 

Genotype 

18.92 

16.99 

2.91 

<.001* 

<.001* 

.102 

Cortical WM Cohort*age 

Age² 

Genotype 

12.53 

14.28 

0.13 

.002* 

<.001* 

.726 
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Cerebellum Cohort*age 

Age² 

Genotype 

14.69 

11.90 

3.86 

<.001* 

.002* 

.062 

Brainstem Cohort*age 

Age² 

Genotype 

13.58 

11.46 

4.12 

.001* 

.002* 

.055 

Cingulate Cohort*age 

Age² 

Genotype 

22.28 

18.83 

4.10 

<.001* 

<.001* 

.055 

Thalamus Cohort*age 

Age² 

Genotype 

22.15 

15.67 

3.13 

<.001* 

<.001* 

.091 

Basal Ganglia Cohort*age 

Age² 

Genotype 

15.37 

6.74 

4.12 

<.001* 

.016* 

.055 

Amygdala Cohort*age 

Age² 

Genotype 

23.57 

14.38 

5.02 

<.001* 

<.001* 

.036 

Hippocampus Cohort*age 

Age² 

Genotype 

13.74 

4.57 

4.79 

.001* 

.043 

.040 

(3) Patients in remission vs. 

controls 

VT= [SubjID] + genotype + cohort + age 

Region Term F p 
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Cortical GM Cohort  

Genotype  

Age  

4.90 

9.12 

5.07 

.037* 

.006* 

.034* 

Cortical WM Cohort  

Genotype  

Age  

3.95 

3.71 

5.92 

.057 

.066 

.022* 

Cerebellum Cohort  

Genotype  

Age  

5.27 

8.02 

8.77 

.031* 

.010* 

.007* 

Brainstem Cohort  

Genotype  

Age  

9.28 

8.34 

12.28 

.006* 

.009* 

.002* 

Cingulate Cohort  

Genotype  

Age  

4.65 

8.60 

2.45 

.042 

.008* 

.132 

Thalamus Cohort  

Genotype  

Age  

4.58 

9.29 

5.74 

.043 

.006* 

.025* 

Basal Ganglia Cohort  

Genotype  

Age  

3.35 

7.98 

4.40 

.080 

.010* 

.047 

Amygdala Cohort  

Genotype  

Age  

6.70 

11.06 

9.36 

.016* 

.003* 

.006* 
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Hippocampus Cohort  

Genotype  

Age  

9.64 

5.93 

12.99 

.005* 

.023* 

.001* 

 
Supplementary Table B: Details of correlation analyses in patients. 
(1) correlation analysis between relative change in VT over time and age; 
(2) partial correlation analysis between VT during a psychotic episode and PANSS positive subscale scores (corrected for age and 
genotype) 

 (1) ∆VT versus age (2) VT during 

psychotic episode 

versus PANSS 

positive subscale 

 r P (two-

tailed) 

r P (two-

tailed) 

Cortical GM .574 .136 .767 .026* 

Cortical WM .617 .103 .647 .083 

Cerebellum .724 .042 .900 .002* 

Brainstem .827 .011* .778 .023* 

Cingulate .499 .208 .847 .008* 

Thalamus .604 .113 .789 .020* 

Basal Ganglia .562 .148 .869 .005* 

Amygdala .784 .021 .812 .001* 

Hippocampus .901 .002* 1.00 <.001* 
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Supplementary Table C: Details of the final longitudinal linear mixed model with peripheral immune markers as covariates 

 VT = [SubjID] + genotype + cohort + time + age + age² + 

cohort*time + cohort*age² + age²*time + cohort*time*age² 

+ CRP + QA + QA*cohort 

Region Term F p 

Cortical GM Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

13.55 

1.40 

13.34 

13.34 

.002* 

.252 

.001* 

.001* 

Cortical WM Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

6.85 

0.24 

14.60 

4.79 

.018* 

.633 

.001* 

.037 

Cerebellum Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

12.48 

2.50 

8.42 

4.73 

.003* 

.130 

.008* 

.038 

Brainstem Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

16.85 

1.68 

10.50 

4.82 

<.001* 

.211 

.003* 

.036 

Cingulate Cohort*time*age² 

Genotype 

10.80 

2.39 

.005* 

.139 
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CRP 

QA*cohort 

10.23 

13.85 

.004* 

<.001* 

Thalamus Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

11.33 

1.56 

10.77 

10.37 

.004* 

.228 

.004* 

.003* 

Basal Ganglia Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

5.99 

1.18 

6.90 

2.64 

.030 

.294 

.016* 

.115 

Amygdala Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

12.39 

1.91 

10.88 

5.67 

.004* 

.187 

.004* 

.024* 

Hippocampus Cohort*time*age² 

Genotype 

CRP 

QA*cohort 

11.45 

0.92 

2.77 

0.63 

.005* 

.351 

.108 

.435 

 
 
 


