
Brain, Behavior, and Immunity 110 (2023) 290–296

Available online 20 March 2023
0889-1591/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Serum immune markers and transition to psychosis in individuals at clinical 
high risk 

Valeria Mondelli a,b,1,*, Graham Blackman b,c,1, Matthew J. Kempton b,c, Thomas A. Pollak c, 
Conrad Iyegbe c, Lucia R. Valmaggia b,d, Paul Amminger e, Neus Barrantes-Vidal f, 
Rodrigo Bressan g, Mark van der Gaag h,i, Lieuwe de Haan j,k, Marie-Odile Krebs l, 
Merete Nordentoft m, Stephan Ruhrmann n, Anita Riecher-Rössler o, Bart P.F. Rutten p,s, 
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A B S T R A C T   

Individuals at clinical high risk (CHR) for psychosis have been found to have altered cytokine levels, but whether 
these changes are related to clinical outcomes remains unclear. We addressed this issue by measuring serum 
levels of 20 immune markers in 325 participants (n = 269 CHR, n = 56 healthy controls) using multiplex im
munoassays, and then followed up the CHR sample to determine their clinical outcomes. Among 269 CHR in
dividuals, 50 (18.6 %) developed psychosis by two years. Univariate and machine learning techniques were used 
to compare levels of inflammatory markers in CHR subjects and healthy controls, and in CHR subjects who had 
(CHR-t), or had not (CHR-nt) transitioned to psychosis. 

An ANCOVA identified significant group differences (CHR-t, CHR-nt and controls) and post-hoc tests indicated 
that VEGF levels and the IL-10/IL-6 ratio were significantly higher in CHR-t than CHR-nt, after adjusting for 
multiple comparisons. Using a penalised logistic regression classifier, CHR participants were distinguished from 
controls with an area-under the curve (AUC) of 0.82, with IL-6 and IL-4 levels the most important discriminating 
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features. Transition to psychosis was predicted with an AUC of 0.57, with higher VEGF level and IL-10/IL-6 ratio 
the most important discriminating features. These data suggest that alterations in the levels of peripheral im
mune markers are associated with the subsequent onset of psychosis. The association with increased VEGF levels 
could reflect altered blood–brain-barrier (BBB) permeability, while the link with an elevated IL-10/IL-6 ratio 
points to an imbalance between anti- and pro-inflammatory cytokines.   

1. Introduction 

The role of the immune system in the aetiology of psychotic disorders 
has been increasingly acknowledged over recent decades. There are 
associations between psychotic and autoimmune disorders, patients 
with psychosis have higher levels of peripheral immune markers than 
controls, and genetic data implicate complement factors in the aetiology 
of psychosis (Mondelli et al., 2015; Nettis et al., 2019; Cullen et al., 
2019; Upthegrove and Khandaker, 2020; Mondelli et al., 2020; Gold
smith et al., 2016; Mondelli et al., 2011; Heurich et al., 2022; Lizano 
et al., 2021). 

Around 20 % of people who are at clinical high risk (CHR) for psy
chosis will develop a psychotic disorder within 2 years (Salazar de Pablo 
et al., 2021). A key challenge in the clinical management of this popu
lation is that it is difficult to predict whether a given individual will go 
on to become psychotic. The identification of biomarkers that are 
associated with transition could help to address this issue and identify 
potential targets for prevention treatments. 

A recent meta-analysis found that people at CHR for psychosis have 
higher levels of interleukin (IL)-6, but lower levels of IL-1β than controls, 
as well as trends for higher IL-4 and lower IL-10 levels (Park and Miller, 
2020). However, the extent to which alterations in inflammatory 
markers are linked to the risk of later psychosis is less clear. To date, 
three studies have reported associations with psychosis onset in CHR 
samples: one with higher prolactin levels (Labad et al., 2015), a second 
with elevated levels of IL-12/IL-23p40 (Föcking et al., 2016), and a third 
with the levels of 15 markers together (including IL-1β, IL-7, IL-8, and 
markers of blood brain barrier integrity), but not any of these alone 
(Perkins et al., 2015). These mixed findings may reflect the relatively 
small number of CHR participants in these studies, which involved 
samples of n = 39 (Labad et al., 2015), n = 39 (Föcking et al., 2016), and 
n = 72 (Perkins et al., 2015), respectively, from which 10, 11, and 32 
participants transitioned to psychosis. 

