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1. Introductory summary

1.1. Formal thought disorder (FThD) 

Formal thought disorder (FThD) is a transdiagnostic psychopathological alteration emerging in 

schizophrenia, unipolar depression, and bipolar disorder. (T. Kircher et al., 2018; Roche, Creed, 

et al., 2015) FThD as a multifaceted psychopathology comprises disturbances in the structure of 

thought, such as derailment, thought blocking, and distractible speech, that impairs speech, and 

therefore social interaction. (T. Kircher et al., 2014; Roche, Creed, et al., 2015) Formal thought 

disorder (FThD) is conceptualized as one of the required items i.e.  “Disorganized speech” in 

criteria A of DSM-V for schizophrenia diagnosis. According to the ICD-10, characteristic symp-

toms of schizophrenia include thought disorders, perceptual disturbances, blunted and inappro-

priate affect as well as cognitive impairments such as executive dysfunction and deficits in work-

ing memory. (McCutcheon et al., 2020) Schizophrenia is a chronic disease with 0,30 - 0,66 % 

lifetime prevalence that affects 10.2 - 20.2 new individuals in 100000 people worldwide each year. 

(McGrath et al., 2008; van Os & Kapur, 2009) Schizophrenia causes 1,1 % of the total disability-

adjusted life years (DALY) and 2,8 % of the years lived with disability (YLD) (Jablensky, 2000; 

Picchioni & Murray, 2007) and has been ranked as the 12th most disabling disorder globally in 

2016 according to a global survey (Vos et al., 2017).  

Previous literature revealed FThD as a fundamental characteristic of psychosis that impacts ad-

versely on social outcomes and functioning levels of patients. (Andreasen & Grove, 1986; Hart & 

Lewine, 2017; Jerónimo et al., 2018; T. Kircher et al., 2014, 2018) 55% of patients experiencing 

first-episode psychosis have been affected by various FThD dimensions. (Roche et al., 2016a) 

FThD intensity has been found positively correlated with the number of   acute psychotic episodes, 

and negatively correlated with quality of life and therapeutic compliance. (Cavelti et al., 2016; 

Roche et al., 2016a; Tan et al., 2014) Moreover, further findings showed that FThD severity pos-

itively associated with patients’ unemployment risk (Marengo & Harrow, 1987) and increased re-

hospitalization rate, as well as negatively associated with perceived quality of life (Sigaudo et al., 

2014) and overall life adjustment. (Marengo & Harrow, 1987) Chronic FThD has been found in-

versely correlated with functioning in work life, but positively correlated with the number of re-

lapses and readmissions into hospitals. (Harrow & Marengo, 1986). However, we noted that most 

findings regarding the prognostic impact of FThD severity and course were restricted to chronic 

or heterogeneous populations of patients covering a wide range of age. (Roche et al., 2016a; 

Roche, Segurado, et al., 2015)  We noted that studies investigating the clinical impact and prog-

nostic importance of FThD at early or prodromal stages of psychosis are rare. Therefore, we 

reviewed the literature systematically (Oeztuerk et al., 2022) to explore the associations between 

FThD severity and clinical outcomes such as functioning levels, and neurocognition in various 

domains at cross-sectional and the longitudinal course. As discussed in our review paper 

(Oeztuerk et al., 2022), scores on “illogical thinking”, “poverty of content of speech”, and “refer-

ential cohesion” (Bearden et al., 2011) as well as scores on the disorganization dimension in the 

Comprehensive Assessment of At-Risk Mental States (CAARMS) (Demjaha et al., 2012) and 

“thought blocking” and “tangentiality” (Thompson et al., 2013) have predicted transition to psy-

chosis in clinical high-risk populations. Consistently, “disorganized communication” at baseline as 

well as persistent “disorganized communication” have been associated with a higher risk for de-

veloping a psychotic episode. (DeVylder et al., 2014) Cognitive basic symptoms such as “subjec-

tive thought blockage”, “interference”, and “pressure” as well as “disturbances of abstract thinking” 
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and “expressive and receptive speech” have been found as subthreshold representations of ob-

servable FThD predicting transition to psychosis. (Caplan et al., 1989; Klosterkötter et al., 2001, 

2008; Schultze-Lutter et al., 2012)  Furthermore, attentional deficits at baseline have been asso-

ciated with FThD severity. (Ilonen et al., 2010; Nuechterlein et al., 1986) Executive dysfunctions 

have been found predictive for persistent FThD. (Xu et al., 2014) (Caplan et al., 1989; Klosterköt-

ter et al., 2001, 2008; Schultze-Lutter et al., 2012) Moreover, “thought and communication dis-

turbances” at risk population have been associated with lower functioning levels in social life and 

at work. (E. Y. H. Chen et al., 1996)  

This evidence and outlined research findings suggest the “forgotten” clinical relevance of FThD 

that calls for a comprehensive investigation of heterogenous FThD manifestations at prodromal 

or early stages of psychotic experiences and exploration of the interplay between FThD severity 

and short- and long-term clinical outcomes. However, the accumulating findings and research 

awareness in early detection of individuals at risk as well as in predictive prognostics and possible 

preventive interventions in psychiatric diseases, such clinical applications targeting subgroups of 

patients experiencing predominantly a subset of psychotic psychopathological symptoms e.g., 

FThD are still missing. Therefore, this presented dissertation entitled “Phenotypical exploration 

and predictive utility of formal thought disorder in individuals with recent-onset of psychosis” ex-

plored the FThD psychopathology in a dimensional approach in early phases of an evolving psy-

chosis and searched for FThD-related neuroimaging patterns as potential predictive biomarkers. 

As a cumulative work in the frame of the presented dissertation, (Oeztuerk et al., 2022) we first 

explored the clinical relevance of heterogenous FThD severity by thoroughly investigating 

whether and how FThD severity is associated with relevant impacts of psychosis such as func-

tioning and neurocognitive impairments already present in early stages by applying unsupervised 

machine learning algorithms to the clinical data in Paper I (Oeztuerk et al., 2021). Thereafter, we 

explored the neurobiological correlates of cross-sectional and longitudinal FThD patterns in struc-

tural and functional neuroimaging data as potential early diagnostic and prognostic biomarkers 

by applying supervised machine learning algorithms in Paper II (Buciuman et al., 2023). 

Aims of the PhD thesis: 

My cumulative dissertation aimed to study first the existing literature on early diagnostic and pre-

dictive potential of FThD severity and chronicity by conducting a systematic review.  (Oeztuerk et 

al., 2022) We goaled in Paper I (Oeztuerk et al., 2021) to develop a stratification methodology 

differentiating patients’ clusters with divergent FThD representations and to explore clinical im-

pacts of such clustering approach by statistical examination of neurocognitive performances and 

functioning levels of patients in various clusters. We purposed in Paper II (Buciuman et al., 2023) 

to investigate whether resting-state functional and structural MRI data at baseline could cross-

sectionally differentiate FThD clusters and whether FThD cluster membership from baseline to 1-

year follow-up could be longitudinally predicted based on these data modalities. 

1.2. Clustering FThD subgroups in early psychosis 

Research in the last few decades focused on predictive clinical applications based on machine 

learning algorithms to better understand psychopathological and neurobiological underpinnings 

of psychiatric disorders and to recognize chronic adverse effects. (Dwyer et al., 2018; Iniesta et 

al., 2016; Insel & Cuthbert, 2015; Koutsouleris et al., 2018) Recent studies applying machine 
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learning and pattern recognition techniques revealed the potential utility of these techniques for 

addressing the issue of clinical heterogeneity in psychiatric disorders. (Bzdok & Meyer-Linden-

berg, 2018; Dwyer et al., 2018; Marquand et al., 2016) Using these methods allowed us to study 

the early prognostic importance of FThD severity in the heterogeneous clinical representation of 

psychosis with the aim to identify subgroups of patients suffering from distinct psychotic sympto-

matology. (Iniesta et al., 2016) Therefore, in the first paper (Oeztuerk et al., 2021) of my cumula-

tive PhD project, we investigated associations between FThD severity and neurocognitive perfor-

mance and functioning levels in various domains by analyzing the clinical data from 279 patients 

who experienced recent-onset psychosis (ROP). We assessed observed positive FThD through: 

i) “conceptual disorganization” (PANSS [the Positive and Negative Syndrome Scale] (Kay, S R

Fiszbein A, 1987) P2) item, (T. Kircher et al., 2014) and ii) “poverty of content speech” (SANS 

[the Scale for the Assessment of Negative Symptoms] (Andreasen, 1989) 10) item, whereas we 

assessed observed negative FThD through iii) “difficulty in abstract thinking” (PANSS N5) item, 

iv) “increased latency of response” (SANS 12) item, and v) “poverty of speech” (SANS 9) item.

We conducted a multi-step clustering analysis to stratify patients experiencing ROP into sub-

groups demonstrating differential FThD severity. This analysis comprised four analytical steps, 

namely (i) the ClValid (Burock et al., 2008); validity assessment method, (ii) NbClust (Charrad et 

al., 2014); controlling for the ideal quantity of clusters, (iii) ClusterStability (Lord et al., 2017); 

conducting a stability test, and (iv) predict.strength (Tibshirani & Walther, 2005); conducting a 

generalizability test. In brief, subsequent to the process of data scaling, we first evaluated k-

means, hierarchical clustering, and partitioning around medoids (PAM) for their validity through 

utilization of the ClValid (Burock et al., 2008) software package in R. The ClValid algorithm em-

ploys a methodology of assessing solutions generated from multiple clustering algorithms across 

a spectrum 2 to 10 clusters. We determined the optimal algorithms and cluster quantities through 

a consensus approach among calculated internal validity and stability indices. (supplementary 

section 3 of Paper I (Oeztuerk et al., 2021)) Then, we reevaluated the algorithms selected as 

winners through the NbClust (Charrad et al., 2014) software package in R, which facilitated the 

identification of the most valid quantity of clusters (supplementary section 3 of Paper I (Oeztuerk 

et al., 2021)). The application of these two validity test yielded k-means portioning and hierarchical 

clustering as optimal solutions. Thereafter, we assessed the hierarchical clustering solution for its 

clinical validity and robustness through inspection of both silhouette width figure and the cophe-

netic distances (supplementary section 4 of Paper I (Oeztuerk et al., 2021)). Subsequently, we 

assessed the k-means partitioning results for their stability and generalizability as winning algo-

rithm chosen through preceding procedures. (supplementary sections 5 and 6 of Paper I 

(Oeztuerk et al., 2021)). Specifically, we employed the ClusterStability (Lord et al., 2017) package 

in R and tested the k-means partitioning solution again for its robustness to eliminate any potential 

effects that could have arisen due to particular packages or functions. Ultimately, we explored the 

generalizability of the winning partitioning algorithm for the predicted clustering strength through 

employing the predict.strength (Tibshirani & Walther, 2005) package in R that incorporates the 

essentials of cross-validation into k-means clustering algorithm. 

The multi-step clustering analysis undertaken has indicated a two-cluster solution based on the 

k-means algorithm as the winning stratification that demonstrated the best validity, stability, and

generalizability. This operation stratified two FThD clusters of patients, “FThD-High” (n = 75) and 

“FThD-Low” (n = 204) (Figure 1 of Paper I (Oeztuerk et al., 2021)). This clustering solution was 

explored for further statistical associations between the FThD subgroups regarding overall as well 



Introductory summary 

11 

as syndrome specific illness intensity measures, functioning measures and neurocognition at 

baseline. The statistical analyses conducted on the clustering solution revealed that there were 

notable differences in the levels of psychopathological symptom severity between the two FThD 

subgroups. Specifically, these differences were observed in positive FThD symptoms as meas-

ured by “conceptual disorganization” (PANSS P2) (pfdr < 0.001, median = 4 vs. 1, r = 0.488) and 

“poverty of content of speech” (SANS 10) (pfdr < 0.001, median = 3 vs. 0, r = 0.712), and in neg-

ative FThD symptoms as measured by “difficulty in abstract thinking” (PANSS N5) (pfdr < 0.001, 

median = 3 vs. 1, r = 0.503), “increased latency of response” (SANS 12) (pfdr < 0.001, median = 

3 vs. 0, r = 0.653) and “poverty of speech” (SANS 9) (pfdr < 0.001, median = 2 vs. 0, r = 0.611) 

(Figure 1 of Paper I (Oeztuerk et al., 2021)). Additionally, a series of supplementary analyses 

were conducted (i) to eliminate possible associations between overall and syndrome specific dis-

ease severity, (ii) to explore potential interplays between the five FThD-related symptoms, that 

were input features for our multi-step clustering analysis, and FThD subgroups (“FThD-High” and 

“FThD-Low”), and (iii) to strengthen the specificity of the cluster solution related to the five FThD 

specific symptoms by excluding the possible confounding effect of positive or negative symptom 

patterns. The findings of these supplementary analyses were presented in supplementary sec-

tions 7 and 8 of Paper I (Oeztuerk et al., 2021) in detail demonstrating the clinical validity of the 

clustering solution and that it is specifically driven by FThD severity. Subsequent investigations 

of further items extracted from PANSS and SANS, including their subscales, excluding FThD-

related items yielded clustering solutions that were notably less stable with a lower level of gen-

eralizability than the FThD-driven clustering solution. 

The statistical analyses on functioning measures indicated significant differences between the 

two FThD subgroups in the GF-Social and GF-Role assessments (Table 2 and Figure 3 of Paper 

I (Oeztuerk et al., 2021)). The findings indicated that the “FThD-High” subgroup demonstrated 

significantly reduced social functioning levels measured by GF-Social scores when compared to 

the “FThD-Low” group in the highest lifetime (pfdr < 0.001, r = − 0.216), past year (pfdr < 0.001, r = 

− 0.219) and baseline variables (pfdr < 0.001, r = − 0.269), respectively. (Oeztuerk et al., 2021) A

consistent trend was observed in role functioning levels measured by the GF-Role scores that the 

“FThD-High” group demonstrated significantly reduced role functioning levels when compared to 

those of the “FThD-Low” group across various time points, including in the highest lifetime (pfdr < 

0.001, r = − 0.229), past year (pfdr = 0.001, r = − 0.242) and baseline variables (pfdr < 0.001, r = − 

0.259), respectively. (Oeztuerk et al., 2021) The findings of the statistical analyses on neurocog-

nitive measurements indicated that the “FThD-High” group in multiple domains, such as verbal 

and semantic fluency, verbal short-term memory, and abstract reasoning (Table 2 of Paper I 

(Oeztuerk et al., 2021)). The “FThD-High” group exhibited lower scores in both, the WAIS Vocab-

ulary (pfdr = 0.002, r = − 0.200) and WAIS-Matrices (pfdr = 0.010, r = − 0.166). Similar results were 

observed in the phonological verbal fluency (pfdr < 0.001, r = − 0.235) and semantic fluency (pfdr 

< 0.001, r = − 0.326) scores. (Oeztuerk et al., 2021) Comparable findings were also observed in 

the forward (pfdr = 0.002, r = − 0.204) and backward (pfdr = 0.015, r = − 0.151) digit span scores 
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so that individuals in the “FThD-High” group performed worse than individuals in the “FThD-Low” 

group in these neurocognitive domains. (Oeztuerk et al., 2021) 

1.3. Multivariate structural and functional neuroimaging 

patterns predictive of FThD 

Up until now, a limited number of cross-sectional studies have indicated correlations between 

structural gray matter volume changes within language networks involving frontal and temporal 

regions, and FThD. (Cavelti, Kircher, et al., 2018; Sans-Sansa et al., 2013) Specifically, total 

FThD scores in individuals with schizophrenia have been shown associated with white matter 

volume reductions within tracts related to language network (Cavelti, Winkelbeiner, et al., 2018). 

Furthermore, FThD scores in specific subdomains have been shown associated with fractional 

anisotropy in the right posterior cingulum bundle, inferior longitudinal fascicle and anterior tha-

lamic radiation (Stein et al., 2022). Moreover, scores in different FThD sub-dimensions exhibited 

distinct associations with brain volume reductions in prefrontal lobe, orbitofrontal cortex, superior 

temporal gyrus – STG, amygdala-hippocampus, cerebellum vermis, nucleus accumbens. 

(Sumner et al., 2018b) Vita et al. also yielded similar findings showing an inverse correlation 

between distractible speech and illogicality and left prefrontal lobe volume, as well as between 

incoherence and tangentiality and left and right lobe volume among younger population diag-

nosed with schizophrenia. (Vita et al., 1995) FThD-associated structural brain surrogates have 

predominantly been documented in individuals who suffer from chronic schizophrenia. Notwith-

standing, current research endeavors have yet to investigate the FThD-associated structural al-

terations that are observed in the initial stages of psychotic and longitudinal predictive approaches 

that examine the progression of FThD contingent upon structural brain changes.  

Likewise, few task-based and resting-state fMRI studies using univariate region-of-interest-based 

approaches have found associations between functional abnormalities within the language and 

executive networks and total FThD (Cavelti, Kircher, et al., 2018; Horn et al., 2012; T. T. J. Kircher 

et al., 2001; Sumner et al., 2018a; Wensing et al., 2017), as well as associations for different 

FThD subdomains in schizophrenia (J. Chen et al., 2021; Fuentes-Claramonte et al., 2021; T. T. 

J. Kircher et al., 2001; Winkelbeiner et al., 2018). Additionally, recent studies explored FThD-

associated functional resting-state changes by applying a multivariate framework to demonstrate 

the whole-brain patterns. For instance, a study combining a seed-based whole-brain resting-state 

functional connectivity with machine learning algorithms identified robust clusters associated with 

FThD symptom dimensions. (J. Chen et al., 2021) Although the seed-based functional connec-

tivity metrics have received considerable attention, one study has indicated an association be-

tween other voxel-level measures such as degree centrality and FThD (Dey et al., 2021). The 

fractional amplitude of low-frequency fluctuations (fALFF) (Zang et al., 2007) is another whole 

brain voxel-level connectivity metric that captures the voxel-level intensity of spontaneous fluctu-

ation during rest reflecting local functional integrity and inter-relating to higher-order functional 

connectivity based on spatial and temporal dimensions of rs-fMRI data (Fu et al., 2018; Tomasi 
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et al., 2016).  Researchers have reliably found fALFF alterations in functional connectivity data 

from patients with schizophrenia. (Hoptman et al., 2010; Yu et al., 2014) Resting-state functional 

changes related to FThD or other psychopathological dimensions of psychosis have not been 

investigated through fALFF alterations, yet. 

Distinct structural and functional changes in the brain have been associated with the clinical het-

erogeneous and transdiagnostic presentation of FThD in psychotic disorders, peculiarly in chronic 

stages, however, early diagnostic and prognostic relevance of such multidimensional brain sur-

rogates of FThD have not been investigated thoroughly, yet. (Jerónimo et al., 2018; T. Kircher et 

al., 2014, 2018; Roche, Creed, et al., 2015) Hence, the second paper of my cumulative PhD 

project (Paper II (Buciuman et al., 2023)) filled this gap by exploring multivariate structural and 

functional correlates of FThD at the cross-sectional and longitudinal level based on the resting-

state fALFF, gray matter and white matter volume data at baseline and the 1-year follow-up. For 

the analyses in Paper II (Buciuman et al., 2023), we analyzed structural and resting-state func-

tional MRI data from 233 individuals (47,6% female) with recent-onset psychosis. we had to ex-

clude 46 participants from the study population explored in Paper I (Oeztuerk et al., 2021) due to 

missing MRI or follow-up data as well as due to insufficient neuroimaging data quality for few 

cases. We published all details of data acquisition and processing for both structural and resting 

state functional MRI data in the main manuscript and supplementary in Paper II (Buciuman et al., 

2023) of this cumulative thesis. The open-source toolbox NeuroMiner (version 1.1; 

http://www.pronia.eu/neurominer) has been used to apply all supervised machine learning mod-

els. We presented all these models in detail in the supplementary of Paper II (Buciuman et al., 

2023). We applied an outer-leave-site-out inner-pooled nested cross-validation structure, includ-

ing scaling, regression of age and sex, modality-specific site correction, PCA-based dimension-

ality reduction and standardization of the obtained components to preprocess both the structural 

and functional MRI data (detailed in the supplementary of Paper II (Buciuman et al., 2023)). Then, 

we trained the models with binary L2-regularized support vector machine (SVM) algorithms with 

a Maximum Relevance Minimum Redundancy filter to select differentiating features among each 

of the three fALFF data sub-bands separately (slow-5, slow-4, slow-3),  the gray matter volume 

maps, and 3) the white matter volume maps to classify FThD-High vs FThD-Low subgroups at 

baseline as well as persistent vs non persistent FThD at 1-year-follow-up. All the details on these 

machine learning techniques were published in the supplementary of Paper II (Buciuman et al., 

2023) and previous studies from our group (Koutsouleris et al., 2021)). 

We presented all model performances for cross-sectional and longitudinal classifying high- and 

low-FThD patients based on resting-state fALFF, gray matter and white matter volume data in 

Table 2, Table S4 and Table S5 of Paper II(Buciuman et al., 2023). Our cross-sectional analyses 

at baseline showed that the supported vector machine (SVM) algorithm based on gray matter 

volume could classify the high and low FThD subgroups above chance level (Balanced accuracy 

(BAC) = 60.8%, Sensitivity = 63.8%, Specificity = 57.7%, pfdr = .002), while the other data modal-

ities did not perform significantly different from chance level. (Buciuman et al., 2023) Volume 

http://www.pronia.eu/neurominer
http://www.pronia.eu/neurominer
http://www.pronia.eu/neurominer
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increases within cingulate cortex regions including the prefrontal control network and dorsal at-

tentional network and volume decreases in the visual network were the main predictive patterns 

differentiating the FThD-High subgroup from the FThD-Low subgroup (Figure 1 and Figure 2 of 

Paper II (Buciuman et al., 2023)). In our longitudinal analyses regarding high FThD persistence, 

we revealed that all imaging data modalities performed significantly above chance level in differ-

entiating patients with persistently high FThD from those with other symptom courses (slow-5 

fALFF: BAC = 73.2%, Sensitivity = 83.3%, Specificity = 63.1%, pfdr < .001; slow-4 fALFF: BAC = 

72.3%, Sensitivity = 83.3%, Specificity = 62.4%, pfdr < .001; slow-3 fALFF: BAC = 68.0%, Sensi-

tivity = 75.0%, Specificity = 61.0%, pfdr < .001; GMV: BAC = 62.7%, Sensitivity = 75.0%, Specificity 

= 50.4%, pfdr = .048; WMV: BAC = 73.1%, Sensitivity = 91.7%, Specificity = 54.6%, pfdr < .001). 

