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1 Introduction 

1.1 The importance of studying risk factors for mental 

Research has identified genetic, psychological, prenatal and environmental factors that 

contribute to the development or progression of mental disorders. However, it is still 

largely unclear how this increased risk of the various factors manifests on a 

neurobiological level. Using case-control designs, neuroimaging studies have reported 

brain anatomical and functional changes as potential pathogenic features of major 

mental disorders (Goodkind et al., 2015; SZ: Haijma et al., 2012; BD: Hanford, Nazarov, 

Hall, & Sassi, 2016; MDD: Schmaal et al., 2016; Schmitgen et al., 2019). However, one 

major problem with this research design is that we cannot judge which neurobiological 

differences between patients and healthy controls are a manifestation of risk for this 

disorder, pathogenic factors (see also different clinical presentations within one 

diagnostic category), reflection of the state of disease progression, interactional effects 

between different risk factors but also therapeutic effects (e.g., psychotherapy, 

psychopharmacological therapy, electroconvulsive therapy, which also impact on brain 

structure (Enneking, Leehr, Dannlowski, & Redlich, 2020). 

This work is targeting this problem by analysing healthy control samples and how they 

are impacted by a variety of known risk factors. Thereby, we minimize the effects of 

mental disorder phenotype expressions, medication, and other factors commonly 

confounding effects in studies comparing patient populations with healthy controls (HC). 

Gathering knowledge on this field would lead to a better understanding of the 

etiopathology of mental disorders and might provide new opportunities helping to 

identify treatment/prevention targets. This work thus also implicitly addresses the 

frequently expressed call for a psychiatric nosology based on objective neurobiological 

criteria (see National Institutes of Mental Health's Research Domain Criteria (Cuthbert, 

2015; Charles A. Sanislow, 2016; Charles A Sanislow et al., 2010)) by neurobiologically 

describing current conceptualisations of mental disorder entities that are based only on 

clinical descriptions. 

Additionally, this work exceeds basic research by translating neurobiological changes 

associated with risk states to changes in behaviour which is often clinically easier to 
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assess and can sometimes easier be targeted in preventive interventions in order to 

reduce risk for developing a mental disorder. 

Last, studies rarely investigate neurobiological manifestations of factors that act 

protective against psychopathology which will also be investigated in this work. This 

neglect may have resulted in valuable knowledge not yet being gathered that could be 

extremely helpful in individual risk stratification, prognosis and early intervention 

developments. 

 

1.2 Investigated risk factors 

1.2.1 Polygenic risk for mental disorders 

Major mental disorders are highly heritable. Estimations from family studies quantify 

the overall phenotype heritability of schizophrenia (SZ), bipolar disorder (BD), and major 

depressive disorder (MDD) at∼80% (Sullivan, Kendler, & Neale, 2003), ∼70% (Edvardsen 

et al., 2008), and ∼30–40% (Sullivan, Neale, & Kendler, 2000), respectively. 

Genome-wide association studies (GWAS) have confirmed the substantial polygenetic 

involvement of inherited genetic variants in the aetiology of these disorders. The 

proportion of variance that has been attributed to common variants (single-nucleotide 

polymorphisms (SNP) heritability) is estimated around 9% for MDD (Howard et al., 2019; 

Wray et al., 2018), 17–23% for BD (Stahl et al., 2019), and 25–30% for SZ (Pardiñas et al., 

2018) and their contributions to propensity to psychiatric diseases can be quantified 

using polygenic risk scores (PRS). It is, however, unclear how these genetic risk factors 

translate to brain structural changes that can lead up to psychopathology. 

 

1.2.2 Time Perspective 

Time perspective (TP) is an individual difference variable that reflects temporal biases in 

thinking about the self and one’s actions (Hall, Fong, & Sansone, 2015). It is assumed 

that people with a more future-oriented time perspective pay more attention to and are 

influenced by long-term contingencies than people who are more present-oriented 

(Zimbardo & Boyd, 1999). TP is hypothesised to be a causal factor for behaviours for 
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which time matters, i.e., behaviours with costs and benefits that occur in different time 

frames (now vs. later) and regarded as a mechanism for functional developmental 

(mal)adaption (Hall & Fong, 2003). It is linked to unhealthy behaviours like smoking 

(Keough, Zimbardo, & Boyd, 1999), higher BMI (Adams & Nettle, 2009), substance use 

(Apostolidis, Fieulaine, & Soule, 2006; Wills, Sandy, & Yaeger, 2001) and suicidal ideation 

(Laghi, Baiocco, D'Alessio, & Gurrieri, 2009) that may be distal risk factors for the 

development of psychopathology as well as to mental disorders like MDD (Garcia, Nima, 

& Lindskar, 2016; McKay, Cole, & Andretta, 2016), anxiety disorders (Åström, Seif, 

Wiberg, & Carelli, 2018) and attention-deficit hyperactivity disorder (Carelli & Wiberg, 

2012). What effect certain TP profiles really have on a healthy individual's risk of 

developing a mental disorder, and whether TP is really a proximal risk factor for mental 

disorders, still needs to be researched. 

Very little is known about brain structural correlates of TP (Guo, Chen, & Feng, 2017). Its 

exploration, however, seems worthwhile, so we can better differentiate between 

pathological brain morphological changes in patients and brain morphological changes 

that (in part) reflect certain cognitive temporal styles that predispose for mental 

disorders and already exist before disease expression. 

 

1.2.3 Gestational age 

Foetal development is already exposed to environmental effects (Gillman, 2005). For 

example, maternal stress (Nkansah-Amankra, Luchok, Hussey, Watkins, & Liu, 2010), 

smoking (Ko et al., 2014), malnutrition (Ramakrishnan, 2004) and social status (Basso, 

Olsen, Johansen, & Christensen, 1997) tend to reduce the new-born’s birth weight and 

gestational age. Therefore, these two measures are widely used as operationalisations 

of complex summary surrogate markers for a large variety of different environmental 

influences on prenatal development (Schlotz & Phillips, 2009). 

Epidemiological studies have shown that aspects of foetal growth such as birth weight 

and gestational age are positively correlated with a higher probability to later develop 

mental diseases (Burnett et al., 2011; Xie et al., 2017) as well as lower cognitive abilities 

(Eryigit Madzwamuse, Baumann, Jaekel, Bartmann, & Wolke, 2015; Grove, Lim, Gale, & 
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Shenkin, 2017; Kormos, Wilkinson, Davey, & Cunningham, 2014; Schlotz & Phillips, 2009). 

MRI-studies showed that preterm birth and lower gestational age are associated with 

brain morphological changes that persist over lifetime (Hedderich et al., 2019; 

Kersbergen et al., 2016; Papini et al., 2020). In this study we want to link aberrant 

morphology to cognitive differences in healthy adults and investigate to which extend 

these changed cortical formations overlap with those that predispose towards 

developing a mental disorder. 

 

1.2.4 Ultra-high risk for psychosis 

Individuals are considered at ultra-high-risk (UHR) for psychosis if they meet a set of 

standardised criteria including brief limited Psychotic Symptoms (BLIPS), a recent history 

of Attenuated Psychotic Symptoms (APS) and presumed genetic vulnerability 

(McHugh et al., 2018). While most research focused on factors determining transition, 

protective factors are not investigated very well. While UHR constitute a very broad 

symptomatic spectrum, most of them will not fully transit to psychosis, but will show 

high rates of non-psychotic disorders and persistent attenuated psychotic symptoms 

(Paolo Fusar-Poli et al., 2013; Simon et al., 2011). In this line of research, we investigate 

one extreme end of the UHR spectrum, high functioning individuals at UHR (HF-UHR) in 

order to understand potential neurobiological protective mechanisms underlying 

preserved psychological functioning among HF-UHR. More precisely, we investigated 

differences between HF-UHR and HC in a facial emotion recognition (FER) task on a 

behavioural as well as on neurobiological level by using fMRI. FER is a key ability during 

social interaction and deficits in this ability have been shown in SZ (Barkl, Lah, Harris, & 

Williams, 2014; Gabay, Kempton, & Mehta, 2015) and UHR (Amminger et al., 2012; 

Comparelli et al., 2013; Lee, Hong, Shin, & Kwon, 2015; Van Donkersgoed, Wunderink, 

Nieboer, Aleman, & Pijnenborg, 2015). SZ patients show also less fMRI activity in the 

fronto-temporo-occipital network and limbic structures during facial emotion 

processing (Jáni & Kašpárek, 2018; Taylor et al., 2012), but studies with UHR individuals 

are heterogeneous (Park et al., 2016; Seiferth et al., 2008; Tseng et al., 2016). Results 

from this investigation will not only help to better characterize the behavioural and 
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neural basis of the lower end of the UHR spectrum but also help to develop therapies 

that might help UHR to improve their function level but also might reduce their risk of 

transition into psychosis. 

 

1.3 A broad methodological spectrum: voxel- and surface-based morphometry as well 

as fMRI 

While most brain structural studies only focus on grey matter volumes, a brain pattern 

that rather quickly adapts, we aim to use novel biomarkers measuring the folding of the 

cortex, e.g. gyrification and cortical complexity that we extracted using surface-based 

morphology (Dahnke, Yotter, & Gaser, 2013; Yotter, Nenadic, Ziegler, Thompson, & 

Gaser, 2011; Yotter, Thompson, & Gaser, 2011). In vivo MRI studies on foetuses showed 

that cortical folding is ontogenetically primarily defined during intrauterine 

development (Shyu et al., 2011; Wu, Shyu, Chen, & Guo, 2009; Zilles, Palomero-

Gallagher, & Amunts, 2013) and only rather small maturational changes could be 

measured during the first two decades of life (Blanton et al., 2001; Sandu et al., 2014; 

Sun & Hevner, 2014; Zilles, Armstrong, Schleicher, & Kretschmann, 1988). Until 

substantial cerebral atrophic processes occur around the age of 60 years, cortical folding 

stays relatively stable (Cao et al., 2017; Zilles et al., 1988). Thus, we can use 

measurements of cortical folding as markers for major maturational processes in the 

prenatal and early postnatal life (Armstrong, Schleicher, Omran, Curtis, & Zilles, 1995; 

Hedderich et al., 2020; Sun & Hevner, 2014). Cortical folding is affected by genes but 

varies across brain regions (Elliott et al., 2018; Grasby et al., 2018; Rogers et al., 2010; 

Schaer et al., 2008; Strike et al., 2019). 

To extend our range of methods to also measure neuronal activity that is tightly coupled 

to cerebral blood flow as well as to cognitive processes, fMRI was used to investigate 

brain activity changes during different tasks (Mather, Cacioppo, & Kanwisher, 2013). 

This allows, for example, to localise brain regions that carry out certain cognitive 

functions as well as inform cognitive theories. 
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1.4 Hypotheses 

The work in this dissertation aimed to better understand the brain morphological and 

functional basis of a wide range of different risk states for the development of mental 

disorders and tries to link these differences to behavioural phenotypes. 

We tested the following hypotheses: 

H1: Polygenic risk for mental disorders is associated with changes in cortical folding in 

brain areas that have been implicated in these disorders. 

H2: Interindividual differences in time perspective are associated with variation in grey 

matter volumes and gyrification in the prefrontal cortex as well as in the precuneus. 

H3a: Gestational age and birth weight are associated with changes in gyrification in 

fronto-temporal areas of the cortex. 

H3b: These morphological alterations are associated with neuropsychological 

performance. 

H4a: HF-UHR show similar behavioural performance during a FER-task in comparison to 

a healthy control group and 

H4b: greater brain functional activities in the prefrontal cortex, praecuneus, temporal 

cortex and occipital cortex.  
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2 Summary of the studies 

2.1 Study 1: Associations between brain folding and polygenic risk scores for various 

psychiatric disorders in healthy adults 

Schmitt S. et al (2021): Effects of polygenic risk for major mental disorders and cross-

disorder on cortical complexity. Psychological Medicine: 1–12. 

https://doi.org/10.1017/S0033291721001082 

In order to quantify SNP-based contributions from mental disease specific polygenetic 

risk scores (PRS) to alterations in temporal relatively stable cortical folding we analysed 

data from 580 healthy individuals. Thereby, we minimize effects from 

psychopharmacological therapy, electroconvulsive therapy, psychotherapy (Enneking et 

al., 2020; Mulders et al., 2020), disorder phenotype expression, comorbidity and clinical 

heterogeneity. The MRI-derived cortical folding measure cortical complexity was 

automatically extracted and polygenic risk scores for MDD (Wray et al., 2018), SZ (Ripke 

et al., 2014), BD (Stahl et al., 2019) and psychiatric cross-disorders (incorporating 

cumulative genetic risk for MDD, SZ, BD, autism spectrum disorder and attention deficit 

hyperactivity disorder; Cross-Disorder Group of the Psychiatric Genomics Consortium, 

2013) were computed. Each time we were able to identify local cortical surfaces that 

were significantly associated with a certain polygenic risk score, we followed up with a 

subsequent ROI/VOI analysis of grey matter volumes and cortical thickness in this brain 

area to further characterize brain morphology in areas with altered cortical folding. 

The results showed a significant association between cortical complexity and PRS for 

MDD in the right OFC. Subsequent VOI/ROI analysis showed no significant associations 

between PRS and volume and cortical thickness in the OFC. The other PRS tested (SZ, 

BD, cross-disorder) showed no significant associations with cortical complexity when 

corrected for multiple testing. 

Changes in brain folding in the OFC in healthy individuals, which correlate positively with 

SNP-based genetic predisposition, could facilitate subsequent changes in volume and 

cortical thickness in this brain area that we observe in patients in simple case-control 

studies. Morphological changes in the OFC, where essential parts of the reward system 
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are localised, could lead to changes in the experience of rewards/punishments that 

constitute an endophenotype of MDD. This interpretation is supported by several meta-

analyses showing brain morphological changes in the OFC (Arnone, McIntosh, Ebmeier, 

Munafò, & Anderson, 2012; Schmaal et al., 2016; Suh et al., 2019) as well as behavioural 

changes in reward processing in MDD patients (Rolls, 2016, 2017). 

 

2.2 Study 2: Time perspective and its structural associations with grey matter volume 

and gyrification 

Schmitt, S., Besteher, B., Gaser, C., & Nenadić, I. (2020). Human time perspective and its 

structural associations with voxel-based morphometry and gyrification. Brain Imaging 

and Behavior: 1-9. 

https://doi.org/10.1007/s11682-020-00416-1 

Using data sets from a total of 177 psychiatrically healthy subjects, multiple regressions 

were conducted investigating associations between different aspects of TP, measured 

with the ZTPI (Zimbardo & Boyd, 1999), and grey matter volume as well as gyrification, 

quantified using an absolute mean curvature approach. 

The scales "present fatalistic", which measures a hopeless and fatalistic attitude towards 

the future, and "past negative", which represents negative mental attitudes towards the 

past, both showed negative associations with grey matter volume in the anterior insula. 

The factor "future" showed an inverse association with grey matter volume in the 

precuneus. There were no significant associations between the five ZTPI scales and 

gyrification. 

The grey matter reductions in the insula associated with facets of TP observed in this 

study parallel empirical findings from clinical case-control studies showing less grey 

matter in psychiatric patients suffering from SZ, BD, MDD, anxiety disorders, including 

posttraumatic-stress disorder (Bromis, Calem, Reinders, Williams, & Kempton, 2018; 

Meng et al., 2014) and obsessive-compulsive disorder (Goodkind et al., 2015). 

Additionally, several of these disorders and proneness to them correlate with changes 

in TP (Anagnostopoulos & Griva, 2012; Gruber, Cunningham, Kirkland, & Hay, 2012; 

McKay et al., 2016; Moore, Höfer, McGee, & Ring, 2005; Oyanadel & Buela-Casal, 2014; 



 
 
 
 

13 

Wang, Chen, Cui, & Liu, 2015). This could mean that observed grey matter reductions in 

the insula in patients are (to some part) not a pathogenic feature, but a neurobiological 

manifestation of a risk factor. Second, this finding helps us to better relate local brain 

morphological changes in patients to certain (maladptive/risk-state) behaviours, i.e., 

changed TP. 

Our second main finding is the association between future TP and grey matter volume 

in bilateral precuneus voxel clusters. Future TP is negatively correlated with loneliness 

as well as depressive symptoms (Bergman & Segel-Karpas, 2018), and positively with 

health behaviour and well-being (Drake, Duncan, Sutherland, Abernethy, & Henry, 2008; 

Kooij, Kanfer, Betts, & Rudolph, 2018). Imaging studies observed a positive relationship 

between subjective happiness scores and purpose in life scores and grey matter volume in 

the right precuneus (Sato et al., 2015). Taken together, this could suggest that 

happiness/well-being moderates the positive association between future TP and grey 

matter volume in the precuneus. 

TP was not related to gyrification, a biomarker that, in contrast to grey matter volume, 

is mostly determined during the prenatal period and the first two decades of life 

(Armstrong et al., 1995; Sun & Hevner, 2014). This neurobiological result reflects TP 

theorists’ conceptualisation of TP as dynamic process of ascribing personal experiences 

to specific time horizons (Stolarski, Fieulaine, & Zimbardo, 2018; Stolarski, Zajenkowski, 

Jankowski, & Szymaniak, 2020; Zimbardo & Boyd, 1999). 

 

2.3 Study 3: Gyrification changes and neurocognition in adults associated with 

gestational age 

In submission 

542 healthy adult participants whose birth weight range (1000g to 5300g) and 

gestational age range (28 to 42 weeks) incorporate lots of variance were included in the 

study. Gyrification indices were calculated from structural magnetic resonance imaging 

T1 data at 3T. Neuropsychological factors were extracted using factor analyses on a 

variety of extensive neuropsychological data. We conducted multiple regressions to test 

associations between gyrification and gestational age as well as birth weight. 
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Moderation analyses explored the relationships between gestational age, gyrification 

and neuropsychological factors. 

Gestational age was significantly associated with cortical folding in the left 

supramarginal, bilaterally in the superior frontal and bilaterally in the lingual cortex. The 

association between gyrification in the left superior frontal gyrus and the factor working 

memory/attention was moderated by gestational age. Further, the associations 

between gyrification in the left supramarginal cortex and the factor working 

memory/attention as well as language were both moderated by gestational age. We 

found no significant association between birth weight and cortical folding. 

From these findings, we conclude that structural changes in cortical gyrification in the 

superior frontal gyrus, the lingual gyrus and the left supramarginal gyrus persist over the 

lifespan. Additionally, it is noteworthy that all participants whose mother had a high-risk 

pregnancy (e.g. drug abuse, severe obstetric complications, malnutrition, infections) 

were excluded since these risk factors have been linked to cognitive deficits and 

behavioural problems (Bada et al., 2007; Bennett, Bendersky, & Lewis, 2008; Schlotz et 

al., 2010) as well as aberrant foetal brain development (Franke et al., 2020; Wortinger 

et al., 2020). Thus (since genetic effects on gestational age (Lunde, Melve, Gjessing, 

Skjærven, & Irgens, 2007) and cortical formation (Jha et al., 2018) are small), we can 

assume that our findings relate to rather subtle environmental influences (measured as 

gestational age). 