The aim of the present study was to determine whether the levels of 
inflammatory markers in CHR individuals are related to the risk of later 
transition to psychosis in a larger sample. 270 CHR participants and 56 
controls were recruited to a multi-centre study involving 10 sites. We 
assessed peripheral immune markers at baseline, and then followed up 
the CHR sample to determine their clinical outcomes. We tested two 
main hypotheses. First, that there would be differences in the levels of 
inflammatory markers between CHR and HC participants. Second, that 
within the CHR sample, there would be differences in the levels of in
flammatory markers between those who did, and did not later transition 
to psychosis. 

2. Methods 

2.1. Participants and clinical assessments 

Participants were recruited as part of the European Union Gene- 
Environment Interactions (EU-GEI) study (http://www.eu-gei.eu/) 
from 10 centres (London, Amsterdam, the Hague, Vienna, Basel, Mel
bourne, Copenhagen, Paris, Barcelona, and Sao Paolo). The study 
received ethical approval at each recruitment site. 

CHR participants were recruited from local mental health services 
and were eligible if they were: 1) aged 15 to 45 years, 2) met CHR 
criteria according to the Comprehensive Assessment of At-Risk Mental 
States (Yung et al., 2005) (CAARMS) and 3) were able to provide 

informed written consent. Exclusion criteria were: 1) presence of a 
current or past psychotic disorder, 2) symptoms relevant for inclusion 
could be explained by a medical disorder or drug or alcohol dependency, 
3) IQ < 60. Healthy control participants were recruited from 4 of the 
same sites where the CHR participants were recruited (London, 
Amsterdam, the Hague, Melbourne). Exclusion criteria for HC were the 
same as those for CHR participants. In addition, they were excluded if 
they met criteria for CHR based on the CAARMS. Further information 
about recruitment strategies has been published in previous papers from 
the same study (Kraan et al., 20182018; Tognin et al., 20202020; 
Modinos et al., 2020). 

Trained raters assessed participants using CAARMS. Inter-rater reli
ability was assessed with online CAARMS training videos. The final 
sample was composed of 326 participants, including CHR (n = 270) and 
HC (n = 56). Following the baseline assessments, CHR participants had 
repeat assessments at 12 and 24 months. When face-to-face meetings 
were not possible, information on outcomes was obtained from clinical 
records in liaison with clinical teams. Transition to psychosis was 
defined as the development of full threshold psychotic disorder ac
cording to CAARMS. Based on visual inspection, one patient was 
excluded due to being an outlier on multiple immune markers leading to 
a final sample for the statistical analyses of CHR (n = 269) and HC (n =
56). Based on the follow-up assessment, CHR participants were divided 
into those who transitioned to psychosis (CHR-t; n = 50) and those who 
did not (CHR-nt; n = 219). 

2.2. Assessment of inflammatory markers 

Serum inflammatory markers were measured blind to group status. 
All the samples were analysed centrally in the same laboratory. Blood 
samples were centrifuged at 1000-1300g for 10 min. Aliquots of 500ul 
serum were stored at − 80 ◦C until the time of analysis. Candidate cy
tokines were measured in duplicates using Meso Scale Discovery (MSD) 
V-plex immunoassays (MSD, Maryland, USA) according to the manu
facturer’s instructions. The standard Pro-inflammatory Panel 1 (human) 
kit was used to measure interferon (IFN)-γ, interleukin (IL)-1β, IL-2, IL-4, 
IL-6, IL-8, IL-10, IL-12p70, IL-13, and tumour necrosis factor (TNF)-α; 
the standard Cytokine Panel 1 (human) kit was used to measure gran
ulocyte–macrophage colony-stimulating factor (GM-CSF), IL-1α, IL-5, 
IL-7, IL-12/IL23p40, IL15, IL-16, IL-17A, TNF-β, vascular endothelial 
growth factor (VEGF). The inter-assay coefficient of variations was <10 
%. To assess the balance between anti-inflammatory and pro- 
inflammatory cytokines, we also calculated the IL-10/IL-6 ratio. This 
ratio has been found to be a better marker of disease progression than 
individual cytokines in non-psychiatric disorders (Pochat-Cotilloux 
et al., 2018; Song et al., 2016). 