(Buciuman et al., 2023) Stacking all data modalities reached a performance of BAC = 77.0% 

(Sensitivity = 100%, Specificity = 53.9%, pfdr = .048) (Table S4 of Paper II (Buciuman et al., 2023)). 

Specifically, widely distributed deactivations and activations within brain networks, such as the 

default-mode network, dorsal attention network, and salience network, as well as the cerebellum 

were the main predictive patterns of high FThD persistence with specificity for the different fre-

quency sub-bands fALFF (Figure 2, Figure 3A, B, C of Paper II (Buciuman et al., 2023)). In addi-

tion, predictive GMV patterns of high FThD persistence consisted of increments within the dorsal 

attention and salience networks and decrements within regions of the ventral attention and visual 

networks (Figure 2, Figure 3D of Paper II (Buciuman et al., 2023) ) were significantly overlapping 

with the predictive GMV patterns of high FThD at cross-sectional level (Figure 2 of Paper II (Buci-

uman et al., 2023)). Lastly, predictive WMV patterns included decreases within frontal tracts and 

more restricted increases within subcortical tracts (Figure 3E of Paper II (Buciuman et al., 2023)). 

In our post-hoc analyses, we found positive correlations between the decision scores of the cross-

sectional GMV-based model and all fALFF models predicting high FThD persistence (slow-5: 

r(151) = .29, pfdr < .001; slow-4: r(151) = .39, pfdr < .001; slow-3: r(151) = .58, pfdr < .001). (Buci-

uman et al., 2023) We did not observe such positive correlations between the decision scores of 

the cross-sectional GMV-based model and the decision scores coming from the GMV or WMV 

persistence models (Table S5 of Paper II (Buciuman et al., 2023)). Moreover, there were no sig-

nificant correlations between antipsychotic medication (cumulative clozapine equivalent dosage) 

and the decision scores of any of the significant models at cross-sectional level(GMV: r(231) = -

0.09, pfdr = .26) or any of the persistence classifiers at follow up (Slow-5: r(151) = -.001, pfdr = .98; 

Slow-4: r(151) = -.19, pfdr = .06; Slow-3: r(151) = -.11, pfdr = .26; GMV: r(151)= -.01, pfdr = .98; 

WMV: r(151) = -.15, pfdr = .18). (Buciuman et al., 2023) 

1.4. Summary and outlook of the presented dissertation 

In our first study (Oeztuerk et al., 2021), we dissected differing FThD severity as a crucial psy-

chopathological alteration in young individuals experiencing ROP by employing clustering tech-

niques. Specifically, we explored the associative impact of FThD severity on neurocognitive per-

formance and functioning levels in various domains. The findings in Paper I (Oeztuerk et al., 2021) 
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revealed clusters of individuals experiencing differential FThD who might benefit purposeful early 

interventions targeting the FThD-related neurocognitive and functioning adverse effects.  

In our second study (Buciuman et al., 2023), we demonstrated that multivariate structural and 

functional brain alterations spanning large-scale brain networks can differentiate FThD subgroups 

differentiated in Paper I (Oeztuerk et al., 2021) cross-sectionally at baseline. We found that part 

of the structural and functional changes can predict longitudinally the FThD persistence. Specifi-

cally, our findings showed at the cross-sectional level that multivariate patterns of GMV including 

alterations within the salience, dorsal attention, visual and ventral attention networks classified 

high vs. low FThD ROP subgroups above chance-level. Our longitudinal analyses revealed that 

distributed increased and decreased resting-state brain activity within all fALFF sub-bands, as 

well as GMV patterns at 1-year follow-up overlapping with the cross-sectional alterations and 

frontal WMV decrease at 1-year follow-up predicted the persistence of high FThD severity. There-

fore, Paper II (Buciuman et al., 2023) proved neurobiological correlates of the differential clinical 

presentations of FThD severity found in Paper I (Oeztuerk et al., 2021) and accentuate the clinical 

impact of early differential exploration dimensional psychopathology combined with multivariate 

neuroimaging diagnostics. 

The static nature of the categorical diagnostic system challenges the current clinical practice of 

psychiatry and the dynamic nature of disease courses needs to be accounted for in early diag-

nostics, prognostics and intervention. The research efforts calling for a paradigm shift motivate 

further transdiagnostic studies exploring the heterogeneity of clinical manifestations within a cat-

egorical diagnosis i.e. depression or schizophrenia, as well as common comorbidity of psycho-

pathological alterations between diagnoses, especially in earlier phases of psychiatric disorders. 

The newer conceptualizations of psychiatric disorders from one disease to a continuum of trans-

diagnostic spectra i.e. The Hierarchical Taxonomy of Psychopathology (HiTOP) and/or of dy-

namic disease courses with a clinical staging approach i.e. Clinical High At Risk Mental State 

(CHARMS) paradigm underline the critical role of dimensional psychopathology approach to in-

crease the clinical efficiency of early diagnostic and preventive efforts. 

Overall, our findings provide evidence supporting the framework of symptom-based dimensional 

understanding of psychiatric disorders as opposed to traditional diagnoses for representing psy-

chopathological heterogeneity (Bzdok & Meyer-Lindenberg, 2018; Dwyer et al., 2018; Insel & 

Cuthbert, 2015; Marquand et al., 2016)  by showing that heterogenous formal thought disorder 

symptom severity can be biologically depicted and improve early recognition of populations in risk 

for poor clinical impacts beginning already at early stages of psychosis.  To conclude, the pre-

sented PhD dissertation explored FThD in psychotic disorders considering the increasing evi-

dence on the pitfalls of traditional psychiatric diagnoses, a possible upcoming paradigm change 

and the revolutionary developments of computational machine learning techniques promising 

early spectrum-wise diagnostics and preventive as well as long-term individual and clinical sever-

ity-oriented therapeutics. 
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2. Contribution to the PhD publications and Appendix

2.1. Contribution to Paper I 

I served as first author for the phenomenological clustering manuscript (Paper I) on formal thought 

disorder in patients with recent onset psychosis. I worked as a study physician in PRONIA team 

and at the early diagnostic outpatient clinic for two years. During this clinical research period of 

my residency-PhD Track, I conducted clinical examinations of the patients, wrote clinical reports, 

provided individual visiting our outpatient or inpatient clinic and their families with psychoeduca-

tion on clinical high risk for psychosis, psychotic disorders, and depression. I recruited subjects 

in the PRONIA study, organized baseline and follow-up examination, conducted clinical interview, 

collected clinical data from blood samples to neuroimaging data as well as to clinical assessments 

through baseline and follow-up visits. Under the supervision by Prof. Koutsouleris, I developed 

the conceptual framework of the paper. I wrote the clustering algorithms and performed all clus-

tering analyses on myself. I wrote the first draft of the paper, including the manuscript, tables, 

figures, and supplementary material with an immense help of Dr. Antonucci. Finally, I organized 

the submission process und implemented further analyses and improvements during consortium-

intern and peer review process.   

2.2. Contribution to paper II 

Since the second manuscript (Paper II) exploring multivariate formal thought disorder patterns in 

structural and functional MRI, included PRONIA sample, I have served as a shared first author 

and study physician with my contributions by my clinical work for PRONIA study mentioned for 

the first paper. As part of my PhD project, I have drawn the framework of psychopathological and 

multivariate neuroimaging pattern analysis under the supervision of Prof. Koutsouleris. I served 

as shared first author with Ms. Buciuman, with whom I wrote the first draft of the paper together. 

I wrote the introduction and the discussion, while Ms. Buciuman conducted the analyses, wrote 

the methods and the results. Ms. Buciuman and I managed the whole consortium-intern and peer 

review process until the submission. 

2.3. Contribution to review paper (Appendix) 

I conceptualized the review paper and underlined the clinical relevance of formal thought disorder 

in psychosis a possible early diagnostic, suggest this core psychopathology in evolving psychosis 

as a potential target for preventive interventions. I design the systematic review according to 

PRISMA paradigm and performed a literature search in three different databases composing a 

half century time period. I teamed up with Mr. Pigoni and Ms Dr. Antonucci and organized all 

meetings related to literature search, writing and submission. I served as first and corresponding 

author and wrote the first draft on myself. I implemented revisions from Mr. Pigoni and Ms Dr. 

Antonnuci and managed further improvements of the review paper to submission.   
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Abstract
Background Formal thought disorder (FTD) has been associated with more severe illness courses and functional deficits in 
patients with psychotic disorders. However, it remains unclear whether the presence of FTD characterises a specific subgroup 
of patients showing more prominent illness severity, neurocognitive and functional impairments. This study aimed to identify 
stable and generalizable FTD-subgroups of patients with recent-onset psychosis (ROP) by applying a comprehensive data-
driven clustering approach and to test the validity of these subgroups by assessing associations between this FTD-related 
stratification, social and occupational functioning, and neurocognition.
Methods 279 patients with ROP were recruited as part of the multi-site European PRONIA study (Personalised Prognostic 
Tools for Early Psychosis Management; www.pronia.eu). Five FTD-related symptoms (conceptual disorganization, poverty 
of content of speech, difficulty in abstract thinking, increased latency of response and poverty of speech) were assessed with 
Positive and Negative Symptom Scale (PANSS) and the Scale for the Assessment of Negative Symptoms (SANS).
Results The results with two patient subgroups showing different levels of FTD were the most stable and generalizable 
clustering solution (predicted clustering strength value = 0.86). FTD-High subgroup had lower scores in social (pfdr < 0.001) 
and role (pfdr < 0.001) functioning, as well as worse neurocognitive performance in semantic (pfdr < 0.001) and phonological 
verbal fluency (pfdr < 0.001), short-term verbal memory (pfdr = 0.002) and abstract thinking (pfdr = 0.010), in comparison 
to FTD-Low group.
Conclusions Clustering techniques allowed us to identify patients with more pronounced FTD showing more severe defi-
cits in functioning and neurocognition, thus suggesting that FTD may be a relevant marker of illness severity in the early 
psychosis pathway.

Keywords Formal thought disorder · Early psychosis · Clustering · Functioning · Neurocognition

Introduction

Psychotic disorders are closely linked with neurocognitive 
and functional impairments [17, 49] that frequently precede 
disease onset and persist after remission of the acute ill-
ness [22, 37]. Formal thought disorder (FTD) is a multifac-
eted construct of disturbances in thought, communication 
and language, such as loosening of associations, blocking, 
semantic and phonemic paraphasia [28, 42]. Previous lit-
erature revealed that FTD is not only a core feature of psy-
chosis but that it is also associated with adverse social and 

Linda A. Antonucci and Nikolaos Koutsouleris have contributed 
equally to the work.
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functional outcomes in psychotic patients [3, 21, 25, 27, 28]. 
More specifically, FTD is associated with an increased (re-)
hospitalization rate [44], unemployment risk [34], reduced 
quality of life [48] and adjustment abilities indexed by occu-
pational functioning and self-support [34]. Harrow et al. [20] 
highlighted that patients with schizophrenia experiencing 
enduring FTD after the acute phase of psychosis showed 
lower occupational functioning levels and higher relapse/re-
hospitalisation rates. Moreover, thought and communication 
disturbances in youth at clinical high risk for psychosis were 
associated with reduced social and occupational functioning 
outcomes and a higher risk for transition to the established 
disease [46]. Furthermore, cognitive basic symptoms includ-
ing subjective thought blockage, interference and pressure 
as well as disturbances of abstract thinking and expressive 
and receptive speech that might be regarded as subclinical 
presentations of observable FTD have been demonstrated to 
predict subsequent psychosis [45]. In summary, these find-
ings may point towards FTD playing an important role in 
explaining the behavioural, psychopathological and func-
tional heterogeneity of disease manifestations in both early 
and prodromal phases of psychosis. So far, this aspect has 
remained under-investigated, [42, 43] as research on clini-
cal markers of psychosis has focused rather on positive and 
negative symptoms as well as on cognitive phenotypes of 
the disorders [44]. However, this traditional approach may 
not fully capture the clinical heterogeneity of psychosis in 
terms of both disease course and severity [21, 24, 27, 42]. 
FTD may represent a clinical fingerprint of disease severity 
[42] as it encompasses observable speech-related, and cog-
nitive impairments of psychosis. As findings from a recent
systematic review indicated, FTD—especially disorganiza-
tion—might have early diagnostic and prognostic relevance
in the early stages of psychosis [39]. The main findings of
this systematic review showed that FTD severity predicted
poor social functioning, unemployment, relapses, rehospital-
isations, as well as correlations between attentional deficits,
executive functions and FTD severity, and highlighted the
predictive potential of executive dysfunctions for sustained
FTD. Therefore, FTD stratification could help clinician to
detect a subgroup of patients at risk of developing poor dis-
ease outcomes, who may need early preventive interventions
targeting specifically FTD-related deficits.

Recently, there has been great interest in machine learn-
ing and pattern recognition techniques, which have shown 
to be promising tools for addressing clinical heterogeneity in 
psychiatric disorders [7, 15, 35]. Among these, unsupervised 
clustering algorithms allow us to explore the subgroup struc-
ture of psychopathological phenomena in a quantitative and 
potentially unbiased way [23]. Using unsupervised machine 
learning techniques to investigate the role of FTD role in the 
heterogeneity of psychosis phenotypes would allow (i) iden-
tifying more homogeneous clinical subgroups experiencing 

differential illness manifestations, and (ii) exploring the 
interdependence of possible FTD clusters with other phe-
notypic expressions of psychosis.

Thus, this study aims for the first time (1) to evaluate 
whether it is possible to identify robust subtypes of patients 
with recent-onset psychosis (ROP) that are characterized by 
distinct FTD patterns, (2) to investigate whether this FTD-
related stratification is associated with clinical (i.e., the 
Global Social (GF-Social) and Role (GF-Role) Functioning), 
and neurocognitive (i.e., Wechsler Adult Intelligence Scale 
(WAIS-III; premorbid verbal intelligence), Phonological and 
Semantic Verbal Fluency (VF—P & S), and Auditory For-
ward and Backward Digit Span (ADS—Forward and Back-
ward) phenotypes at an early stage of the disease, and (3) 
to explore the potential associations between FTD-related 
symptoms, functioning and neurocognition.

Methods

The PRONIA (Personalised Prognostic Tool for Early Psy-
chosis Management) study recruited patients into the recent-
onset psychosis (ROP) study group if, i) they fulfilled the 
DSM-IV-TR criteria for affective and non-affective psychotic 
episode lifetime, ii) the psychotic episode was present within 
the past 3 months, and iii) the onset of psychosis occurred 
within the past 24 months. Exclusion criteria were treat-
ments with antipsychotic medication for longer than 90 days 
(cumulative number of days) at or above minimum dosage of 
the 1st episode psychosis range of (DGPPN) S3 guideline. 
[16] General inclusion and exclusion criteria are detailed in
the Supplementary Sect. 1. Based on these criteria, we were
able to analyse clinical and neurocognitive data from 279
individuals experiencing a ROP between 15 and 40 years of
age (Table 1). Patients were recruited by the PRONIA Con-
sortium between January 2014 and December 2017 at ten
sites across five countries (Table 1). All adult participants
gave their written informed consent prior to study inclu-
sion. Participants younger than 18 years provided written,
informed assent, and their caregivers written, informed con-
sent before being enrolled in the study.

1) Psychopathological assessment of the severity of formal
thought disorder

The FTD severity has been assessed with different scales 
[1, 8, 14] since Kraepelin and Bleuer postulated the impor-
tance of earlier manifestation of this clinical phenomenon 
in an evolving psychosis [21]. The Thought and Language 
disorder (TALD) scale from Kircher et al. [28] is a validated 
instrument for assessing FTD. Indeed, it allows clinicians 
to examine the multifaceted nature of FTD and distinguish 
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positive and negative thought disorder with subjective and 
objective components. We operationalized only observed 
positive and negative FTD with items from the Positive and 
Negative Symptom Scale (PANSS) [26] and the Scale for the 
Assessment of Negative Symptoms (SANS) [2] with a psy-
chopathological orientation on the Thought and Language 
disorder (TALD) scale from Kircher et al. [28]

More in detail, observed positive FTD was assessed 
through:

– conceptual disorganization (PANSS P2) item, reflecting 
the following psychopathological alterations listed in the 
TALD scale; tangentiality, circumstantiality, derailment, 
dissociation of thinking, cross talk, and logorrhoea [26, 
28].

– poverty of content speech (SANS 10) item is included in 
the TALD scale [2, 28]

  On the other hands, observed negative FTD was 
assessed through:

– the difficulty in abstract thinking (PANSS N5) item is 
called as concretism in the TALD scale, that reflects the 
same psychopathological alteration [26, 28].

– increased latency of response (SANS 12) item is called 
as slowed thinking in the TALD scale that also reflects 
the same psychopathological alteration [2, 28].

– poverty of speech (SANS 9) item is included in the 
TALD scale [2, 28].

These five FTD-related symptoms were used as features 
to cluster patients with ROP into FTD subgroups. Notably, 
PANSS N6 item (i.e., “Lack of spontaneity and flow of 

conversation”) and SANS 11 item (i.e., “Blocking”) individ-
ual scores reflecting following TALD scale subjective nega-
tive items: “Poverty of thought”, “Dysfunction of thought 
initiative”, “Intentionality and expressive speech dysfunc-
tion” and “Inhibited thinking”, were not included as a feature 
on purpose in the present study to avoid redundancy between 
objective and subjective FTD assessments [28, 33].

Trained clinicians assessed psychopathology of each 
participant and interrater reliability tests were performed 
regularly to calibrate PANSS [Intraclass Correlation 
(ICC) = 0.79] across study sites. Interrater reliability test 
for SANS is not available.

2) Clustering FTD subgroups based on psychopathological 
patterns

Our first aim was to identify a stable and generalizable 
ROP patient stratification based on distinct patterns of FTD 
identified by means of data-driven unsupervised machine 
learning techniques. After scaling the data (Supplementary 
Sect. 2), we applied the following steps to investigate and 
compare alternative FTD subgroup solutions.

2a) Validity and stability of clustering methods

First, we used the ClValid [6] package to assess three 
clustering algorithms: (i) k-means, (ii) hierarchical cluster-
ing, and (iii) partitioning around medoids (PAM) with the 
number of clusters ranging from 2 to 10. ClValid [6] com-
pares solutions from several clustering algorithms while the 
numbers of clusters vary. This allows researchers to choose 
the optimal algorithm and number of clusters with a major-
ity rule based on a battery of internal validity and stability 
measures (for a full description, see [6]). We tested average 
and ward linkage for the hierarchical clustering due to previ-
ous simulation study from Walesiak and Dudek [54] report-
ing them as the best linkages for ordinal data. The average 
linkage considers the distance between two clusters as the 
average distance between each point in one cluster to every 
point in the other cluster, whereas ward linkage is a method 
that minimizes the error sum of squares between the clusters 
over all the variables. We selected the optimal algorithms 
and numbers of clusters by applying a majority rule among 
computed internal validity and stability measures (Supple-
mentary Sect. 3).

Second, we retested the winner algorithms determined 
with majority rule in the first step with the NbClust [11] 
package for the optimal number of clusters (Supplemen-
tary Sect.  3). Many indices have been reported previ-
ously to decide for a valid clustering solution in a given 
dataset. NbClust provides an automatized scan through 26 
validity indices such Calinski–Harabasz (CH) Index [9], 
Davies–Bouldin (DB) Index [13], Silhouette Index [46] and 

Table 1  Study-associated sociodemographic

Formal thought disorder related 
symptom severity

Low High �
2 p value

Age, median 24 23 0.011
Female, No. (%) 91 (44) 28 (37) 0.7053 0.401
Education year, median 14 12  < 0.001
Participants per site, No
The Ludwig-Maximilian-

University Munich
76 20 16.452 0.058

The University of Cologne 30 15
The University of Münster 6 4
The University of Düsseldorf 2 3
The University of Basel 18 6
The University of Turku 33 7
The University of Milan 15 10
The University of Udine 8 3
The University of Bari 1 3
The University of Birmingham 16 3
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reports the optimal number of clusters for a given clustering 
algorithm with majority rule. Following the first step, we 
tested the average and ward linkage for the hierarchical clus-
tering algorithm, which was one of the winner algorithms 
(Supplementary Sect. 3).

2b) Stability and generalizability of the optimal cluster 
solutions

Given that the first and second steps resulted in more 
than one optimal solution, namely k-means and hierarchi-
cal algorithms (Supplementary Sect. 3), we inspected the 
solutions from the hierarchical clustering for their clinical 
validity and robustness with the figure for silhouette width 
as well as the cophenetic correlation in a third step (Sup-
plementary Sect. 4).

Thereafter, we examined the stability and generalizability 
of k-means algorithm solution selected based on the previ-
ous steps (Supplementary Sect. 5 and 6). To exclude pos-
sible package or function-specific effects, we retested the 
robustness of the k-means-based clustering solution with 
the R package ClusterStability [31]. This package allows 
screening popular validity measures and provides research-
ers with a global stability (ST) index and an individual ST-
index ranging from 0 to 1, where 1 indicates very strong 
stability (Supplementary Sect. 5).

Lastly, we investigated the predicted clustering strength 
of the partitioning algorithms using the predict.strength 
package of Tibshirani et al. [52], which applies the prin-
ciples of cross-validation, well established in supervised 
machine learning, to the unsupervised case. Predict.strength 
performs n-fold random resampling, partitions the resam-
pled population into training and test data folds, and clusters 
these with varying numbers of clusters through m iterations. 
For each iteration, the centroids of training data are applied 
to test data to compute the proportion of pair–observations 
falling into the same cluster with the centroids of test data. 
In the present study, subjects were randomly resampled over 
500 iterations and partitioned each time into test and training 
datasets using two-fold cross-validation. The highest predic-
tion strength over cut off value 0.80 was chosen as the opti-
mal predict.strength value, following published procedures 
[52] (Supplementary Sect. 6).

The k-means clustering solution survived these validity, 
stability and generalizability tests and was chosen for further 
association tests with global and syndromal measures of dis-
ease severity, such as the PANSS and SANS total scores, as 
well as each PANSS and SANS subscales between the iden-
tified FTD subgroups. Respective results were reported in 
Supplementary Sect. 7. To test the specificity of the k-means 
clustering solution, we run several sanity analyses using 
items from PANSS and SANS subscales that are not related 
to FTD and reported the results in Supplementary Sect. 8.