There are several different explanations for the origin/neurobiological process of the 

found changes in gyrification: 1. Cortical maturation can only be completed in utero, 

which was not possible due to the pregnancy ending too early. 2. Postnatal 

compensatory mechanism that would lead to the completion of the cortical maturation 

failed because the harmful environmental causes that already led to a reduced 

gestational age still affect the newborns postnatally (e.g. maternal smoking). 3. This 

interpretation is based on the Developmental Origins of Health and Disease (Davis, 

Glynn, Waffarn, & Sandman, 2011; Gluckman, Hanson, & Buklijas, 2010). According to 

this theory, there are mechanisms of permanent foetal programming that can prenatally 

be triggered by environmental effects that lead to constant modification of the 

epigenome of the differentiation brain cells and thus to altered brain physiology and 
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function. This dysfunctional effect is thought to increase the embryo's probability of 

survival, but at the cost of permanent maladaptation to the postnatal world. This cortical 

mismatch is associated with a higher risk of mental disorders, but also with somewhat 

poorer cognitive abilities. 

Remarkably, the brain areas that showed associations between gyrification and 

gestational age are linked to higher cognitive functions: The superior frontal cortex is 

implicated in working memory (Wager & Smith, 2003) and the supramarginal gyrus 

(including Wernicke’s area) is associated with language production (phonological 

decisions (Hartwigsen et al., 2010; Sliwinska, Khadilkar, Campbell-Ratcliffe, Quevenco, 

& Devlin, 2012), syntax (Price, 2010), semantics (Binder, Medler, Desai, Conant, & 

Liebenthal, 2005; Dębska et al., 2019)). That is, we may have found here (among others) 

a neurobiological mechanism that could (partly) explain why preterm born individuals 

more often show a lower IQ (Eryigit Madzwamuse et al., 2015). In fact, the moderation 

analyses conducted partly fill the neurobiological explanatory gap that still exists in the 

attempt to explain the biological basis of the association between gestational age and 

poorer cognitive functioning in adults. 

Our results also have implications for psychopathology. Reduced gestational age is 

associated with a higher risk for mental disorders (Burnett et al., 2011; Xie et al., 2017) 

and individuals at high risk for SZ and individuals who will later develop SZ both show 

general cognitive deficits in various cognitive domains including language and working 

memory (Bora & Murray, 2013; Mollon & Reichenberg, 2018) before the onset of the 

disorder. Additionally, individuals that have a high risk to later develop SZ show changes 

in cortical folding compared to HC that partly overlap with the brain areas we found to 

be differently folded in our study (Hou et al., 2020; Sasabayashi et al., 2017). Therefore, 

changes in gyrification associated with reduced gestational age and reduced cognitive 

performance which is a product of the interaction between these changes in brain 

folding and gestational age might describe a risk phenotype for SZ (or mental disorders 

in general). Our investigation sheds new light on the importance of preserving maternal 

health during pregnancy in order to decrease the risk of preterm birth. 
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2.4 Study 4: Neural correlates of facial emotion recognition in high-functioning 

individuals with ultra-high risk for psychosis 

In revision 

An extensive multi-staged screening process was conducted including the well-proven 

(Savill, D'Ambrosio, Cannon, & Loewy, 2018; Xu et al., 2016) questionnaires PQ-16 (Ising 

et al., 2012) and PQ-B (Loewy, Pearson, Vinogradov, Bearden, & Cannon, 2011) as well 

as the SIPS interview (Miller et al., 2003), a validated diagnostic tool for the identification 

of UHR (P. Fusar-Poli et al., 2016). From the 8404 screened students from an elite 

university in China, 21 non-help-seeking HF-UHR were identified, another 23 non-UHR 

students were recruited as control subjects. FMRI-activations and behavioural data were 

collected using an event-related paradigm that presented emotional faces from the 

Ekman database (Ekman & Friesen, 2003) that always showed one of the four emotions 

happiness, disgust, fear, neutral with different intensities of facial emotions ranging 

from 10%-100%. Participants were asked to identify the depicted facial emotion. 

At the behavioural level, there were no significant differences between the two groups 

regarding reaction time, sensitivity, specificity in the FER task. However, compared to 

HC, HF-UHR showed higher activations in the somatosensory cortex, tempo-parietal-

occipital visual network, insula and superior temporal gyrus (STG) during the FER task. 

Studies investigating UHR’s performance during FER tasks found inconclusive results 

(Allott et al., 2014; Amminger et al., 2012; Comparelli et al., 2013; Corcoran et al., 2015; 

Kohler et al., 2014; Seiferth et al., 2008). Study 4 could help to explain these 

discrepancies. FER might be preserved in the lower end of the UHR-spectrum, in HF-UHR. 

Additional empirical support for this assumption comes from studies that investigated 

high-functioning SZ patients and also found no differences in recognition rates of facial 

emotions compared to HC (Karpouzian et al., 2017). Potentially, there is a phenotype 

with high community functioning within the UHR as well as psychosis spectrum that is 

not suffering from deficits in FER. This could also explain why UHR’s real-life functioning 

is strongly associated with the processing speed of social cognitive performance 

(Glenthøj et al., 2019). 
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We found hyperactivations both in the STG as well as in the insula. The former is part of 

the secondary somatosensory cortex which has been shown to be involved in facial 

emotion perception (Hoekert, Bais, Kahn, & Aleman, 2008). The insula contributes to 

the integration of emotional and cognitive processes and also representation of current 

social contexts (Berntson et al., 2010) helping to make social decisions in uncertain 

situations by considering social emotional information (Lamm & Singer, 2010). The 

occurrence of hyperactivity in areas associated with emotional facial expressions and 

the simultaneous absence of behavioural deficits may suggest that we revealed a 

compensatory mechanism that preserves HF-UHR’s ability to correctly encode 

emotional facial expressions. 

Remarkably, we were not able to observe hypoactivations in the amygdala in HF-UHR 

relative to HC during the utilised FER task which has been shown in both UHR and 

psychosis (Habel et al., 2010; Tseng et al., 2016). Therefore, the absence of behavioural 

deficits might also (partly) stem from preserved amygdala activations. This explanation 

receives further empirical support by imaging studies investigating high-functioning SZ 

patients that also show no behavioural deficits as well as no altered amygdala 

activations during FER (Karpouzian et al., 2017) in contrast to SZ patients which show 

hypoactivations in the amygdala as well as behavioural deficits (Jáni & Kašpárek, 2018).  
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3 General Discussion 

In general, we were able to demonstrate various subtle brain morphological and 

functional changes associated with a variety of different risk factors for psychopathology, 

locally restricted and dependent on certain morphological modalities. When 

interpreting the associations, it has to be considered that some results might reflect not 

a susceptibility but possibly a neurobiological manifestation of resilience, e.g. the future 

TP factor that is negatively associated with grey matter volumes in the precuneus is also 

linked to health behaviour and well-being (Study 2; Drake et al., 2008; Kooij et al., 2018). 

Our interpretation framework is further influenced by current psychiatric nosological 

systems that describe diagnoses that are partly overlapping with each other, clinically 

highly diverse and not based on objective neurobiological correlates. Advances in the 

neurobiological exploration of psychiatric disease entities and refinements of diagnostic 

categories based on objectively measurable biological criteria would for example result 

in the possibility to calculate more valid PRS which currently reflect SNP-based burden 

for diagnoses (Study 1) that are seen as a smorgasbord for multiple disease entities 

(Häfner et al., 2005; Malhi, Green, Fagiolini, Peselow, & Kumari, 2008). That refinements 

of current psychiatric nosology towards classifications that are based on neurobiology 

would lead to disentanglements of single diagnoses to multiple disease entities is 

supported by imaging studies showing different brain structural changes in dependence 

on primary symptoms (Joseph, Wang, Wu, Manning, & Steffens, 2021; van Loo, de Jonge, 

Romeijn, Kessler, & Schoevers, 2012; Nenadic, Sauer, & Gaser, 2010; Sharpley & Bitsika, 

2013). Such a development could also help to better characterize their specific brain 

morphological and brain functional correlates of being at risk to develop these disorders. 

 

3.1 The frontoparietal network is affected by psychiatric risk factors 

Most of the identified anatomical regions structurally or functionally altered are located 

in the frontoparietal network including the middle frontal gyrus (study 3), the precuneus 

(study 1 and 4) and the supramarginal cortex (study 3 and 4). Brain structural and 

functional alterations in this network have been found transdiagnostically in most 

psychiatric disorders, including SZ, MDD, (Goodkind et al., 2015; Jones & Bhattacharya, 
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2014; Menon, 2011) suggesting that it plays a key role in the neurobiological basis of risk 

for mental disorders. On a behavioural level, this network is associated with executive 

control and cognitively demanding tasks, complex problem solving, working memory, 

sustained attention (Marek & Dosenbach, 2018; Scolari, Seidl-Rathkopf, & Kastner, 

2015), providing an explanation for the link we found between aberrant cortical folding 

associated with gestational age and working memory, attention and language (study 3) 

but also the hyperactivities in the STG found in HF-UHR during a FER task that could be 

interpreted as additional recruitment of grey matter resources for preserving correct 

FER (study 4). 

Remarkably, in the literature, lower cognitive functioning has multiple times been 

identified as a non-specific risk factor/predecessor (Aas et al., 2012; Agnew-Blais et al., 

2015; Bora & Murray, 2013; Gotlib, Joormann, & Foland-Ross, 2014; Lam et al., 2018; 

Micco et al., 2009; Reichenberg, 2005) for suffering later from a mental disorder. This 

raises the question of the interplay of the effects, i.e. whether these poorer cognitive 

abilities are a result of altered brain morphometry and function that then leads to a 

higher risk for developing mental disorders in the sense of a moderation effect, or do 

they interact with these neurobiological changes and in interaction lead to increased 

susceptibility to mental disorders? 

 

3.2 Future Studies and limitations 

This question would be informed by longitudinal studies. This study design could also 

help t investigate how SNPs act differently over brain development over the lifespan e.g. 

it might be possible that there were effects from PRS on early ontogenetical stages of 

cortex development (cortical folding is defined in preterm times and during the first 

years of live, see above), however, those aberrations were compensated during later 

growth of the brain and therefore not measurable in Study 1 that included only healthy 

adults. The same holds true for incomplete brain maturation due to preterm birth that 

still could have been (partly) compensated postnatally (Study 3). 

Future studies should also include contributions from other risk factors on brain 

morphology as well as on brain function in healthy individuals that we could not include 
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in our studies, e.g. infections, urbanicity (Besteher, Gaser, Spalthoff, & Nenadić, 2017; 

Nenadic et al., 2020), cannabis use (French et al., 2015), trauma that all elevate the risk 

for developing a mental disorder. In addition, patients are often exposed to multiple risk 

factors (Kraemer, Stice, Kazdin, Offord, & Kupfer, 2001; Roberts, Roberts, & Chan, 2009). 

Therefore, investigations including multiple risk factors into their studies in order to 

measure interactional effects from both proximal (e.g. stress) as well as distal risk factors 

(childhood maltreatment, genetics) on brain morphology and function (Ringwald et al., 

2021) and its link to risk behaviour could be very insightful (Assary, Vincent, Keers, & 

Pluess, 2018; Leighton, Botto, Silva, Jiménez, & Luyten, 2017). 

One methodological issue of current brain morphometry studies investigating cortical 

folding is the diversity of methods. There are tremendous differences across definitions 

of measures of local curvature (e.g. based on absolute mean curvature (Luders et al., 

2006), spherical harmonics (Yotter, Nenadic, et al., 2011) or area ratio between the 

outer hull and the pial surface (Schaer et al., 2008)) or different software 

implementations (Płonka, Krześniak, & Adamczyk, 2020) and software versions. This can 

preclude comparisons across studies (Shimony et al., 2016) and challenges 

interpretation of the results. Similarly, the choice of software pipeline for automated 

computed analysis of grey matter volumes (VBM) also leads to considerable variability 

in brain structural analyses (Zhou et al., 2021). 

On the side of our operationalisation of genetic risk (Study 1) it should be recognized 

that PRS are based on a simplified genetic model that does not incorporate non-additive 

inheritance models (e.g. gene-gene interactions) or epistasis (Andlauer & Nöthen, 2020). 

Very rarely occurring SNPs that have not (yet) been identified by GWAS and 

consequently are not yet included current PRS as well as current diagnostic categories 

that are likely to present overlapping as well as multiple disease entities within one 

category reduce validity and reliability of our results. 

Due to “translational hurdles” (Wittchen et al., 2014) not only from imaging studies but 

also from other disciplines of psychiatric basic research, there have been calls for more 

integrative translational models with foci on risk behaviour in healthy and preclinic 

individuals that link basic research to clinical research as well as population-based 

prospective-longitudinal studies (Wittchen et al., 2014). Thereby, these models focus 
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on the research of which mechanisms underlie transitions from adaptive cognitive-

behavioural patterns into maladaptive patterns of persistent health-risk behaviours 

or mental disorders. They further want to investigate if there are any critical 

developmental windows of vulnerability and if cognitive dysfunctions (e.g. impaired 

volitional control) are simply constitutive markers or generalizable causal disease 

factors. Such models might also understand how an effective change of 

dysfunctional behaviour patterns can be induced and maintained by targeting such 

mechanisms, and, finally, potentially leading to one of science’s ultimate goals: The 

reduction of human suffering.  



 
 
 
 

22 

References 

Aas, M., Navari, S., Gibbs, A., Mondelli, V., Fisher, H. L., Morgan, C., . . . Dazzan, P. (2012). 
Is there a link between childhood trauma, cognition, and amygdala and 
hippocampus volume in first-episode psychosis? Schizophrenia Research, 137(1-
3), 73-79. doi:10.1016/j.schres.2012.01.035 

Adams, J., & Nettle, D. (2009). Time perspective, personality and smoking, body mass, 
and physical activity: An empirical study. British Journal of Health Psychology, 
14(1), 83-105. doi:10.1348/135910708X299664 

Agnew-Blais, J. C., Buka, S. L., Fitzmaurice, G. M., Smoller, J. W., Goldstein, J. M., & 
Seidman, L. J. (2015). Early Childhood IQ Trajectories in Individuals Later 
Developing Schizophrenia and Affective Psychoses in the New England Family 
Studies. Schizophrenia Bulletin, 41(4), 817-823. doi:10.1093/schbul/sbv027 

Allott, K. A., Schäfer, M. R., Thompson, A., Nelson, B., Bendall, S., Bartholomeusz, C. F., . . . 
Bechdolf, A. (2014). Emotion recognition as a predictor of transition to a 
psychotic disorder in ultra-high risk participants. Schizophrenia Research, 153(1-
3), 25-31.  

Amminger, G. P., Schäfer, M. R., Papageorgiou, K., Klier, C. M., Schlögelhofer, M., 
Mossaheb, N., . . . McGorry, P. D. (2012). Emotion recognition in individuals at 
clinical high-risk for schizophrenia. Schizophrenia Bulletin, 38(5), 1030-1039.  

Anagnostopoulos, F., & Griva, F. (2012). Exploring Time Perspective in Greek Young 
Adults: Validation of the Zimbardo Time Perspective Inventory and Relationships 
with Mental Health Indicators. Social Indicators Research, 106(1), 41-59. 
doi:10.1007/s11205-011-9792-y 

Andlauer, T. F. M., & Nöthen, M. M. (2020). Polygenic scores for psychiatric disease: 
from research tool to clinical application. Medizinische Genetik, 32(1), 39-45. 
doi:doi:10.1515/medgen-2020-2006 

Apostolidis, T., Fieulaine, N., & Soule, F. (2006). Future time perspective as predictor of 
cannabis use: exploring the role of substance perception among French 
adolescents. Addictive behaviors, 31(12), 2339-2343. 
doi:10.1016/j.addbeh.2006.03.008 

Armstrong, E., Schleicher, A., Omran, H., Curtis, M., & Zilles, K. (1995). The Ontogeny of 
Human Gyrification. Cerebral Cortex, 5(1), 56-63. doi:10.1093/cercor/5.1.56 

Arnone, D., McIntosh, A. M., Ebmeier, K. P., Munafò, M. R., & Anderson, I. M. (2012). 
Magnetic resonance imaging studies in unipolar depression: Systematic review 
and meta-regression analyses. European Neuropsychopharmacology, 22(1), 1-16. 
doi:https://doi.org/10.1016/j.euroneuro.2011.05.003 

Assary, E., Vincent, J. P., Keers, R., & Pluess, M. (2018). Gene-environment interaction 
and psychiatric disorders: Review and future directions. Seminars in Cell & 
Developmental Biology, 77, 133-143. 
doi:https://doi.org/10.1016/j.semcdb.2017.10.016 

Åström, E., Seif, A., Wiberg, B., & Carelli, M. G. (2018). Getting “Stuck” in the Future or 
the Past: Relationships between Dimensions of Time Perspective, Executive 
Functions, and Repetitive Negative Thinking in Anxiety. Psychopathology, 51(6), 
362-370. doi:10.1159/000494882 



 
 
 
 

23 

Bada, H. S., Das, A., Bauer, C. R., Shankaran, S., Lester, B., LaGasse, L., . . . Higgins, R. 
(2007). Impact of Prenatal Cocaine Exposure on Child Behavior Problems 
Through School Age. Pediatrics, 119(2), e348. doi:10.1542/peds.2006-1404 

Barkl, S. J., Lah, S., Harris, A. W., & Williams, L. M. (2014). Facial emotion identification 
in early-onset and first-episode psychosis: a systematic review with meta-
analysis. Schizophrenia Research, 159(1), 62-69.  

Basso, O., Olsen, J., Johansen, A. M. T., & Christensen, K. (1997). Change in social status 
and risk of low birth weight in Denmark: population based cohort study. BMJ 
(Clinical research ed.), 315(7121), 1498-1502. doi:10.1136/bmj.315.7121.1498 

Bennett, D. S., Bendersky, M., & Lewis, M. (2008). Children's cognitive ability from 4 to 
9 years old as a function of prenatal cocaine exposure, environmental risk, and 
maternal verbal intelligence. Developmental Psychology, 44(4), 919.  