2.3. Statistical analysis strategy 

Participants comprised individuals at CHR for psychosis and HC. By 
follow up, a proportion of those in the CHR group had transitioned to 
psychosis (CHR-t), whilst others had not transitioned (CHR-nt) (see 
supplementary Fig. 1 upper left panel). Using immune markers collected 
at baseline along with relevant covariables (age, body mass index (BMI), 
gender, ethnicity, site, smoking status), we compared CHR and HC 
participants. We also compared CHR participants who had developed 
psychosis during follow-up with those who had not. 

Immune markers (including IL-10/IL-6 ratio) were log-transformed, 
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due to non-parametric distributions, and analysed using classical sta
tistical approaches to characterise group differences. Separately, we 
applied machine learning to characterise CHR status and develop a 
prediction model around which CHR participants would later transition 
to psychosis. We used penalised logistic regression and compared this 
against other established classifiers. Generalisability was assessed 
through cross validation. 

2.3.1. Characterising group differences 
We tested for differences between the three groups (CHR-t, CHR-nt 

and controls) in the levels of immune makers through a one-way anal
ysis of covariance (ANCOVA) with BMI, ethnicity, smoking and 
recruitment site included as covariates. Significant differences between 
the 3 groups were followed up with paired contrasts between CHR-t and 
controls, CHR-nt and controls, and CHR-t and CHR-nt. We adjusted for 
multiple comparisons using a Benjamini and Hochberg approach with a 
false discovery rate (FDR) set at 0.05. 

2.3.2. Development and evaluation of a prediction model 
We first sought to characterise an immune marker signature of CHR 

status, before seeking to identify an immune marker signature of CHR 
participants who transitioned to psychosis. We trained several classifi
cation algorithms (logistic regression, logistic regression with stepwise 
selection, logistic regression with penalisation and linear support vector 
machine) and then compared them to select the optimal classifer. 

Tenfold cross validation was performed for each classifier, which was 
then repeated five times. Distribution of participants across cross- 
validation folds were identical to facilitate cross-classifier statistical 
comparison. The performance of algorithms was based on balanced 
accuracy (BAC), sensitivity, specificity, positive predictive value (PPV), 
and negative predictive value (NPV). The importance of individual 
predictors in distinguishing HC and CHR, as well as CHR-t and CHR-nt, 
was calculated based on the absolute coefficient of each predictor in the 
model. The importance of each feature was based on the absolute co
efficients value of the final model. 

For each classification model, randomised permutation testing was 
performed to derive a p-value of the performance based on the BAC 
(Ojala and Garriga, 2010). We also compared classifiers using Quade 
test, which is an extension of the non-parametric Wilcoxon signed rank 
test (Quade, 1979). An omnibus test was performed, followed by post- 
hoc pairwise comparisons between classifiers based on the area under 
the curve (AUC) values collected across cross validation partitions. The 
P values for pairwise comparisons were corrected using the false dis
covery rate (FDR) (see supplementary methods for further details on the 
development and evaluation of prediction models). 

All analyses and visualisations were performed using R Statistical 
programming language (version 4.0.3), except for the ANCOVA, which 
was performed using SPSS. The threshold for statistical significance was 
α = 0.05 and all tests were 2-tailed. 

3. Results 

The characteristics of the groups at baseline are shown in Table 1. 
For the group-level comparisons (CHR vs HC and CHR-t vs CHR-nt) there 
were no differences in terms of age, gender, ethnicity, or BMI. 

3.1. Group differences in inflammatory markers 

An ANCOVA indicated that the three groups (CHR-t, CHR-nt and 
controls) differed significantly in VEGF levels and IL-10/IL-6 ratio, after 
adjusting for multiple comparisons (see Table 2). Post-hoc paired com
parisons revealed that VEGF levels were significantly higher in the CHR- 
t than in the CHR-nt group (F = 12.200, df = 1, 222, p = 0.001), and 
significantly higher in the control than in the CHR-nt group (F = 5.293, 
df = 1, 238, p = 0.006). In addition, the IL-10/IL-6 ratio was signifi
cantly higher in the CHR-t than in the CHR-nt group (F = 10.834, df = 1, 

223, p = 0.001) and in the control group than CHR-nt group (F = 4.595, 
df = 1, 239, p = 0.033). The post-hoc analyses remained significant, 
after adjusting for multiple comparisons. 