We compared age, educational years, clinical outcomes; 
Global Social (GF-Social) and Role (GF-Role) Functioning 
scores, and neuropsychological performances; abstract rea-
soning, verbal fluency, processing speed, verbal short-term 
and working memory between FTD subgroups using the 
Mann–Whitney-U test [32] after checking for normal distri-
bution with the Shapiro–Wilk test [48]. Distributions of sex, 
site and FTD subgroups, respectively, were compared using 
the �2 tests [36] (Tables 1 and 2). All analyses and univariate 
statistical comparisons were conducted with R version 3.5.2. 
We used the False Discovery Rate (FDR) [5] to correct all 
P values for the multiple comparisons. P values of the Soci-
odemographic: Age, sex, education, and the number of par-
ticipants per site, P values of the clinical outcomes and P 
values of the neurocognition were considered dependent and 
corrected using FDR. We provided effect sizes calculated 
with the wilcoxonR function in the R package rcompanion 
for each nonparametric statistical comparison (Fig. 1). We 
tested the FDR-corrected significance of correlations and 
provided the correlogram that is a graphical representation 
of the correlation matrix of all included variables. (Fig. 2).

3a) Association of the clustering solution with clinical 
outcomes; social and role functioning

  
We investigated the association of the selected cluster-

ing solution with clinical outcomes by performing between-
groups statistical comparisons of baseline the GF-Social 
and GF-Role functioning scores including the retrospective 
assessments of highest functioning levels lifetime as well as 
past year. [10, 12] Trained clinicians assessed the function-
ing level of each participant and interrater reliability tests 
were performed regularly to calibrate the Global Function-
ing scales; GF-Social [Intraclass Correlation (ICC) = 0.945 
and GF-Role (ICC = 0.924)] across study sites [29]. We 
compared the differences in social and role functioning 
scores between two clusters with the Mann–Whitney-U test 
[32] or with the Welch’s two-sample t-test [54] after check-
ing for normal distribution with the Shapiro–Wilk test [48].

3b) Association of FTD-defined subgroups and neuro-
cognitive performance

We analysed the following neurocognitive domains; the 
WAIS-III; premorbid verbal intelligence assessing visual 
processing and abstract reasoning, the VF—P & S assess-
ing verbal fluency and processing speed and the ADS—F & 
B assessing verbal short-term memory and verbal working 
memory from the neurocognitive battery of the PRONIA 
study (Supplementary Table 1), because previous literature 
has shown a significant association between these neurocog-
nitive domains and FTD as measured by Thought, Language, 
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and Communication (TLC) [1] and TALD [28] scale [38, 41, 
42, 51, 53]. Welch’s two-sample t-test [55] or Mann–Whit-
ney-U test [32] (based on the results of the Shapiro–Wilk 
test [48]) were used to assess differences between FTD sub-
groups in their neurocognitive performances.

We ran several sanity analyses with the following aims: 
(1) to test whether our clustering solution was associated 
with global and syndromal disease severity, (2) to investi-
gate the interaction between FTD-related symptoms, (3) to 
corroborate the specificity of our clustering solution with 
FTD-related symptoms, (4) to exclude that the cluster-
ing algorithms provide us with a solution more prone to 
detect negative symptom pattern and (5) to test whether our 
clustering protocol recognizes a positive symptom pattern, 
and reported results in the Supplementary Sects. 7 and 8 
in details. These sanity analyses showed us that our FTD-
driven clustering solution was clinically valid and specific 
to FTD-related symptom severity. Analyses with non-FTD 
items from PANSS and SANS as well as their subscale 
showed less stable and less generalizable clustering solu-
tions than the FTD-driven clustering solution.

Results

Our multi-step clustering analyses identified a k-means 
algorithm-based two-cluster solution as the most stable and 
generalizable stratification approach. This approach deline-
ated two FTD subgroups, FTD-High and FTD-Low (n = 75 

vs. 204) in our ROP patient cohort (Fig. 1). The clustering 
solution was significantly informed by (1) observed positive 
FTD as measured by conceptual disorganization (PANSS 
P2) (median = 4 vs. 1, pfdr < 0.001, r = 0.488) and poverty of 
content of speech (SANS 10) (median = 3 vs. 0, pfdr < 0.001, 
r = 0.712), and (2) observed negative FTD as measured by 
difficulty in abstract thinking (PANSS N5) (median = 3 vs. 1, 
pfdr < 0.001, r = 0.503), increased latency of response (SANS 
12) (median = 3 vs. 0, pfdr < 0.001, r = 0.653) and poverty of 
speech (SANS 9) (median = 2 vs. 0, pfdr < 0.001, r = 0.611) 
(Fig. 1).

As reported in Table 1, we observed no significant inter-
action of FTD-informed subgroups with sex ( �2 = 0.7053, 
pfdr = 0.401, phi = 0.050) and site ( �2 = 16.452, pfdr = 0.073, 
phi = 0.243). Furthermore, the distribution of missing data 
did not show significant differences between FTD subgroups 
(Supplementary Table 5). At baseline, the FTD-High group 
was younger than the FTD-Low group (median = 23 vs. 24, 
pfdr = 0.022, r = 0.153) in group level comparison (Supple-
mentary Fig. 5). The two groups also differed in their educa-
tion level: with fewer years in education in FTD-High group 
than in FTD-Low group (median = 12 vs. 14, pfdr = 0.002, 
r = 0.209). Furthermore, education years and age were posi-
tively correlated in each subgroup: FTD-High (p < 0.001, 
r = 0.51) and FTD-Low (p < 0.001, r = 0.36).

Cluster assignment was not influenced by global dis-
ease severity as measured by PANSS total score at base-
line (pfdr = 0.779, r = 0.017) but was associated with more 
pronounced negative symptoms as measured by SANS total 

Table 2  Clinical, functioning 
and neurocognition differences 
in individuals with recent-onset 
psychosis

Characteristics Formal thought disorder related symptom severity

Low High p value pfdr value

Global functioning
 Social scale rated at baseline
 Highest lifetime score, median 8 8  < 0.001  < 0.001
 Highest score in past year, median 7 6  < 0.001  < 0.001
 Lowest score in past year, median 5 5 0.005 0.005
 Current score, median 6 5  < 0.001  < 0.001

Global functioning
 Role scale rated at baseline
 Highest lifetime score, median 8 8  < 0.001  < 0.001
 Highest score in past year, median 7 6  < 0.001  < 0.001
 Lowest score in past year, median 5 4 0.001 0.002
 Current score, median 6 5  < 0.001  < 0.001

Neurocognition at baseline
 WAIS—premorbid verbal intelligence, median 10 9 0.001 0.002
 WAIS—Matrices, median 10 9 0.008 0.010
 Phonological Verbal Fluency, median 13 11  < 0.001  < 0.001
 Semantic Verbal Fluency, median 21 16  < 0.001  < 0.001
 Forward Digit Span, median 9 8  < 0.001 0.002
 Backward Digit Span, median 6 6 0.015 0.015
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Fig. 1  The Psychopathological Comparison of FTD subgroups. A 
Represents the results of the principal component analysis in two-
dimensional space, B the difference between medians of FTD-related 

symptom severity, C the distributions of each FTD-related symptom 
and their statistical comparisons with Wilcoxon rank-sum test. Statis-
tical significances are shown ***pfdr < 0.001

Fig. 2  Correlogram among FTD-related symptoms, functioning 
and neurocognition; A FTD-High B FTD-Low. Different colours: 
red = negative or blue = positive represent the direction of correla-

tions, different size of the circles represents the strength of the corre-
lations. Statistical Significances are shown; *pfdr < 0.05, **pfdr < 0.01, 
***pfdr < 0.001
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score at baseline (pfdr < 0.001, r = − 0.551) in the high FTD 
subgroup (Supplementary Table 6).

Comparison of functioning between FTD subgroups

FTD subgroups differed significantly in the GF-Social and 
GF-Role instruments (Table 2 and Fig. 3). The GF-Social 
scores were lower in the FTD-High compared to the FTD-
Low group in the highest lifetime (pfdr < 0.001, r = − 0.216), 
past year (pfdr < 0.001, r = − 0.219) and baseline variables 
(pfdr < 0.001, r = − 0.269). Similarly, GF-Role scores were 
lower in the FTD-High vs. FTD-Low group in the highest 
lifetime (pfdr < 0.001, r = − 0.229), past year (pfdr = 0.001, 
r = −  0.242) and baseline variables (pfdr < 0.001, 
r = − 0.259).

Comparison of neurocognitive performance 
between FTD subgroups

Comparisons of neurocognitive measures between FTD sub-
groups showed significant differences in verbal and semantic 
fluency, verbal short-term memory and abstract reasoning 
(Table 2). The WAIS-Vocabulary (pfdr = 0.002, r = − 0.200) 
and WAIS-Matrices (pfdr = 0.010, r = − 0.166) scores were 
lower in the FTD-High group than in the FTD-Low group. 
We found a similar pattern of results in the phonological 
verbal fluency (pfdr < 0.001, r = − 0.235) and semantic flu-
ency (pfdr < 0.001, r = − 0.326) scores, as well as in the for-
ward (pfdr = 0.002, r = − 0.204) and backward (pfdr = 0.015, 
r = − 0.151) digit span scores, i.e., FTD-High individuals 
always performed worse than FTD-Low group in these neu-
rocognitive domains.

Correlation analyses of FTD‑related symptoms, 
functioning and neurocognition

The correlation analyses in the FTD-High subgroup 
revealed that “difficulty in abstract thinking” correlated 
negatively with functioning GF-Social lowest in past year: 
(pfdr = 0.038, r = − 0.30); GF-Social highest in lifetime: 
(pfdr = 0.006, r = −  0.37)), and neurocognitive domains 
(WAIS-Vocabulary: (pfdr = 0.002, r = − 0.43); backward digit 

span: (pfdr = 0.042, r = − 0.30); phonological verbal fluency: 
(pfdr = 0.003, r = − 0.40); and semantic fluency: (pfdr < 0.001, 
r = − 0.48)). Poverty of content of speech item was sig-
nificantly associated with WAIS-Matrices (pfdr = 0.016, 
r = − 0.35) in the FTD-High subgroup. The correlations 
between other FTD-related symptoms and other variables 
in functioning or neurocognition were either non-significant 
or significant with a small effect size (r < 0.30) in both sub-
groups (Fig. 2).

Discussion

In this multisite naturalistic study, we addressed for the first 
time the psychopathological heterogeneity of patients with 
recent-onset psychosis from the perspective of the core syn-
drome of FTD with unsupervised machine learning algo-
rithms. Furthermore, we investigated the broader quantita-
tive associations between FTD, neurocognitive performance 
and level of functioning in the early stage of psychosis with 
group-level statistical comparisons. Our multi-step cluster-
ing analysis yielded a solution with two FTD subgroups as 
the most optimal stratification scheme after running the fol-
lowing four checkpoints; (i) validity, (ii) re-evaluation of 
validity results and unbiased determination of the winning 
algorithm, (iii) stability test and (iv) generalizability test 
for the best clustering solution. In summary, the winning 
clustering solution revealed two stable subgroups of patients 
with high and low severity of FTD, which were independent 
of global disease severity in this early stage of the disease. 
The FTD-High subgroup showed significant impairment of 
all functional domains and significantly lower neurocogni-
tive performance in verbal and semantic fluency, short-term 
verbal memory and abstract thinking. Moreover, the median 
age at baseline was one year less in both sexes in the FTD-
High subgroup and an earlier differentiating peak of male 
distribution was observed in the FTD-High subgroup in 
the late adolescence and early adulthood. (Supplementary 
Fig. 5) This is in keeping with previous clinical observations 
of worse prognostic long-term outcomes in males. [19, 30]

Our results are also in line with the previous literature 
showing that thought disorders are negatively associated 

Fig. 3  The Comparison of func-
tioning levels in social and role 
functioning domains. Statistical 
comparisons are conducted with 
the Welch two-sample or the 
Mann–Whitney-U tests based 
on the distribution of the data. 
Statistical Significances are 
shown; ***pfdr < 0.001
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with role functioning [20], and thought and communication 
disturbances are related to poorer social and role function-
ing levels [4]. Retrospective clinical assessments at study 
inclusion indicated that FTD subgroups started to deviate 
in symptom and disability measures as well as in social and 
role functioning already in the year prior to the study. The 
more specific assessment of social and role functioning dif-
ferences between FTD subgroups extended this observation 
to the lifetime scale that may point to FTD subtypes being 
as a sensitive prognostic marker for a later manifestation of 
psychosis. [4, 18, 56] These findings may represent a starting 
point for further investigation of these alterations that may 
help in identify an early diagnostic and interventional win-
dow in which interventions focusing on FTD-related impair-
ments may be beneficial in improving functioning during the 
early stages of psychosis.

Furthermore, we found that FTD stratification was associ-
ated with reduced verbal and semantic fluency, and impair-
ments in short-term verbal memory and abstract thinking. 
This association between FTD and neurocognitive per-
formance in semantic processing, executive functioning, 
abstract thinking adds to the previous literature. [38, 41, 42, 
50, 52] We may speculate that the lower neurocognitive per-
formance of FTD-High group could be seen from a causal 
consequential perspective and may drive the impaired social 
and occupational functioning in this subgroup requiring reg-
ular and frequent follow-up examinations. [40, 57] However, 
further studies addressing this interrelation between FTD 
and neurocognitive performance are warranted to validate 
this speculation. Moreover, future studies should be con-
ducted to understand whether the relationship between clus-
ter assignment and neurocognition is moderated or mediated 
by the severity of negative symptoms.

Limitations

A validated specific scale to assess FTD and SAPS (Scale 
for the Assessment of Positive Symptoms) are missing in 
the presented study. We assessed a restricted part of FTD 
spectrum with the overlapping symptoms from PANSS and 
SANS that mapped on to the TALD. This reduces the com-
plexity of the possible interpretations of our results. There-
fore, our findings should be considered as preliminary, and 
further studies employing a more thorough investigation of 
FTD manifestations through much more assessments (i.e., 
TALD, SAPS) are warranted to understand the degree of 
replicability of our findings. Moreover, the presented study 
did not differ affective and non-affective psychosis. Another 
limitation is the cross-sectional nature of the analysed data 
from the baseline examinations, which significantly limits 
any causal speculation. Lastly, a missing external valida-
tion sample restricts the generalizability of these clustering 
solutions. Further studies applying presented stratification 

scheme at the single patient level in an external sample are 
neededQuery.

Conclusions

The presented multi-step clustering study demonstrated sub-
groups of patients with distinct clinical presentations of FTD 
who may have divergent preventive and therapeutic needs 
related to differential FTD severity. Our findings elucidate 
how unsupervised machine learning techniques may provide 
novel insight about the associations between psychopathol-
ogy, neurocognition and functioning.

In summary, our findings suggest that FTD may be a rel-
evant marker of illness severity in the early psychosis path-
way. The reciprocal associations between FTD, functional, 
and neuropsychological phenotypes of psychosis emphasize 
the importance of specific treatment pathways for people 
with more severe FTD. Furthermore, they highlight how 
FTD may potentially represent a target variable for individu-
alized psycho-, socio-, logotherapeutic interventions aimed 
at improving neurocognition abilities and personal function-
ing. Prospective studies should further test this promising 
perspective.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00406- 021- 01327-y.
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1. Inclusion and Exclusion Criteria and general methodological information for the PRONIA

study 

The Personalized Prognostic Tool for Early Psychosis Management (PRONIA) study was 

registered at the German Clinical Trials Register (DRKS00005042) and the local research ethics 

committees at each collaboration site approved the study. (Koutsouleris et al., 2018) The PRONIA 

study included participants with age between 15 and 40 years, with sufficient language skills for 

participation and providing informed consent/assent. MRI compatibility is another general 

inclusion criterion due to the main neuroimaging aspect of the study. Individuals are excluded if 

they have IQ below 70. Current or past head trauma with loss of consciousness longer than 5 

minutes, current or past neurological or somatic disorders potentially affecting the structure or 

functions of the brain, current or past alcohol dependence as well as polysubstance dependence 

within the past six months are other general exclusion criteria.  

Individuals are included in the recent onset of psychosis (ROP) study group, if they fulfil the DSM-

IV-TR criteria for affective and non-affective psychotic episode lifetime and if the psychotic 

episode is present within the past three months. Another ROP study group-specific inclusion 

criterion is that the onset of psychosis occurred within the past 24 months.  ROP study group-

specific exclusion criterion is antipsychotic medication for longer than 90 days (cumulative number 

of days) at or above minimum dosage of the 1st episode psychosis range of DGPPN (German 

Association for Psychiatry, Psychotherapy and Psychosomatics) S3 guideline.  

The clinical evaluation of psychopathological symptom severity, as well as the clinical 

assessments of clinical outcomes, social and role functioning, have been conducted by trained 

physicians or clinical psychologist and interrater reliability tests were performed to minimize any 

site or rater effect. The neuropsychological assessments with 12 paper-pencil and tablet-based 

tests adapted for the PRONIA consortium (Supplementary Table 1) were administered by trained 

personnel. All neuropsychological tests were instructed by trained clinical psychologists and 



lasted for about 2 hours on average. All participants underwent the same tasks in the same order 

and were guided by standardized instructions. In language-dependent tasks, English speaking 

participants or participants who were insufficient in German were evaluated based on test material 

in English. 

2. Scaling Data  

Since the clustering results depend on the (dis)similarity between two observations, scaling the 

data is necessary to have consistent distance measures and to exclude the effect of different 

ranges in data. We scaled the data to a 0 - 1 range to avoid inconsistency by detecting 

(dis)similarities among observations due to different range of PANSS (rated on a scale from 1: 

not present to 7: extremely severe) and SANS (rated on a scale from 0: not at all to 6: severe). 

After subtracting 1 from PANSS items (PANSS score - 1) to get a range of PANSS scale from 0: 

not present to 6: extremely severe, we scaled data to a 0 - 1 range from both PANSS score  and 

SANS score with the following function in RStudio: scaletorange = function(x){(x - 

min(x))/diff(range(x))} . Therefore, the minimum; not present in the SANS and the PANSS scale 

were treated mathematically as equal in the algorithms. This scaling provided the clustering 

algorithms with better detection of similar patterns as well as a better differentiation of dissimilarity 

between the pairs of observations in the given clinical dataset.  

3. The decision for k-means clustering and re-evaluation of the clustering stability 

Even though clustering algorithms are useful computational methods to recognize multivariate 

patterns in a given data, these are not straightforward approaches. There are important steps to 

get robust, replicable and generalizable clustering solutions with clinical utility. In general, we 

explored the clinical heterogeneity in psychosis in a data-driven manner. First, we applied ClValid 

(Burock et al., 2008) package for three algorithms; k-means, hierarchical and partitioning around 

medoids. Hierarchical clustering algorithms were tested for two different linkages: average and 



ward. As the results (Supplementary Table 2 and 3) show, k-means and hierarchical clustering 

using average linkage with 2 clusters were the most valid solutions. 

Second, we retested these results with NbClust (Charrad et al., 2014) package if the optimal 

number, two is a robust solution. The NbClust package provided us with two possible solutions: 

hierarchical clustering using average linkage with four clusters and k-means with two clusters. 

We considered also the second optimal solutions; hierarchical clustering using average linkage 

with two clusters and hierarchical clustering using ward linkage with three clusters. These results 

are displayed in Supplementary Figure 1. We report the reason for the exclusion of these 

hierarchical algorithm solutions in the following section. Then we examined the stability and 

generalizability of the k-means solution with two clusters that we report in Supplementary Section 

5 & 6. Thus, we tested many common indices for each step and majority rule showed two as the 

optimal number of clusters and k-means algorithm provided the most valid, stable and 

generalizable clustering solution. 

4. Exclusion the hierarchical clustering solutions

The ClValid package comparing hierarchical clustering with average linkage and Ward linkage, 

k-means and partitioning around medoids resulted in two as the optimal numbers of clusters for

hierarchical clustering using average linkage. We retested the possible optimal number of clusters 

with the NbClust package that provided us with different optimal numbers for average and ward 

linkage. These solutions for the hierarchical clustering were re-evaluated with the figure for 

silhouette width as well as the cophenetic correlation and this clustering method was not selected 

for further analysis due to low cophenetic correlation values, unbalanced cluster size and amount 

of wrongly clustered subjects showing negative silhouette width that reduces the clinical relevance 

of those results. (Supplementary Figure 2) 

5. The re-evaluation of the cluster stability



The ClusterStability (Lord et al., 2017) package was used to retest the robustness of the clustering 

solution with the k-means algorithm. This R package considers the common validity measures; 

the Calinski–Harabasz (Caliński & Harabasz, 1974), Silhouette (Caliński & Harabasz, 1974), 

Dunn (Dunn†, 1974) and Davies–Bouldin (Davies & Bouldin, 1979) measures and provides 

researchers with a global stability index (global ST-index) and an index for the stability of individual 

objects (individual ST-index) ranging from 0 to 1, where 1 indicates very strong stability. In the 

presented study, we applied ClusterStability with 500 replications for the k-means algorithms with 

cluster numbers of two. All global ST-indexes, as well as all individual ST-indexes, were 1. To 

illustrate the decreasing stability with varying optimal numbers of clusters, we displayed the 

outputs of global ST-indexes in Supplementary Figure 3.  

6. The generalizability of the cluster solution

The predict.strength (Tibshirani & Walther, 2005) package is an implementation of cross-

validation, a widely used generalization method in supervised machine learning algorithms, for a 

given unsupervised machine learning question. The principals of the predict.strength algorithm 

are n-fold random resampling and partitioning of observations in training and test sets through m 

iterations in a given data where the proportion of pair – observations falling into the same clusters 

is computed. Thibshirani et. Whalter compared 2-fold cross-validation with 5-fold, that did not 

increase the predictive strength performance, and they continued with 2-fold cross-validation for 

the further analyses in the original publication. (Tibshirani & Walther, 2005) They provided 

predicting strength values between 0.8 – 0.9 as optimal. Therefore, subjects were randomly 

resampled 500 times with a 2-fold cross-validation manner and the number of clusters with 

highest prediction strength over the cut off value 0.80 was chosen as an optimal number of 

clusters in the presented study (Supplementary Figure 4). 