Bergman, Y. S., & Segel-Karpas, D. (2018). Future time perspective, loneliness, and 
depressive symptoms among middle-aged adults: A mediation model. Journal of 
Affective Disorders, 241, 173-175. doi:https://doi.org/10.1016/j.jad.2018.08.019 

Berntson, G. G., Norman, G. J., Bechara, A., Bruss, J., Tranel, D., & Cacioppo, J. T. (2010). 
The Insula and Evaluative Processes. Psychological Science, 22(1), 80-86. 
doi:10.1177/0956797610391097 

Besteher, B., Gaser, C., Spalthoff, R., & Nenadić, I. (2017). Associations between urban 
upbringing and cortical thickness and gyrification. Journal of Psychiatric Research, 
95, 114-120. doi:https://doi.org/10.1016/j.jpsychires.2017.08.012 

Binder, J. R., Medler, D. A., Desai, R., Conant, L. L., & Liebenthal, E. (2005). Some 
neurophysiological constraints on models of word naming. NeuroImage, 27(3), 
677-693. doi:https://doi.org/10.1016/j.neuroimage.2005.04.029 

Blanton, R. E., Levitt, J. G., Thompson, P. M., Narr, K. L., Capetillo-Cunliffe, L., Nobel, 
A., . . . Toga, A. W. (2001). Mapping cortical asymmetry and complexity patterns 
in normal children. Psychiatry Research: Neuroimaging, 107(1), 29-43. 
doi:https://doi.org/10.1016/S0925-4927(01)00091-9 

Bora, E., & Murray, R. M. (2013). Meta-analysis of Cognitive Deficits in Ultra-high Risk to 
Psychosis and First-Episode Psychosis: Do the Cognitive Deficits Progress Over, 
or After, the Onset of Psychosis? Schizophrenia Bulletin, 40(4), 744-755. 
doi:10.1093/schbul/sbt085 

Bromis, K., Calem, M., Reinders, A. A., Williams, S. C., & Kempton, M. J. (2018). Meta-
Analysis of 89 Structural MRI Studies in Posttraumatic Stress Disorder and 
Comparison With Major Depressive Disorder. American Journal of Psychiatry, 
appi. ajp. 2018.17111199.  

Burnett, A., Anderson, P., Cheong, J., Doyle, L., Davey, C., & Wood, S. (2011). Prevalence 
of psychiatric diagnoses in preterm and full-term children, adolescents and 
young adults: a meta-analysis. Psychological Medicine, 41(12), 2463.  

Cao, B., Mwangi, B., Passos, I. C., Wu, M.-J., Keser, Z., Zunta-Soares, G. B., . . . Soares, J. 
C. (2017). Lifespan Gyrification Trajectories of Human Brain in Healthy Individuals 
and Patients with Major Psychiatric Disorders. Scientific reports, 7(1), 511. 
doi:10.1038/s41598-017-00582-1 

Carelli, M. G., & Wiberg, B. (2012). Time out of mind: temporal perspective in adults with 
ADHD. Journal of Attention Disorders, 16(6), 460-466. 
doi:10.1177/1087054711398861 



 
 
 
 

24 

Comparelli, A., Corigliano, V., De Carolis, A., Mancinelli, I., Trovini, G., Ottavi, G., . . . 
Girardi, P. (2013). Emotion recognition impairment is present early and is stable 
throughout the course of schizophrenia. Schizophrenia Research, 143(1), 65-69.  

Corcoran, C., Keilp, J., Kayser, J., Klim, C., Butler, P., Bruder, G., . . . Javitt, D. (2015). 
Emotion recognition deficits as predictors of transition in individuals at clinical 
high risk for schizophrenia: a neurodevelopmental perspective. Psychological 
Medicine, 45(14), 2959-2973.  

Cross-Disorder Group of the Psychiatric Genomics Consortium. (2013). Identification of 
risk loci with shared effects on five major psychiatric disorders: a genome-wide 
analysis. The Lancet, 381(9875), 1371-1379.  

Cuthbert, B. N. (2015). Research Domain Criteria: toward future psychiatric nosologies. 
Dialogues in clinical neuroscience, 17(1), 89-97. 
doi:10.31887/DCNS.2015.17.1/bcuthbert 

Dahnke, R., Yotter, R. A., & Gaser, C. (2013). Cortical thickness and central surface 
estimation. NeuroImage, 65, 336-348.  

Davis, E. P., Glynn, L. M., Waffarn, F., & Sandman, C. A. (2011). Prenatal maternal stress 
programs infant stress regulation. Journal of Child Psychology and Psychiatry, 
52(2), 119-129. doi:10.1111/j.1469-7610.2010.02314.x 

Dębska, A., Chyl, K., Dzięgiel, G., Kacprzak, A., Łuniewska, M., Plewko, J., . . . Jednoróg, K. 
(2019). Reading and spelling skills are differentially related to phonological 
processing: Behavioral and fMRI study. Developmental Cognitive Neuroscience, 
39, 100683. doi:https://doi.org/10.1016/j.dcn.2019.100683 

Drake, L., Duncan, E., Sutherland, F., Abernethy, C., & Henry, C. (2008). Time Perspective 
and Correlates of Wellbeing. Time & Society, 17(1), 47-61. 
doi:10.1177/0961463X07086304 

Edvardsen, J., Torgersen, S., Røysamb, E., Lygren, S., Skre, I., Onstad, S., & Øien, P. A. 
(2008). Heritability of bipolar spectrum disorders. Unity or heterogeneity? 
Journal of Affective Disorders, 106(3), 229-240. 
doi:https://doi.org/10.1016/j.jad.2007.07.001 

Ekman, P., & Friesen, W. V. (2003). Unmasking the face: A guide to recognizing emotions 
from facial clues (Vol. 10): Ishk. 

Elliott, L. T., Sharp, K., Alfaro-Almagro, F., Shi, S., Miller, K. L., Douaud, G., . . . Smith, S. 
M. (2018). Genome-wide association studies of brain imaging phenotypes in UK 
Biobank. Nature, 562(7726), 210-216. doi:10.1038/s41586-018-0571-7 

Enneking, V., Leehr, E. J., Dannlowski, U., & Redlich, R. (2020). Brain structural effects of 
treatments for depression and biomarkers of response: a systematic review of 
neuroimaging studies. Psychological Medicine, 50(2), 187-209. 
doi:10.1017/S0033291719003660 

Eryigit Madzwamuse, S., Baumann, N., Jaekel, J., Bartmann, P., & Wolke, D. (2015). 
Neuro-cognitive performance of very preterm or very low birth weight adults at 
26 years. Journal of Child Psychology and Psychiatry, 56(8), 857-864. 
doi:https://doi.org/10.1111/jcpp.12358 

Franke, K., Van den Bergh, B. R. H., de Rooij, S. R., Kroegel, N., Nathanielsz, P. W., Rakers, 
F., . . . Schwab, M. (2020). Effects of maternal stress and nutrient restriction 
during gestation on offspring neuroanatomy in humans. Neuroscience & 
Biobehavioral Reviews. doi:https://doi.org/10.1016/j.neubiorev.2020.01.031 



 
 
 
 

25 

French, L., Gray, C., Leonard, G., Perron, M., Pike, G. B., Richer, L., . . . Paus, T. (2015). 
Early Cannabis Use, Polygenic Risk Score for Schizophrenia and Brain Maturation 
in Adolescence. JAMA Psychiatry, 72(10), 1002-1011. 
doi:10.1001/jamapsychiatry.2015.1131 

Fusar-Poli, P., Borgwardt, S., Bechdolf, A., Addington, J., Riecher-Rössler, A., Schultze-
Lutter, F., . . . Yung, A. (2013). The Psychosis High-Risk State: A Comprehensive 
State-of-the-Art Review. JAMA Psychiatry, 70(1), 107-120. 
doi:10.1001/jamapsychiatry.2013.269 

Fusar-Poli, P., Cappucciati, M., Rutigliano, G., Lee, T. Y., Beverly, Q., Bonoldi, I., . . . 
McGuire, P. (2016). Towards a Standard Psychometric Diagnostic Interview for 
Subjects at Ultra High Risk of Psychosis: CAARMS versus SIPS. Psychiatry Journal, 
2016, 7146341. doi:10.1155/2016/7146341 

Gabay, A. S., Kempton, M. J., & Mehta, M. A. (2015). Facial affect processing deficits in 
schizophrenia: A meta-analysis of antipsychotic treatment effects. Journal of 
Psychopharmacology, 29(2), 224-229.  

Garcia, D., Nima, A. A., & Lindskar, E. (2016). Time perspective and well-being: Swedish 
survey questionnaires and data. Data in brief, 9, 183-193. 
doi:10.1016/j.dib.2016.08.057 

Gillman, M. W. (2005). Developmental origins of health and disease. The New England 
journal of medicine, 353(17), 1848-1850. doi:10.1056/NEJMe058187 

Glenthøj, L. B., Albert, N., Fagerlund, B., Kristensen, T. D., Wenneberg, C., Hjorthøj, C., . . . 
Jepsen, J. R. M. (2019). Emotion recognition latency, but not accuracy, relates to 
real life functioning in individuals at ultra-high risk for psychosis. Schizophrenia 
Research, 210, 197-202.  

Gluckman, P. D., Hanson, M. A., & Buklijas, T. (2010). A conceptual framework for the 
developmental origins of health and disease. Journal of Developmental Origins 
of Health and Disease, 1(1), 6-18. doi:10.1017/S2040174409990171 

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B., . . . 
Etkin, A. (2015). Identification of a common neurobiological substrate for mental 
illness. JAMA Psychiatry, 72(4), 305-315. doi:10.1001/jamapsychiatry.2014.2206 

Gotlib, I. H., Joormann, J., & Foland-Ross, L. C. (2014). Understanding Familial Risk for 
Depression: A 25-Year Perspective. Perspectives on Psychological Science, 9(1), 
94-108. doi:10.1177/1745691613513469 

Grasby, K. L., Jahanshad, N., Painter, J. N., Colodro-Conde, L., Bralten, J., Hibar, D. P., . . . 
Medland, S. E. (2018). The genetic architecture of the human cerebral cortex. 
bioRxiv, 399402. doi:10.1101/399402 

Grove, B. J., Lim, S. J., Gale, C. R., & Shenkin, S. D. (2017). Birth weight and cognitive 
ability in adulthood: A systematic review and meta-analysis. Intelligence, 61, 146-
158. doi:https://doi.org/10.1016/j.intell.2017.02.001 

Gruber, J., Cunningham, W. A., Kirkland, T., & Hay, A. C. (2012). Feeling stuck in the 
present? Mania proneness and history associated with present-oriented time 
perspective. Emotion, 12(1), 13.  

Guo, Y., Chen, Z., & Feng, T. (2017). Neural substrates underlying balanced time 
perspective: a combined voxel-based morphometry and resting-state functional 
connectivity study. Behavioural Brain Research. doi:10.1016/j.bbr.2017.06.005 



 
 
 
 

26 

Habel, U., Chechko, N., Pauly, K., Koch, K., Backes, V., Seiferth, N., . . . Kellermann, T. 
(2010). Neural correlates of emotion recognition in schizophrenia. Schizophrenia 
Research, 122(1), 113-123. doi:https://doi.org/10.1016/j.schres.2010.06.009 

Häfner, H., Maurer, K., Trendler, G., an der Heiden, W., Schmidt, M., & Könnecke, R. 
(2005). Schizophrenia and depression: Challenging the paradigm of two separate 
diseases—A controlled study of schizophrenia, depression and healthy controls. 
Schizophrenia Research, 77(1), 11-24. 
doi:https://doi.org/10.1016/j.schres.2005.01.004 

Haijma, S. V., Van Haren, N., Cahn, W., Koolschijn, P. C. M. P., Hulshoff Pol, H. E., & Kahn, 
R. S. (2012). Brain Volumes in Schizophrenia: A Meta-Analysis in Over 18 000 
Subjects. Schizophrenia Bulletin, 39(5), 1129-1138. doi:10.1093/schbul/sbs118 

Hall, P. A., & Fong, G. T. (2003). The effects of a brief time perspective intervention for 
increasing physical activity among young adults. Psychology & Health, 18(6), 685-
706. doi:10.1080/0887044031000110447 

Hall, P. A., Fong, G. T., & Sansone, G. (2015). Time Perspective as a Predictor of Healthy 
Behaviors and Disease-Mediating States. In M. Stolarski, N. Fieulaine, & W. van 
Beek (Eds.), Time Perspective Theory; Review, Research and Application: Essays 
in Honor of Philip G. Zimbardo (pp. 339-352). Cham: Springer International 
Publishing. 

Hanford, L. C., Nazarov, A., Hall, G. B., & Sassi, R. B. (2016). Cortical thickness in bipolar 
disorder: a systematic review. Bipolar Disorders, 18(1), 4-18. 
doi:10.1111/bdi.12362 

Hartwigsen, G., Baumgaertner, A., Price, C. J., Koehnke, M., Ulmer, S., & Siebner, H. R. 
(2010). Phonological decisions require both the left and right supramarginal gyri. 
Proceedings of the National Academy of Sciences, 107(38), 16494. 
doi:10.1073/pnas.1008121107 

Hedderich, D. M., Bäuml, J. G., Berndt, M. T., Menegaux, A., Scheef, L., Daamen, M., . . . 
Sorg, C. (2019). Aberrant gyrification contributes to the link between gestational 
age and adult IQ after premature birth. Brain, 142(5), 1255-1269. 
doi:10.1093/brain/awz071 

Hedderich, D. M., Bäuml, J. G., Menegaux, A., Avram, M., Daamen, M., Zimmer, C., . . . 
Sorg, C. (2020). An analysis of MRI derived cortical complexity in premature-born 
adults: Regional patterns, risk factors, and potential significance. NeuroImage, 
208, 116438. doi:https://doi.org/10.1016/j.neuroimage.2019.116438 

Hoekert, M., Bais, L., Kahn, R. S., & Aleman, A. (2008). Time Course of the Involvement 
of the Right Anterior Superior Temporal Gyrus and the Right Fronto-Parietal 
Operculum in Emotional Prosody Perception. PLoS ONE, 3(5), e2244. 
doi:10.1371/journal.pone.0002244 

Hou, J., Schmitt, S., Meller, T., Falkenberg, I., Chen, J., Wang, J., . . . Nenadić, I. (2020). 
Cortical Complexity in People at Ultra-High-Risk for Psychosis Moderated by 
Childhood Trauma. Frontiers in Psychiatry, 11(1236). 
doi:10.3389/fpsyt.2020.594466 

Howard, D. M., Adams, M. J., Clarke, T.-K., Hafferty, J. D., Gibson, J., Shirali, M., . . . Major 
Depressive Disorder Working Group of the Psychiatric Genomics, C. (2019). 
Genome-wide meta-analysis of depression identifies 102 independent variants 



 
 
 
 

27 

and highlights the importance of the prefrontal brain regions. Nature 
Neuroscience, 22(3), 343-352. doi:10.1038/s41593-018-0326-7 

Ising, H. K., Veling, W., Loewy, R. L., Rietveld, M. W., Rietdijk, J., Dragt, S., . . . van der 
Gaag, M. (2012). The Validity of the 16-Item Version of the Prodromal 
Questionnaire (PQ-16) to Screen for Ultra High Risk of Developing Psychosis in 
the General Help-Seeking Population. Schizophrenia Bulletin, 38(6), 1288-1296. 
doi:10.1093/schbul/sbs068 

Jáni, M., & Kašpárek, T. (2018). Emotion recognition and theory of mind in schizophrenia: 
A meta-analysis of neuroimaging studies. The World Journal of Biological 
Psychiatry, 19(sup3), S86-S96. doi:10.1080/15622975.2017.1324176 

Jha, S. C., Xia, K., Schmitt, J. E., Ahn, M., Girault, J. B., Murphy, V. A., . . . Gilmore, J. H. 
(2018). Genetic influences on neonatal cortical thickness and surface area. 
Human brain mapping, 39(12), 4998-5013. doi:10.1002/hbm.24340 

Jones, R., & Bhattacharya, J. (2014). A role for the precuneus in thought–action fusion: 
Evidence from participants with significant obsessive–compulsive symptoms. 
NeuroImage: Clinical, 4, 112-121. doi:https://doi.org/10.1016/j.nicl.2013.11.008 

Joseph, C., Wang, L., Wu, R., Manning, K. J., & Steffens, D. C. (2021). Structural brain 
changes and neuroticism in late-life depression: a neural basis for depression 
subtypes. International Psychogeriatrics, 33(5), 515-520. 
doi:10.1017/S1041610221000284 

Karpouzian, T. M., Schroeder, M. P., Abram, S. V., Wanar, H., Alden, E. C., Eack, S. M., . . . 
Smith, M. J. (2017). Neural correlates of preserved facial affect perception in high 
functioning schizophrenia. Psychiatry Research: Neuroimaging, 266, 83-85.  

Keough, K. A., Zimbardo, P. G., & Boyd, J. N. (1999). Who's smoking, drinking, and using 
drugs? Time perspective as a predictor of substance use. Basic and applied social 
psychology, 21(2), 149-164.  

Kersbergen, K. J., Leroy, F., Išgum, I., Groenendaal, F., de Vries, L. S., Claessens, N. H. 
P., . . . Benders, M. J. N. L. (2016). Relation between clinical risk factors, early 
cortical changes, and neurodevelopmental outcome in preterm infants. 
NeuroImage, 142, 301-310. 
doi:https://doi.org/10.1016/j.neuroimage.2016.07.010 

Ko, T.-J., Tsai, L.-Y., Chu, L.-C., Yeh, S.-J., Leung, C., Chen, C.-Y., . . . Hsieh, W.-S. (2014). 
Parental Smoking During Pregnancy and Its Association with Low Birth Weight, 
Small for Gestational Age, and Preterm Birth Offspring: A Birth Cohort Study. 
Pediatrics & Neonatology, 55(1), 20-27. 
doi:https://doi.org/10.1016/j.pedneo.2013.05.005 

Kohler, C. G., Richard, J. A., Brensinger, C. M., Borgmann-Winter, K. E., Conroy, C. G., 
Moberg, P. J., . . . Calkins, M. E. (2014). Facial emotion perception differs in young 
persons at genetic and clinical high-risk for psychosis. Psychiatry Research, 
216(2), 206-212.  

Kooij, D. T., Kanfer, R., Betts, M., & Rudolph, C. W. (2018). Future time perspective: A 
systematic review and meta-analysis. Journal of Applied Psychology, 103(8), 867.  

Kormos, C. E., Wilkinson, A. J., Davey, C. J., & Cunningham, A. J. (2014). Low birth weight 
and intelligence in adolescence and early adulthood: a meta-analysis. Journal of 
Public Health, 36(2), 213-224. doi:10.1093/pubmed/fdt071 



 
 
 
 

28 

Kraemer, H. C., Stice, E., Kazdin, A., Offord, D., & Kupfer, D. (2001). How Do Risk Factors 
Work Together? Mediators, Moderators, and Independent, Overlapping, and 
Proxy Risk Factors. American Journal of Psychiatry, 158(6), 848-856. 
doi:10.1176/appi.ajp.158.6.848 

Laghi, F., Baiocco, R., D'Alessio, M., & Gurrieri, G. (2009). Suicidal ideation and time 
perspective in high school students. European Psychiatry, 24(1), 41-46. 
doi:10.1016/j.eurpsy.2008.08.006 

Lam, M., Lee, J., Rapisarda, A., See, Y. M., Yang, Z., Lee, S.-A., . . . Keefe, R. S. E. (2018). 
Longitudinal Cognitive Changes in Young Individuals at Ultrahigh Risk for 
Psychosis. JAMA Psychiatry, 75(9), 929-939. 
doi:10.1001/jamapsychiatry.2018.1668 

Lamm, C., & Singer, T. (2010). The role of anterior insular cortex in social emotions. Brain 
Structure and Function, 214(5-6), 579-591.  