3.2. Inflammatory marker signature of clinical high risk 

We first combined immune and 6 non-immune parameters (age, sex, 
ethnicity, BMI, smoking, site) and applied prediction models to distin
guish the entire CHR sample from HC participants (see supplemental 
Figs. 1 and 2 for further details). Penalised logistic regression best 
separated the groups with an area under the curve (AUC) of 0.82 (95 % 
CI 0.80–0.84) (see supplementary Table 1 for performance metrics for 
all classifiers). The final model included 18 predictors, including 14 
immune variables. The most important immune variables were IL-6 and 
IL-4, with higher levels associated with CHR status (Fig. 1). 

3.3. Inflammatory marker signature of transition to psychosis 

We then used the same immune and non-immune parameters to 
devise prediction models to distinguish CHR individuals who later 
transitioned to psychosis from CHR individuals who did not. Penalised 
logistic regression best separated these two subgroups (AUC = 0.57; 95 
% CI 0.52–0.61) (see supplementary Table 2 for performance metrics for 
all classifiers). The final model included 6 predictors, including 3 im
mune variables. The most important immune variable was VEGF, fol
lowed by IL-10/IL-6; which were both higher in the CHR-t group (see 
supplementary Fig. 4 for selected variables). The classifier was statisti
cally significant based on random label permutation analysi (FDR 
adjusted p = 0.004). Quade’s test was significant at the omnibus level (p 
= 0.008), however, paired comparisons found no significant difference 
between penalised logistic regression and the other classifiers. We 
repeated the penalised logistic regression model, this time only entering 
immune markers. However, the classification performance was virtually 
unchanged (AUC = 0.57; 95 % CI 0.53–0.61). When 4 immune variables 
were selected, the most important variable was VEGF, followed by IL10/ 
IL6 ratio, as in the original analysis that included non-immune variables 

Table 1 
Socio-demographic and clinical characteristics of the groups.   

CHR-t 
N = 50 

CHR-nt 
N = 219 

Controls 
N = 56 

Statistics 

Age (years) 22.56 
± 0.719 

22.63 ±
0.334 

22.93 ±
0.541 

F = 0.103, df 
= 2, 324, p =
0.9 

Gender M/F 29/21 118/101 30/26 Chi square =
0.3p = 0.9 

Ethnicity (white %) 62 % 72 % 64 % Chi square =
9.12p = 0.1 

Body Mass Index (kg/m2) 24.47 
± 0.71 

24.38 ±
0.40 

22.44 ±
0.455 

F = 3.345, df 
= 2, 281, p =
0.37 

Smoking tobacco (yes %) 44.7 % 56.8 % 25 % Chi square =
18.4, p <
0.001 

Years in education 14.10 
± 0.5 

14.39 ±
0.2 

16.09 ±
0.401 

F = 7.858, df 
= 2, 294, p <
0.001 

Baseline severity of illness 
(CGI) 

3.69 ±
0.149 

3.56 ±
0.080 

— — 

Baseline GAF total score 52.47 
± 1.487 

55.47 ±
0.711 

— — 

Days from baseline to 
transition 

401.5 
± 63.5 

— — — 

Number of participants 
exposed to 
antipsychotic treatment 
(%) 

6 (12 
%) 

12 (5.5 
%) 

— — 

CGI: Clinical Global Impressions scale; GAF: Global Assessment of Functioning 
scale. 
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(age, sex, ethnicity, BMI, smoking, site). 

4. Discussion 

At a group level, we found that CHR and control status were 
distinguishable on the basis of the levels of inflammatory, in particular 
higher IL-6 and IL-4 levels, and socio-demographic and anthropometric 
variables (AUC = 0.82). Furthermore, within the CHR sample, we found 
that the subsequent onset of psychosis was associated with elevated 
VEGF levels and with an increased IL-10/IL-6 ratio. 