7. Comparison of psychopathological subdomains of clusters



In order to test whether our clustering solution was associated with global and syndromal disease 

severity, we did group level statistical comparison using the PANSS and SANS total scores, as 

well as each PANSS and SANS subscales between the identified FTD subgroups and reported 

the results showing the psychopathological surrogates of the clustering solution in the 

Supplementary Table 6. Notably, as reported in the Supplementary Table 6 the statistical 

comparison of PANSS total or subscale scores between two FTD subgroups did not differ from 

each other that indicates the specificity of these cluster solution for FTD. In contrast, the SANS 

scores showed a strong association with our FTD-informed patient subgroups that is in keeping 

with previous findings linking FTD, negative and cognitive symptom domains to poorer functioning 

in psychotic disorders. (Cacciotti-Saija et al., 2018; Gerritsen et al., 2019) The NIMH-MATRICS 

consensus statement previously highlighted five negative symptom domains; blunted affect, 

alogia, asociality, anhedonia and avolition for a more comprehensive examination of negative 

symptoms. (Kirkpatrick et al., 2006) The SANS covers a larger part of these defined negative 

symptoms, whereas the PANSS negative subscale does not incorporate negative symptoms such 

avolition and anhedonia. (Daniel, 2013; Garcia-Portilla et al., 2015) The different 

operationalization of the negative symptoms construct in the PANSS and SANS might explain the 

discrepancy in our results between PANSS negative subscale and SANS. 

8. The cluster solution specificity and sanity analyses 

To investigate the interaction between FTD-related symptoms; Conceptual Disorganization, 

Poverty of Content of Speech, Difficulty in Abstract Thinking, Increased Latency of Response, 

Poverty of Speech and FTD subgroups; FTD-High and FTD-Low, we ran factorial ANOVA 

(Jaccard & Jaccard, 1998) and reported the results in the Supplementary Table 7 and 

Supplementary Figure 6. The FTD-related symptoms and the FTD subgroups were entered in the 

factorial ANOVA to test the main effects of these symptoms and of these subgroups as well as 

their interaction with each other.   Our findings showed a significant main effect of FTD subgroups 



(p < 0.001), a significant main effect of FTD-symptoms (p < 0.001) as well as a significant 

interaction between FTD-symptoms and FTD subgroups (p = 0.025). 

Moreover, to corroborate the specificity of our clustering solution with FTD-related symptoms, we 

run the multi-step clustering protocol with PANSS and SANS items that are not related to FTD 

(Supplementary Figure 7). To exclude that the clustering algorithms provide us with a solution 

more prone to detect negative symptom pattern, we applied our clustering protocol using (i) 6 

items from PANSS negative subscale without the item Difficulty in Abstract Thinking which has 

been used for the FTD-driven clustering solution (Supplementary Figure 8) and (ii) using all other 

17 items from SANS excluding FTD-related symptoms; Poverty of Content of Speech, Increased 

Latency of Response and Poverty of Speech (Supplementary Figure 9). To test whether our 

clustering protocol recognizes a positive symptom pattern using 6 items from PANSS positive 

subscale without Conceptual Disorganization, we applied our clustering protocol to these 

variables. As reported in the Supplementary Figure 10, the clustering analysis using PANSS 

positive items without FTD-related Conceptual Disorganization as input has also provided a stable 

(global ST(stability)-index = 0.99) and highly generalizable (predict.strength value=0.88) two-

cluster solution with k-means algorithm. We compared the original FTD-driven solution (n = 279; 

nFTD-High = 75, nFTD-Low = 204) and the cluster solution driven by positive items without Conceptual 

Disorganization (n=279; ncluster1= 128, ncluster2 = 151) in their size. We also compared the clustering 

assignment of each participant to observe the proportion of participants who have been assigned 

into Cluster 1 or Cluster 2. These comparisons showed that (i) the cluster solutions are different 

in their size and (ii) 149 / 279 participants have been assigned to other clusters. These results 

together with the results of the factorial ANOVA also strengthen that the clustering solutions are 

driven by the contribution of different psychopathological domains and that the symptoms entered 

to clustering algorithm as inputs matter. 



To sum up, these sanity analyses showed us that our FTD-driven clustering solution was clinically 

valid and specific to FTD-related symptom severity. Analyses with non-FTD items from PANSS 

and SANS as well as their subscale showed less stable and less generalizable clustering 

solutions than the FTD-driven clustering solution. 

8. Comparison of neurocognitive performances corrected for years of education 

Comparisons of neurocognitive measures corrected for years of education between FTD 

subgroups showed significant differences in verbal and semantic fluency, verbal short-term 

memory and abstract reasoning (Supplementary Table 8). The WAIS-Vocabulary (pfdr = 0.042, r 

= 0.129) and WAIS-Matrices (pfdr = 0.048, r = 0.130) scores were lower in the FTD-High group 

than in the FTD-Low group. We found a similar pattern of results in the phonological verbal fluency 

(pfdr = 0.009, r = 0.196) and semantic fluency (pfdr = 0.012, r = 0.288) scores, as well as in the 

forward (pfdr = 0.016, r = 0.159) digit span scores, i.e., FTD-High individuals always performed 

worse than FTD-Low group in these neurocognitive domains. The statistical significance was not 

observed in the backward (pfdr = 0.108, r = 0.099) digit span scores. 

 

 

 

 

 

 

 

 



9. Supplementary Tables 1 - 7

Supplementary Table 1. The neurocognitive battery used in the PRONIA study in order of 

administration. a test used for analysis, b revised version of the Hopkins’ Verbal Learning Test 

for the University of Turku. 

The name of the neurocognitive assessment The cognitive domains Administration 

Rey-Osterrieth Complex Figure (ROCF) (Gagnon et 

al., 2003; A M Hubley, 1996; Anita M Hubley & 

Tremblay, 2002; Osterrieth, 1944) 

visuo-spatial construction; 

visuo-spatial memory  

(short- and long-term) 

paper-pencil format with 

tablet support  

Diagnostic Analysis of Non-Verbal Accuracy 

(DANVA-2-AF) (Nowicki Jr & Carton, 1993; S 

Nowicki, 2000; Stephen Nowicki & Duke, 1994) 

social cognition tablet-based 

Auditory Digit Span  

Forward & Backward trials (ADS-F&B) a, (Orsini et al., 

1987; Wechsler, 2008) 

verbal short-term memory 

verbal working memory 

auditory presentation of 

numbers by recorded 

(male) voice 

Verbal Fluency, Phonological & Semantic trials (VF-

P&S) a, (Borkowski et al., 1967; Harrison et al., 2000) 

verbal fluency;  

in a phonemic ('S'-words) and 

in a semantic ('Animals') 

condition 

named words were 

recorded and written down 

by an examiner 

Rey Auditory Verbal Learning Test  

(RAVLT)b, (McMinn et al., 1988; Rey, 1964)

short-term verbal memory 

long-term verbal memory 

auditory presentation  

of word list by recorded 

(male) voice 

Trail Making Task, A & B trials (TMT-A&B) (Horton Jr. 

& Hartlage, 1994) 

processing speed  

sequencing 

graphomotor capacity 

visual attention 

search ability and flexibility 

paper-pencil format 

Continuous Performance Test  

Identical Pairs version (CPT-IP) (Bellani & Brambilla, 

2008; Cornblatt et al., 1988, 1989) 

selective visual attention 

sustained visual attention 

tablet-based 

Self-Ordered Pointing Test (SOPT) (Gillett, 2007; 

Milner et al., 1985; Petrides & Milner, 1982) 

short-term visuospatial memory 

short-term working memory 

tablet-based 

Digit Symbol Substitution Test (DSST) (Keefe et al., 

2004; Wechsler, 2008) 

sustained attention 

working memory 

processing speed 

paper-pencil format 

Salience Attribution Task (SAT-SV) (J P Roiser et al., 

2009; Jonathan P Roiser et al., 2010, 2012) 

explicit and implicit salience 

adaptive and aberrant salience 

tablet-based 

Wechsler Adult Intelligence Scale (WAIS-III) a, 

(Wechsler, 2008) 

   Vocabulary premorbid verbal intelligence paper-pencil format 

   Matrices visual processing and abstract 

reasoning 
paper-pencil format 



Supplementary Table 2. The results from the ClValid package comparing algorithms; 

hierarchical using ward linkage, k-means and partitioning around medoids (pam) for internal 

validity and stability measures. Results in bold show the optimal clustering method represented 

with a and the optimal number of clusters represented with b for each measure. 

Clustering  

Methods 

No. of 

clusters 

Stability measures 

 

Internal validity measures 

   
APN 

 
AD 

 
ADM 

 
FOM 

 
Connectivity 

 
Dunn 

 
Silhouette 

 

 

 

 

Hierarchical 

2 b 0.2859 0.5916 0.2264 0.2169 42.4440 a 0.0894 0.3354 

3 0.4275 0.5469 0.2560 0.2121 55.1198 0.1072 0.3492 

4 0.3615 0.4897 0.2217 0.2082 65.0385 0.1072 0.2116 

5 0.3970 0.4676 0.2181 0.2061 86.2671 0.1072 0.2290 

6 0.4187 0.4514 0.2271 0.2049 103.6698 0.1072 0.2471 

7 0.4398 0.4384 0.2368 0.2011 108.6286 0.1162 0.2568 

8 0.4059 0.4219 0.2338 0.1976 110.9214 0.1162 0.3027 

9 0.3860 0.4061 0.2263 0.1956 125.0655 0.1162 0.3114 

10 b 0.3469 0.3875 0.2101 0.1903 a 129.9125 0.1162 0.3364 

 

 

 

 

k-means 

2 b 0.1081a 0.5312 0.0813 a 0.2071 46.7008 0.1516 a 0.4586 a 

3 0.1832 0.4873 0.1224 0,2030 66.0560 0.1072 0.3813 

4 0.2687 0.4668 0.1883 0.2037 89.5635 0.1072 0.3469 

5 0.3620 0.4611 0.2128 0.2044 99.2310 0.1187 0.3623 

6 0.3977 0.4435 0.2192 0.1999 111.0052 0.1187 0.3652 

7 0.4216 0.4299 0.2288 0.1989 119.0147 0.1280 0.3715 

8 0.3651 0.4095 0.2136 0.1965 124.5056 0.1280 0.3237 

9 0.3716 0.3974 0.2116 0.1950 122.3010 0.1280 0.3356 

10 0.3191 0.3697 0.1845 0.1903 133.2766 0.1348 0.3613 

 

 

 

 

pam 

2 0.1495 0.5314 0.1011 0.2128 66.1817 0.0894 0.4125 

3 0.1802 0.4816 0.1123 0.2036 75.1012 0.0971 0.3354 

4 0.3385 0.4734 0.1868 0.2021 97.5560 0.1072 0.3558 

5 0.3097 0.4480 0.1755 0.1995 102.8889 0.1072 0.2725 

6 0.2850 0.4230 0.1735 0.1984 110.4143 0.1072 0.2899 

7 0.3268 0.4150 0.1908 0.1954 135.4651 0.1091 0.2938 

8 0.3783 0.4099 0.2110 0.1939 120.7849 0.1222 0.3104 

9 0.3217 0.3921 0.2054 0.1931 134.3079 0.1091 0.3345 

10 b 0.2825 0.3669 a 0.1711 0.1907 133.4821 0.1022 0.3515 

 



Supplementary Table 3. The results from the ClValid package comparing algorithms; 

hierarchical using average linkage, k-means and partitioning around medoids (pam) for internal 

validity and stability measures. Results in bold show the optimal clustering method represented 

with a and the optimal number of clusters represented with b for each measure. 

Clustering 

Methods 

No. of 

clusters 

Stability measures Internal validity measures 

APN AD ADM FOM Connectivity Dunn Silhouette 

Hierarchical 

2 b 0.0181 a 0.6283 0.0337 a 0.2287 7.3155 a 0.3078 a 0.5420 a 

3 0.1290 0.6124 0.1135 0.2229 29.2960 0.1451 0.3660 

4 0.1341 0.5644 0.1626 0.2180 57.2714 0.1591 0.4047 

5 0.1674 0.5383 0.1530 0.2086 61.6738 0.1715 0.3763 

6 0.1732 0.5323 0.1507 0.2068 62.3905 0.1715 0.3694 

7 0.2273 0.5248 0.1633 0.2046 65.2083 0.1715 0.3613 

8 0.3137 0.5247 0.1952 0.2003 67.8194 0.1715 0.3609 

9 0.2664 0.4857 0.1733 0.1982 83.8452 0.1980 0.3495 

10 0.2770 0.4820 0.1738 0.1973 83.9563 0.1980 0.3440 

k-means

2 0.0941 0.5314 0.0736 0.2072 46.7008 0.1516 0.4586 

3 0.1664 0.4973 0.1393 0,2052 67.6091 0.1072 0.3911 

4 0.2332 0.4776 0.1647 0.2069 85.4873 0.1187 0.4029 

5 0.2584 0.4594 0.1722 0.2007 122.3821 0.1313 0.3877 

6 0.3147 0.4537 0.1990 0.2001 122.8413 0.1313 0.3826 

7 0.3047 0.4345 0.1901 0.1982 131.0464 0.1313 0.3688 

8 0.3139 0.4205 0.1984 0.1971 139.2278 0.1400 0.3647 

9 0.3634 0.4273 0.2149 0.1965 134.9710 0.1601 0.3570 

10 0.3621 0.4066 0.2076 0.1914 153.7004 0.1690 0.3653 

pam 

2 0.1495 0.5314 0.1011 0.2128 66.1817 0.0894 0.4125 

3 0.1802 0.4816 0.1123 0.2036 75.1012 0.0971 0.3354 

4 0.3385 0.4734 0.1868 0.2021 97.5560 0.1072 0.3558 

5 0.3097 0.4480 0.1755 0.1995 102.8889 0.1072 0.2725 

6 0.2850 0.4230 0.1735 0.1984 110.4143 0.1072 0.2899 

7 0.3268 0.4150 0.1908 0.1954 135.4651 0.1091 0.2938 

8 0.3783 0.4099 0.2110 0.1939 120.7849 0.1222 0.3104 

9 0.3217 0.3921 0.2054 0.1931 134.3079 0.1091 0.3345 

10 b 0.2825 0.3669 a 0.1711 0.1907 a 133.4821 0.1022 0.3515 



Supplementary Table 4: Represents the results of the Shapiro – Wilk normality test for each 

statistical comparison, P values are shown only with 4 decimals. 

 

FTD - High FTD - Low 

w P value w P value 

Age 0.9401 0.002 0.9519 < 0.001 

Education year 0.9385 0.001 0.9766 0.002 

GF Social highest lifetime 0.8425 < 0.001 0.8783 < 0.001 

GF Social highest in past year 0.9360 0.001 0.9253 < 0.001 

GF Social lowest in past year 0.9515 0.008 0.9505 < 0.001 

GF Social current 0.9441 0.003 0.9465 < 0.001 

GF Role highest lifetime 0.8144 < 0.001 0.8932 < 0.001 

GF Role highest in past year 0.9475 0.004 0.8695 < 0.001 

GF Role lowest in past year 0.9414 0.002 0.9531 < 0.001 

GF Role current 0.9514 0.007 0.9480 < 0.001 

WAIS – premorbid verbal intelligence 0.9758 0.193 0.9821 0.018 

WAIS - Matrices 0.9767 0.233 0.9669 < 0.001 

Phonological Verbal Fluency 0.9534 0.011 0.9907 0.253 

Semantic Verbal Fluency 0.9813 0.390 0.9930 0.498 

Forward Digit Span 0.9620 0.031 0.9719 0.001 

Backward Digit Span 0.9535 0.010 0.9643 < 0.001 

PANSS Total 0.9757 0.166 0.9803 0.006 

PANSS Positive 0.9534 0.008 0.9771 0.002 

PANSS Negative 0.9141 < 0.001 0.9171 < 0.001 

PANSS General 0.9594 0.018 0.9742 0.001 

SANS Total 0.9648 0.037 0.9467 < 0.001 

SANS Blunting 0.9233 < 0.001 0.8112 < 0.001 

SANS Alogia 0.9007 < 0.001 0.6786 < 0.001 

SANS Avolition 0.8930 < 0.001 0.8926 < 0.001 

SANS Anhedonia 0.8931 < 0.001 0.9002 < 0.001 

SANS Attention 0.8885 < 0.001 0.7884 < 0.001 

 

 



Supplementary Table 5: Represents the number of subjects with missing values per cluster. 

FTD - High FTD - Low P-value

Education 0 1 1 

WAIS premorbid verbal Intelligence 4 18 0.502 

WAIS Matrices 6 21 0.762 

Phonological verbal fluency 4 12 1 

Semantic verbal fluency 5 12 1 

Forward digit span 3 11 0.895 

Backward digit span 3 11 0.895 

Supplementary Table 6: Comparison of two FTD subgroups in PANSS and SANS. 

Characteristics 

Formal Thought Disorder-related symptom severity 

High Low pfdr value p value 

PANSS at baseline 

     Total, median 65.5 67 0.780 0.7780 

     Positive, median 16 18 0.392 0.275 

     Negative, median 16 14 0.438 0.351 

    General, median 32 34 0.506 0.456 

SANS at baseline 

     Total, median 46.5 16 < 0.001 < 0.001 

     Blunting, median 15 3 < 0.001 < 0.001 

     Alogia, median 9 0 < 0.001 < 0.001 

     Avolition, median 7 4 < 0.001 < 0.001 

     Anhedonia, median 11 6 < 0.001 < 0.001 

     Attention, median 4 0 < 0.001 < 0.001 



Supplementary Table 7: Representation of results of factorial ANOVA using scaled FTD-related 

Symptom Severity data. 

Df Sum Sq Mean Sq F Pr(>F) 

Clusters 1 30.52 30.519 865.356 < 0.001 *** 

Features 4 1.13 0.283 8.013 < 0.001 *** 

Clusters: Features 4 0.39 0.098 2.786 0.025 * 

Residuals 1385 48.85 0.035 

Supplementary Table 8: Neurocognition Differences corrected for years of education in 

Individuals with Recent-Onset Psychosis 

Characteristics 

Formal Thought Disorder related symptom 

severity 

Low High p value pfdr value 

Neurocognition at baseline 

      WAIS - premorbid verbal intelligence, 

      median 10 9 0.078 0.042 

      WAIS - Matrices, median 10 9 0.040 0.048 

      Phonological Verbal Fluency, median 13 11 0.001 0.009 

      Semantic Verbal Fluency, median 21 16 0.004 0.012 

      Forward Digit Span, median 9 8 0.008 0.016 

     Backward Digit Span, median 6 6   0.108 0.108 



10. Supplementary Figures 1 - 10

Supplementary Figure 1: The results from NbClust package showing the different optimal 

number of clusters. 

Supplementary Figure 2: The quality check for the solutions with hierarchical clustering 

algorithms.  



Supplementary Figure 3: Representation of the decreasing stability with an increasing number 

of clusters based on four stability indices; ch:Calinski–Harabasz, db: Davies–Bouldin, sil: 

Silhouette. 

Supplementary Figure 4: Representation of the settings and results of the generalizability test 

with predict.strength package 



Supplementary Figure 5: Representation of the age and sex distribution of study participants 

with a recent-onset psychosis from the PRONIA cohort. 



Supplementary Figure 6: Representation of the predicted values of symptom severity in FTD-

clusters; results of factorial ANOVA using scaled FTD-related Symptom Severity data. 



Supplementary Figure 7: Representation of the multi-step clustering solutions using PANSS 

and SANS items that are not related to FTD as input variables. 



Supplementary Figure 8: Representation of the multi-step clustering solutions using PANSS 

negative subscale items that are not related to FTD as input variables. 



Supplementary Figure 9: Representation of the multi-step clustering solutions using SANS items 

that are not related to FTD as input variables. 



Supplementary Figure 10: Representation of the multi-step clustering solutions using PANSS 

positive subscale items that are not related to FTD as input variables.
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Abstract 

Background: Formal thought disorder (FThD) is a core feature of psychosis, and its severity 

and long-term persistence relates to poor clinical outcomes. However, advances in developing 

early recognition and management tools for FThD are hindered by a lack of insight into the 

brain-level predictors of FThD states and progression at the individual level.  

Methods: 233 individuals with recent-onset psychosis were drawn from the multi-site 

European Prognostic Tools for Early Psychosis Management study. Support vector machine 

classifiers were trained within a cross-validation framework to separate two FThD symptom-

based subgroups (high vs. low FThD severity), using cross-sectional whole-brain multi-band 

fractional amplitude of low frequency fluctuations (fALFF), gray-matter volume (GMV) and 

white-matter volume (WMV) data. Moreover, we trained machine learning models on these 

neuroimaging readouts to predict the persistence of high FThD subgroup membership from 

baseline to 1-year follow-up.  

Results: Cross-sectionally, multivariate patterns of GMV within the salience, dorsal attention, 

visual and ventral attention networks separated the FThD severity subgroups (BAC=60.8%). 

Longitudinally, distributed activations/deactivations within all fALFF sub-bands (BACslow-

5=73.2%, BACslow-4=72.9%, BACslow-3=68.0), GMV patterns overlapping with the cross-

sectional ones (BAC=62.7%) and smaller frontal WMV (BAC=73.1%) predicted the persistence 

of high FThD severity from baseline to follow-up, with a combined multi-modal balanced 

accuracy of BAC=77%. 

Conclusions: We report first evidence of brain structural and functional patterns predictive of 

FThD severity and persistence in early psychosis. These findings open the avenue for the 

development of neuroimaging-based diagnostic, prognostic and treatment options for the early 

recognition and management of FThD and associated poor outcomes.  



1. Introduction

Early psychosis is characterized by marked symptom and outcome heterogeneity, which poses 

challenges for the development and implementation of tailored prevention and treatment 

options. In this context, modern frameworks such as the RDoC (Research Domain Criteria) (1) 

or HiTOP (The Hierarchical Taxonomy Of Psychopathology) (2) highlight the relevance of 

symptom-based stratifications for the identification of more homogeneous neuroetiological 

pathways which could guide personalized early recognition, prevention and treatment.  

As a multidimensional psychopathological construct, formal thought disorder (FThD) is a core 

and dynamically evolving feature of psychotic disorders (3,4). FThD encompasses symptoms 

of conceptual disorganization such as derailment, incoherence, tangentiality, neologisms, and 

thought blocking. Importantly, FThD has been associated with long-term adverse outcomes 

such as increased hospitalization, reduced quality of life, social, and occupational functioning, 

both in chronic schizophrenia patients (3,5–9), and in patients with recent-onset psychosis 

(ROP) (10–12). Employing a data-driven methodology for FThD stratification, a recent multi-

site study from our group identified two ROP subgroups that differed in their FThD severity and 

provided support for the association between FThD intensity and functioning impairments, 

along with neurocognitive deficits (13). Longitudinally, FThD has been shown to exhibit a 

persistent symptom course in almost 40% of schizophrenia patients (7) and FThD persistence 

has been transdiagnostically associated with particularly poor clinical outcomes (14). 