Lee, T. Y., Hong, S. B., Shin, N. Y., & Kwon, J. S. (2015). Social cognitive functioning in 
prodromal psychosis: A meta-analysis. Schizophrenia Research, 164(1), 28-34. 
doi:https://doi.org/10.1016/j.schres.2015.02.008 

Leighton, C., Botto, A., Silva, J. R., Jiménez, J. P., & Luyten, P. (2017). Vulnerability or 
Sensitivity to the Environment? Methodological Issues, Trends, and 
Recommendations in Gene–Environment Interactions Research in Human 
Behavior. Frontiers in Psychiatry, 8(106). doi:10.3389/fpsyt.2017.00106 

Loewy, R. L., Pearson, R., Vinogradov, S., Bearden, C. E., & Cannon, T. D. (2011). Psychosis 
risk screening with the Prodromal Questionnaire — Brief Version (PQ-B). 
Schizophrenia Research, 129(1), 42-46. 
doi:https://doi.org/10.1016/j.schres.2011.03.029 

van Loo, H. M., de Jonge, P., Romeijn, J.-W., Kessler, R. C., & Schoevers, R. A. (2012). 
Data-driven subtypes of major depressive disorder: a systematic review. BMC 
medicine, 10, 156-156. doi:10.1186/1741-7015-10-156 

Luders, E., Thompson, P. M., Narr, K., Toga, A. W., Jancke, L., & Gaser, C. (2006). A 
curvature-based approach to estimate local gyrification on the cortical surface. 
NeuroImage, 29(4), 1224-1230.  

Lunde, A., Melve, K. K., Gjessing, H. K., Skjærven, R., & Irgens, L. M. (2007). Genetic and 
Environmental Influences on Birth Weight, Birth Length, Head Circumference, 
and Gestational Age by Use of Population-based Parent-Offspring Data. 
American Journal of Epidemiology, 165(7), 734-741. doi:10.1093/aje/kwk107 

Malhi, G. S., Green, M., Fagiolini, A., Peselow, E. D., & Kumari, V. (2008). Schizoaffective 
disorder: diagnostic issues and future recommendations. Bipolar Disorders, 
10(1p2), 215-230. doi:https://doi.org/10.1111/j.1399-5618.2007.00564.x 

Marek, S., & Dosenbach, N. U. F. (2018). The frontoparietal network: function, 
electrophysiology, and importance of individual precision mapping. Dialogues in 
clinical neuroscience, 20(2), 133-140. doi:10.31887/DCNS.2018.20.2/smarek 

Mather, M., Cacioppo, J. T., & Kanwisher, N. (2013). How fMRI Can Inform Cognitive 
Theories. Perspectives on Psychological Science, 8(1), 108-113. 
doi:10.1177/1745691612469037 

McHugh, M. J., McGorry, P. D., Yuen, H. P., Hickie, I. B., Thompson, A., de Haan, L., . . . 
Nelson, B. (2018). The Ultra-High-Risk for psychosis groups: Evidence to maintain 



 
 
 
 

29 

the status quo. Schizophrenia Research, 195, 543-548. 
doi:https://doi.org/10.1016/j.schres.2017.09.003 

McKay, M. T., Cole, J. C., & Andretta, J. R. (2016). Temporal profiles relate meaningfully 
to anxiety and depression in university undergraduates. Personality and 
Individual Differences, 101, 106-109. 
doi:https://doi.org/10.1016/j.paid.2016.05.058 

Meng, Y., Qiu, C., Zhu, H., Lama, S., Lui, S., Gong, Q., & Zhang, W. (2014). Anatomical 
deficits in adult posttraumatic stress disorder: A meta-analysis of voxel-based 
morphometry studies. Behavioural Brain Research, 270, 307-315. 
doi:https://doi.org/10.1016/j.bbr.2014.05.021 

Menon, V. (2011). Large-scale brain networks and psychopathology: a unifying triple 
network model. Trends in Cognitive Sciences, 15(10), 483-506. 
doi:10.1016/j.tics.2011.08.003 

Micco, J. A., Henin, A., Biederman, J., Rosenbaum, J. F., Petty, C., Rindlaub, L. A., . . . 
Hirshfeld-Becker, D. R. (2009). Executive functioning in offspring at risk for 
depression and anxiety. Depression and Anxiety, 26(9), 780-790. 
doi:https://doi.org/10.1002/da.20573 

Miller, T. J., McGlashan, T. H., Rosen, J. L., Cadenhead, K., Ventura, J., McFarlane, W., . . . 
Woods, S. W. (2003). Prodromal assessment with the structured interview for 
prodromal syndromes and the scale of prodromal symptoms: predictive validity, 
interrater reliability, and training to reliability. Schizophrenia Bulletin, 29(4), 703.  

Mollon, J., & Reichenberg, A. (2018). Cognitive development prior to onset of psychosis. 
Psychological Medicine, 48(3), 392.  

Moore, M., Höfer, S., McGee, H., & Ring, L. (2005). Can the concepts of depression and 
quality of life be integrated using a time perspective? Health and Quality of Life 
Outcomes, 3(1), 1. doi:10.1186/1477-7525-3-1 

Mulders, P. C. R., Llera, A., Beckmann, C. F., Vandenbulcke, M., Stek, M., Sienaert, P., . . . 
Tendolkar, I. (2020). Structural changes induced by electroconvulsive therapy are 
associated with clinical outcome. Brain Stimulation: Basic, Translational, and 
Clinical Research in Neuromodulation, 13(3), 696-704. 
doi:10.1016/j.brs.2020.02.020 

Nenadic, I., Sauer, H., & Gaser, C. (2010). Distinct pattern of brain structural deficits in 
subsyndromes of schizophrenia delineated by psychopathology. NeuroImage, 
49(2), 1153-1160. doi:https://doi.org/10.1016/j.neuroimage.2009.10.014 

Nenadic, I., Weigardt, L., Schmitt, S., Meller, T., Stein, F., Brosch, K., . . . Kircher, T. (2020). 
S162. MULTI-MODAL ANALYSIS OF THE EFFECTS OF URBAN UPBRINGING ON 
BRAIN STRUCTURE: THE FOR2107 COHORT. Schizophrenia Bulletin, 46(Suppl 1), 
S98-S98. doi:10.1093/schbul/sbaa031.228 

Nkansah-Amankra, S., Luchok, K. J., Hussey, J. R., Watkins, K., & Liu, X. (2010). Effects of 
maternal stress on low birth weight and preterm birth outcomes across 
neighborhoods of South Carolina, 2000–2003. Maternal and child health journal, 
14(2), 215-226.  

Oyanadel, C., & Buela-Casal, G. (2014). Time perception and psychopathology: influence 
of time perspective on quality of life of severe mental illness. Actas Españolas de 
Psiquiatría, 42, 99-107.  



 
 
 
 

30 

Papini, C., Palaniyappan, L., Kroll, J., Froudist-Walsh, S., Murray, R. M., & Nosarti, C. 
(2020). Altered Cortical Gyrification in Adults Who Were Born Very Preterm and 
Its Associations With Cognition and Mental Health. Biological Psychiatry: 
Cognitive Neuroscience and Neuroimaging, 5(7), 640-650. 
doi:https://doi.org/10.1016/j.bpsc.2020.01.006 

Pardiñas, A. F., Holmans, P., Pocklington, A. J., Escott-Price, V., Ripke, S., Carrera, N., . . . 
Walters, J. T. R. (2018). Common schizophrenia alleles are enriched in mutation-
intolerant genes and in regions under strong background selection. Nature 
genetics, 50(3), 381-389. doi:10.1038/s41588-018-0059-2 

Park, H. Y., Yun, J.-Y., Shin, N. Y., Kim, S.-Y., Jung, W. H., Shin, Y. S., . . . Kim, S. N. (2016). 
Decreased neural response for facial emotion processing in subjects with high 
genetic load for schizophrenia. Progress in Neuro-Psychopharmacology and 
Biological Psychiatry, 71, 90-96.  

Płonka, O., Krześniak, A., & Adamczyk, P. (2020). Analysis of local gyrification index using 
a novel shape-adaptive kernel and the standard FreeSurfer spherical kernel 
&#x2013; evidence from chronic schizophrenia outpatients. Heliyon, 6(6). 
doi:10.1016/j.heliyon.2020.e04172 

Price, C. J. (2010). The anatomy of language: a review of 100 fMRI studies published in 
2009. Annals of the New York Academy of Sciences, 1191(1), 62-88. 
doi:https://doi.org/10.1111/j.1749-6632.2010.05444.x 

Ramakrishnan, U. (2004). Nutrition and low birth weight: from research to practice. The 
American Journal of Clinical Nutrition, 79(1), 17-21. doi:10.1093/ajcn/79.1.17 

Reichenberg, A. (2005). Cognitive impairment as a risk factor for psychosis. Dialogues in 
clinical neuroscience, 7(1), 31-38. doi:10.31887/DCNS.2005.7.1/areichenberg 

Ringwald, K. G., Meller, T., Schmitt, S., Andlauer, T. F. M., Stein, F., Brosch, K., . . . Kircher, 
T. (2021). Interaction of developmental factors and ordinary stressful life events 
on brain structure in adults. NeuroImage: Clinical, 102683. 
doi:https://doi.org/10.1016/j.nicl.2021.102683 

Ripke, S., Neale, B. M., Corvin, A., Walters, J. T. R., Farh, K.-H., Holmans, P. A., . . . 
O’Donovan, M. C. (2014). Biological insights from 108 schizophrenia-associated 
genetic loci. Nature, 511, 421. doi:10.1038/nature13595 

https://www.nature.com/articles/nature13595#supplementary-information 
Roberts, R. E., Roberts, C. R., & Chan, W. (2009). One-year incidence of psychiatric 

disorders and associated risk factors among adolescents in the community. 
Journal of Child Psychology and Psychiatry, 50(4), 405-415. 
doi:https://doi.org/10.1111/j.1469-7610.2008.01969.x 

Rogers, J., Kochunov, P., Zilles, K., Shelledy, W., Lancaster, J., Thompson, P., . . . Glahn, 
D. C. (2010). On the genetic architecture of cortical folding and brain volume in 
primates. NeuroImage, 53(3), 1103-1108. 
doi:https://doi.org/10.1016/j.neuroimage.2010.02.020 

Rolls, E. T. (2016). A non-reward attractor theory of depression. Neuroscience & 
Biobehavioral Reviews, 68, 47-58. 
doi:https://doi.org/10.1016/j.neubiorev.2016.05.007 

Rolls, E. T. (2017). The orbitofrontal cortex and emotion in health and disease, including 
depression. Neuropsychologia. 
doi:https://doi.org/10.1016/j.neuropsychologia.2017.09.021 



 
 
 
 

31 

Sandu, A.-L., Izard, E., Specht, K., Beneventi, H., Lundervold, A., Ystad, M. J. B., & 
Functions, B. (2014). Post-adolescent developmental changes in cortical 
complexity. 10(1), 44. doi:10.1186/1744-9081-10-44 

Sanislow, C. A. (2016). Updating the Research Domain Criteria. World psychiatry : official 
journal of the World Psychiatric Association (WPA), 15(3), 222-223. 
doi:10.1002/wps.20374 

Sanislow, C. A., Pine, D. S., Quinn, K. J., Kozak, M. J., Garvey, M. A., Heinssen, R. K., . . . 
Cuthbert, B. N. (2010). Developing constructs for psychopathology research: 
research domain criteria. Journal of Abnormal Psychology, 119(4), 631.  

Sasabayashi, D., Takayanagi, Y., Takahashi, T., Koike, S., Yamasue, H., Katagiri, N., . . . 
Suzuki, M. (2017). Increased Occipital Gyrification and Development of Psychotic 
Disorders in Individuals With an At-Risk Mental State: A Multicenter Study. 
Biological Psychiatry, 82(10), 737-745. 
doi:https://doi.org/10.1016/j.biopsych.2017.05.018 

Sato, W., Kochiyama, T., Uono, S., Kubota, Y., Sawada, R., Yoshimura, S., & Toichi, M. 
(2015). The structural neural substrate of subjective happiness. Scientific reports, 
5, 16891-16891. doi:10.1038/srep16891 

Savill, M., D'Ambrosio, J., Cannon, T. D., & Loewy, R. L. (2018). Psychosis risk screening 
in different populations using the Prodromal Questionnaire: A systematic review. 
Early intervention in psychiatry, 12(1), 3-14. 
doi:https://doi.org/10.1111/eip.12446 

Schaer, M., Cuadra, M. B., Tamarit, L., Lazeyras, F., Eliez, S., & Thiran, J. (2008). A Surface-
Based Approach to Quantify Local Cortical Gyrification. IEEE Transactions on 
Medical Imaging, 27(2), 161-170. doi:10.1109/TMI.2007.903576 

Schlotz, W., Jones, A., Phillips, D. I. W., Gale, C. R., Robinson, S. M., & Godfrey, K. M. 
(2010). Lower maternal folate status in early pregnancy is associated with 
childhood hyperactivity and peer problems in offspring. Journal of Child 
Psychology and Psychiatry, 51(5), 594-602. doi:https://doi.org/10.1111/j.1469-
7610.2009.02182.x 

Schlotz, W., & Phillips, D. I. W. (2009). Fetal origins of mental health: Evidence and 
mechanisms. Brain, Behavior, and Immunity, 23(7), 905-916. 
doi:https://doi.org/10.1016/j.bbi.2009.02.001 

Schmaal, L., Hibar, D. P., Sämann, P. G., Hall, G. B., Baune, B. T., Jahanshad, N., . . . 
Veltman, D. J. (2016). Cortical abnormalities in adults and adolescents with major 
depression based on brain scans from 20 cohorts worldwide in the ENIGMA 
Major Depressive Disorder Working Group. Molecular Psychiatry, 22, 900. 
doi:10.1038/mp.2016.60 

https://www.nature.com/articles/mp201660#supplementary-information 
Schmitgen, M. M., Depping, M. S., Bach, C., Wolf, N. D., Kubera, K. M., Vasic, N., . . . Wolf, 

R. C. (2019). Aberrant cortical neurodevelopment in major depressive disorder. 
Journal of Affective Disorders, 243, 340-347. 
doi:https://doi.org/10.1016/j.jad.2018.09.021 

Scolari, M., Seidl-Rathkopf, K. N., & Kastner, S. (2015). Functions of the human 
frontoparietal attention network: Evidence from neuroimaging. Current Opinion 
in Behavioral Sciences, 1, 32-39. 
doi:https://doi.org/10.1016/j.cobeha.2014.08.003 



 
 
 
 

32 

Seiferth, N. Y., Pauly, K., Habel, U., Kellermann, T., Shah, N. J., Ruhrmann, S., . . . Kircher, 
T. (2008). Increased neural response related to neutral faces in individuals at risk 
for psychosis. NeuroImage, 40(1), 289-297.  

Sharpley, C. F., & Bitsika, V. (2013). Differences in neurobiological pathways of four 
“clinical content” subtypes of depression. Behavioural Brain Research, 256, 368-
376. doi:https://doi.org/10.1016/j.bbr.2013.08.030 

Shimony, J. S., Smyser, C. D., Wideman, G., Alexopoulos, D., Hill, J., Harwell, J., . . . Neil, 
J. J. (2016). Comparison of cortical folding measures for evaluation of developing 
human brain. NeuroImage, 125, 780-790. 
doi:https://doi.org/10.1016/j.neuroimage.2015.11.001 

Shyu, K.-K., Wu, Y.-T., Chen, T.-R., Chen, H.-Y., Hu, H.-H., & Guo, W.-Y. (2011). Measuring 
Complexity of Fetal Cortical Surface From MR Images Using 3-D Modified Box-
Counting Method. IEEE Transactions on Instrumentation and Measurement, 
60(2), 522-531. doi:10.1109/tim.2010.2050969 

Simon, A. E., Velthorst, E., Nieman, D. H., Linszen, D., Umbricht, D., & de Haan, L. (2011). 
Ultra high-risk state for psychosis and non-transition: A systematic review. 
Schizophrenia Research, 132(1), 8-17. 
doi:https://doi.org/10.1016/j.schres.2011.07.002 

Sliwinska, M. W., Khadilkar, M., Campbell-Ratcliffe, J., Quevenco, F., & Devlin, J. (2012). 
Early and Sustained Supramarginal Gyrus Contributions to Phonological 
Processing. Frontiers in Psychology, 3(161). doi:10.3389/fpsyg.2012.00161 

Stahl, E. A., Breen, G., Forstner, A. J., McQuillin, A., Ripke, S., Trubetskoy, V., . . . the 
Bipolar Disorder Working Group of the Psychiatric Genomics, C. (2019). Genome-
wide association study identifies 30 loci associated with bipolar disorder. Nature 
genetics, 51(5), 793-803. doi:10.1038/s41588-019-0397-8 

Stolarski, M., Fieulaine, N., & Zimbardo, P. G. (2018). Putting time in a wider perspective: 
The past, the present and the future of time perspective theory.  

Stolarski, M., Zajenkowski, M., Jankowski, K. S., & Szymaniak, K. (2020). Deviation from 
the balanced time perspective: A systematic review of empirical relationships 
with psychological variables. Personality and Individual Differences, 156, 109772. 
doi:https://doi.org/10.1016/j.paid.2019.109772 

Strike, L. T., Hansell, N. K., Couvy-Duchesne, B., Thompson, P. M., de Zubicaray, G. I., 
McMahon, K. L., & Wright, M. J. (2019). Genetic Complexity of Cortical Structure: 
Differences in Genetic and Environmental Factors Influencing Cortical Surface 
Area and Thickness. Cerebral Cortex, 29(3), 952-962. doi:10.1093/cercor/bhy002 

Suh, J. S., Schneider, M. A., Minuzzi, L., MacQueen, G. M., Strother, S. C., Kennedy, S. H., 
& Frey, B. N. (2019). Cortical thickness in major depressive disorder: A systematic 
review and meta-analysis. Progress in Neuro-Psychopharmacology and Biological 
Psychiatry, 88, 287-302. doi:https://doi.org/10.1016/j.pnpbp.2018.08.008 

Sullivan, P. F., Kendler, K. S., & Neale, M. C. (2003). Schizophrenia as a Complex Trait: 
Evidence From a Meta-analysis of Twin Studies. Archives of General Psychiatry, 
60(12), 1187-1192. doi:10.1001/archpsyc.60.12.1187 

Sullivan, P. F., Neale, M. C., & Kendler, K. S. (2000). Genetic Epidemiology of Major 
Depression: Review and Meta-Analysis. American Journal of Psychiatry, 157(10), 
1552-1562. doi:10.1176/appi.ajp.157.10.1552 



 
 
 
 

33 

Sun, T., & Hevner, R. F. (2014). Growth and folding of the mammalian cerebral cortex: 
from molecules to malformations. Nature Reviews Neuroscience, 15(4), 217-232. 
doi:10.1038/nrn3707 

Taylor, S. F., Kang, J., Brege, I. S., Tso, I. F., Hosanagar, A., & Johnson, T. D. (2012). Meta-
analysis of functional neuroimaging studies of emotion perception and 
experience in schizophrenia. Biological Psychiatry, 71(2), 136-145.  