Our findings in the total CHR sample are consistent with previous 
evidence that alterations in inflammatory markers are associated with 
psychosis susceptibility (Park and Miller, 2020). In characterising the 
immune signature of CHR status, the most important cytokine markers 
were IL-6 and IL-4. The finding on IL-6 is in line with independent ev
idence from a meta-analysis that reported this marker to be the only 
cytokine that was significantly higher in participants at high risk for 
psychosis than in HC (Park and Miller, 2020). Consistent with our 

findings for IL-4, the same meta-analysis also reported a trend for higher 
IL-4 levels in participants at high risk for psychosis than in HC (Park and 
Miller, 2020). 

Within the CHR sample, the inflammatory marker that was most 
associated with transition to psychosis was VEGF. VEGF normally reg
ulates angiogenesis and the permeability of the blood–brain barrier 
(BBB) (Proescholdt et al., 1999). In preclinical studies, disruption of BBB 
permeability is associated with increased levels of VEGF (Proescholdt 
et al., 1999). Our finding of elevated serum VEGF levels in the CHR-t 
group thus raises the possibility that increased BBB permeability could 
play a role in transition to psychosis. VEGF has not been identified as a 
predictor of transition in previous studies in CHR subjects (Labad et al., 
2015; Föcking et al., 2016; Perkins et al., 2015). However, one of these 
studies found that transition was associated with other putative markers 
of BBB integrity, namely, matrix metalloproteinase-7, immunoglobulin 
E and coagulation factor VII (Perkins et al., 2015). In addition, VGEF 
levels have been linked to the onset of psychosis in individuals at fa
milial high risk (Lizano et al., 2016). Psychotic disorders are associated 
with changes in peripheral inflammatory markers (Di Nicola et al., 2013; 
Pillinger et al., 2019; Cakici et al., 2020), as well as disruption in BBB 
(Pollak et al., 2018). Increased BBB permeability might therefore play a 
role in interactions between peripheral and central inflammatory pro
cesses in psychosis (Pollak et al., 2018; Mondelli et al., 2017). As well as 
effects on BBB permeability, VEGF has trophic effects on neurons and 
glial cells (Raab and Plate, 2007). VEGF receptors are found on neurons 
and glia (Lee et al., 2015), and BBB permeability may be related to the 
expression of VEGF-A on astrocytes (Argaw et al., 2012). The latter 
include effects on dopaminergic neurons (Silverman et al., 1999; Ca
ballero et al., 2017), suggesting that VEGF could also influence psy
chosis risk through effects on the central dopaminergic system (Howes 
et al., 2011). 

The second marker associated with transition to psychosis was the IL- 
10/IL-6 ratio. Interleukin-10 is a potent anti-inflammatory cytokine that 
normally plays a critical role in maintaining homeostasis. An elevated 
IL-10/IL-6 ratio in CHR participants who subsequently developed psy
chosis suggests an increase in anti-inflammatory, relative to pro- 
inflammatory cytokines, perhaps reflecting a compensatory response 
to abnormal inflammation. Interestingly, the IL-10/IL-6 ratio was simi
larly high in the CHR transition group and in the control group when 
compared to the CHR non-transition group, potentially suggesting that 
this anti-inflammatory/pro-inflammatory balance may only be relevant 
within populations already at high risk for psychosis and that a low IL- 
10/IL-6 ratio may be protective against transition in CHR individuals. 

In the present study, the IL-10/IL-6 ratio was more strongly associ
ated with transition than the level of IL-10 or IL-6 alone. This is 
consistent with the notion that the development of a normal adult brain 
is partly influenced by the baflance between pro- and anti-inflammatory 
cytokine signalling, and that a disruption in this balance may lead to 
long-term behavioural and cognitive dysfunction, as occurs following 
the overexpression of IL-10 (Meyer et al., 2008). The IL-10/IL-6 ratio, as 
an index of the balance between anti-inflammatory and pro- 
inflammatory activity, has previously been identified as a predictive 
marker for treatment response and illness progression across a range of 
immune and neuroimmune disorders, with the ratio being more pre
dictive than either IL-10 or IL-6 alone (Pochat-Cotilloux et al., 2018; 
Song et al., 2016; McElvaney et al., 2020). Both IL-10 and IL-6 have been 
previously implicated (separately) in the onset of psychosis (Di Nicola 
et al., 2013; Chiavetto et al., 2002), and it has been suggested that in
hibition of the IL-6 signalling pathway may be helpful in the treatment 
of psychosis (Upthegrove and Khandaker, 2020). However, our data 
suggests that correcting the imbalance between anti- and pro- 
inflammatory cytokines could be a better approach. 