Collectively, these results highlight the prognostic value of FThD symptoms and their 

persistence for relevant clinical outcomes. However, the currently limited insight into the brain-

level alterations that underly FThD at the individual level hinders the development of FThD-

tailored prevention and intervention tools. 

Regarding brain anatomy, correlational evidence suggests structural gray matter volume 

(GMV) alterations within frontotemporal language networks associated with FThD in 

schizophrenia at the cross-sectional level (9,15). Furthermore, FThD sub-dimensions have 

been differentially related to lower volume in specific brain regions. An extensive review (16) 

reported that lower volume in six gray matter regions (superior temporal gyrus, orbitofrontal 

cortex, prefrontal lobe, amygdala-hippocampus, cerebellum vermis, nucleus accumbens) 

distinctly related to positive, negative, and global FThD dimensions. Additionally, lower white 

matter volume (WMV) within language-related tracts have been associated with global scores 

of FThD in schizophrenia (17), and fractional anisotropy disruptions in the right posterior 

cingulum bundle, inferior longitudinal fasciculus and anterior thalamic radiation were 

differentially associated with FThD subdomains, such as disorganization and incoherence (18). 

Despite such FThD-associated structural brain abnormalities reported in patients with chronic 

schizophrenia, the presence of similar changes underlying or predicting future FThD at first 



episode has rarely been studied. Vita et al. (1995) found that distractible speech and illogicality 

were inversely correlated with left prefrontal lobe volume, whereas incoherence and 

tangentiality were inversely correlated with left and right lobe volume in younger patients with 

schizophrenia (19). However, longitudinal approaches aiming to predict the course of FThD 

based on structural brain abnormalities have not been implemented so far, despite their 

potential for guiding preventive interventions.  

Similarly, functional abnormalities within the language and executive networks have been 

related to FThD symptoms in schizophrenia using task-based and resting-state fMRI measures 

(9,20–23), with specificity for different FThD subdomains (24–27). Recent studies have 

increasingly transitioned from a univariate region-of-interest-based approach to a multivariate 

framework for analyzing functional MRI, to model the whole-brain functional correlates of FThD 

dimensions. For instance, Chen et al. (2021) used a whole-brain resting-state functional 

connectivity approach combined with machine learning algorithms to identify robust clusters 

associated with FThD dimensions (24). Another promising resting-state fMRI measure is the 

fractional amplitude of low frequency fluctuations (fALFF), a frequency-domain metric 

capturing the intensity of spontaneous fluctuations during rest at the voxel-level (28). fALFF is 

thought to reflect local functional integrity and is closely related to higher-order functional 

connectivity metrics (29,30). fALFF is commonly measured within multiple frequency sub-

bands which seem to originate from distinct functional brain systems, encompassing both 

spatial and temporal dimensions of fMRI data (31–33). fALFF alterations have been 

consistently found in schizophrenia patients (33,34), and could therefore provide a promising 

measure for capturing complex patterns underlying FThD symptoms.  

In summary, literature suggests that structure-function interdependencies underly FThD 

symptoms and calls for a better understanding of the predictive value of such changes for the 

development and persistence of FThD. Therefore, understanding potential neurobiological 

predictors of FThD severity and persistence at the individual level represents an important, yet 

uncharted research area, which could lead to a better characterization of the pathways 

underlying symptom heterogeneity in early psychosis. Our current study aimed to address this 

gap by investigating (I) whether the two ROP FThD subgroups previously identified by our 

group can be cross-sectionally differentiated based on whole-brain voxel-level gray matter 

volume, white matter volume, multi-band functional resting-state fALFF, and combined brain 

patterns, and (II) whether the persistence of high-FThD severity after 1-year of follow-up can 

be predicted by the same baseline neuroimaging modalities.  

2. Methods



2.1. Study sample 

Participants with ROP were recruited within a multisite, longitudinal study (PRONIA – 

Prognostic Tools for Early Psychosis Management, https://www.pronia.eu/), which included 

ten sites across five European countries (study protocol presented in Text S1 and Figure S1). 

General PRONIA inclusion and exclusion criteria are presented in Table S1. ROP patients 

fulfilled the DSM-IV-TR criteria for a lifetime affective and non-affective psychotic episode, 

having the psychotic episode within the past 3 months, with the onset of the psychotic episode 

occurring within the past 24 months. Being treated with antipsychotic medication for longer 

than 90 days at or above the minimum dosage of the first-episode psychosis range of the 

German Association for Psychiatry and Psychotherapy (DGPPN) S3 guideline (35) was a 

specific exclusion criterion. For the current analyses, we excluded 46 out of the 279 available 

ROP patients included in our previous clustering study (13) due to missing or low-quality 

structural or functional MRI scans, leading to the inclusion of 233 ROP patients (47,6% female, 

average age = 24.6 (SD = 5.6)) in the current study (exclusion steps are presented in Figure 

S1A). Additionally, for the persistence analyses, we additionally excluded 80 participants due 

to missing clinical follow-up data required for FThD subgroup assignment, leaving 153 ROP 

patients in the persistence analyses (43% female, average age = 24 (SD = 5.5)) (Figure S1A). 

The distribution of the ROP patients across diagnosis categories based on the ICD-10 

classification of mental and behavioural disorders by World Health Organization (WHO) is 

provided in Figure S2. 

Adult participants gave written informed consent, while patients younger than 18 years-of-age 

and their guardians provided written informed assent and consent, respectively. The study was 

registered at the German Clinical Trials Register (DRKS00005042) and approved by the local 

research ethics committees of all sites. 

2.2. Formal thought disorder subgroup definition and assignment 

The ROP patients were assigned to either a high or a low FThD subgroup based on a clustering 

analysis of FThD symptoms described in our previous work (13). In summary, the authors used 

5 items from the Positive and Negative Symptom Scale (PANSS)(36) conceptual 

disorganization (P2); difficulty in abstract thinking (N5)) and the Scale for the Assessment of 

Negative Symptoms (SANS)(37); poverty of speech (9), poverty of content speech (10), 

increased latency of response (12)) in order to operationalize FThD as proposed elsewhere 

(3). Based on this, the authors used an R-based clustering validation package (38) to derive a 

two-cluster k-means-based solution corresponding to high and low FThD subgroups (13).  

In the current study, we used a subsample of the original ROP sample used by Oeztuerk et 

https://www.pronia.eu/
https://www.pronia.eu/


al., 2021 (13), according to MRI data availability (Text S1; Figure S1B). Cross-sectionally, we 

classified the high vs low FThD subgroups based on their structural and functional imaging 

data, directly using the subgroup assignment of the patients from our previous study (13). The 

same clustering model was used to assign individuals to the FThD subgroups at their 1-year 

follow-up study visit, using the squared Euclidean distance from each cluster center in the k-

means based clustering model. This allowed us to identify and classify individuals with 

persistent high FThD severity based on the original clustering solution of the previous study 

(13), without building any new clustering models. 

The two baseline FThD subgroups, as well as the persistent vs non-persistent high FThD 

symptom (at follow-up) groups were compared in terms of clinical and socio-demographic 

characteristics.  

2.3. MRI data acquisition and processing 

2.3.1. Structural MRI data 

The MRI data was minimally harmonized between the different PRONIA sites to preserve the 

heterogeneity of MRI data acquisition present in the clinical context (39)(Text S2). The 

acquisition parameters used at each PRONIA site are presented in Table S2. 

Images were pre-processed using a standardized pipeline implemented in the Statistical 

Parametric Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/spm)-based CAT12 toolbox 

(version r1155; http://dbm.neuro.uni-jena.de/cat12/). Briefly, the scans underwent 

segmentation (into white matter, gray matter, and cerebrospinal fluid) and registration to the 

Montreal Neurological Institute (MNI-152) space based on the DARTEL algorithm. More details 

on the CAT12 preprocessing procedures are provided in the Text S2 and in previous studies 

from our group (39,40). Following high-dimensional registration, the gray matter and white 

matter maps were modulated using the Jacobian determinants obtained during the registration 

to produce GMV and WMV maps, respectively. The volumetric images were resliced to a 

resolution of 3 mm3 and corrected for total intracranial volume using global scaling. Images 

with a quality score lower or equal to C (satisfactory) based on the CAT12 Quality Assurance 

framework were excluded from further analyses (detailed in Text S2). 

2.3.2. Resting-state fMRI data 

The rs-fMRI data was collected using Echo Planar Imaging (EPI) sequences, a repetition time 

of 3 seconds and a total of 200 volumes across all sites (acquisition parameters per site are 

detailed in Table S3). 

http://dbm.neuro.uni-jena.de/cat12/
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Data preprocessing was conducted using a pipeline previously developed in the PRONIA 

consortium (41), mainly based on SPM12 and the Resting State fMRI data analysis Toolkit 

(REST, version 1.848; http://www.restfmri.net/) (Text S2). In brief, the first 8 volumes were 

discarded, images were slice-time corrected and realigned to the first volume. The functional 

maps were co-registered to the T1 images, resliced and normalized to the common MNI space. 

Then, nuisance covariates were regressed out, including white matter, cerebrospinal fluid and 

Friston 24 motion parameters. Lastly, the images were smoothed, motion-corrected using 

time-series despiking and detrended (detailed in Text S2). Images with more than 38.5% of 

volumes with a mean framewise displacement over 0.50 mm were discarded (42). 

The fALFF was computed as the ratio of the integrated power spectrum of the frequency range 

of interest to that of the entire frequency range, after time series were transformed to the 

frequency domain using a fast Fourier transform. Based on previous literature showing 

different properties and generators of the activity in different low-frequency sub-bands (31,43), 

we chose three different sub-bands: slow-5 (0.01 – 0.027 Hz), slow-4 (0.027 – 0.073 Hz) and 

slow-3 (0.073 – 0.198 Hz). The fALFF maps were z-score standardized voxel-wise within the 

gray matter mask for each participant. 

2.4. Machine learning procedure 

All machine learning models were built using the MATLAB-based open-source toolbox 

NeuroMiner (version 1.1; http://www.pronia.eu/neurominer), within a nested repeated cross-

validation framework as detailed in Text S3. Based on the baseline structural and functional 

MRI data, supervised classifiers were trained to separate patients with high and low FThD 

cross-sectionally, as well as patients with persistent high-FThD (high-FThD group membership 

both at baseline and the 1-year follow-up) from those with any other FThD symptom courses. 

Both the structural and functional MRI data were preprocessed within an outer-leave-site-out/ 

inner-pooled nested cross-validation structure for the cross-sectional models, and a pooled 

nested cross-validation structure for the persistence models, given the insufficient number of 

persistent cases available across different sites. Preprocessing steps included scaling to a 

range of 0 to 1, regression of covariates such as age, sex and symptom severity (PANSS total 

score), modality-specific site correction (based on generalizability theory-based voxel-level 

reliability maps (44) (Figure S3) and site correction of the voxel-level data based on the site 

means as detailed in Text S3), dimensionality reduction using principal component analysis, 

and standardization of the obtained components. Following preprocessing, we trained binary 

L2-regularized support vector machine classifiers with a Maximum Relevance Minimum 

Redundancy filter for feature selection to discriminate between the high and low FThD groups 

at baseline and between persistent vs. non-persistent high-FThD based on: 1) each of the 

http://www.restfmri.net/
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three fALFF sub-bands separately (slow-5, slow-4, slow-3), 2) the GMV maps, and 3) the WMV 

maps. Lastly, we trained stacked multimodal SVM models on the classifier scores derived from 

the models trained on the individual data modalities that performed above chance level, to 

assess the combined discriminative performance of structural and functional brain images. The 

models’ significance was assessed using a label permutation approach and the obtained P-

values were corrected using the false discovery rate to account for the multiple classifiers 

trained. The predictive features were visualized using a combination of feature importance 

(sign-based consistency) and feature stability (cross-validation ratio) metrics, as detailed in 

Text S3. Additionally, the performance differences between single-modality classifiers and the 

stacked multimodal models were tested for statistical significance by means of Quade tests 

followed by post-hoc pairwise classifier comparisons (45).  

Post-hoc, we investigated the associations between the decision scores of significant 

classifiers using Pearson’s correlation coefficients. Moreover, we explored the potential 

influence of medication on the models by computing Pearson’s correlation coefficients 

between the significant classifiers’ decision scores and antipsychotic medication converted into 

chlorpromazine equivalents, as well as cumulative dosages of selective serotonin reuptake 

inhibitors (SSRI).  

Supplementary analyses were conducted to evaluate possible methodological moderators of 

classification performance: 1) all main models were similarly trained on the non-standardized 

fALFF data; 2) all main models were trained without correcting for total symptomatology 

(PANSS total score); 3) FThD persistence prediction models were trained within an outer 

leave-site-out cross-validation framework despite the small sample size to further evaluate the 

impact of site effects; 4) potential differential relationships between positive and negative FThD 

subscores and the models’ decision scores were evaluated using slope interaction analyses 

(Figure S4). 

3. Results 

3.1. Sociodemographic and clinical characteristics of the FThD subgroups 

Sociodemographic and clinical comparisons of the two baseline FThD-based ROP subgroups, 

as well as between the patients with persistent and non-persistent high FThD are presented in 

Table 1. Briefly, high FThD patients at baseline were younger than those with low FThD 

(t(df)=2.46(231), p=.02), were more likely to have a stable partnership (χ2(df)=8.49(6), p=.02), 

but were similar in terms of other sociodemographic characteristics (Table 1). High FThD 

patients had higher levels of positive PANSS score (t(df)=-4.76(230), p<.001), negative 

PANSS score (t(df)=-10.93(230), p<.001), and PANSS general symptoms score (t(df)=-



4.09(226), p<.001). Lastly, high FThD patients had higher scores on all SANS subscales 

(Blunting: t(df)=-8.82(231), p<.001; Alogia: t(df)=-18.52(231), p<.001; Apathy: t(df)=-4.67(231), 

p<.001; Anhedonia: t(df)=-4.34(222), p<.001; Attention: t(df)=-6.85 205), p<.001)(Table 1).  

Furthermore, patients with persistently high FThD were younger (t(df)=-2.05(151), p=.04), had 

fewer education years (t(df)=-3.87(151), p<.001), and were less likely to have worked in the 

past year (χ2(df)=-3.87(151), p=.003). Also, persistently high FThD patients had higher levels 

of general (t(df)=2.80(151), p=.006) and negative PANSS symptoms (t(df)=5.10(151), p<.001) 

and higher levels of affective blunting (t(df)=4.07(151), p<.001), alogia (t(df)=5.05(151), 

p<.001), apathy (t(df)=2.14(151), p=.03) and attention deficits (t(df)=4.45(134), p<.001) 

according to the SANS (Table 1). 

3.2. Cross-sectional analyses 

At baseline, high and low FThD subgroups could only be separated above chance level using 

the GMV data (Balanced Accuracy (BAC)=60.8%, Sensitivity=63.8%, Specificity=57.7%, 

pFDR=.002, Table 2). The GMV pattern predicted high FThD group membership based on 

higher GMV in cingulate cortex regions pertaining to the prefrontal control network and dorsal 

attentional network as well as lower GMV in the visual network (Figures 1 and 2). 

3.3. FThD persistence analyses 

All imaging data modalities performed significantly above chance level in separating patients 

with persistently high FThD from those with other FThD symptom courses (slow-5 fALFF: 

BAC=73.2%, Sensitivity=83.3%, Specificity=63.1%, pFDR<.001; slow-4 fALFF: BAC=72.3%, 

Sensitivity=83.3%, Specificity=62.4%, pFDR<.001; slow-3 fALFF: BAC=68.0%, 

Sensitivity=75.0%, Specificity=61.0%, pFDR<.001; GMV: BAC=62.7%, Sensitivity=75.0%, 

Specificity=50.4%, pFDR=.048; WMV: BAC=73.1%, Sensitivity=91.7%, Specificity=54.6%, 

pFDR<.001). Stacking all data modalities generated a performance of BAC=77.0% 

(Sensitivity=100%, Specificity=53.9%, pFDR=.048), which was significantly higher than that of 

the GMV-based model, but not that of the fALFF- or WMV-based models, as evidenced by a 

Quade test followed by post-hoc comparisons (Table S4). Moreover, supplementary leave-

site-out analyses showed that the slow-5-, slow-3- and WMV-based models remained 

statistically significant with a maximal multimodal BAC of the stacked model of 69% (Table 

S5).   

fALFF predictive patterns of high FThD persistence consisted of distributed deactivations and 

activations within large-scale brain networks, such as the default-mode network, dorsal 

attention network, and salience network, as well as the cerebellum, with specificity for 

frequency sub-bands (Figure 2, Figure 3A,B,C). Moreover, high FThD persistence was 



predicted by higher GMV within the dorsal attention and salience networks and lower GMV 

within regions of the ventral attention and visual networks (Figures 2 and 3D). Lastly, lower 

WMV within frontal tracts and higher WMV within subcortical tracts predicted the persistence 

of high FThD severity (Figure 3E). 

3.4. Post-hoc analyses 

Correlation analyses showed that the decision scores of the cross-sectional GMV-based model 

were positively correlated with those of the slow-4-based model predicting high FThD 

persistence (r(151)=.20, pFDR<.05), as well as with those of the GMV- (r(151)=.60, pFDR<.001) 

and WMV-based (r(151)=.30, pFDR<.001) FThD persistence prediction models (Table S6). 

Moreover, we found significant positive correlations between the decisions scores of the 

persistence models trained on the different modalities (Table S6).  

Furthermore, there were no significant correlations between antipsychotic medication and the 

decision scores of any of the significant cross-sectional models (GMV: r(231)=-0.09, p=.26) or 

any of the persistence classifiers (Slow-5: r(151)=-.001, p=.98; Slow-4: r(151)=-.19, p=.06; 

Slow-3: r(151)=-.11, p=.26; GMV: r(151)=-.01, p=.98; WMV: r(151)=-.15, p=.18). Similarly, no 

significant correlations were found between cumulative dosage of SSRI medication and the 

decision scores of the cross-sectional GMV model (r(231)=-0.12, p=.071). None of the patients 

included in the persistence analyses had been medicated with SSRIs.  

Using the non-standardized fALFF did not have an influence on which models performed 

above chance-level but led to performance decreases of the FThD persistence prediction 

models (Table S7). Furthermore, removing the PANSS total score correction from the pipeline 

additionally led to the slow-5 fALFF sub-band being cross-sectionally predictive of high vs low 

FThD at baseline, without influencing the other significant results of the PANSS-corrected 

models (Table S8). Lastly, the slope interaction analyses showed similar relationships between 

the decision scores of all significant models and the positive and negative FThD subdimension 

scores (Figure S4). 

4. Discussion 

The current study provides preliminary evidence that FThD severity in recent-onset psychosis 

(ROP) can be cross-sectionally delineated and longitudinally predicted by multivariate 

structural and functional brain patterns spanning large-scale brain networks. Specifically, we 

show that GMV differences cross-sectionally separate between high vs. low FThD ROP 

subgroups with a relatively low BAC of 60.8%. Furthermore, the baseline activity in all fALFF 

sub-bands, as well as GMV and WMV patterns predicted the persistence of high FThD severity 

over one year with BACs of up to 77%.  



The cross-sectional results describing the separability of FThD severity subgroups based on 

GMV data are in line with univariate correlational studies showing associations between FThD 

symptoms and GMV alterations in schizophrenia (9). The higher GMV within fronto-cingulate 

regions and lower GMV localized within occipital regions, predictive of high FThD in our study, 

are consistent with previously findings in patients with schizophrenia (46,47). However, in 

contrast to other studies  (9,15), we did not find lower GMV within the language networks to 

be particularly predictive of high-FThD in our sample. In addition to the multivariate 

methodology employed here, these inconsistencies could highlight the specificity of the 

predictive patterns reported here for delineating FThD heterogeneity in the early stages of 

psychosis, where the influence of general illness chronicity and medication effects are more 

limited. Our cross-sectional findings provide preliminary evidence for an FThD-discriminative 

pattern of limited clinical utility. Future studies showing cross-sectional classifications with 

higher specificity and sensitivity are needed to reach individual level clinical implications.   

In contrast to the limited cross-sectional findings, we found that all structural and functional 

neuroimaging modalities investigated were predictive of 1-year high-FThD persistence. 

Predictive volumetric brain patterns included lower/higher GMV that partially overlapped with 

those found to be predictive of high-FThD at the cross-sectional level, as well as lower WMV 

most pronounced within frontal tracts. Furthermore, distributed functional alterations within the 

fALFF sub-bands across large-scale brain networks were predictive of high-FThD persistence. 

These functional patterns overlapped with those identified in previous studies, highlighting 

alterations of language, executive and default-mode networks as a possible substrate for 

positive (i.e., conceptual disorganization) and negative FThD symptoms (i.e., alogia, difficulty 

in abstract thinking)(20,24,25,27). Together with the WMV findings, our results suggest that 

connectivity patterns within and between long-range brain networks may represent relevant 

early biomarkers of FThD symptom progression, in line with the disconnection hypothesis of 

schizophrenia (48). Future studies may benefit from exploring the prognostic value of 

additional measures such as dynamic functional connectivity and diffusion tensor imaging, 

which provide more fine-grained information on the function and structure of these neural 

systems. 

The current study addresses an important gap in the FThD stratification literature, providing a 

novel exploration of the predictive value of multi-modal neuroimaging data for disentangling 

the heterogeneity of FThD severity and persistence in ROP using machine learning methods 

operating in a multi-site context. Collectively, our findings support the utility of symptom-based 

hierarchical approaches in psychiatric nosology (2) for identifying specific brain systems 

associated with psychopathological dimensions such as FThD, with noteworthy implications 

for personalized diagnosis and intervention. Firstly, the predictive patterns reported provide 



exploratory pathophysiological evidence linking specific brain networks to FThD severity and 

persistence. Following validation in future clinical studies, such imaging-based biomarkers 

could translate into targets for novel treatments (e.g. brain stimulation-enhanced 

neurocognitive training), tailored to patients suffering from severe FThD. Secondly, we provide 

preliminary evidence for the prognostic utility of neuroimaging measures for the stratification 

of FThD persistence, which has been associated with poor clinical outcomes (7). Although the 

small sample size available for this analysis calls for future validation studies, our results 

encourage the future development of neuroimaging-based prognostic tools for the early 

recognition of patients at-risk for progressing to chronic FThD syndromes, as a first step 

towards the indicated prevention of such debilitating disease trajectories.   