Tseng, H. H., Roiser, J. P., Modinos, G., Falkenberg, I., Samson, C., McGuire, P., & Allen, 
P. (2016). Corticolimbic dysfunction during facial and prosodic emotional 
recognition in first-episode psychosis patients and individuals at ultra-high risk. 
Neuroimage-Clinical, 12, 645-654. doi:10.1016/j.nicl.2016.09.006 

Van Donkersgoed, R., Wunderink, L., Nieboer, R., Aleman, A., & Pijnenborg, G. (2015). 
Social cognition in individuals at ultra-high risk for psychosis: a meta-analysis. 
PLoS ONE, 10(10), e0141075.  

Wager, T. D., & Smith, E. E. (2003). Neuroimaging studies of working memory. Cognitive, 
Affective, & Behavioral Neuroscience, 3(4), 255-274. doi:10.3758/CABN.3.4.255 

Wang, Y., Chen, X. J., Cui, J. F., & Liu, L. L. (2015). Testing the Zimbardo Time Perspective 
Inventory in the Chinese context. Psych J, 4(3), 166-175. doi:10.1002/pchj.103 

Wills, T. A., Sandy, J. M., & Yaeger, A. M. (2001). Time perspective and early-onset 
substance use: A model based on stress–coping theory. Psychology of addictive 
behaviors, 15(2), 118.  

Wittchen, H. U., Knappe, S., Andersson, G., Araya, R., Banos Rivera, R. M., Barkham, 
M., . . . Schumann, G. (2014). The need for a behavioural science focus in research 
on mental health and mental disorders. Int J Methods Psychiatr Res, 23 Suppl 
1(Suppl 1), 28-40. doi:10.1002/mpr.1409 

Wortinger, L. A., Engen, K., Barth, C., Andreassen, O. A., Nordbø Jørgensen, K., & Agartz, 
I. (2020). Asphyxia at birth affects brain structure in patients on the 
schizophrenia-bipolar disorder spectrum and healthy participants. Psychological 
Medicine, 1-10. doi:10.1017/S0033291720002779 

Wray, N. R., Ripke, S., Mattheisen, M., Trzaskowski, M., Byrne, E. M., Abdellaoui, A., . . . 
the Major Depressive Disorder Working Group of the Psychiatric Genomics, C. 
(2018). Genome-wide association analyses identify 44 risk variants and refine the 
genetic architecture of major depression. Nature genetics, 50(5), 668-681. 
doi:10.1038/s41588-018-0090-3 

Wu, Y.-T., Shyu, K.-K., Chen, T.-R., & Guo, W.-Y. (2009). Using three-dimensional fractal 
dimension to analyze the complexity of fetal cortical surface from magnetic 
resonance images. Nonlinear Dynamics, 58(4), 745. doi:10.1007/s11071-009-
9515-y 

Xie, S., Heuvelman, H., Magnusson, C., Rai, D., Lyall, K., Newschaffer, C. J., . . . Abel, K. 
(2017). Prevalence of Autism Spectrum Disorders with and without Intellectual 
Disability by Gestational Age at Birth in the Stockholm Youth Cohort: a Register 
Linkage Study. Paediatric and Perinatal Epidemiology, 31(6), 586-594. 
doi:https://doi.org/10.1111/ppe.12413 

Xu, L., Zhang, T., Zheng, L., Li, H., Tang, Y., Luo, X., . . . Wang, J. (2016). Psychometric 
properties of prodromal questionnaire-brief version among Chinese help-
seeking individuals. PLoS ONE, 11(2), e0148935.  



 
 
 
 

34 

Yotter, R. A., Nenadic, I., Ziegler, G., Thompson, P. M., & Gaser, C. (2011). Local cortical 
surface complexity maps from spherical harmonic reconstructions. NeuroImage, 
56(3), 961-973. doi:https://doi.org/10.1016/j.neuroimage.2011.02.007 

Yotter, R. A., Thompson, P. M., & Gaser, C. (2011). Algorithms to improve the 
reparameterization of spherical mappings of brain surface meshes. J 
Neuroimaging, 21(2), e134-147. doi:10.1111/j.1552-6569.2010.00484.x 

Zhou, X., Wu, R., Zeng, Y., Qi, Z., Ferraro, S., Yao, S., . . . Becker, B. (2021). Location, 
location, location– choice of Voxel-Based Morphometry processing pipeline 
drives variability in the location of neuroanatomical brain markers. bioRxiv, 
2021.2003.2009.434531. doi:10.1101/2021.03.09.434531 

Zilles, K., Armstrong, E., Schleicher, A., & Kretschmann, H.-J. (1988). The human pattern 
of gyrification in the cerebral cortex. Anatomy and Embryology, 179(2), 173-179.  

Zilles, K., Palomero-Gallagher, N., & Amunts, K. (2013). Development of cortical folding 
during evolution and ontogeny. Trends in Neurosciences, 36(5), 275-284. 
doi:https://doi.org/10.1016/j.tins.2013.01.006 

Zimbardo, P. G., & Boyd, J. N. (1999). Putting time in perspective: A valid, reliable 
individual-differences metric. Journal of Personality and Social Psychology, 6, 
1271-1288.  

 

  



 
 
 
 

35 

 

 

 

 

 

Appendix 
  



 
 
 
 

36 

Zusammenfassung 

Querschnittliche MRT-Studien, die psychiatrische Patienten mit Gesunden verglichen, 

konnten zeigen, dass Patienten hirnmorphometrische als auch -funktionale 

Veränderungen zeigen. Es ist allerdings unklar, ob es sich hier um pathologische 

Faktoren handelt oder ob diese neurobiologischen Veränderungen lediglich einen 

Risikofaktor für psychische Störungen darstellt, eine Folge von Therapie ist, nur bei 

bestimmten Subgruppen auftritt. 

Daher wurde in der vorliegenden Arbeit der Einfluss eines breiten Spektrums an 

verschiedenen Risikofaktoren für mentale Störungen auf Hirnmorphometrie als auch -

funktion untersucht: Polygene Risikoscores für psychiatrische Störungen, zeitliche 

Perspektive, verkürzte pränatale Entwicklung als auch ein extrem hohes Risiko für die 

Entwicklung einer Psychose. 

Es kann gezeigt werden, dass diese Risikofaktoren hirnstrukturelle Parameter als auch 

Hirnfunktion signifikant beeinflussen. Einige dieser Veränderungen korrelierten auch 

mit Verhaltensänderungen wie bspw. schlechterer kognitiver Leistung. Diese 

Verhaltenskorrelate könnten wertvolle diagnostische oder prognostische Marker sein 

und darüber hinaus für die Forschung wichtige Zielbereiche für die Entwicklung neuer 

Therapieansätze sein. 
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Summary 

Cross-sectional mri-studies comparing psychiatric patients with healthy individuals have 

shown that patients show brain morphometric as well as functional changes. However, 

it is unclear whether these are pathological factors or whether these neurobiological 

changes are simply a risk factor for mental disorders, a consequence of therapy, only 

occur in certain subgroups. 

Therefore, the influence of a broad spectrum of different risk factors for mental 

disorders on brain morphometry as well as function was investigated in the present 

study: polygenic risk scores for psychiatric disorders, temporal perspective, shortened 

prenatal development as well as an extremely high risk for the development of psychosis. 

It can be shown that these risk factors significantly influence brain structural parameters 

as well as brain function. Some of these changes also correlated with behavioural 

changes such as poorer cognitive performance. These behavioural correlates could be 

valuable diagnostic or prognostic markers and could also be important research targets 

for the development of new therapeutic approaches.  
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Abstract

Background.MRI-derived cortical folding measures are an indicator of largely genetically dri-
ven early developmental processes. However, the effects of genetic risk for major mental dis-
orders on early brain development are not well understood.
Methods. We extracted cortical complexity values from structural MRI data of 580 healthy
participants using the CAT12 toolbox. Polygenic risk scores (PRS) for schizophrenia, bipolar
disorder, major depression, and cross-disorder (incorporating cumulative genetic risk for
depression, schizophrenia, bipolar disorder, autism spectrum disorder, and attention-deficit
hyperactivity disorder) were computed and used in separate general linear models with cor-
tical complexity as the regressand. In brain regions that showed a significant association
between polygenic risk for mental disorders and cortical complexity, volume of interest
(VOI)/region of interest (ROI) analyses were conducted to investigate additional changes in
their volume and cortical thickness.
Results. The PRS for depression was associated with cortical complexity in the right orbito-
frontal cortex (right hemisphere: p = 0.006). A subsequent VOI/ROI analysis showed no asso-
ciation between polygenic risk for depression and either grey matter volume or cortical
thickness. We found no associations between cortical complexity and polygenic risk for either
schizophrenia, bipolar disorder or psychiatric cross-disorder when correcting for multiple
testing.
Conclusions. Changes in cortical complexity associated with polygenic risk for depression
might facilitate well-established volume changes in orbitofrontal cortices in depression.
Despite the absence of psychopathology, changed cortical complexity that parallels polygenic
risk for depression might also change reward systems, which are also structurally affected in
patients with depressive syndrome.

Introduction

Major mental disorders are highly heritable. Family studies have estimated the overall pheno-
type heritability of schizophrenia (SZ), bipolar disorder (BD), and major depressive disorder
(MDD) at !80% (Sullivan, Kendler, & Neale, 2003), !70% (Edvardsen et al., 2008), and !30–
40% (Sullivan, Neale, & Kendler, 2000), respectively. This suggests a substantial involvement of
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inherited genetic variants in the etiology of these disorders, which
has been confirmed by genome-wide association studies (GWAS).
The proportion of variance that has been attributed to common
variants (single-nucleotide polymorphisms (SNP) heritability) in
current GWAS is estimated around 9% for MDD (Howard
et al., 2019; Wray et al., 2018), 17–23% for BD (Stahl et al.,
2019), and 25–30% for SZ (Brainstorm Consortium et al., 2018;
Pardiñas et al., 2018). It is, however, unclear how these genetic
risk factors translate to brain structural and functional changes
that can lead up to psychopathology.

Neuroimaging studies have reported brain anatomical changes
as potential pathogenic features of major mental disorders
(Goodkind et al., 2015; SZ: Haijma et al., 2012; BD: Hanford,
Nazarov, Hall, & Sassi, 2016; MDD: Schmaal et al., 2016).
However, one major question remaining unanswered is which
of the structural abnormalities in patients arise from a shared gen-
etic basis with etiology and which reflect pathogenic factors, pro-
gression of mental disorders, or treatment-related mechanisms.
While the former might be present before the onset of mental dis-
orders, the latter unfolds during the course of disorder progres-
sion. Case–control studies do often not account for such
confounding effects of comorbidity, therapeutic effects [psycho-
pharmacological, electroconvulsive therapy, psychotherapy
(Enneking, Leehr, Dannlowski, & Redlich, 2020; Mulders et al.,
2020)], clinical heterogeneity, or also genetic heterogeneity.

Given the lack of larger studies assessing imaging markers of
early brain structural development in relation to genetic risk,
our present study strives to investigate cortical complexity
(Yotter, Nenadic, Ziegler, Thompson, & Gaser, 2011) in healthy
participants (HC). Cortical complexity (CC) is a biomarker that
measures the roughness of a surface by quantifying the spatial fre-
quency of cortical shape details and can thus be considered as a
measure of gyrification (Di Ieva, Grizzi, Jelinek, Pellionisz, &
Losa, 2013). Cortical regions with higher fractional dimension
values are shaped more irregularly and consist of more spatial
details (Im et al., 2006). Other studies showed that CC is affected
by genetic disorders like 22q11 deletion syndrome (Schaer et al.,
2008) and William’s syndrome (Thompson et al., 2005), but
also gender (Awate, Yushkevich, Song, Licht, & Gee, 2010;
Luders et al., 2004). However, the heritability of cortical folding
varies across different brain areas (Elliott et al., 2018; Grasby
et al., 2018; Rogers et al., 2010; Strike et al., 2019).

In vivo fetal imaging studies showed that CC increases rapidly
during intrauterine brain folding development (Shyu et al., 2011;
Wu, Shyu, Chen, & Guo, 2009). After birth, in the first two dec-
ades of life, smaller maturational changes in CC were observed
(Blanton et al., 2001; Sandu et al., 2014; Sun & Hevner, 2014).
By contrast, CC stays relatively stable in adulthood (Cao et al.,
2017). Thus, we can use CC as a marker for major maturational
processes in the brain that occur mainly throughout fetal and
early postnatal life (Armstrong, Schleicher, Omran, Curtis, &
Zilles, 1995; Hedderich et al., 2020; Sun & Hevner, 2014).

Cross-sectional case–control studies of cortical folding showed
changes in cortical folding in patients suffering from SZ (Nenadic,
Yotter, Sauer, & Gaser, 2014; Nesvåg et al., 2014; Palaniyappan &
Liddle, 2012; Yotter et al., 2011), BD (Nenadic et al., 2017), and
MDD (Depping et al., 2018; Schmitgen et al., 2019). It is
unknown, though, how individual molecular genetic risk for
major mental disorders shapes early developmental cortical folding.

In the current study, we investigated the impact of molecular
genetic risk for SZ, BD, and MDD on cortical folding. By analyz-
ing a healthy control sample, we minimize the effects of mental

disorder phenotype expressions, medication, and other factors
commonly confounding the studies in patient populations. We
hypothesized polygenic risk scores (PRS) to be associated with
cortical folding in brain areas that have been implicated in these
disorders. In particular, we expect, first, polygenic risk for SZ to
be associated with CC changes in parietal and frontal regions
(Liu et al., 2017; Nenadic et al., 2014; Palaniyappan,
Mallikarjun, Joseph, White, & Liddle, 2011); second, BD poly-
genic risk to be associated with changes in cortical development
in frontal areas as well as in the precuneus (Nenadic et al.,
2017); third, polygenic risk for MDD to affect cortical folding
in the rostral anterior cingulate cortex, orbitofrontal cortex
(OFC), and frontal poles (Han et al., 2017). Additionally, we con-
ducted an analysis with cross-disorder polygenic risk
(Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013) to test its potential effects on cortical folding
complexity. In order to further characterize potential CC clusters
that are significantly associated with PRS for major mental disor-
ders, we conducted follow-up analyses with grey matter volumes
and cortical thickness. Therefore, we used region of interest
(ROI) and volume of interest (VOI) analyses in those brain
areas which were significantly associated with PRS for major
mental disorders for the purpose of identifying potential add-
itional changes in other morphological modalities.

Methods

Participants and MRI data acquisition

We analyzed data from 580 healthy non-clinical participants from
the ongoing FOR2107 study (http://for2107.de/; Kircher et al.,
2019). All participants gave written informed consent to a study
protocol approved by the Ethics Committees of the Philipps
University of Marburg or the University of Münster and received a
financial compensation. All subjects underwent a structured clin-
ical interview (SCID-I; Wittchen, Wunderlich, Gruschwitz, &
Zaudig, 1997) administered by trained clinical raters that is
based on DSM-IV-TR. Besides lifelong absence of mental disor-
ders, additional exclusion criteria were any history of neurological
(stroke, tumor, neuro-inflammatory diseases, head-trauma) or
other major medical conditions (cancer, chronic autoimmune
diseases, infections), a current or previous substance dependence,
severe obstetric complications, or an IQ <80 [estimated with the
MWT-B (Mehrfachwortschatztest-B), a German equivalent of the
Multiple Choice Word Test-B (Lehrl, 1995)]. The participants were
recruited through local newspaper advertisements. Subsamples
recruited at Münster and Marburg had similar demographics except
for a significant difference in mean age [t(492.55) = 6.73, p= 4.7 !
10!11, d = 0.55]. For detailed descriptive statistics of the sample, see
Table 1.

We acquired MRI data in the FOR2107 group at two sites, fol-
lowing a quality assurance protocol (Vogelbacher et al., 2018). In
Marburg, MRI data were acquired with a 3T MRI scanner (Tim
Trio, Siemens, Erlangen, Germany), using a 12-channel head
matrix Rx-coil. In Münster, a 3T MRI scanner (Prisma, Siemens,
Erlangen, Germany) and a 20-channel head matrix Rx-coil were
used. The MP-RAGE sequence used consisted of 176 sagittal slices
with an in-plane field-of-view of 256mm and a voxel size of 1 !
1 ! 1mm (for further MRI acquisition parameters across sites,
see Supplementary material). Before preprocessing, scans were
manually checked for the absence of artefacts and anatomical
abnormalities by a senior clinician and excluded if necessary.
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MRI data preprocessing

CAT12 (version 1278; Gaser, Dahnke, Kurth, Luders, &
Alzheimer’s Disease Neuroimaging Initiative, in review) builds
on SPM (Penny, Friston, Ashburner, Kiebel, & Nichols, 2011)
and includes a pipeline for surface-based morphometry. Using
default settings, cortical surfaces were extracted with a spherical
harmonics approach (Dahnke, Yotter, & Gaser, 2013), topological
correction was applied (Yotter, Dahnke, Thompson, & Gaser,
2011), and surfaces were spherically mapped with a volume-based
diffeomorphic DARTEL algorithm (Ashburner, 2007), in order to
reparametrize the surfaces into a common coordinate system to
allow inter-subject analysis (Yotter, Thompson, & Gaser, 2011).
Local surface complexity was estimated utilizing a fractal dimen-
sions approach (Yotter et al., 2011).

All modulated CC datasets were smoothed with a Gaussian
kernel of 20 mm full width at half maximum (FWHM). In
order to assign significant clusters to anatomical areas, we used
the Desikan-Killiany-40 atlas (Desikan et al., 2006).

Additionally, we extracted cortical thickness and grey matter
volumes from our MRI data for follow-up analyses (Dahnke
et al., 2013). For volume data, structural MRI scans were first spa-
tially registered with a high-dimensional DARTEL template pro-
vided by CAT12 to achieve more accurate inter-subject
registration. Data were segmented into different tissues (grey mat-
ter, white matter, and cerebrospinal fluid) and MRI inhomogene-
ities were normalized. Segmentations were modulated by scaling
with the portion of volume changes due to spatial registration
in that way that the total amount of grey matter in the modulated
image remains the same as it would be in the original image. For
exclusion of artefacts on the grey–white matter border (i.e. incor-
rect voxel classification), we applied an absolute grey matter
threshold of 0.1. Data were then smoothed using a kernel of 8
mm (FWHM). VOIs were selected as anatomical regions that
approximately overlap with regions that showed significant asso-
ciations with CC changes that are significantly associated with
PRS for mental disorders. They were defined by using the neuro-
morphometrics atlas (Neuromorphometrics, Inc., 2019). We ana-
lyzed the left and right posterior orbital, anterior orbital, lateral
orbital, inferior frontal orbital, and medial orbital gyri.

For cortical thickness estimation, we used a fully-automated
method that reconstructs the central surface of the cortex and,
thereby, computes the cortical thickness (Dahnke et al., 2013;
Yotter, Dahnke, et al., 2011; Yotter, Thompson, et al., 2011).
We smoothed the cortical thickness by applying a kernel of 15
mm (FWHM). ROIs were chosen as anatomical regions that

approximately overlap with regions that showed significant asso-
ciations with changes in CC that are significantly associated with
PRS for mental disorders. They were defined by the
Desikan-Killiany atlas (Desikan et al., 2006). Regions included
in our ROI analyses were the left and right lateral orbitofrontal
and medial OFC. Homogeneity checks were performed in the
CAT12 Toolbox, and all images passed the quality assurance
protocol.