Having identified differences at a group level between CHR subjects 
who did, or did not progress to psychosis, we used machine learning to 
assess whether inflammatory markers could be used to predict the 
subsequent onset of psychosis in an individual at CHR. Using 

Table 2 
Adjusted mean ± SD of raw values of inflammatory markers in the three groups 
(CHR-t, CHR-nt, controls). ANCOVA analyses testing differences among the 3 
groups controlling for BMI, ethnicity, smoking and site, statistics from analyses 
performed on logarithmic transformed values. In bold are reported the p-values 
which survived correction for multiple comparisons using Benjamini and 
Hochberg approach with a false discovery rate (FDR) set at 0.05.   

CHR-t CHR-nt Controls F value 
(DoF) 

P 
value 

IFN-γ (pg/ml) 8.65 ±
7.40 

12.96 ±
49.63 

10.73 ±
20.61 

0.933 (2, 
278)  

0.40 

IL-10 (pg/ml) 0.56 ±
1.39 

0.32 ±
0.23 

0.57 ±
1.46 

1.556 (2, 
278)  

0.21 

IL-12p70 (pg/ 
ml) 

0.16 ±
0.18 

0.30 ±
0.95 

0.15 ±
0.12 

1.050 (2, 
206)  

0.35 

IL-13 (pg/ml) 0.77 ±
0.51 

0.68 ±
0.67 

0.70 ±
0.49 

0.784 (2, 
119)  

0.46 

IL-1β (pg/ml) 0.09 ±
0.06 

0.55 ±
2.81 

0.19 ±
0.23 

0.771 
(2,100)  

0.47 

IL-2 (pg/ml) 0.22 ±
0.40 

0.21 ±
0.47 

0.36 ±
0.46 

3.077 (2, 
154)  

0.049 

IL-4 (pg/ml) 0.04 ±
0.04 

0.03 ±
0.02 

0.04 ±
0.04 

1.541 (2, 
216)  

0.22 

IL-6 (pg/ml) 0.48 ±
0.33 

0.70 ±
0.91 

0.44 ±
0.25 

3.805 (2, 
278)  

0.023 

IL-8 (pg/ml) 9.34 ±
3.01 

11.30 ±
17.39 

10.57 ±
6.24 

1.233 (2, 
278)  

0.29 

TNF-α (pg/ 
ml) 

3.04 ±
0.60 

3.15 ±
1.96 

2.92 ±
1.24 

0.097 (2, 
278)  

0.91 

GMCSF (pg/ 
ml) 

0.20 ±
0.15 

0.22 ±
0.23 

0.20 ±
0.09 

0.719 (2, 
213)  

0.49 

IL-12/IL- 
23p40 (pg/ 
ml) 

125.62 ±
57.37 

117.06 ±
54.78 

123.84 ±
52.06 

1.000 (2, 
278)(  

0.37 

IL-15 (pg/ml) 2.59 ±
0.47 

2.67 ±
0.61 

2.64 ±
0.46 

0.271 (2, 
278)  

0.76 

IL-16 (pg/ml) 227.14 ±
78.60 

247.00 ±
98.53 

225.89 ±
92.87 

0.387 (2, 
278)  

0.68 

IL-17A (pg/ 
ml) 

2.51 ±
2.54 

2.20 ±
1.76 

2.41 ±
3.88 

0.021 (2, 
278)  

0.98 

IL-1α (pg/ml) 0.61 ±
1.24 

0.57 ±
0.82 

2.40 ±
9.57 

4.850 (2, 
213)  

0.009 

IL-5 (pg/ml) 0.94 ±
0.66 

0.80 ±
0.68 

0.92 ±
0.58 

1.982 (2, 
195)  