In addition to the small sample size and lack of an external replication sample, which limit 

claims regarding the out-of-sample generalizability of present findings, several limitations of 

our study are noteworthy. Firstly, we did not use a construct-specific FThD scale, but instead 

used FThD subdomains corresponding to the Thought and Language Disorder (TALD)(3) 

scale (conceptual disorganization, poverty of content of speech, difficulty in abstract thinking, 

poverty of speech and increased latency of response), as measured by PANSS and SANS 

items. Although having an FThD-proxy within widely used clinical scales can facilitate clinical 

translation, further studies are needed to investigate FThD more broadly through validated 

scales (i.e. TALD or speech sample analyses(49)), to further evaluate the specificity of our 

findings for the FThD construct. Secondly, regarding FThD progression, we restricted our 

analyses to persistently high FThD symptom courses. The chronicity of FThD symptoms in 

comparison to single-time measurements has been associated with particularly poor clinical 

outcomes (7) and can be regarded as a more reliable prognostic marker of FThD severity for 

preventive clinical applications. This is further supported by our models, which performed with 

higher sensitivity in predicting high FThD persistence compared to single timepoint severity. 

Nonetheless, future studies may benefit from a manifold investigation of FThD longitudinal 

dynamics which may unravel symptom course patterns delineated by distinct structural and 

functional brain alterations.  

6. Conclusion 

Our findings align with modern symptom-based psychiatric frameworks by providing first 

evidence for multivariate structural and functional brain alterations within large-scale brain 

networks predictive of FThD severity and its persistence in recent-onset psychosis. These 

preliminary results open the avenue for the development of refined early spectrum-wise 

diagnostics with preventive and long-term clinical outcome-oriented therapeutics, guided by 

and involving integrated neuroimaging data domains within larger multi-site samples. 
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Table 1. Sociodemographic and clinical comparison of the high vs low FThD subgroups 

at baseline and of the persistence-based subgroups. 

 Baseline subgroup membership Baseline to follow-up high FThD 

persistence vs. other FThD courses 

  High FThD 

Subgroup 

Low FThD 

Subgroup 

t/χ2 value (df) P-

value 

Persistent High 

FThD 

Non-persistent 

High FThD 

t/χ2 value (df) P-value 

Socio-demographic characteristics 

Participants, N 58 175   12 141   

Participants per 

site, N (%) 

        

  Munich 17 (29.3) 66 (37.7) 1.34 (4) .25 4 (33.3) 47 (33.3) 0.00 (4) 1.0 

  Turku 7 (12.1) 31 (17.7) 1.02 (4) .31 2 (16.7) 23 (16.3) 0.00 (4) .98 

 Milan 10 (17.2) 14 (8.0) 4.03 (4) .05 4 (33.3) 13 (9.2) 6.51 (4) .01 

  Birmingh

am 

2 (3.4) 8 (4.6) 0.13 (4) .71 0 (0.0) 8 (5.7) 0.72 (4) .40 

  Basel 4 (6.9) 18 (10.3) 0.59 (4) .44 0 (0.0) 17 (12.1) 1.63 (4) .20 

  Udine 2 (3.4) 7 (4.0) 0.04 (4) .85 0 (0.0) 6 (4.3) 0.53 (4) .47 

  Cologne 13 (22.4) 25 (14.3) 2.11 (4) .15 0 (0.0) 23 (16.3) 2.30 (4) .13 

  Münster 3 (5.2) 6 (3.4) 0.36 (4) .55 2 (16.7) 4 (2.8) 5.61 (4) .02 

Age, yrs., mean 

(SD) 

23.9 (5.5) 26.0 (5.7) 2.46 (231) .02 22.3 (5.2) 25.8 (5.7) -2.05 (151) .04 

Male sex, N (%) 36 (62.1) 96 (54.9) 0.92 (4) .34 6 (50.0) 81 (57.4) 0.25 (4) .61 

Education yrs., 

mean (SD) 

12.9 (3.1) 14.9 (9.0) 1.65 (231,0) .10 10.6 (2.3) 14.2 (3.2) -3.87 (151) <.001 

Steady 

partnership/ 

married, N (%) 

53 (91.4) 129 (73.7) 8.49 (6) .01 11 (91.7) 109 (77.3) 1.39 (6) .49 

Work in the last 

year, N (%) 

17 (31.5) 70 (41.4) 3.37 (6) .19 3 (25.0) 58 (41.7) 11.51 (6) .003 

First-degree 

relatives with 

psychosis, N (%) 

1.3 (1.8) 1.1 (1.6) -1.08 (231) .28 2 (16.7) 15 (10.6) 1.0 (16) .99 

Birth 

Complications, N 

(%) 

12 (20.7) 29 (16.7) 0.48 (4) .49 2 (16.7) 21 (15.0) 0.0 (4) .88 

Psychopharma-

cological 

medication, N (%) 

53 (91.4) 148 (85.1) 1.50 (4) .22 11 (91.7) 120 (85.7) 0.33 (4) .56 

Chlorpromazine-

equivalent 

antipsychotic 

dosages (mg), 

mean(SD) 

650.8 (4082.5) 1225.5 (3932.4) -0.94 (231,0) .35 264.1 (207.6) 807.4 (4586.1) -0.41 (151) .68 

Clinical characteristics 

Beck Depression 

Inventory, mean 

(SD) 

18.9 (10.8) 20.4 (12.2) 0.75 (199) .46 16.2 (13.4) 19.7 (11.5) -0.92 (135) .36 

PANSS General, 

mean (SD) 

42.4 (10.4) 32.2 (9.0) -7.21 (230) <.001 42.6 (8.1) 34.0 (10.3) 2.80 (151) .006 

PANSS Negative, 

mean (SD) 

23.5 (8.0) 13.3 (5.5) -10.93 (230) <.001 24.4 (4.9) 14.4 (6.6) 5.10 (151) <.001 

PANSS Positive, 

mean (SD) 

21.7 (6.1) 17.4 (5.8) -4.76 (230) <.001 19.6 (5.2) 18.6 (6.5) 0.49  (151) .62 

SANS Blunting, 

mean (SD) 

17.4 (9.7) 6.3 (7.8) -8.82 (231) <.001 19.0 (7.5) 7.8 (9.3) 4.07(151) <.001 

SANS Alogia, 

mean (SD) 

12.4 (5.7) 1.9 (2.8) -18.52 (231) <.001 10.8 (5.6) 3.4 (4.8) 5.05  (151) <.001 

SANS Apathy, 

mean (SD) 

9.6 (4.8) 6.2 (4.8) -4.67 (231) <.001 9.4 (5.1) 6.2 (5.0) 2.14 (151) .03 



SANS Anhedonia, 

mean (SD) 

13.6 (7.5) 8.6 (7.3) -4.34 (222) <.001 11.2 (6.9) 8.8 (7.6) 1.03 (143) .31 

SANS Attention, 

mean (SD) 

6.5 (4.1) 2.5 (3.3) -6.85 (205) <.001 7.5 (2.8) 2.6 (3.5) 4.45 (134) <.001 

Note. BDI – Beck Depression Inventory (50); PANSS – Positive and Negative Schizophrenia 

Symptoms; SANS – Scale for the Assessment of Negative Symptoms. 

*Statistically significant P-values (at an α = .05) are presented in bold. 

 

 

  



Table 2. Performance metrics for all cross-sectional and persistence models predicting high 

vs low FThD subgroup membership at baseline and differentiating between persistent vs 

non-persistent high FThD from baseline to follow-up based on multiband fALFF data, gray 

matter and white matter volume.  

 

Cross-sectional high vs. low FThD subgroup classification 

 Leave-site-out nested cross-validation 

 Sensitivity, % Specificity, % BAC, % AUC PPV, %  NPV, % PSI PFDR value 

Rs-fMRI slow-5 63.8 48.6 56.2 0.63 29.1 80.2 9.3 .053 

Rs-fMRI slow-4 53.4 55.4 54.4 0.57 28.4 78.2 6.7 .056 

Rs-fMRI slow-3 67.2 45.7 56.5 0.63 29.1 80.8 9.9 .053 

GMV 63.8 57.7 60.8 0.66 33.3 82.8 16.1 .01 

WMV 56.9 51.4 54.2 0.63 28.0 78.3 6.2 .19 

Prediction of high FThD persistence (from baseline to 1-year follow-up) 

 Pooled nested cross-validation 

 Sensitivity, % Specificity, % BAC, % AUC PPV, %  NPV, % PSI PFDR value 

Rs-fMRI slow-5 83.3 63.1 73.2 0.78 16.1 97.8 13.9 <.001 

Rs-fMRI slow-4 83.3 62.4 72.9 0.83 15.9 97.8 13.7 <.001 

Rs-fMRI slow-3 75.0 61.0 68.0 0.76 14.1 96.6 10.7 <.001 

GMV 75.0 50.4 62.7 0.76 11.4 95.9 7.3 .048 

WMV 91.7 54.6 73.1 0.75 14.7 98.7 13.4 <.001 

Stacked model – all 
modalities 

100.0 53.9 77.0 0.87 15.6 100.0 15.6 .048 

 
Note. P-values were adjusted using the false-discovery rate (FDR) correction for multiple comparisons 

and the values exceeding the threshold for statistical significance based on the permutation testing 

procedure employed (α = .05) are presented in bold. 

AUC – area under the curve, BAC – Balanced Accuracy, PPV – positive predictive value, NPV – negative 

predictive value, PSI – prognostic summary index  

 

 

 



 

Figure 1. Reliable features for predicting membership to the high vs low formal thought 

disorder clusters at baseline based on GMV data aquired at the same study visit. The patterns 

of the other data modalities explored (fALFF sub-bands and WMV) are not presented here, as 

the models performed at chance level. The reliability of the features is displayed using a grand 

mean cross-validation ratio, thresholded based on FDR-corrected sign-based consistency 

maps at α=.05 (detailed in the Supplement). Warm colors represent voxels with higher gray-

matter volume for individuals in the high formal thought disorder subgroup, while cold colors 

indicate lower volume for this subgroup. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2. Percentage of the YEO 7 resting-state networks’ parcellations (51) occupied 

by the predictive patterns of the significant cross-sectional and longitudinal fALFF- and 

GMV-based models. Voxels were considered to be predictive based on the derived sign-

based consistency metric of feature importance (detailed in the Supplementary methods) 

thresholded at 1.3, corresponding to α = .05. Only YEO resting-state network parcellations with 

at least 1% occupation by any of the models’ predictive patterns were included in the figure.  



 

Figure 3. Reliable features for predicting the persistence of high FThD symptomatology from 

baseline to follow-up relative to other symptom courses based on A. slow-5 fALFF data, B. 

slow-4 fALFF data, C. slow-3 fALFF data, D. gray matter volume data, and E. white matter 

volume data. The reliability of the features is displayed using a grand mean cross-validation 

ratio, thresholded based on FDR-corrected sign-based consistency maps at α=.05 (detailed 

in Text S3). Warm colors represent voxels with higher activity/volume for individuals with 

persistently high FThD from baseline to follow-up, while cold colors indicate lower 

activity/volume for this subgroup. 
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Abbreviations 

Abbreviation Description 

CV Cross-validation 

fALFF Fractional amplitude of low frequency fluctuations 

FThD Formal thought disorder 

G-theory Generalizability theory 

GMV Gray matter volume 

PANSS Positive and Negative Symptom Scale  (1) 

PRONIA Prognostic Tools for Early Psychosis Management Study 

ROP Recent-onset psychosis 

SANS Scale for the Assessment of Negative Symptoms (2) 

SVM Support vector machine 

WMV White matter volume 



Supplementary Texts 

Text S1. PRONIA consortium sample and study protocol 

The follow-up scheme and data modalities collected at each timepoint of the longitudinal 

multisite, multi-modal PRONIA consortium study (Prognostic Tools for Early Psychosis 

Management, https://www.pronia.eu/) have been presented in previous studies of our group 

(3,4) and are graphically depicted in Figure S1A. 

Regarding the PRONIA sample, a number of 5547 individuals covering a catchment 

population of over 5 million Europeans were screened for study eligibility between 2/15/2014 

and 5/1/2017 initially across 7 European sites from Germany (München), Italy (Udine), Finland 

(Turku), Switzerland (Basel), and the United Kingdom (Birmingham). The total PRONIA study 

sample was split into a discovery/model training sample of individuals which have been 

followed up for at least 18 months and a replication/model validation sample which also 

included people coming from 3 subsequently added PRONIA sites (Münster, Bari, Düsseldorf). 

For the current analysis we only included participants coming from one of the newly added 

PRONIA replication sites (Münster, Germany), due to the high amount of missing social 

functioning follow-up data for the other two sites. Additionally, we combined the original 

discovery and replication PRONIA samples in order to maximize our sample size, given the 

reduced number of subjects with high FThD severity and persistence. 

Regarding exclusion criteria, from the 409 ROP patients initially included based on general 

PRONIA study inclusion criteria (Table S1), 279 ROP patients had the clinical and 

demographic data required complete and were included in our previous clustering paper (5). 

Additionally, for the current analyses we additionally excluded 8 participants coming from the 

Bari and Düsseldorf sites due to insufficient healthy controls for site calibration coming from 

these sites, 14 participants due to missing structural or functional MRI scans, and 24 

participants due to insufficient rs-fMRI data quality (Text S2). Additionally, a sample of 96 

healthy controls matched for age, sex and education years were used for computing the 

means for the calibration of site effects in the rs-fMRI data (Text S2) and a larger sample of 

465 available healthy controls was used for computing beta coefficients for correcting the 

effects of age, sex and mean framewise displacement the patient data, while preserving 

potential clinically relevant interactions between these variables and our outcome measure. 

Text S2. MRI data acquisition and processing 

Neuroimaging data acquisition within the PRONIA study followed a minimal harmonization 

procedure in order to retain the heterogeneity inherent in clinical settings. T1-weighted 

structural sequence parameters that were required for all sites included the acquisition of data 

https://www.pronia.eu/


at a resolution of 1 mm3, a field of view offering a full 3D coverage of the brain and maximizing 

the contrast between the cortical ribbon and the white matter, as well as enhancing the signal-

to-noise ratio by means of the relaxation time, echo time and other relevant parameters. 

Aquisition parameters used at each of the PRONIA sites are presented in Table S2 for the 

structural MRI data and Table S3 for the resting-state functional MRI data. 

After visual inspection and automatic defacing and anonymization using the Freesurfer 

toolbox, the T1-weighted structural MRI images were pre-processed using the default pipeline 

implemented in the SPM12-based open-source CAT12 toolbox (version r1207; 

http://dbm.neuro.unijena.de/cat12/). All the preprocessing steps included in the pipeline are 

explained in detail in the CAT12 manual (http://www.neuro.unijena.de/cat12/CAT12-

Manual.pdf). In brief, these included: 1) Spatially Adaptive Non-Local Means (SANLM) filtering 

(6) as a first denoising step, 2) data segmentation using the Adaptive Maximum A Posteriori

(AMAP) segmentation procedure, which models local variations of intensity distributions as 

slowly varying spatial functions and leads to a homogeneous segmentation across cortical 

and subcortical regions, 3) application of a Markov Random Field technique incorporating prior 

spatial information of adjacent voxels into the segmentation estimation produced by AMAP as 

a second denoising step, 4) Local Adaptive Segmentation (LAS) in order to adjust the scans 

for white matter (WM) inhomogeneities and varying gray matter (GM) intensities due to 

differing iron content in cortical and subcortical areas, 5) the tissue segments produced by 

AMAP were additionally processed using a partial volume segmentation algorithm modeling 

tissues with intensities between GM and WM, as well as between GM and cerebrospinal fluid 

(CSF), and 6) scans were registered to the Montreal Neurological Institute (MNI) template 

based on 555 healthy controls from the IXI database (http://www.braindevelopment.org) using 

a high-dimensional DARTEL.  

Registered GM and WM segments were then modulated by multiplying them with the 

Jacobian determinants obtained during registration to produce GM volume (GMV) and, 

respectively, WM volume (WMV) maps. Then, the GMV and WMV maps were smoothed with 

an 8 mm full-width-at-half maximum (FWHM) Gaussian kernel. Lastly, images with a weighted 

quality score equal to C (satisfactory) or lower as determined by the CAT12 Quality Assurance 

framework were eliminated. The weighted overall image quality (IQR) combines 

measurements of noise contrast ratio and spatial resolution of the images before pre-

processing and is automatically computed by the CAT12 pipeline using the tissue 

segmentation, as explained in more detail in the CAT12 manual 

(http://www.neuro.unijena.de/cat12/CAT12-Manual.pdf). 

http://www.braindevelopment.org/


The resting-state fMRI data was preprocessed according to a pipeline previously developed 

within the PRONIA consortium and also detailed in previous studies from the consortium (7). 

The pipeline was mainly based on the Statistical Parametric Mapping software (SPM, version 

12-6685; http://www.fil.ion.ucl.ac.uk/spm) and the REsting State fMRI data analysis Toolkit

(REST, version 1.8; (8); http://www.restfmri.net/). First preprocessing steps included 

discarding the first 8 volumes, slice-time correction of the remaining 192 volumes and 

realignment of the functional images to the first volume. Then, the translations in each direction 

and the rotations in angular motion about each axis was computed for each scan in order to 

get the time course of head motion. The framewise displacement parameters (FD) were 

calculated for each subject by setting the FD for the first volume of a run to zero and 

participants with more than 38.5% of volumes with a mean FD of more than 0.50 mm were 

excluded from further analyses based on previous guidelines (9). Subsequently, the images 

were co-registered to the T1 scans in individual native space, resliced using 4th-degree B-

Spline interpolation and normalized to the MNI space using the deformation fields generated 

by CAT12 for the T1-weighted scans. Gray matter (>0.2), white matter (>0.2) and 

cerebrospinal fluid (>0.05) masks were then created and Friston 24 motion parameters (six 

motion parameters, six temporal derivatives, six quadratic terms and six quadratic expressions 

of the derivatives of motion estimates) (10) were computed. Then, individual signal estimates 

with WM and CSF regressed were created and the images were gray-matter masked and 

smoothed using a 6-mm full width at half-maximum Gaussian kernel. Motion correction was 

additionally conducted based on a time-series despiking procedure (Wavelet Despiking; 

BrainWavelet Toolbox, http://www.brainwavelet.org/) and the nuisance variables previously 

computed were regressed out (Friston 24 motion parameters, WM and CSF residuals). Linear 

trend removal was then performed as a last preprocessing step.  

Subsequently, the fractional amplitude of low frequency fluctuations (fALFF) was calculated 

by means of the algorithm implemented in the REST toolbox, such that a fast Fourier 

transformation (FFT) was applied on the time series and the fALFF was measured as the ratio 

of the integrated power spectrum of the interest low‐frequency range to that of the entire 

frequency range. Based on previous literature highlighting distinct fALFF sub-bands (11,12), 

we used three different frequencies of interest: 1) slow-5: 0.01 – 0.027 Hz, 2) slow-4: 0.027 – 

0.078 Hz, and 3) slow-3: 0.078 – 0.198 Hz. Finally, the fALFF maps were Z-standardized at 

voxel level (13).  

Text S3. Machine learning pipeline 

Machine learning models were build using a MATLAB-based open-source toolbox developed 

by our group (NeuroMiner, version 1.1; http://www.pronia.eu/neurominer). For the cross-

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.restfmri.net/
http://www.restfmri.net/
http://www.brainwavelet.org/
http://www.pronia.eu/neurominer
http://www.pronia.eu/neurominer


 

 

sectional models, we used a nested cross-validated approach with a leave-site-out approach 

on the outer cycle (8 folds corresponding to the different sites and 10 permutations) in order 

to improve generalizability across different sites and a pooled approach on the inner cycle (5 

folds, 10 permutations) for hyperparameter optimization. Given the reduced sample size and 

unavailability of persistent cases at multiple sites, we employed a pooled nested cross-

validation structure (5 folds, 10 permutations both on the inner and outer cycle) for the FThD 

persistence prediction models.  

Neuroimaging data preprocessing was embedded within the CV structure and included 

regressing out the effects of nuisance covariates (age, sex, and general illness effects as 

measured by the total PANSS score for both structural and functional MRI, and additionally 

mean framewise displacement for the functional data), correction of site effects, PCA-based 

dimensionality reduction by retaining 40%-60%-80% of the total signal energy (optimized 

within the CV structure), median-based standardization of the obtained components and 

winsorization of outliers (± 4 standard deviations). The correction of age and sex has been 

conducted using beta coefficients computed within a larger sample of healthy controls (N = 

465), in order to preserve potentially relevant clinical variance associated with these variables 

within the ROP sample and only eliminate purely nuisance effects. Furthermore, the GM and 

WM volume data were divided by the total intracranial volume and subsequently scaled 

(shifting the range to [0,1] without modifying the shape of the distribution at voxel-level) prior 

to the other preprocessing steps.The site correction methods employed differed for the 

structural and functional data, based on previous analyses of the efficiency of different 

correction methods within the PRONIA consortium. Specifically, as the fALFF data was found 

to be particularly prone to site effects, we first used a global mean adjustment technique, by 

subtracting the voxel-wise mean value of each site from the overall mean and then subtracting 

this mean difference from each voxel of participants coming from the other sites. The 

correction of global site effects for the fALFF data was computed based on a sample of healthy 

controls matched for age, sex and education year across sites (N = 96). Following this, we 

used a reliability map derived based on Generalizability theory (G-theory (14)) from the data 

of 6 traveler subjects available in the PRONIA sample (healthy controls scanned at 6 from the 

7 initial PRONIA sites) in order to disentangle and quantify the variance associated with site 

effects. The reliability maps generated for each data modality are presented in Figure S3 of 

this supplement. Based on this reliability map, only the most reliable 25% - 50% - 75% voxels 

(optimized within the CV structure) across sites were retained for model training. For the GMV 

and WMV data, we only employed the G-theory-based reliability map correction, shown to be 

adequate for accounting for site effects for structural MRI data (3,4).  