Genotyping, imputation, and PRS calculation

DNA was extracted from peripheral blood samples using standard
methods. Genotyping was performed using Illumina
Infinium PsychArray-24 BeadChips (Illumina, San Diego, CA,
USA). The GenomeStudie software (v.2011.1, Illumina) and the
Genotyping Module (v.1.9.4) were used to perform clustering
and initial quality control. Subsequent quality control was con-
ducted in PLINK v1.90b5 (Chang et al., 2015) and R v3.3.3.
Individuals were removed if they met any of the following criteria:
genotyping call rate <98%, gender mismatches or other
X-chromosome-related issues, genetic duplicates, cryptic related-
ness with pi-hat !0.125, genetic outlier with a distance from
the mean of >4 standard deviations (S.D.) in the first eight ancestry
components, or a deviation of the autosomal or X-chromosomal
heterozygosity from the mean >4 S.D. Genotype data were
imputed to the 1000 Genomes Phase 3 reference panel using
SHAPEIT and IMPUTE2 (Delaneau, Zagury, & Marchini, 2012;
Howie, Donnelly, & Marchini, 2009; Howie, Fuchsberger,
Stephens, Marchini, & Abecasis, 2012). In order to adjust for
population stratification, multi-dimensional scaling (MDS) com-
ponents were computed based on the pairwise identity-by-state
distance matrix, calculated on the genotype data in PLINK. For
further details, see the Supplementary methods.

PRS were calculated by summing the minor allele dosage of the
LD-independent single nucleotide polymorphisms in the target
sample, weighted by different GWAS effect sizes [cross-disorder
(overlapping genetic risk for MDD, SZ, BD, autism spectrum
disorder, and attention-deficit/hyperactivity disorder): Cross-
Disorder Group of the Psychiatric Genomics Consortium, 2013;
SZ: Ripke et al., 2014; BD: Stahl et al., 2019; MDD without
23andMe: Wray et al., 2018]. PRS were calculated in R v3.33
using imputed genetic data. For each PRS, the effect sizes of var-
iants below a selected p value threshold, both obtained from large
GWAS (training data), were multiplied by the imputed SNP dos-
age in the test data and then summed to produce a single PRS per

Table 1. Sociodemographic characteristics

Site

Marburg Münster Total

Variable M S.D. n M S.D. n M S.D. n t/!2 df p

Demographics

Age (y) 34.61 12.55 377 28.14 10.14 203 32.34 12.15 580 6.73 492.55 4.7127 ! 10!11

Gender (female) 230 (61%) 377 128 (63%) 203 358 (62%) 580 0.16* 1 0.694

Handedness 0.75 0.47 377 0.75 0.44 201 0.75 0.46 578 !0.10 576 0.917

p shows significant differences after Bonferroni correction for multiple comparisons (n = 3). * indicates that a !2-test has been conducted. Handedness was assessed using the EHI (Oldfield,
1971).
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threshold. The PRS thus represent a cumulative, weighted, addi-
tive risk. For additional details, see the Supplementary methods.
In our analyses, we used PRS with a p value threshold of p =
5 ! 10!8 (see Table 2 for intercorrelations of PRS).

Statistical analysis of associations between PRS for major
mental disorders and brain morphology

We conducted separately for each hemisphere and separately for
each PRS multiple regressions with CAT12 resulting in eight sep-
arate tests. CC was used as regressand, the PRS-variables as
regressors, and age, quadratic age, gender, site, and three ancestry
components as covariates. Our quality assurance protocol
(Vogelbacher et al., 2018) showed non-negligible differences in
the quality of MRI images after the replacement of a gradient
coil in Marburg that took place after 322 from a total of 377 par-
ticipants were scanned at this site. We accounted for this in our
statistical model by using an additional scanner-covariate.
Cognition and brain morphology share genetic influences from
liabilities for mental disorders (Toulopoulou et al., 2015).
Therefore, potential associations between PRS related to mental
disorders and CC could be mediated by cognitive abilities,
which are associated with both regional variations in cortical fold-
ing (Gautam, Anstey, Wen, Sachdev, & Cherbuin, 2015; Gregory
et al., 2016) as well as polygenic risk for major mental disorders in
the general population (Clarke et al., 2016; Germine et al., 2016;
Mallet, Le Strat, Dubertret, & Gorwood, 2020; Shafee et al.,
2018). For this reason, we repeated all multiple regressions with
years of education as an additional covariate.

For each multiple regression, we conducted an F-contrast and
computed for each vertex on the cortex surface the threshold that
has been exceeded in order to reach significance. We report results
at the initial significance height threshold of ! = 0.001 and also
after applying FWE-correction at the significance height threshold
! = 0.05 based on Gaussian random field theory to adjust for mul-
tiple testing of each vertex (Nichols & Hayasaka, 2003). To correct
for multiple testing in the FWE-analyses, we divided ! by the
eight conducted tests, which results in ! = 0.00625. For every
FWE-significant association, we calculated the coefficient of
determination R2. Therefore, we extracted predicted "-values
from uncorrected clusters that withstood FWE-correction that
are based on the contrast of the corresponding multiple regres-
sion, including its covariates and residuals using the CAT12 func-
tion cat_surf_results.

Association analyses for grey matter volumes of interest and
cortical thickness regions of interest were identical, except total
intracranial volume was used as an additional covariate in the
analyses of grey matter volumes. We set the initial significance
level at ! = 0.05. To correct for multiple testing resulting from
the 14 ROIs/VOIs, we adjusted the threshold to ! = 0.0036.

Results

Associations between polygenic risk for MDD and CC

We found a significant association with PRS for MDD in the right
OFC that withstood correction for multiple testing (k = 453, F =
21.69, p = 0.0000039, uncorrected, R2 = 0.036; p = 0.006, FWE-
corrected; see Table 3, Figs 1 and 2). In exploratory follow-up
analyses without correction for multiple testing, we observed
nominally significant associations contralateral in the left
OFC (k = 20, F = 11.15, p = 0.000897, uncorrected, p = 0.606,

FWE-corrected) and also in the right lateral occipital cortex
(k = 133, F = 12.7, p = 0.0003968, uncorrected, p = 0.364, FWE-
corrected). In follow-up VOI/ROI-analyses with grey matter
volumes and cortical thickness, there were no significant associa-
tions with the PRS for MDD (all p > 0.0036; see Supplementary
material).

Associations between polygenic risk for SZ and CC

The general linear model including the PRS for SZ showed no sig-
nificant associations when correcting for multiple testing. In the
exploratory analysis, we found a nominally significant association
between the PRS for SZ and CC in a cluster also located in the
right OFC (k = 121, F = 12.3, p = 0.0004744, uncorrected, p =
0.411, FWE-corrected). Additionally, we found a nominally sig-
nificant cluster ranging over the right lingual gyrus (93%) and
the right precuneus (7%; k = 69, F = 11.81, p = 0.0006327, uncor-
rected, p = 0.491, FWE-corrected).

Associations between polygenic risk for BD and CC

There was no significant association between the polygenic risk
for BD and CC in our sample.

Associations between cross-disorder polygenic risk and CC

We found no significant association between the cross-disorder
PRS and CC when applying FWE-correction. Exploratory analysis
with uncorrected thresholds showed a nominally significant asso-
ciation in a cluster in the right lateral occipital cortex (k = 234, F
= 16.96, p = 0.0000437, uncorrected, p = 0.063, FWE-corrected).
Our analyses also revealed a nominally significant association in
the left caudal middle frontal cortex (k = 67, F = 11.71, p =
0.0006657, uncorrected, p = 0.515, FWE-corrected).

Statistical results of the conducted multiple regressions chan-
ged only marginally when we included years of education as an
additional covariate (see Supplementary material).

Discussion

In the current study, we characterized the impact of SNP-related
genetic risk for SZ, MDD, BD, and cross-disorder on cortical fold-
ing complexity in a large sample of healthy subjects. CC is a
marker reflecting prenatal and early postnatal brain development
(Nenadic et al., 2014, 2017). Our main finding is the association
between MDD polygenic risk and CC in the OFC. We show that
early cortical folding is associated with polygenic risk for major
mental disorders, which potentially predisposes for later expres-
sions of psychopathology.

Association between CC and polygenic risk for depression

We found an association between MDD polygenic risk and CC in
the OFC, a key anatomical region in the pathophysiology of this
disorder. Previous analyses in MDD patients have observed
decreased (Depping et al., 2018; Zhang et al., 2009), as well as
increased (Han et al., 2017) local gyrification in the orbitofrontal
gyrus to be linked to the expression of the phenotype of this men-
tal disorder, while yet others found no changes in gyrification in
the OFC in MDD (Peng et al., 2015; Schmitgen et al., 2019).
Therefore, the observed association between altered CC in the
OFC in HC and MDD polygenic risk might constitute only one
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specific intermediary phenotype that is associated with vulner-
ability for MDD and might not be observed across all patients
with depression. This emphasizes the multiple exposure pathways
of genetic risk for MDD and also the current assumption that the
depressive syndrome reflects on a nosological level a heterogeneity
of different mental disorders (Drysdale et al., 2017; Insel &
Cuthbert, 2015). Our work might therefore help to further disag-
gregate the complex phenotype depression for refinements of tax-
onomies of mental disorders.

Several recent studies with large sample sizes and
meta-analyses that investigated grey matter volumes and cortical
thickness consistently reported reductions in the OFC in MDD
patients (Arnone, McIntosh, Ebmeier, Munafò, & Anderson,
2012; Koolschijn, van Haren, Lensvelt-Mulders, Hulshoff Pol, &
Kahn, 2009; Schmaal et al., 2016; Suh et al., 2019). These well-
documented structural changes could be facilitated by genetically
induced disrupts in early cortical development that are reflected
in CC during MDD expression.

It is not yet fully understood to which extent these cortical vol-
ume and thickness reductions in the OFC are a result of patho-
genic factors and to which extent they reflect genetic effects that
can also be found in HC. In order to empirically address this

question, we executed VOI/ROI-analyses in the OFC. Since we
use a healthy control sample, we are able to preclude effects
from phenotype expression of this mental disorder and treatment.
Our results showed no significant associations neither between
the PRS for MDD and grey matter volume nor between the
PRS for MDD and cortical thickness. Thus, the structural changes
in grey matter volume and cortical thickness in the OFC found in
MDD patients do not precede pathogenic processes as a result of
high additive genetic risk for MDD. This hypothesis is further
empirically supported by studies investigating grey matter
volumes and cortical thickness of the OFC in drug-naïve (but
not always treatment-naïve) MDD patients. A meta-analysis and
other VBM studies on medication-naïve first-episode MDD
patients found no volumetric changes in the OFC relative to
HC (Kong et al., 2014; Shen et al., 2016; Zhao et al., 2014).
Additionally, a study on cortical thickness showed evidence for
no changes in cortical thickness between HC and drug-naïve
MDD patients (Peng et al., 2015), but some others did not (Qiu
et al., 2014; Shen et al., 2019).

Volume changes in the OFC in MDD patients are modifiable
through a wide range of therapeutic interventions (Gbyl et al.,
2019; Kong et al., 2014; Mackin et al., 2013; Phillips, Batten,

Table 2. Intercorrelations of polygenic risk scores

Polygenic risk score MDD SZ BD CROSS Number of SNPs included in the PRS

MDD – 6

SZ 0.133*
( p = 0.001)

– 119

BD !0.004 ( p = 0.925) 0.072 ( p = 0.082) – 18

CROSS !0.051 ( p = 0.223) 0.164* ( p < 0.001) 0.079 ( p = 0.057) – 4

p shows significant differences after Bonferroni correction for multiple comparisons (n = 6).

Table 3. Overview of associations between polygenic risk scores and cortical complexity

Coordinates Anatomical region according to DK-40 k F p (! = 0.001)
p (FWE)

(! = 0.00625)

Polygenic risk for major depressive disorder

Left hemisphere !28 33 !12 Orbitofrontal 20 11.15 0.000897 0.606

Right hemisphere 24 33 !12 Orbitofrontal 453 21.69 0.0000039 0.006

28 !98 !9 Lateral occipital 133 12.7 0.0003968 0.364

Polygenic risk for cross-disorder

Left hemisphere !36 26 43 Caudal middle frontal 67 11.71 0.0006657 0.515

Right hemisphere 49 !78 4 Lateral occipital 234 16.96 0.0000437 0.063

Polygenic risk for schizophrenia

Left hemisphere – – – No suprathreshold clusters – – – –

Right hemisphere 12 30 !26 Lateral orbitofrontal 121 12.36 0.0004744 0.411

28 !60 4 Lingual (93%), precuneus (7%) 69 11.81 0.0006327 0.491

Polygenic risk for bipolar disorder

Left hemisphere – – – No suprathreshold clusters – – – –

Right hemisphere – – – No suprathreshold clusters – – – –

Note p and p (FWE) are shown at cluster-level and k refers to the cluster size at uncorrected thresholds. Significance thresholds were set at ! = 0.001 and ! = 0.00625 when correcting for
multiple testing. Multiple regressions were performed using the following covariates: age, quadratic age, gender, site, MRI scanner, and three MDS-components. Bold indicates statistically
significant results after applying FWE-correction. Cluster labeling was executed with the Desikan-Killiany-40 atlas (Desikan et al., 2006).
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Tremblay, Aldosary, & Blier, 2015; van Eijndhoven et al., 2013).
Potentially, these structural changes interact with CC changes
associated with high genetic burden, and therefore CC alterations
may not only facilitate disorder outbreak but also influence thera-
peutic responses.

Chronic MDD patients and patients with relapse also show
volume changes in the OFC (Frodl et al., 2008; Schmaal et al.,
2016; Zaremba et al., 2018). In the context of the results presented
in this study, one could suggest that chronicity and relapse are
influenced by a high genetic burden. Potentially, genetically
induced CC changes in the OFC prevent volume modifications
associated with treatment which complicates recovery.
Simultaneously, chances of relapse are increased by CC changes
that facilitate grey matter volume reductions and cortical thin-
ning. Further studies could investigate whether chronic MDD
patients and patients with relapse also suffer from higher additive
genetic risk.

We conclude that genetically determined liability for MDD
potentially impacts on the OFC development which is primarily
defined prenatally and during early life. This might increase vul-
nerability for a broad range of morphological changes associated
with a higher MDD risk, but also therapeutic response, chronicity,

and relapse. Overall, this emphasizes the importance of the OFC
as a biomarker for MDD.

Changes in the folding of the OFC in HC might additionally
lead to functional changes in this brain area, for which there is
considerable evidence in MDD patients. The non-reward attractor
theory proposes that non-reward systems which are located in the
OFC are over-responsive in MDD (Groenewold, Opmeer, de
Jonge, Aleman, & Costafreda, 2013; Rolls, 2016, 2019).
Functional connectivity is increased in the lateral OFC in MDD
and the reward-involved medial OFC shows decreased functional
connectivity. Thus, less CC in the OFC, which could be a conse-
quence of polygenic risk for MDD, might moderate interindivi-
dual differences in reward processing. This genetically induced
cognitive change that is moderated by CC changes could be a
behavioral manifestation of increased vulnerability to MDD and
ease potential later pathogenic developments that change func-
tional connectivity in MDD.

According to the tension-based hypothesis, cortical convolu-
tion during brain development is influenced by axonal tension
leading to either elongation or retraction and thereby forming
gyri and sulci (Hilgetag & Barbas, 2006; Kroenke & Bayly,
2018; Xu et al., 2010; Zilles, Palomero-Gallagher, & Amunts,

Fig. 1. Associations between the polygenic risk for MDD and CC. Orbitofrontal cortical folding complexity is significantly associated with polygenic risk for major
depression (for the purpose of display, images are shown at p < 0.001, uncorrected threshold). The cluster in 24/33/-12 withstood correction for multiple compar-
isons ( p = 0.006, FWE cluster-level correction).

Fig. 2. Scatter plot showing the association between
the polygenic risk score for MDD and adjusted aver-
aged cortical complexity in a significant cluster in the
right orbitofrontal cortex. Note. Adjusted cortical com-
plexity values were cluster-wise extracted for every
participant using the CAT12 function cat_surf_results.
Cluster values were calculated as !-values based on
the used contrast of the corresponding multiple
regression, including its covariates and residuals. A
non-parametric correlation yielded also a significant
association: Spearman’s " =!0.189 ( p < 0.0001).
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2013). Thus, the folding of the cortex can to a certain extend be
explained by the underlying white matter connectivity and any
changes in it can be interpreted as a result of disruptions in the
connectivity of underlying axons. In this context, we could con-
clude that the genetically induced variations in OFC folding
shown by this study potentially arise from genetically induced
changes in inter-regional connectivity. This notion is consistent
with empirical support from a diffusion tensor imaging study
finding changes in white matter tracts such as the superior longi-
tudinal fasciculi, inferior fronto-occipital fasciculi, corpus callo-
sum, and thalamocortical radiations in MDD patients as well as
HC at high risk for MDD that also connects with the OFC
(Whalley et al., 2013).

Association between CC and cross-disorder polygenic risk

Our analyses showed no associations between the used PRS for
cross-disorders and CC. However, there was a trend for such a
relationship in the right lateral occipital cortex ( p = 0.063,
FWE-corrected), which we discuss cautiously due to its question-
able statistical validity. Although this region has mainly been
associated with visual stimulus processing, recent research has
shown that resilience is associated with changes in cortical thick-
ness in the lateral occipital cortex (Kahl, Wagner, de la Cruz,
Köhler, & Schultz, 2020), which might be a result of
genetically-induced differential cortical folding. The association
could also be explained by occipital bending, a pattern of curva-
ture in the brain whereby one occipital lobe wraps around the
other which has been observed in MDD (Fullard et al., 2019;
Maller et al., 2014), SZ (Deutsch, Hobbs, Price, &
Gordon-Vaughn, 2000; Maller et al., 2016), and BD (Maller
et al., 2015). It has been hypothesized that occipital surface vari-
ation might be a neurobiological variation that signals an
increased vulnerability to major mental disorders in general
(Koch & Schultz, 2014).

No association between CC and polygenic risk for SZ

There were no associations between the applied PRS for SZ and
CC at the chosen conservative statistical threshold level. Other
studies, however, showed dynamic expressions of genes associated
with SZ during fetal development and early infancy in the pre-
frontal cortex (Clifton et al., 2019). Additionally, associations
between polygenic risk for SZ and gyrification in the inferior par-
ietal lobules (Liu et al., 2017) are mentioned in the literature, but
no associations with surface area (Neilson et al., 2019), although
both biomarkers are affected by cortical folding.

It is worthwhile mentioning that we were able to demonstrate
an association between CC and the PRS for SZ in the right OFC,
when not controlling for multiple testing ( p < 0.001, uncorr.).
Additionally, this significant CC-cluster is regionally partly over-
lapping with the one we found when investigating associations
between CC and the PRS for MDD when applying
FWE-correction. Since both PRS are intercorrelated (Table 2)
and both include partly the same SNPs, we can assume that CC
in the OFC might not be specific for either polygenic risk
for MDD nor SZ. This means that not only genetic etiology is
to a certain extent overlapping in both MDD and SZ, but that
there might potentially also be an overlap between the different
neurobiological risk phenotypes for these mental disorders.