0.14 

IL-7 (pg/ml) 14.67 ±
6.07 

13.46 ±
6.83 

14.41 ±
6.60 

2.924 (2, 
278)  

0.055 

TNF-β (pg/ 
ml) 

0.77 ±
0.93 

0.59 ±
0.27 

0.58 ±
0.19 

1.143 (2, 
277)  

0.32 

VEGF (pg/ml) 139.90 ±
108.52 

92.46 ±
78.56 

99.51 ±
93.09 

7.665 (2, 
277)  

0.001 

IL10/IL6 ratio 1.30 ±
2.63 

0.68 ±
0.57 

1.27 ±
2.36 

6.304 (2, 
278)    

0.002  
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inflammatory, sociodemographic and anthropometric (i.e. BMI) mea
sures the selected classifier had an AUC of 0.57 which is too low to be 
useful for outcome prediction in clinical practice (Hosmer, 2013). In a 
study of 72 CHR individuals, Perkins et al (Perkins et al., 2015) devel
oped an algorithm incorporating 15 blood-based markers that predicted 
transition with AUC of 0.88. In a study of 76 help-seeking individuals, of 
whom 50 met CHR criteria, Chan et al (Chan et al., 2015) were able to 
predict transition with an AUC of 0.82, using 26 blood-based markers. 
Whilst both these studies reported larger AUCs than the present study, of 
note they were based on smaller samples and therefore are more prone 
to imprecise estimates. The onset of psychosis in CHR individuals has 
also been linked to the levels of proteomic (Mongan et al., 2021), lip
idomic (Dickens et al., 2021) and polygenic risk (Perkins et al., 2020) 
markers, as well as to alterations in psychopathology, cognitive function 
(Brewer et al., 2006; Seidman et al., 2010), and structural, functional 
and neurochemical imaging measures (Howes et al., 2011; Pantelis 
et al., 2007; Cannon et al., 2015). It is possible that the predictive ac
curacy may be increased by integrating inflammatory markers with 
other candidate predictive biomarkers in a multi-modal machine 
learning approach (Koutsouleris et al., 2021). 

A strength of the present study is that it is, to our knowledge, the 
largest study of immune markers in CHR to date. Previous studies 
involved CHR samples of n = 39 (Labad et al., 2015), n = 39 (Föcking 
et al., 2016), and n = 72 (Perkins et al., 2015). Because only around 20 
% of CHR subjects are likely to transition to psychosis (Salazar de Pablo 
et al., 2021), relatively large samples are needed to ensure that the 
transition subgroup is large enough to detect significant associations. A 
further strength is that because most of the sample had not yet devel
oped psychosis and were mostly medication-naïve, the results are un
likely to be attributable to the effects of previous illness or treatment. 
Although recruiting participants from 10 different centres allowed us to 
enrol a large CHR sample, this will have increased the heterogeneity of 
the sample. However, all blood samples and clinical data were collected, 
processed and analysed following standardised protocols, and there was 
no evidence from the ANCOVA that the findings were attributable to site 
effects. A few limitations need to be acknowledged. First, due to class 
imbalances between we performed SMOTE. Whilst this is a widely used 
oversampling technique to create synthetic data in a minority class, 
there are inherent limitations, including inadvertently creating unusual 

patterns in the minority class. Equally, MICE is commonly used for 
handling missing data however can potentially introduce bias into the 
sample. Secondly, to maximise the number of participants included 
during the training phase, participants assessed in the test folds, were 
also included in the training folds as part of the cross-validation pro
cedure. A disadvantage of this approach is that it increases the likeliness 
of overfitting. Future studies encompassing larger datasets are recom
mended to permit assessment of generalisability using a fully indepen
dent sample. 

In conclusion, the CHR state is associated with alterations in the 
levels of peripheral immune markers. Among people at CHR for psy
chosis, the progression to illness may be associated with increased level 
VEGF and of the IL-10/IL-6 ratio suggesting a potential role for immune 
dysfunction in the onset of psychosis. However, the ability of machine 
learning models using immune markers to predict transition to psychosis 
at an individual level was low. Further studies are needed to clarify 
whether these markers may be better predictors of transition to psy
chosis when used in the context of specific clinical presentations/risk 
factors or in combination with other biological markers. 
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