Following preprocessing, separate L2-regularized support vector machine classifiers were 

trained to discriminate high from low FThD individuals at baseline, as well as individuals with 

persistently high FThD from baseline to the 1-year follow-up from those with different FThD 

symptom courses, based on each of the three fALFF sub-bands of interest (slow-5, slow-4, 

slow-3) and based on the GMV and WMV data. The L2-regularized SVM algorithm used was 

based on the LIBLINEAR library (https://www.csie.ntu.edu.tw/~cjlin/liblinear/) with a tolerance 

of 0.01 and we optimized the C parameter in the [0.015625, 0.0625, 0.25, 1, 4, 16] range, 

using hyperplane weighting in order to account for unbalanced classes. Moreover, a Maximum 

Relevance Minimum Redundancy filter based on the algorithm scores (15) was embedded 

within model training as a feature selection method.  

A permutation-based approach was employed in order to determine the statistical significance 

of the models such that the class labels were permuted 1000 times and the balanced accuracy 

for each of these models was calculated. Then, the number of times that the balanced 

accuracy of these permuted models was equal or higher to the observed accuracy of our 

models was devided by the total number of permutations and this value was considered as 

the probability of the model’s performance being a chance level occurence within a normal 

distribution. The obtained P-values for each unimodal model were further FDR-corrected 

within each of the classification problems in order to account for multiple comparisons. 

Following this, models that performed statistically above chance level were further evaluated 

in terms of their predictive features by means of a combined metric of feature stability and 

feature importance. Specifically, the cross-validation ratio is considered to be an index of 

feature stability or consistency across cross-validation folds and is computed as the sum of 

the selected CV1 median weights across all the CV2 folds divided by the standard error of the 

selected CV1 weights for each voxel, as detailed elsewhere (4). We thresholded the cross-

validation ratio maps based on feature importance as measured using a sign-based 

consistency metric, in order to only retain voxels significantly contributing to the predictive 

model (at α = .05). The sign-based consistency measure assigns feature importance based 

on the times that a specific feature has the same sign (positive/negative) across the ensemble, 

adapted from the method of Gómez-Verdejo et al. (2019) (16) and detailed in Koutsouleris et 

al., 2021 (4). Briefly, this procedure produces a consistency between 0 (equally positive and 

negative weights across the ensemble) and 1 (perfect sign consistency), based on which z-

scores and associated normal cumulative distribution-based standard P values for each 

feature are derived. Subsequently, these P-values were corrected using the false discovery 

rate and the -log10 PFDR-values were multiplied by the sign of the mean weight for that feature 



across the ensemble, in order to also capture the direction of the predictive feature effect 

across the cross-validation structure for visualization and interpretability purposes. 

Lastly, the decision scores coming from the single-modality classifiers that performed 

significantly above chance level were stacked in order to evaluate their complementary value 

for each classification problem (cross-sectional and persistence analyses). For the stacked 

model, the unimodal decision scores were median-standardized and outliers (± 4 standard 

deviations) were winsorized within the same CV structure as the unimodal classifiers. 

Following this, L2-regularized SVM classifiers were trained on the unimodal decision scores 

with the same parameters as for the single-modality ones and model significance was tested 

based on the same permutation approach. Moreover, we ran a global Quade test (17) followed 

by post-hoc pairwise t-test comparisons in order to identify whether the performance of the 

stacked model combining all predictive modalities was significantly different from the 

performances of the single-model classifiers that performed above chance level. 



Supplementary Tables 

Table S1. General and study group specific inclusion and exclusion criteria used in the 

Personalized Prognostic Tools for Early Psychosis Management (PRONIA) study, 

based on Koutsouleris et al., 2021 (4) and Dwyer et al., 2022 (18). 

Study group Inclusion Criteria Exclusion Criteria 

General 1. Age between 15 and 40 years

2. Sufficient language abilities for

participation

3. Ability to provide consent / assent

1. IQ below 70

2. Hearing is not sufficient for neuro-cognitive

testing 

3. Current or past head trauma with loss of

consciousness (> 5 min) 

4. Current or past known neurological disorder

of the brain 

5. Current or past known somatic disorder

potentially affecting the structure or functioning 

of the brain 

6. Current or past alcohol dependence

7. Current poly-substance dependence or

within the past six months 

8. Any contra-indication for MRI

Recent-onset 

psychosis 

1. The presence of a psychotic episode

as determined by the DSM-IV-TR

affective or non-affective psychotic

episode category

2. The psychotic episode was present

in the past 3 months. 

3. The onset of psychosis has been

within the past 24 months.

Intake of antipsychotic medication for longer 

than 90 cumulative days with a daily dose 

rate at or above the minimum dosage 

threshold defined by the DGPPN S3 

Guidelines for the treatment of first-episode 

psychosis (19) 

Healthy 

Controls 

1. Any current or past DSM-IV axis disorder

2. A positive familial history (1st degree

relatives) of affective or non-affective 

psychoses or major affective disorders; 

3. Intake of psychotropic medication or drugs

more than 5 times/year or in the month before 

study inclusion. 



Table S2. Neuroimaging acquisition parameters for the structural MRI data across the 

different PRONIA sites. Adapted with minimal modifications from Koutsouleris et al. 

(2018) (3). 

Site Scanner 

Model 

Field 

Strength 

Flip 

Angle 

Coil 

Channels 

Voxel 

Size (mm) 

TR 

(ms) 

TE 

(ms) 

FOV 

(mm) 

Number of 

slices 

Munich Philips 

Ingenia 

3T 8 32 0.97 x 0.97 x 1 9.5 5.5 250 x 

250 

190 

Milan Philips 

Achieva 

Intera 

1.5T 12 8 0.93 x 0.93 x 1 Short - est 

(8.1) 

Short - est 

(3.7) 

240 x 

240 

170 

Cologne Philips 

Achieva 

3T 8 8 0.97 x 0.97 x 1 9.5 5.5 250 x 

250 

190 

Basel SIEMENS 

Verio 

3T 8 12 1 x 1 x 1 2000 3.4 256 x 

256 

176 

Birmingham Philips 

Achieva 

3T 8 32 1 x 1 x 1 8.4 3.8 288 x 

287 

175 

Turku Philips 

Ingenuity 

3T 7 32 1 x 1 x 1 8.1 3.7 256 x 

256 

176 

Udine Philips 

Achieva 

3T 12 8 0.93 x 0.93 x 1 Short - est 

(8.1) 

Short - est 

(3.7) 

240 x 

240 

170 

Münster SIEMENS 

Prisma fit 

3T 8 12 1 x 1 x 1 2130 2.3 256 x 

256 

192 

Note. TR – repetition time; TE – echo time; FOV – field of view. 

Table S3. Neuroimaging acquisition parameters for the resting-state functional MRI 

data across the different PRONIA sites. 

Site Scanner 

Model 

Field 

Strength 

Flip 

Angle 

Coil 

Channels 

Voxel 

Size (mm) 

TR 

(ms) 

TE 

(ms) 

FOV 

(mm) 

Number 

of slices 

Number 

of 

volumes 

Slice 

order 

Munich Philips 

Ingenia 

3T 90 32 2.88 x 2.88 x 3 3000 30 230 x 230 53 200 Ascending 

Milan Philips 

Achieva 

Intera 

1.5T 90 8 3 x 3 x 3 3000 32 240 x 240 45 200 Interleaved 

Cologe Philips 

Achieva 

3T 90 8 2.88 x 2.88 x 3 3000 30 230 x 230 53 200 Ascending 

Basel SIEMENS 

Verio 

3T 82 12 2.98 x 2.98 x 3 3000 28 256 x 256 34 200 Interleaved 

Birmingham Philips 

Achieva 

3T 85 32 3 x 3 x 3 3000 34.5 240 x 240 52 200 Interleaved 

Turku Philips 

Ingenuity 

3T 90 32 3 x 3 x 3 3000 30 240 x 240 53 200 Interleaved 

Udine Philips 

Achieva 

3T 90 8 3 x 3 x 3 3000 32 240 x 240 45 200 Interleaved 

Münster SIEMENS 

Prisma fit 

3T 90 12 3 x 3 x 3 3000 26 256 x 256 51 200 Interleaved 

Note. TR – repetition time; TE – echo time; FOV – field of view. 



Table S4. Comparison between the performance of the persistence prediction models 

trained on individual data modalities and that of the stacked model combining all data 

modalities.  

We first ran a global Quade test (17) in order to test whether there were any significant 

differences between any of the models’ performances within the respective research question. 

Provided the Quade test was significant, post-hoc pairwise t-test comparisons were run in 

order to identify which unimodal model performances significantly differed from the stacked 

model combining all modalities. The performance metrics for all the unimodal models are 

presented in Table 2 in the main document. 

Models compared Global Quade Test Post-hoc tests 

W(df) pFDR t(df) pFDR 

Persistence models 

3.57 (5, 245) .003 

Stacked model – Slow-5 1.03(98) .21 

Stacked model – Slow-4 0.21(98) .43 

Stacked model – Slow-3 1.87(98) .08 

Stacked model – GMV 3.44(98) .03 

Stacked model – WMV 1.21(98) .17 

Note. P values are adjusted using the false-discovery rate correction for multiple comparisons 

and statistically significant values (at α = .05) are presented in bold. 

Table S5. Performance metrics of models trained using an outer leave-site-out cross-

validation framework for the high FThD persistence models. All models were built using 

the same preprocessing and training parameters as those described for the main 

analyses in section 2.4. of the main manuscript and Text S3 of this supplement. 

Prediction of high FThD persistence (from baseline to 1-year follow-up) 

Leave-site-out nested cross-validation 

Sensitivity, % Specificity, 

% 

BAC, % AUC PPV, % NPV, 

% 

PSI PFDR

value 

Rs-fMRI slow-5 66.7 59.6 63.1 .58 12.3 95.5 7.8 .03 

Rs-fMRI slow-4 50.0 63.8 56.9 .62 10.5 93.8 4.3 >.05 

Rs-fMRI slow-3 66.7 58.2 62.4 .65 11.9 95.3 7.3 .05 

GMV 50.0 56.0 53.0 .64 8.8 92.9 1.8 >.05 

WMV 83.3 48.9 66.1 .67 12.2 97.2 9.4 .003 

Stacked model 83.3 54.6 69.0 .76 13.5 97.5 11.0 .003 



Table S6. Associations between the decision scores of the unimodal cross-sectional 

and persistence classifiers. Pearson’s correlation coefficients were calculated between 

all the significant cross-sectional and persistence models trained on the individual data 

modalities.  

Model 1. 2. 3. 4. 5. 

1. GMV – cross-sectional

2. Slow-5 fALFF – persistence -.10 
[-.26, .06] 

3. Slow-4 fALFF – persistence .21 
[.05, .35] 

.42 
[.28, .55] 

4. Slow-3 fALFF – persistence .15 
[-.01, .30] 

.62 
[.52, .71] 

.76 
[.68, .82] 

5. GMV – persistence .60 
[.50, .70] 

.11 
[-.05, .26] 

.31 
[.16, .44] 

.28 
[.13, .42] 

6. WMV – persistence .30 
[.15, .44] 

.20 
[.05, .40] 

.31 
[.16, .45] 

.31 
[.16, .45] 

.50 
[.36, .60] 

Note. The values in square brackets represent the 95% confidence interval for the Pearson’s 

r coefficients. P values were adjusted using the false-discovery rate correction for multiple 

comparisons and statistically significant values (at α = .05) are presented in bold. 

Table S7. Performance metrics of models trained using non-standardized fALFF data 

instead of the z-scored images. All models were built using the same preprocessing 

and training parameters, as well as the same cross-validation structures as those 

described for the main analyses in section 2.4. of the main manuscript and Text S3 of 

this supplement. 

Cross-sectional high vs. low FThD subgroup classification 

Leave-site-out nested cross-validation 

Sensitivity, % Specificity, % BAC, % AUC PPV, % NPV, % PSI pFDR value 

Rs-fMRI slow-5 56.9 48.9 52.9 .55 27.0 77.3 4.3 >.05 

Rs-fMRI slow-4 59.6 47.1 53.4 .57 27.0 78.1 5.1 >.05 

Rs-fMRI slow-3 56.1 52.6 54.4 .58 27.8 78.6 6.5 >.05 

Prediction of high FThD persistence (from baseline to 1-year follow-up) 

Pooled nested cross-validation 

Sensitivity, % Specificity, % BAC, % AUC PPV, % NPV, % PSI pFDR value 

Rs-fMRI slow-5 75.0 58.2 66.6 .76 13.2 96.5 9.7 <.001 

Rs-fMRI slow-4 75.0 56.0 65.5 .74 12.7 96.3 9.0 <.001 

Rs-fMRI slow-3 66.7 58.2 62.4 .74 11.9 95.3 7.3 .002 



Table S8. Performance metrics of models trained without correcting for general illness 

effects as measured using the PANSS total score. Apart from removing the regression 

of the total PANSS score from the data preprocessing steps, all models were built using 

the same preprocessing and training parameters, as well as the same cross-validation 

structures as those described for the main analyses in section 2.4. of the main 

manuscript and Text S3 of this supplement. 

Cross-sectional high vs. low FThD subgroup classification 

Leave-site-out nested cross-validation 

Sensitivity, % Specificity, % BAC, % AUC PPV, % NPV, % PSI pFDR value 

Rs-fMRI slow-5 69.0 49.7 59.3 .63 31.2 82.9 14.1 .004 

Rs-fMRI slow-4 50.0 55.4 52.7 .57 27.1 77.0 4.1 >.05 

Rs-fMRI slow-3 55.2 56.0 55.6 .61 29.4 79.0 8.4 >.05 

GMV 58.6 57.1 57.9 .61 31.2 80.6 11.8 .041 

WMV 60.3 50.9 55.6 .58 28.9 79.5 8.4 >.05 

Prediction of high FThD persistence (from baseline to 1-year follow-up) 

Pooled nested cross-validation 

Sensitivity, % Specificity, % BAC, % AUC PPV, % NPV, % PSI pFDR value 

Rs-fMRI slow-5 83.3 62.4 72.9 .78 15.9 97.8 13.7 <.001 

Rs-fMRI slow-4 83.3 62.4 72.9 .82 15.9 97.8 13.7 <.001 

Rs-fMRI slow-3 75.0 58.2 66.6 .72 13.2 96.5 9.7 <.001 

GMV 75.0 51.1 63.0 .71 11.5 96.0 7.5 .002 

WMV 83.3 52.5 67.9 .72 13.0 97.4 10.4 <.001 



Supplementary Figures 

Figure S1. PRONIA study follow-up protocol and sampling procedure for the current 

study.  

A. The PRONIA study employed a multi-modal longitudinal design, following healthy individuals and

patients over the course of 18 months. The colored squares represent the clinical study group assessed 

at each specific timepoint as follows: green – healthy controls, yellow – patients with recent-onset 

depression, orange – persons with a clinical high-risk for psychosis, red – patients with recent-onset 

psychosis. B. Participants from 8 European sites were included in the current analyses. Apart from the 

general inclusion criteria of the PRONIA study (Table S1), we further excluded participants due to 

missing baseline or follow-up PANSS or SANSS data, missing or insufficient quality of the structural or 

functional MRI scans data (detailed in the Supplementary methods). 



Figure S2. Distribution of ROP patients across diagnosis categories based on the ICD-

10 classification of mental and behavioral disorders by World Health Organization 

(WHO). The number of patients per category within the full cross-sectional sample used for the current 

study (N = 233) is presented on the y-axis. The ICD-10 diagnosis codes corresponding to recent-onset 

psychosis associated disorders are presented on the x-axis.  



Figure S3. Distribution of the absolute reliability coefficients derived from the G-theory 

analysis based on the PRONIA traveler subjects for each neuroimaging data modality 

(A-E). The absolute reliability coefficients reflect the degree of consistency in the rank ordering of 

voxels across sites and the consistency in the elevations of the raw scores across sites (also known as 

the Phi coefficient or index of dependability). An intensity of 1 (warm colors) indicates perfect reliability 

across sites (100%) for the respective voxel. The most reliable 25% - 50% - 75% voxels within the maps 

(optimized within the CV structure) across sites were retained for model training. 



Figure S4. Slope differences for the relationships between the decision scores of the 

predictive models and positive and negative FThD subscores. Positive and negative FThD 

subscores were defined by taking the sum score of the corresponding PANSS/SANS items used for 

clustering by Oeztuerk et al., 2022 (5) as follows: objective positive FThD-related symptoms: conceptual 

disorganization (PANSS P2), poverty of content speech (SANS 10); objective negative FThD-related 

symptoms: difficulty in abstract thinking (PANSS N5), increased latency of response (SANS 12) and 

poverty of speech (SANS 9). The data distribution and least squares regression slopes for the 

relationships between the decision scores of each significant model (A-F) and each of the positive and 

negative sum scores were plotted using MATLAB. The significance of the slope difference for the two 

FThD-associated symptom dimensions at an α = .05 was evaluated.  
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Abstract
Recent review articles provided an extensive collection of studies covering many aspects of format thought disorders (FTD) 
among their epidemiology and phenomenology, their neurobiological underpinnings, genetics as well as their transdiagnostic 
prevalence. However, less attention has been paid to the association of FTD with neurocognitive and functioning deficits in 
the early stages of evolving psychosis. Therefore, this systematic review aims to investigate the state of the art regarding the 
association between FTD, neurocognition and functioning in the early stages of evolving psychotic disorders in adolescents 
and young adults, by following the PRISMA flowchart. A total of 106 studies were screened. We included 8 studies due to 
their reports of associations between FTD measures and functioning outcomes measured with different scales and 7 studies 
due to their reports of associations between FTD measures and neurocognition. In summary, the main findings of the included 
studies for functioning outcomes showed that FTD severity predicted poor social functioning, unemployment, relapses, re-
hospitalisations, whereas the main findings of the included studies for neurocognition showed correlations between attentional 
deficits, executive functions and FTD, and highlighted the predictive potential of executive dysfunctions for sustained FTD. 
Further studies in upcoming years taking advantage of the acceleration in computational psychiatry would allow researchers 
to re-investigate the clinical importance of FTD and their role in the transition from at-risk to full-blown psychosis condi-
tions. Employing automated computer-assisted diagnostic tools in the early stages of psychosis might open new avenues to 
develop targeted neuropsychotherapeutics specific to FTD.

Keywords Formal thought disorder · Clinical high risk · Psychosis · Functioning · Neurocognition

Introduction

Formal thought disorders (FTD) are psychopathological 
alterations that can emerge in different psychiatric disor-
ders such as schizophrenia, major depressive disorder, and 
mania. [1, 2] FTD are a multidimensional construct involv-
ing thought, language, and communication disturbances, 
such as loosening of associations, blocking, semantic and 
phonemic paraphasia. [1, 3] It has taken one and half cen-
turies to formulate FTD as such a construct, starting from 
Esquirol pointing to a primary pathology in coordinating 
ideas [4] (1838) and from Griesinger’s differentiation [5] 
between “formal deviations” and “false contents” (1867). 
Further clinical developments over the twentieth century 
led to further conceptualizations of FTD, such as “demen-
tia praecox” [6] from Kraepelin (1919), “derailment” [7] 
from Schneider (1930), “concrete thinking” [8] from Gold-
stein (1944), “loosening of associations” [9] from Bleuler’s 
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(1950), and Andreasen’s (1985) revision of FTD as a multi-
dimensional psychopathological construct of disturbances in 
thought, language and communication [10]. (Jerónimo et al. 
2018 for more details [11]).

FTD severity has been assessed with different scales since 
Kraepelin and Bleuler postulated the importance of earlier 
manifestation of this clinical phenomenon in an evolving 
psychosis [12]. However, before the development of specific 
scales such as—in chronological order—Andreasen’s scale 
for the assessment of thought, language and communication 
(TLC) [10], the Thought and Language Index (TLI) [13], 
the Thought Disorder Index (TDI) [14], and the scale for 
the assessment of Thought, Language and Disorder (TALD) 
[3], FTD severity has been assessed through items part of 
non-FTD-specific psychopathological scales, such as the 
Positive and Negative Syndrome Scale (PANSS) [15], the 
Scale for the Assessment of Positive Symptoms (SAPS) 
[16], the Scale for the Assessment of Negative Symptoms 
(SANS) [17] and the Brief Psychiatric Rating Scale (BPRS) 
[18]. These non-specific scales usually address one or only 
a few psychopathological aspects of FTD. [2] Moreover, the 
heterogeneity [2] of the specific scales makes quantitative 
comparison of findings in literature difficult, as they capture 
various psychopathological aspects of FTD.

Recent review articles provided an extensive collection 
of studies covering many aspects of FTD among their epide-
miology and phenomenology, their neurobiological under-
pinnings, genetics, their neurological correlates, as well as 
their transdiagnostic prevalence. [1, 2, 11, 12] However, lit-
erature regarding the investigation of FTD as early clinical 
signs of an evolving psychosis, as well as their prognostic 
importance, is rather limited. Indeed, the majority of find-
ings addressed FTD relevance for disease course either in 
chronic patients or in patients with a highly heterogeneous 
age range (18–65). [19, 20] The limited literature in early 
stages of psychosis revealed FTD not only as a core feature 
of psychosis but also in association with several psychosis-
related adverse outcomes, such as functional impairments 
and cognitive deficits. [2, 3, 11, 12, 21] These findings 
are particularly relevant, as functional and neurocognitive 
impairments [22, 23] frequently precede disease onset and 
persist after remission of the acute illness in psychotic dis-
orders. [24, 25]. Consistently, given perspective changes and 
contributions in the last decades regarding early diagnostic 
tools aimed at recognizing such persisting impairments with 
an impact on real-world prognostic outcomes, research focus 
has been turned on risk groups and younger patients experi-
encing first-episode psychosis. [26–29] With specific respect 
to FTD, only very few studies have highlighted that their 
severity has been associated with increased (re-)hospitaliza-
tion rate [19], unemployment risk [30] and reduced quality 
of life [31]. Moreover, patients with schizophrenia expe-
riencing enduring FTD after the acute phase of psychosis 

showed lower occupational functioning levels and higher 
relapse rates. [32] On the other hand, FTD have been associ-
ated with attentional executive functions deficits at the early 
stages of psychosis, [33, 34], even if this association has not 
been fully replicated yet. Furthermore, executive dysfunc-
tions at the early stages of psychosis seem to predict FTD 
severity at follow up [35]. However, despite these findings 
and the increasing interest in early diagnostics and preven-
tion in psychotic disorders, literature on prodromal state and 
first-episode psychosis so far did not provide any target for 
preventive interventions based on the core psychopatho-
logical changes such as FTD predicting adversity in clini-
cal outcomes, yet. A potential way to understand this is to 
thoroughly investigate whether and how FTD are related to 
relevant outcomes of psychosis, i.e., deficits already present 
in their early stages, such as functioning and neurocognitive 
impairments.