The lack of significant associations in our sample could also be
due to a lack of statistical power if effects were less focal.

Remarkably, the CC changes associated with polygenic risk for
SZ at uncorrected thresholds in this study partially overlap with
findings from clinical studies on SZ patients (Nenadic et al.,
2014; Nesvåg et al., 2014; Yotter et al., 2011).

Compared to the used MDD PRS, the PRS for SZ includes a
larger number of variants and thus implicated genes. Therefore,
it likely reflects potential consequences on a broader range of bio-
logical pathways. As some of them are potentially not affecting
cortical folding, future studies might explore which genes
influence CC. This would enable studies that use PRS that only
include genetic risk variants for mental disorders from which
we already know that they affect the folding of the cortex
(Spalthoff et al., 2019).

Association between CC and polygenic risk for BD

There were no significant associations between the polygenic risk
for BD and CC applying a stringent statistical threshold. This
would suggest that cortical folding abnormalities observed in
BD (Nenadic et al., 2017) might arise mainly from environmental
or other pathological effects.

Additionally, genetically transmitted abnormalities in CC in
HC could be limited to subgroups since different clinical pheno-
types (e.g. age at onset, with v. without psychosis) are associated
with different cortical folding patterns (Sarrazin et al., 2018).
These different neurodevelopmental subtypes are often inter-
preted as reflections of underlying genetic heterogeneity in BD
(Kalman et al., 2019; Lin et al., 2006).

Different directions of effects

The effects on CC arising from polygenic risk for three major
mental disorders and cross-disorder point to different directions
of effects, i.e. both subtle hypo- and hypergyrification. This aspect
is consistent with findings in patients, in which both increases and
decreases of cortical folding parameters are found in the same
samples (Nenadic et al., 2014, 2017; Palaniyappan & Liddle,
2012; Yotter et al., 2011). Therefore, significant deviations from
the mean in either direction might serve as an indicator for sub-
sequent risk for psychopathology. However, we also need to con-
sider the possibility that parts of the variation observed in our
analyses are related to resilience, as none of our adult healthy con-
trols had experienced a mental disorder.

Limitations

We only analyzed a cumulative SNP-based genetic risk burden,
which does not include gene-interaction effects that influence
the risk for a particular disorder phenotype, and also does not
take into account rare genetic variants such as copy number
variants.

In this study, we used only SNPs that showed genome-wide
significance ( p = 5 ! 10!8). Thereby, we wanted to focus only on
the SNPs showing the strongest statistical support for an associ-
ation with disorder risk. Consequently, our PRS represent only
a limited amount of the polygenic risk background for the
disorders.

Between-individual variability in brain folding that depends on
polygenic risk is determined by gene–environment interactions,
and therefore, also reflects differences in sensitivity to environ-
mental and genetic perturbations. The analysis of HC may
mask considerable environmental contributions to brain
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development and may result in less heterogeneity not depicting
the whole spectrum.

Environmental factors such as paternal education and mater-
nal ethnicity also act in utero on cortex development (Girault
et al., 2018). Additionally, it has been demonstrated that potential
environmental risk factors during pregnancy such as smoking, age
at delivery, pre-pregnancy body mass index, and use of acet-
aminophen during the second half of pregnancy are associated
with maternal risk alleles, primarily maternal polygenic risk for
ADHD (Leppert et al., 2019). It should thus be taken into consid-
eration that possibly maternal genetic factors are confounding our
results, which makes inferring causal relationships impossible.

Conclusion

In conclusion, this study provides novel insights into how cumu-
lative genetic influences shape cortical structure during brain
development. We argue that CC changes in the OFC in HC
that are significantly associated with polygenic risk for MDD pre-
cede disorder expression. However, this additive genetic risk is not
associated with reduced grey matter volume and cortical thinning
in HC, which is a robust finding in MDD patients. CC aberrations
in HC associated with disorder-related polygenic risk could there-
fore facilitate well-researched morphological changes in the OFC
associated with MDD during disorder expression.

Further, we propose that the demonstrated CC alterations in
HC that tend to parallel polygenic risk for MDD might change
non-reward systems in HC which are structurally changed in
MDD patients. Future research focusing on relationships between
MDD and CC, using a spherical harmonics approach, could aid
the detection of pathogenic effects on CC and thereby further
characterize the neurobiological correlates of the courses of this
mental disorder.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291721001082.
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Supplementary material 

1. MRI data acquisition across sites 
 

Table S1 

MRI acquisition parameters across sites 

Site TR TE Flip angle Acquisition 
duration 

Münster 2130 ms 2.28 ms 8° 4:58 min 

Marburg 1900 ms 2.26 ms 9° 4:26 min 

 
 

 

2. Genotype quality control (QC) 
 
QC of genotype data was conducted in PLINK v1.90b5 and R v3.3.3. 

Sequence of QC steps: 

Before QC: 1,786 individuals and 603,132 variants 

1. Removal of SNPs with call rates <98% or a MAF <1% 

2. Removal of individuals with genotyping rates <98% (36 removed) 

3. Removal of gender mismatches and other X chromosome-related issues (6 

removed) 

4. Removal of genetic duplicates (4 removed) 

5. Removal of cryptic relatives with pi-hat≥12.5 (61 removed) 

6. Removal of genetic outliers with a distance from the mean of >4 SD in the first eight 

MDS ancestry components (62 removed) 

7. Removal of individuals with a deviation of the autosomal or X-chromosomal 

heterozygosity from the mean >4 SD (5 removed) 

8. Removal of non-autosomal variants 
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9. Removal of SNPs with call rates <98% or a MAF <1% or Hardy-Weinberg Equilibrium 

(HWE) test p-values <1×10-6 

10. Removal of A/T and G/C SNPs 

11. Update of variant IDs and positions to the IDs and positions in the 1000 Genomes 

Phase 3 reference panel 

12. Alignment of alleles to the reference panel 

13. Removal of duplicated variants and variants not present in the reference panel 

After QC: 1,673 individuals and 287,381 variants  

  

Imputation of genotype data 

Genotypes were aligned to the 1000 Genomes Phase 3 reference panel using SHAPEIT v2 

(r837) and PLINK v1.90b5. Pre-phasing (haplotype estimation) was conducted for each 

chromosome separately using SHAPEIT. Imputation was performed using IMPUTE2 v2.3.2 

in 5 Mbp chunks with 500 kbp buffers, filtering out variants that are monomorphic in the EUR 

samples. Chunks with <51 genotyped variants or concordance rates <92 % were fused with 

neighboring chunks and re-imputed. Imputed variants with a MAF <1% or an INFO metric 

<0.8 were removed. Imputed variants in the combined sample after QC: 8,578,636. 

  

Calculation of ancestry components 

For the calculation of ancestry components (population stratification), pre-imputation 

genotype data was used, after the QC steps explained above had been applied. Additional 

variant filtering steps were: removal of variants with a MAF <0.05 or HWE p-value <10-3; 

removal of variants mapping to the extended MHC region (chromosome 6, 25-35 Mbp) or to 

a typical inversion site on chromosome 8 (7-13 Mbp); LD pruning (PLINK command --indep-

pairwise 200 100 0.2). 
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Next, the pairwise identity-by-state (IBS) matrix of all individuals was calculated using the 

command --genome on the filtered genotype data. Multidimensional scaling (MDS) analysis 

was performed on the IBS matrix using the eigendecomposition-based algorithm in PLINK 

v1.90b5. 

 

Generation and analysis of PRS 

The GWAS test statistics and imputed variants in our data were merged based on 

chromosome, position, and alleles of each variant. Summary statistics were then clumped 

in PLINK v1.90b5.2, based on best-guess genotype data (hard-call threshold 0.3) using the 

following parameters:  

--clump-kb 500 --clump-r2 0.1 --clump-p1 1 --clump-p2 1 

PRS were then calculated in R v.3.3 based on imputed (dosage) data. Test statistics and 

alleles in the GWAS training data were flipped so that effect sizes were always positive. 

Thus, the weighted PRS represent cumulative, additive risk. PRS were scaled to represent 

the relative risk load (minimum possible cumulative risk load = 0, maximum = 1). For each 

disorder PRS were calculated using the p-value threshold <5×10-8.!  
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3. Table S2: Associations between polygenic risk scores for MDD and the brain 

morphological markers grey matter volume and cortical thickness in the orbitofrontal 

cortex. 

Table S2 

VOI/ROI F p 

Grey matter volumes   

Left posterior orbital gyrus 0.000842449 0.976855 

Left anterior orbital gyrus 0.371311 0.542534 

Left lateral orbital gyrus 0.614774 0.433322 

Left inferior frontal orbital gyrus 2.40216 0.121724 

Left medial orbital gyrus 3.55521 0.059868 

Right posterior orbital gyrus 0.0814233 0.775482 

Right anterior orbital gyrus 3.02285 0.08264 

Right lateral orbital gyrus 0.0734746 0.786442 

Right inferior frontal orbital gyrus 0.61689 0.432532 

Right medial orbital gyrus 4.93025 0.0267837 

   

Cortical thickness   

Left lateral orbitofrontal 0.0752088 0.783998 

Left medial orbitofrontal 0.0220629 0.881972 

Right lateral orbitofrontal 0.200534 0.65446 
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Right medial orbitofrontal 0.0935414 0.759834 

Note. We set the initial significance level at ⍺ = 0.05. To correct for multiple testing (n = 14), 

we adjusted the threshold to ⍺ = 0.0036. Multiple Regressions were performed using the 

following covariates: age, quadratic age, gender, site, MRI scanner and three MDS-

components. VOI/ROIs were defined according to the definitions in the neuromorphometrics 

atlas for grey matter volumes (Neuromorphometrics, 2019) and with the Desikan-Killiany 

atlas for cortical thickness data, respectively (Desikan et al., 2006).  
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4. Table S3: Overview of associations between polygenic risk scores and cortical 

complexity when controlling for years of education. 

Note p and p (FWE) are shown at cluster-level and k refers to the cluster size at 
uncorrected thresholds. Significance thresholds were set at ⍺ = 0.001 and ⍺ = 0.00625 
when correcting for multiple testing. Bold indicates statistically significant results after 
applying FWE-correction. Multiple Regressions were performed using the following 

Table S3 
Overview of associations between polygenic risk scores and cortical complexity 

 coordinates 
 

anatomical region 
according 
to DK-40 

k F p 
(⍺ = 0.001) 

p (FWE) 
(⍺ = 

0.00625) 

Polygenic Risk for Major Depressive Disorder 

left 
hemisphere 

-25 29 -16 orbitofrontal 59 11.57 0.000718 0.538 

right 
hemisphere 

22 29 -13 orbitofrontal 459 21.78 0.0000028 0.006 

 31 -93 -10 lateral occipital 127 12.63 0.0004104 0.373 

Polygenic Risk for Cross-Disorder     

left 
hemisphere 

-36 30 42 caudal middle 
frontal 

83 11.92 0.0006967 0.483 

right 
hemisphere 

51 -70 5 lateral occipital 245 17.19 0.0000389 0.057 

Polygenic Risk for Schizophrenia     

left 
hemisphere 

- - - no suprathreshold 
clusters 

- - - - 

right 
hemisphere 11 26 -22 lateral 

orbitofrontal 113 12.22 0.0005083 0.429 

 
25 -55 3 lingual (93%), 

precuneus (7%) 
90 12.06 0.0005536 0.453 

Polygenic Risk for Bipolar Disorder     

left 
hemisphere 

- - - no suprathreshold 
clusters 

- - - - 

right 
hemisphere - - - no suprathreshold 

clusters - - - - 
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covariates: age, quadratic age, gender, years of education, site, MRI scanner and three 
MDS-components. Cluster labelling was executed with the Desikan-Killiany-40 Atlas 
(Desikan et al., 2006). 
 

 

 

5. Table S4: Associations between polygenic risk scores for MDD and the brain 

morphological markers grey matter volume and cortical thickness in the orbitofrontal 

cortex when controlling for years of education. 

Table S4 

VOI/ROI F p 

Grey matter volumes   

Left posterior orbital gyrus 0.192025 0.661404 

Left anterior orbital gyrus 0.38749 0.533874 

Left lateral orbital gyrus 0.629514 0.427868 

Left inferior frontal orbital gyrus 2.839501 0.092527 

Left medial orbital gyrus 4.502478 0.034282 

Right posterior orbital gyrus 0.247054 0.619351 

Right anterior orbital gyrus 3.221162 0.073228 

Right lateral orbital gyrus 0.099528 0.752514 

Right inferior frontal orbital gyrus 0.648678 0.420926 

Right medial orbital gyrus 5.467917 0.019718 
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Cortical thickness   

Left lateral orbitofrontal 0.933363 0.334401 

Left medial orbitofrontal 0.105021 0.746005 

Right lateral orbitofrontal 0.005887 0.938869 

Right medial orbitofrontal 0.036283 0.849001 

Note. We set the initial significance level at ⍺ = 0.05. To correct for multiple testing (n = 14), 

we adjusted the threshold to ⍺ = 0.0036. Multiple Regressions were performed using the 

following covariates: age, quadratic age, gender, years of education, site, MRI scanner and 

three MDS-components. VOI/ROIs were defined according to the definitions in the 

neuromorphometrics atlas for grey matter volumes (Neuromorphometrics, 2019) and with 

the Desikan-Killiany atlas for cortical thickness data, respectively (Desikan et al., 2006). 
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Abstract
Time perspective refers to humans’ concept of integrating and evaluating temporal position and evaluation of memories,
emotions, and experiences. We tested the hypothesis that different aspects of time perspective, as assessed with the Zimbardo
Time Perspective Inventory (ZTPI) are related to variation of brain structure in non-clinical subjects. Analysing data from n = 177
psychiatrically healthy subjects using voxel-based morphometry with the CAT12 software package, we identified several
significant (p < 0.05 FWE, cluster-level corrected) associations. The factors past negative, reflecting a negative attitude towards
past events and present fatalistic, measuring a hopeless and fatalistic attitude towards future life, were both negatively associated
with grey matter volumes of the anterior insula. The ZTPI factor future was negatively associated with precuneus grey matter.
There was no association of ZTPI scores with gyrification using an absolute mean curvature method, a marker of early brain
development. These findings provide a link between a general psychological construct of time perspective and brain structural
variations in key areas related to time keeping (anterior insula) and the default mode network (precuneus), both of which overlap
with variation in behavioral aspects and psychopathology.

Keywords Magnetic resonance imaging (MRI) . Time perspective .Voxel-basedmorphometry (VBM) .Gyrification . Zimbardo
Time Perspective Inventory (ZTPI)

Introduction

The concept of time perspective in psychology refers to “cog-
nitive frames” of temporal processing, which include macro-
level “encoding, storing, and recalling experienced events”, as
well as the formation “of expectations, goals, contingencies,
and imaginative scenarios” (Zimbardo and Boyd 1999). In the
broader concept of processing of time on the neural level
(Wittmann 2009, 2013), temporal perspective goes beyond
simple estimated comparisons of temporal features. Rather,
in the conceptualisation put forward by Zimbardo and Boyd
(1999), time perspective is thought to reflect a fundamental

and pervasive (although often not conscious) factor in judg-
ments, decision making and initiation of actions (Rönnlund
et al. 2019). In order to quantify deviations from optimal time
perspective profiles the construct balanced time perspective
has been introduced which refers to the mental ability to
switch flexibly among time perspective in order to adapt to
certain circumstances (Stolarski et al. 2011; Zimbardo and
Boyd 1999).

The development and validation of the Zimbardo Time
Perspective Inventory (ZTPI) has enabled the use of a self-
report questionnaire capturing essential aspects of interindi-
vidual differences in time perspective, and its use in a range
of applications spanning personality psychology, clinical
psychology/psychopathology (Adams and Nettle 2009; van
Beek et al. 2011; Zimbardo and Boyd 1999), and more recent-
ly also imaging studies (Carelli and Olsson 2015; Guo et al.
2017; Wittmann 2013; Wittmann et al. 2011).

The ZTPI shows five basic factors for time perspective
(Zimbardo and Boyd 1999): (1) Past negative, which “reflects
a generally negative, aversive view of the past” possibly
linked to “unpleasant or traumatic events” (e.g. “I often think
of what I should have done differently in my life”), (2) Present
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hedonistic, which “reflects a hedonistic, risk-taking, ‘devil
may care’ attitude toward time and life” and has been assumed
to suggest “an orientation toward present pleasure with little
concern for future consequences” (e.g. “I try to live my life as
fully as possible, one day at a time”), (3) Future: describing
“behavior (that) is dominated by a striving for future goals and
rewards” and a “general future orientation” (e.g. “Before mak-
ing a decision, I weigh the costs against the benefits”), (4) Past
positive, a factor which “reflects a warm, sentimental attitude
toward the past” (e.g. “I keep working at difficult, uninterest-
ing tasks if they will help me get ahead”), and finally (5)
Present fatalistic: a “fatalistic, helpless, and hopeless attitude
toward the future and life” (e.g. “My life path is controlled by
forces I cannot influence”).

Time perspective is related to a range of cognitive process-
es as well as resilience and psychopathology (Blomgren et al.
2016; Zhang et al. 2013). For example, it is associated with
interindividual differences in impulsivity (Baumann and
Odum 2012; Wittmann et al. 2011) and personality (van
Beek et al. 2011), as well as prediction of drug use
(Apostolidis et al. 2006), perceived stress (Rönnlund et al.
2018), ageing (Laureiro-Martinez et al. 2017), chronotype
(Stolarski et al. 2013), well-being (Cunningham et al. 2015;
Garcia et al. 2016; Tseferidi et al. 2017) and addictive behav-
iors (Cheong et al. 2014; Fieulaine and Martinez 2010;
Hodgins and Engel 2002; Keough et al. 1999; Kim et al.
2017; Pluck et al. 2008). Studies of psychiatric patients or
symptoms have shown multiple correlations with aspects of
time perspective, including disorders like depression (Garcia
et al. 2016; McKay et al. 2017; Stolarski andMatthews 2016),
anxiety disorders (Åström et al. 2018) and attention-deficit
hyperactivity disorder (Carelli and Wiberg 2012), as well as
suicidal behaviors (Laghi, Baiocco et al. 2009). This suggests
that while capturing important aspects of psychopathology,
time perspective might be of trans-diagnostic relevance, i.e.
a general factor permeating diagnostic boundaries with rele-
vance for a wide range of functional as well as dysfunctional
behaviors.

Furthermore, in the non-clinical spectrum, different aspects
of time perception have been linked to well-being, health be-
haviour, loneliness and feeling depressed (Bergman and
Segel-Karpas 2018; Drake et al. 2008). Imaging studies also
showed an increase in grey matter volume in the right
precuneus associated with subjective happiness in healthy par-
ticipants (Sato et al. 2015).