Therefore, we conducted a systematic review regarding 
the state of the art of the association between FTD, func-
tioning outcomes and neurocognitive impairments in the 
early and prodromal stages of psychotic disorders. We sum-
marized the main findings of the included studies provid-
ing evidence related to the early diagnostic and prognostic 
potential of FTD in association with functioning and neuro-
cognition. Furthermore, we discussed possible reasons for 
the paucity of studies investigating the clinical relevance of 
FTD in early psychosis and presented new perspectives for 
potential future investigations on FTD with the help of mod-
ern computational analytical techniques that might serve as 
computer-assisted early diagnostic tools. We concluded with 
an outlook for future research targeting the potential preven-
tive and predictive role of FTD in psychosis trajectories.

Methods

We conducted two separate systematic literature searches; 
(i) association between FTD and functioning outcomes and
(ii) association between FTD and neurocognition, both in the
early and prodromal stages of psychosis, by following the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [36] statement. Two of the authors
(Ö.F.Ö and A.P.) independently conducted the systematic
literature searches in PubMed, PsychINFO and Web of Sci-
ence covering the last half-century until 2019.

For the literature search regarding the association between 
FTD and functioning outcomes, we used the following 
search terms combination: (“formal thought disorder” OR 
“thought disorder”) AND (child OR adolescent OR young 
adult) AND (psychosis OR “early-onset schizophrenia” OR 
“first episode psychosis” OR “recent onset” OR “high risk” 
OR prodrom) AND (“GAF” OR “GF” OR “functioning” OR 
“disability” OR occupational OR social. For the literature 
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search regarding the association between FTD and neuro-
cognition, we used the following search terms combination: 
(“formal thought disorder” OR “thought disorder”) AND 
(child OR adolescent OR young adult) AND (psychosis OR 
“early onset schizophrenia” OR “first episode psychosis” OR 
“recent onset” OR “high risk” OR prodrom) AND (neuro-
cognition OR neurocognitive or cognition or cognitive or 
neuropsycho OR memory OR executi OR process).

Articles had to meet the following inclusion criteria: (1) 
reported statistically significant associations between FTD 
and either functioning outcomes, or neurocognitive meas-
ures; (2) did include high-risk groups [37] such as ultra-
high risk (UHR), attenuated psychotic symptoms (APS), 
the brief limited intermittent psychotic episode (BLIPS) and 
genetic risk and deterioration syndrome (GRD) or prodro-
mal phases or early stage of psychosis such as first-episode 
psychosis (FEP), early psychosis (EP) (Onset of Psycho-
sis < 2 years); (3) did include children, adolescents or young 
adults (< 35 years of age); (4) did include data of function-
ing outcomes or neurocognition. Articles were excluded for 
the following reasons: (a) not in English, (b) sample com-
posed only of participants with chronic psychosis or with an 
onset of disease > 2 years (c) sample composed only of adult 
patients (18–65 age range) without any specific subgroups 
analyses based on age ranges (d) did include individuals 
with drug-induced psychosis (e) did include individuals with 
psychosis due to medical conditions. Case series, book chap-
ters, literature reviews, conference papers, meeting abstracts 
or meta-analyses were also excluded.

Based on these criteria, as a first step, two authors have 
screened the titles and abstracts separately in three different 
databases (PsycINFO, Medline and Web of Science), and 
the results of included and excluded articles were discussed 
among co-authors. Based on the abstracts screening, records 
for which an inclusion or exclusion decision could not be 
taken were listed. Thus, in a second round, the same two 
authors have screened the full texts of these articles to check 
their eligibility for inclusion. Records for which both authors 
agreed on their inclusion were then proved for their eligibil-
ity again through further full-text investigation.

The procedure used for the selection of studies for each 
literature search is reported in Figs. 1 and 2. The included 
studies are summarized in Tables 1 and 2.

Results

Functioning outcomes and FTD

We screened 106 studies in total and included 8 of them. 
These studies were included due to the presence of sig-
nificant associations between FTD in adolescents or young 
adults and their reports, and functioning outcomes measured 

with different scales. Overall, the included studied showed 
that higher severity of FTD predicted poor social function-
ing, unemployment, relapses, re-hospitalisations. Three 
studies, namely Harrow. [38], Marengo [30] and Racen-
stein et al. [39], reported results from the Chicago Follow-
up Study, assessing the importance of FTD through a com-
prehensive measure of bizarre-idiosyncratic thinking in 
the acute phase of inpatients at baseline, and at follow-ups 
taking place 1 ½, 2, 4 and 8 years after hospital discharge. 
They reported that approximately 30% of patients diagnosed 
with schizophrenia exhibited persisting thought disorders 
during follow-up periods and that such patients with endur-
ing thought disorder signs were also a poor-outcome group. 
Specifically, they highlighted a poorer prognosis with lower 
occupational functioning levels (subsequent unemployment 
82% and higher relapse/re-hospitalisation rates: psychosis 
68% and rehospitalization 59%) in schizophrenia patients 
experiencing enduring FTD after the acute phase. Moreover, 
they showed that FTD and functioning levels are correlated 
in the first 8 year of schizophrenia, with a stronger correla-
tion between FTD and occupational functioning compared 
with social functioning.

Kotov et al. [40] interviewed 628 inpatients with first-
episode psychosis six times over two decades in an epide-
miologic cohort. They showed that a four-factor model (real-
ity distortion, disorganization, inexpressivity, and apathy/
asociality) could significantly predict functional outcomes. 
Interestingly, they observed that apathy/asociality predicted 
impairments in global functioning, social functioning, role 
functioning, and life satisfaction, whereas inexpressivity 
predicted lower residential independence. Minor et al. [41] 
assessed the positive FTD via the Communication Distur-
bances Index (CDI) [42] and speech production in early 
psychosis (EP) individuals and controls, and explored their 
association to real-world outcomes. They reported large 
differences in both positive FTD and speech production 
between EP individuals and controls, and showed that posi-
tive FTD and affective reactivity were associated with poor 
social and role functioning only in EP. Moreover, they found 
that positive FTD and affective reactivity were consistently 
accounting for poor social functioning (up to 56% of social 
functioning’s variance) and associated with poor role func-
tioning (accounting for up to 46% of the variance) in EP.

Roche et al. [19] evaluated the relationship between 
FTD features (namely, disorganization, verbosity and pov-
erty of speech) and social and occupational functioning 
outcomes at baseline and 1 year later in a first-episode psy-
chosis cohort. This study found that only disorganization 
was associated with functional outcome, specifically social 
functioning and that the longitudinal course of disorgani-
zation remained significantly associated with social func-
tioning on multivariate analysis. Moreover, they reported 
that higher baseline severity of disorganization predicted 
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a greater number of hospitalisations and prolonged hospi-
talisation during the first year of illness. Burton et al. [43] 
tested the efficacy of early intervention for youth at risk of 
developing psychosis in a multisite national trial dataset, 
where they followed participants prospectively at 6, 12, 
and 24 months, and examined the relationships between 
baseline symptoms and longitudinal global social and 
role functioning. They found that higher baseline nega-
tive symptoms and deteriorated thought process predicted 
worse social and role functioning for up to 2 years among 
adolescents and young adults at risk for psychosis, and that 
the changing effect of negative symptoms on social func-
tioning over time was moderated by positive symptoms. 
Bearden et al. [44] examined the association of baseline 
FTD assessed by the Kiddie Formal Thought Disorder 
Rating Scale (K-FTDS) [45] and linguistic cohesion with 
conversion to psychosis and social and role outcome at 
follow-up (approximately 1 year later) by analyzing tran-
scribed speech samples in individuals with a clinical high-
risk for psychosis. They reported that baseline poverty of 

content (POC) and referential cohesion predicted signifi-
cantly social and role functioning at follow-up.

Neurocognition and FTD

We screened 106 studies in total and included 7 of them. 
These studies were included due to the existence of sig-
nificant associations between FTD in adolescents or young 
adults, and neurocognition. The study from Minor et al. [41] 
was included both in this section and on the one regard-
ing functioning, as this study investigated the association 
between FTD and both domains. Overall, the included stud-
ies for the associations between FTD and neurocognition 
showed heterogeneous findings. Still, some consistent find-
ings were observed for what concerns associations between 
attentional deficits, executive functions and FTD.

Minor et al. [41] explored associations between positive 
FTD assessed by the Communication Disturbances Index 
(CDI) [42] and speech production assessed by 2 min records 
about negative (affective condition) and neutral (baseline, 

Fig. 1  Prisma Graphs represent-
ing the inclusion of the studies 
related to functioning and FTD 
association
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cognitive conditions) memories in early psychosis (EP) indi-
viduals and controls. They employed a single task for base-
line condition, where participants completed only one-back 
visual working memory test, whereas a dual task for cogni-
tive condition, where participants completed the one-back 
visual working memory test while simultaneously generating 
speech. They showed that cognitive reactivity appeared to 
have a less defined role than affective reactivity in positive 
FTD. Based on these findings, they suggested that the cogni-
tive load effect may not translate to positive FTD or speech 
production in early psychosis. In contrast, affective systems 
played a prominent role in positive FTD that EP individuals 
exhibited a steeper increase in positive FTD from the base-
line to the affective condition compared to controls.

Nuechterlein et  al. [33] investigated the association 
between three cognitive tests in the attention domain 
(namely, two versions of the continuous performance 
test (CPT) and forced-choice span of apprehension task) 
and FTD assessed through Brief Psychiatric Rating Scale 
(BPRS) Conceptual Disorganization subscores, Rorschach 

Thought Disorder Index factors, and negative symptoms 
assessed by BPRS Anergia factor scores in inpatients expe-
riencing an early phase of schizophrenic disorders. They 
retested 32 patients after clinical stabilization to address the 
extent to which continued attentional deficits were associ-
ated with specific symptomatology during the hospitalized 
period. Their results indicated that signal discrimination 
deficits were consistently related to the presence of negative 
symptoms and that the correlation of the attentional deficits 
to FTD was significant, even though to a less extent. In clini-
cally stabilized outpatients, they reported significant associa-
tions between the level of signal discrimination measured 
by the CPT, specifically on the degraded-stimulus CPT, and 
TDI factor scores for Fluid Thinking and Associative Disor-
ganization during the inpatient period. They also observed 
that the outpatient signal discrimination deficits were sig-
nificantly correlated with inpatient schizophrenic modes 
of thinking measured by the Rorschach Thought Disorder 
Index and with formal thought disorder measured by the 
BPRS Conceptual Disorganization rating.

Fig. 2  Prisma Graphs represent-
ing the inclusion of the studies 
related to neurocognition and 
FTD association
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Xu et al. [35] reported in a 1 year prospective study of 
language disorganization in patients with first-episode 
schizophrenia-spectrum disorders and investigated execu-
tive functions as a predictor of persistent FTD. They investi-
gated the FTD using the Clinical Language Disorder Rating 
Scale (CLANG) [46] subdividing language abnormalities 
into syntactic, semantic, and production levels. They found 
that poorer performances in sustained attention and attention 
allocation/planning at illness onset were associated with an 
increased risk of having residual levels of semantic disorgan-
ization of language after 1 year, whereas poorer sustained 
attention was associated with increased risk of residual pro-
duction problems. Pawelcyk et al. [47] evaluated pragmatic 
language functions in patients with first-episode psychosis, 
parents of the patients and healthy controls. Their results 
showed that the assessed groups varied in their ability to 
comprehend implicit information and to understand emo-
tional prosody, as well as in processing language informa-
tion regarding general knowledge, and in the effectiveness 
of interpersonal communication. More specifically, patients 
with first-episode psychosis performed significantly worse 
than healthy controls in all these neurocognitive domains. 
On the other hand, they found that the assessed groups did 
not differ regarding humour comprehension, understand-
ing of linguistic prosody, understanding of both written and 
picture metaphors, or in their ability to process language 
information in the context of oral messages.

Caplan et al. [48] examined children with psychosis and 
investigated their use of discourse devices as well as the rela-
tion between FTD assessed with the K-FTDS and discourse 
deficits. They reported that patients not showing loose of 
associations used fewer words and conjunctions than con-
trols. Furthermore, they observed that in the patients with 
loose of associations lexical cohesion correlated negatively 
with the total Intelligence Quotient (IQ) score, and with per-
formance IQ, but not with verbal IQ. Remberk et al. [49] 
assessed the association between FTD, assessed through 
the TLC scale, and several neurocognitive domains in inpa-
tients with early-onset schizophrenia-spectrum disorder 
and matched healthy controls. They assessed associations 
between psychopathological symptoms, cognitive functions, 
and FTD. The study showed that in patients FTD severity 
positively correlated with the number of non-perseverative 
errors on the Wisconsin Card Sorting Test (WCST), and 
with disturbances in semantic verbal fluency.

Ilonen et al. [34] explored a sample composed of clinical 
high-risk individuals (CHR), patients with psychosis and 
non-psychotic/non-CHR individuals. All individuals were 
administered a neuropsychological battery investigating 
verbal comprehension, perceptual organisation, working 
memory and processing speed, as well as measures of execu-
tive function and perceptual and thinking accuracy. They 
tested whether patients with CHR can be distinguished from Ta
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e 
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psychotic and non-psychotic/non-CHR individuals using 
neuropsychological tests. They found that adolescents with 
CHR displayed poorer visual form perception and thinking 
disorder compared to non-psychotic/non-CHR individuals. 
They reported that the deficits observed in CHR were com-
parable in severity to those observed in adolescents with 
psychotic diagnoses and that patients with CHR displayed 
mild-to-moderate executive impairment, but no impairment 
in intellectual functioning.

Discussion

Our literature survey showed that there was an increased 
interest for FTD in the early stages of psychosis from the late 
70 s to late 80 s. Harrow et al. investigated in a few studies 
the course of psychosis after the first episode with a focus on 
FTD and formalized the following questions already in 1986 
[32]: “Is thought disorder a frequent characteristic of acute 
schizophrenia? Does it persist in some or many patients with 
schizophrenia after the acute phase? And is it linked to other 
aspects of psychopathology? Does the presence of thought 
disorder after the acute phase predict subsequent clinical 
course and outcome?” These important questions reflect 
the core motivation for this systematic review covering the 
second half of the last century. Still, not all these questions 
have been answered. Even though the clinical importance of 
FTD has been observed from famous psychiatrists such as 
Kraepelin, Schneider, Bleuler, in the first half of the twen-
tieth century, not so many studies in high-risk or stages of 
psychosis have been published due to methodological and 
phenomenological difficulties in the assessment of FTD 
with its multidimensional construct. [1, 2, 11, 12] Of note, 
early intellectual efforts on prevention and early diagnos-
tics in psychiatry were started to be prominent only in the 
last 3 decades. Furthermore, the various measures of FTD 
among the included studies make a comparative interpreta-
tion of the associations between FTD and functioning and 
neurocognition difficult. Nevertheless, our review showed 
that FTD aspects linked to disorganization seem to be the 
most prominent in early psychosis, because of their consist-
ent and replicated associations with both functioning and 
neurocognition aspects. Therefore, on the one hand, findings 
from this systematic review indicated that FTD, especially 
disorganization, might potentially have an early diagnostic 
and prognostic relevance in psychotic disorders, as (i) sig-
nificant associations with functioning and cognition have 
been reported in both first-episode and clinical high-risk 
cohorts, and (ii) significant associations have been found in 
several subdomains of the functioning and neurocognition 
construct, spanning from general, to social, to role function-
ing, and hospitalization rate, for what concerns function-
ing, and from attention, executive function, and verbal IQ, Ta
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for what concerns neurocognition. On the other hand, the 
predictive and generalizability potential of such symptoms 
in terms of disease and risk trajectories has not been fully 
explored yet in the early stages of psychotic disorders, given 
the paucity of studies included. In light of these few, but 
consistent associations across studies, we think that find-
ings from this review suggest the urgency of spending more 
efforts in understanding the role of FTD into the risk path-
ways of psychosis. This is further testified by recent studies 
showing that FTD dimensions affect 55% of those presenting 
with first-episode psychosis and are associated with acute 
clinical presentation, poor quality of life and worse thera-
peutic relationships. [19, 50, 51] Furthermore, FTD were 
associated positively with patients’ unemployment risk [30], 
and negatively with their perceived quality of life [31] and 
overall life adjustment, based on indexes like work function-
ing, life disruptions and self-support. [30].

Moreover, given the significant associations between 
FTD, neurocognition and functioning impairments here 
reported, and given that these impairments very often pre-
cede the onset of full-blown psychosis and persist after the 
acute phase is resolved [24, 25], we speculate that FTD 
should be considered not only as a core psychosis char-
acteristic but also as a feature of key importance to be 
targeted in early identification and intervention programs 
[19, 32]. This is further testified by the fact that six of 
the excluded studies (listed in Supplementary Table 1), 
although out of the review scope and thus not included in 
the “Results”, highlighted significant associations between 
FTD and transition to psychosis in high-risk groups. 
Indeed, Bearden et al. [44] reported that illogical thinking, 
POC, and referential cohesion, distinguished putatively 
CHR individuals who transited to psychosis from those 
who did not transit. Similarly, Demjaha et al. [52] found 
that scores on the negative and on the disorganization/
cognitive dimensions in the Comprehensive Assessment 
of At-Risk Mental States (CAARMS) were associated with 
a transition to psychosis during the 24-month-follow-up in 
an at-risk mental state (ARMS)-cohort. Thompson et al. 
[53] found that the presence of FTD, especially thought 
blocking and tangentiality, together with elevated mood, 
predicted transition to psychosis. Consistently, Devlyder 
et al. [54] found that disorganized communication (i.e., 
subthreshold thought disorder) was associated with an 
increased hazard for psychosis onset, both at baseline 
and as a trajectory of high persistent disorganized com-
munication. Katsure et al. [55] found that converter CHR 
showed more severe symptom scores for unusual thought 
content, disorganized speech, and emotional disturbances 
items, compared to non-converter CHR. Mamah et al. 
[56] found a significant association between disorganized 
communication and associated with psychosis conver-
sion. Finally, Brucato et al. [57] showed that SIPS/SOPS 

Unusual Thought Content and Disorganized Communica-
tion subscales, measures of attenuated odd delusions and 
thought disorder, were very good predictors of psychosis, 
whereas attenuated suspiciousness and perceptual abnor-
malities were not associated with conversion.

Consistently with findings from our review, disorganiza-
tion seems to be the most notable FTD symptom predicting 
transition to psychosis in high-risk groups. The POC was 
another FTD symptom that commonly associated with social 
and role functioning as well as with transition to psychosis. 
Not only these findings are consistent with the associations 
between FTD, functioning and neurocognition we have 
discussed, but they also further speak in favor of the clini-
cal relevance of FTD in the pathophysiology of psychosis 
and encourage future research to longitudinally investigate 
their role in the clinical trajectories of individuals at-risk for 
psychosis. A potential way to methodologically accomplish 
this future research direction could be represented by fur-
ther efforts in designing computational methods that might 
help clinicians in evaluating risk categories of patients at 
their first presentation also through the presence of FTD, 
especially in the disorganization domain. For example, some 
machine learning and computational pattern recognition 
studies provided promising results in automated computa-
tional speech or text analyses to improve the clinical utility 
and objective quantifiability of FTD. The earlier effort has 
appeared already in 2009 in the literature: Strous et al. [58] 
showed that patients with schizophrenia could be classified 
from non-affected individuals with 83.3% accuracy based 
on written text characteristics. Consistently, Bedi et al. [59] 
reported that speech features derived from a latent semantic 
analysis could successfully predict subsequent transition to 
psychosis (followed up quarterly for up to 2.5 years) in CHR. 
Other findings from the same group showed that an auto-
mated machine learning speech classifier could discriminate 
the speech of recent-onset psychosis patients from that of 
healthy individuals with a cross-validated predictive accu-
racy of 79%. [60] Furthermore, Mota et al. [61] showed that 
speech disorganization measured by graph connectedness 
could correctly predict schizophrenia diagnosis at 6-month 
follow-up with 91.67% accuracy in patients undergoing 
first clinical contact for recent-onset psychosis and 21 well-
matched healthy subjects. Despite promising, these findings 
need to be externally replicated in greater samples to fulfil 
the challenging state-of-art criterion of machine learning 
applications in computational psychiatry [62].

Nevertheless, overall, these finding and those from our 
systematic review would support the relevance of FTD for 
several psychosis-associated outcomes, from neurocog-
nition, to functioning, to transition to psychosis, and that 
applying cutting-edge methodological techniques to fur-
ther FTD investigations may be a promising way to deliver 
clinicians with time-efficient and objective clinical tools 
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supporting diagnostic and prognostic procedures. Many 
more future studies are warranted.

Limitations

This review has some limitation. Mainly, studies have 
employed different assessment strategies to evaluate FTD, 
neurocognition and functioning. As a matter of fact, this 
high variability did not allow us to conduct any direct com-
parative analysis. Therefore, the results in this review can 
be only partially interpreted. We also acknowledge that our 
results are limited only to the published studies and that 
there was no study excluded due to non-significant associa-
tions. Therefore, a possible bias through studies showing 
non-significant associations between FTD, neurocognition 
and functioning could not be excluded.

Conclusion

The reviewed studies showed that FTD severity is sig-
nificantly associated with poor social functioning, unem-
ployment, relapses of psychosis and re-hospitalisations, 
as well as transition to psychosis in high-risk groups. The 
results also showed significant associations between FTD 
and attention performance, executive functions, and verbal 
abilities. Machine learning algorithms show good potential 
for understanding the prognostic value of FTD in the risk 
trajectories of psychosis and encourage the development 
of computer-assisted early diagnostic tools targeting FTD, 
especially disorganization. Further studies taking advan-
tage of the acceleration in computational psychiatry using 
methods such as unsupervised, supervised machine learning 
algorithms, deep learning techniques, natural language pro-
cessing, sound, and rhythm analyses in records of patients’ 
clinical evaluations, would hopefully allow researchers to 
develop novel clinical markers for FTD. Such automated 
and time friendly computer-assisted diagnostic tools could 
give researchers and clinicians the chance to re-investigate 
the clinical importance of FTD starting from high risk and 
early stage of psychosis, and to fill the gap in the literature 
that might open new avenues to develop targeted neuropsy-
chotherapeutics specific to FTD.
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