Recently, functional as well as structural neuroimaging
studies started to investigate neuronal correlates of time per-
spective (Carelli and Olsson 2015; Chen et al. 2018). While
these study provide initial leads of links between time
perspective and its functional and structural representa-
tion in the brain, it leaves open the question whether
time perspective is also related to other brain structural
markers e.g. gyrification.

Individual time perspective is also playing a crucial role
when investigating neural correlates of time perception
(Carelli and Olsson 2015). Using functional MRI, the future
perspective factor of the ZTPI was linked to brain activation
during a duration reproduction task (time intervals ranged
from 3 to 18 seconds) in a “core control network” including
the insula, inferior and medial frontal cortices and inferior
parietal cortices (Wittmann et al. 2011). An important conclu-
sion of these findings was that this core control network may
form a biological marker for cognitive time management.

Human’s cognitive ability to process longer time ranges
has been investigated in time travel studies, in which partici-
pants are asked to mentally envision themselves in different
temporal contexts that can either be in the past or future.
Independent from whether participants thought about past or
future contexts, brain areas were activated (comprising of the
medial prefrontal cortex, parietal cortex, medial parietal cortex
and medial temporal lobes; Addis et al. 2007; Botzung et al.
2008; Szpunar et al. 2007), overlapping with areas associated
with episodic memory. This suggests that similar neural and
cognitive processes are subject to episodic memory retrieval
as well as the construction of events during mental time
traveling. Another study (Abraham et al. 2008), in con-
trast, did not show activation in areas like the precuneus
(involved in autobiographical memory retrieval) when
participants engaged in mental time travel without imag-
ining themselves in the past or future scenario. Yet, it
remains unclear, whether time traveling is directly relat-
ed to time perspective, as suggested previously (Carelli
and Olsson 2015).

In the present study, we tested the hypothesis that interin-
dividual differences in time perspective (as assessed by ZTPI)
are associated with brain structural variation, in particular grey
matter volumes and gyrification.

Methods

Subjects

Our study sample included 177 psychiatrically healthy volun-
teers (82 male, 94 female; mean (age) = 29.86, SD (age) =
8.93, median (age) = 26.44), who gave written informed con-
sent to a study protocol approved by the Ethics Committee of
the Medical School of Friedrich-Schiller-University of Jena.
Prior to inclusion into the study, all subjects were carefully
screened to exclude current or previous psychiatric disorders,
including substance dependence, as well as central nervous
pathologies/central neurological conditions, traumatic brain
injury or uncontrolled major medical conditions such as hy-
pertension or diabetes. Participants were also screened to ex-
clude subjects with a first-degree relative with a psychotic
disorder. All subjects had an estimated IQ > 80 (mean
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(IQ) = 106, SD (IQ) = 11.5, range (IQ) = 86–143), as assessed
with the MWT-B (Mehrfachwortschatztest-B), a German
equivalent of the National Adult Reading Test (NART).
We also assessed handedness with the Edinburgh
Handedness Inventory (Oldfield 1971): mean (EHI) =
80.53, SD (EHI) = 20.6. At the time of study, all sub-
jects completed the Zimbardo Time Perspective
Inventory (Zimbardo and Boyd 1999), using a validated
German version (Funke et al. 2009).

Magnetic resonance imaging (MRI) acquisition

We obtained high-resolution structural MRI scans on a 3 T
Siemens Tim Trio system (Siemens, Erlangen, Germany)
using a standard quadrature head coil and MP-RAGE se-
quence with 192 contiguous sagittal slices (TR = 2300 ms,
TE = 3.03 ms, flip angle 9°, in-plane field-of-view 256 mm,
voxel resolution 1 ! 1 ! 1 mm; acquisition duration 5:21 min).
Scans were manually checked for absence of artefacts pre-
cluding further processing.

Voxel-based morphometry (VBM) and gyrification
analysis

For VBM analysis, we used the CAT12 toolbox (www.neuro.
uni-jena.de/cat; Gaser et al. in review). CAT12 is a toolbox
implemented in the SPM12 software package (Penny
et al. 2011). As detailed in a recent study (Besteher et al.
2017), scans were corrected for bias – field inhomogeneities,
then spatially normalized using the DARTEL algorithm
(Ashburner 2007) and segmented into grey matter, white
matter and cerebrospinal fluid (CSF`; Ashburner and
Friston 2005). In the segmentation process we
accounted for partial volume effects (Tohka et al.
2004), applying adaptive maximum a posteriori estima-
tions (Rajapakse et al. 1997) and using a hidden
Markov Random Field model (Cuadra et al. 2005). For
exclusion of artefacts on the grey–white matter border
(i.e. incorrect voxel classification), we applied an abso-
lute grey matter threshold of 0.1. After pre-processing
all scans underwent (and passed) automated quality con-
trol implemented in CAT12. Modulated grey matter in-
tercorrelations ranged from 0.82 to 0.92, which indicates
high sample homogeneity. For smoothing, we used a
smoothing kernel of 12 mm (FWHM). Cluster labelling
was conducted by using the neuromorphometrics atlas
for DARTEL space.

Using CAT12 default settings, we further extracted cortical
surfaces (Dahnke 2013), from which we computed local
gyrification values for each participant based on absolute
mean curvature (Luders et al. 2006). These datasets were then
smoothed with a Gaussian kernel of 15 mm full width at half
maximum (FWHM).

Statistics

For statistical analysis of the VBM data in SPM12, we used
separate multiple regressions for each ZTPI variable, which
we used as regressor. Age, sex and total intracranial volume
(TIV) were added to our model as covariates to remove any
variance related to them. For each ZTPI scale, we analyzed
positive and negative associations with grey matter volume by
first applying a peak threshold of ! = 0.001, followed by
cluster-level corrected levels at p < 0.05 with FWE-correction.
We also described the sizes of the found clusters by mention-
ing the amount of voxels it consists of at uncorrected thresh-
olds. All statistical analyses were repeated with gyrification as
regressand at same thresholds and the omission of TIV as a
covariate in the multiple regression.

Results

ZTPI

After data acquisition we calculated the different time per-
spective scores for each participant according to the manual
and Cronbach’s ! for each scale (Table 1; Funke et al. 2009;
Zimbardo and Boyd 1999). None of the factors of the ZTPI
were significantly correlated with age or sex, but some of the
ZTPI subscales were significantly intercorrelated (Table 1).

VBM results

We identified several significant associations between ZTPI
factors and grey matter variations in healthy subjects. An
overview of these association results with co-ordinates of
findings and corresponding anatomical regions is given in
Table 2. For display purposes, images are shown with
p < 0.001 (uncorrected) thresholds, while the table indicates
each cluster that met p < 0.05 FWE cluster-level correction for
multiple comparisons.

The past negative scale showed a significant negative as-
sociation with right anterior insula grey matter, whereas no
positive association survived correction for multiple compar-
isons (Fig. 1). The present hedonistic scale did not show either
positive or negative associations with grey matter at the afore-
mentioned thresholds. The future scale showed a significant
negative association with a bilateral (mostly right) precuneus
cluster, which survived cluster-level correction, but no posi-
tive association (Fig. 2). The past positive scale also did not
show significant associations with greymatter, but there was a
trend (k = 1252, t = 4.28, p = 0.078, FWE corrected) for a pos-
itive association with a right superior/middle temporal cortex
cluster. Finally, the present fatalistic scale showed no positive,
but a significant negative association with the right frontal
operculum and right anterior insula when applying FWE-
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correction and with the left frontal operculum and anterior
insula at trend-level (k = 1455, t = 4.27, p = 0.054, FWE
corrected).

Gyrification results

Neither the positive nor the negative associations between
ZTPI factors and gyrification failed to reach significance in
the conducted multiple regressions with gyrification data
when correcting for multiple testing with FWE-correction.

Discussion

In this study, we tested the hypothesis that interindividual
variation in human time perspective, as assessed psychomet-
rically using the Zimbardo Time Perspective Inventory (ZTPI)
is related to variation in brain structure – thus providing a link
to the neurobiology of human time perspective. We found

associations of ZTPI factors with grey matter variation in sev-
eral brain areas, mostly notable in the insula and precuneus.

Our results support current theories of the neurobiological
basis of human‘s ability to perceive time that have repeatedly
understood the insula as playing a main role for this cognitive
function. Craig (2009) describes a model that posits that neu-
ral substrates of perceiving and estimating time intervals in the
range of seconds are located in the anterior insular cortex and
proposed a relationship with its interoceptive afferent inputs
(Critchley et al. 2004).

Time encoding and reproduction tasks are associated with
neural accumulative activation in the medial frontal and insu-
lar cortex during the encoding phase and more anterior parts
of these brain structures during the reproduction phase
(Wittmann et al. 2010). Another study that used a similar
design found fMRI activation in the right posterior insula dur-
ing the encoding phase and activations in the inferior frontal
and medial frontal cortices and also in the anterior insula dur-
ing the reproduction phase (Wittmann et al. 2011). The
accumulator-type of the measured neural activity has been

Table 2 Associations between
grey matter volumes and ZTPI
factors

Association with
ZTPI factors

Co-ordinates of
maximum voxel

Anatomical region k t p

Past negative
negative association

33; 15; 15 Right anterior insula (50%); right
frontal operculum (35%); right
central operculum (8%); right
inferior frontal orbital gyrus (5%);
right cerebral white matter (2%)

1692 4.42 0.036

Future negative
association

-2; -70; 56 Right precuneus (45%); left superior
parietal lobule (28%); left
precuneus (26%)

1685 4.19 0.036

Present fatalistic
negative association

33; 28; 12 Right frontal operculum (47%);
right anterior insula (40%); right
inferior frontal orbital gyrus (8%),
right central operculum (3%); right
inferior frontal orbital gyrus (3%)

1615 5.06 0.041

Note. p at cluster-level. FWE-correction for multiple testing was carried out at ! = 0.05. k represents the number
of voxels the corresponding cluster consists of at uncorrected thresholds. Atlas labelling was conducted with the
neuromorphometrics atlas

Table 1 Means, standard
deviations, and correlations of
ZTPI factors, age and sex

Variable M SD ! PN PH F PP PF Age

Past negative 2.53 0.65 0.79

Present hedonistic 3.22 0.45 0.82 0.1

Future 3.50 0.50 0.78 0.05 -0.21

Past positive 3.45 0.49 0.84 -0.14 0.18 0.2

Present fatalistic 2.29 0.52 0.89 0.51* 0.25* -0.15 -0.09

Age 29.86 8.93 - -0.01 -0.15 0.10 -0.08 -0.01

Sex 0.53 0.50 - 0.18 0.09 0.14 0.19 0.10 0.11

Note. M, SD and ! are used to represent mean, standard deviation and Cronbach’s !, respectively. In columns,
ZTPI factors were abbreviated: Past negative (PN), Present hedonistic (PH), Future (F), Past positive (PP), Present
fatalistic (PF). Bonferroni-Holm method was employed to correct for multiple hypothesis testing. *indicates
p < 0.05 after the adjustment procedure. Depicted associations with age and intercorrelations of the ZTPI factors
are Pearson correlation coefficients, associations with sex are shown as correlation ratios "
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interpreted as a unified meta-representation of homeostatic
feelings that constitute the conscious self at a time. Through
a chain of these accumulation patterns an emotional moment
and a highly subjective experience of duration is created. Our
findings therefore are consistent with the notion that the insula
is involved in meta-representations of time, as shown in the
significant negative association between right anterior insula
grey matter and the past negative factor and also the signifi-
cant negative association between right anterior insula grey
matter and the scale present fatalistic.

In a delay discounting task, the factor past negative was
correlated with impulsivity (Baumann and Odum 2012). The
above mentioned accumulative activation of brain regions
during reproduction phases of timing phases were also posi-
tively correlated with impulsivity (Wittmann et al. 2011),
which demonstrates a close relationship between time per-
spective, impulsivity and time perception of shorter time
intervals.

Various cognitive and neural models of time perception
have already been proposed. The results of this study and
others (Carelli and Olsson 2015; Chen et al. 2018) show strik-
ing different associations in very different brain areas. Time
perspectives seem to underlay both unity as well as diversity
of neural mechanisms. This could be understood as empirical
support for intrinsic models of time perception that „assume
that sensory and cognitive processes that are not specifically
dedicated to time additionally act as interval timers“ in con-
trast to dedicated models where it is „assumed that the pro-
posed mechanism is exclusively dedicated to measuring dura-
tion“ (Wittmann 2013) because there is no specific anatomical
brain region which is responsible for time perspective.

The insula finding provides also a link to altered time per-
spectives in psychopathology. In a meta-analysis, grey matter
alterations in the insula have also been identified as a common
neurobiological substrate for many mental illnesses, such as
schizophrenia, bipolar disorder, depression, anxiety and

Fig. 1 The factor past negative is
significantly negatively
associated with grey matter
volume in the insular cortex and
the frontal operculum (p < 0.05
FWE corrected at cluster level);
note that the images are shown at
p < 0.001 uncorrected threshold
for display purposes

Fig. 2 The factor future is
significantly negatively
associated with grey matter
volume in the bilateral precuneus
and left superior parietal lobe
(p < 0.05 FWE corrected at
cluster-level); note that the images
are shown at p < 0.001
uncorrected threshold for display
purposes
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obsessive-compulsive disorder (Goodkind et al. 2015).
Several of these disorders are associated with altered time
perspective and perception (Christov-Moore et al. 2014;
Gruber et al. 2012; McKay et al. 2016; Moore et al. 2005;
Oyanadel and Buela-Casal 2014; Thönes and Oberfeld
2015). A study found that balanced time perspective mediates
the relationship between temperament and the severity of
PTSD syndrome (Stolarski and Cyniak-Cieciura 2016), a dis-
order that has also repeatedly been associated with greymatter
volumes alterations in the insula (Bromis et al. 2018; Meng
et al. 2014).

The factors past negative and present fatalistic are both
significantly intercorrelated not only in our sample (Table 1)
but also in many other studies (Chen et al. 2018; Gao 2011;
Milfont et al. 2008; Wang et al. 2015; Wittmann et al. 2015;
Zimbardo and Boyd 1999). This suggests that these scales
could potentially measure parts of the two constructs which
are shared by both of them and this common intersection is on
a neurobiological level correlated with the frontal operculum
and the anterior insula. Depression is correlated with past neg-
ative and present fatalistic time perspective (Anagnostopoulos
and Griva 2012; Wang et al. 2015; Zimbardo and Boyd 1999)
as well as with volume reductions in the insula (Kong et al.
2014; Lai 2013; Opel et al. 2015), which links time perspec-
tive, brain morphological changes and depression to each
other.

Our secondmain finding is the link between the future time
perspective scale and a bilateral precuneus cluster. On the
behavioral level, future time perspective is negatively corre-
lated with both loneliness and depressive symptoms
(Bergman and Segel-Karpas 2018), and positively with health
behavior and well-being (Drake et al. 2008; Kooij et al. 2018).
On a structural neural level, a positive relationship has been
found between subjective happiness scores and purpose in life
scores on the one hand and grey matter volume in the right
precuneus on the other (Sato et al. 2015). Taken together, this
suggests that there is a positive association between future
time perspective and grey matter volume in the precuneus that
is moderated by happiness/well-being. However, in this study
we demonstrate a negative association between future time
perspective and grey matter volume in the precuneus. This
could mean that the negative association between future time
perspective and greymatter in the precuneus is so strong that it
conceals the positive association between these two variables
that is moderated by happiness/well-being. However, we did
not measure subjective happiness, so that we cannot test its
potential moderator effect. This could be an interesting subject
for future studies.

Our finding also provides a putative link to episodic
memory retrieval, one of the multiple behavioral functions
of the precuneus (Cavanna and Trimble 2006; Lundstrom
et al. 2005; Lundstrom et al. 2003). According to the
constructive episodic simulation hypothesis, there is an

overlap between the same cognitive and neural processes
that are affected during imagining future events and re-
membering past events (Schacter et al. 2007; Squire et al.
2010). The theory further posits that imagining the future
is pulling apart our recollections and then piecing them
together in a montage that might represent a new scenario.
Thus, the negative association between grey matter vol-
ume in the precuneus and future time perspective supple-
ments existing research that found that autobiographical
memory and mental time traveling are cognitive processes
that are associated with the same areas of the brain (Addis
et al. 2007; Szpunar et al. 2007).

There are only very few directly comparable studies of the
neural correlates of time perspective. A recent VBM study that
also used the ZTPI (Chen et al. 2018) found a positive asso-
ciation between the factor past negative and grey matter vol-
ume in the left prefrontal cortex, a negative association be-
tween the factor past positive and grey matter volume in the
orbitofrontal cortex and another negative association between
future time perspective and the medial prefrontal cortex. The
present hedonic scale was positively associated with greymat-
ter in the middle temporal gyrus and present fatalistic time
perspective with increases in grey matter in the precuneus.
Several factors might account for the differences in findings
compared to our study. The two samples differ regarding the
age of the subjects and studies showed that the factors present
hedonistic and past negative are negatively related to ageing
(Laureiro-Martinez et al. 2017). Sex has also a significant
effect on time perspective (Diaz-Morales 2006) and distribu-
tions of this parameter was also different in the two samples
(although accounted for this possible effect in our statistical
model). An inspection of the ZTPI scale also demonstrated
some correlations with personality traits (Adams and Nettle
2009; Muro et al. 2015) what could also account for the dif-
ferences in the studies.

Cultural background might also modulate both the con-
struct of time perception as well as its neurobiological basis
since time is a social institution (Sircova et al. 2015). Other
factors that could have modulated the found associations are
perceived stress, impulsivity, well-being and resilience
(Baumann and Odum 2012; Garcia et al. 2016; Rönnlund
et al. 2018; Tseferidi et al. 2017; Wittmann et al. 2011).

This new study uses both VBM aiming to replicate a
previous finding on ZTPI, as well as gyrification, a more
novel marker for subtle early brain developmental effects,
in order to provide a multi-modal approach to brain struc-
ture and time perspective taking in humans. It provides
novel findings for our understanding of this complex trait.
Our lack of findings for gyrification suggests that the
identified brain structural substrates of time perspective
are not related to subtle variation in early brain develop-
ment. Gyrification reflects a basic folding property of the
(neo)cortex. Once basic brain development is completed
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in early childhood, this marker is thought to remain rather
stable across most of adulthood. Unlike VBM, which
might be susceptible to state-related changes or fluctua-
tions of regional brain volumes, gyrification is thus ex-
pected to reflect the intrinsic geometry of cortical folds.

We need to consider some methodical limitation. First, we
did not survey some variables that would allow us to use more
complex statistical models, e.g. moderator- and mediator anal-
yses. As a result we would be able to integrate well-being,
time perception and psychopathology directly in our data.
Second, some effects did not survive correction for multiple
testing but might still be relevant. Future studies with higher
statistical power could potentially capture some effects we
could not detect.

In conclusion, our study shows an association of time per-
spective with grey matter variation in the anterior insula and
precuneus. This links time perspective to other aspects of pro-
cessing of temporal information and provides links to altered
time perspective in psychopathology as well as links to auto-
biographical memory.
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Abstract 

Background: Epidemiological studies have shown that gestational age and birth 

weight are linked to cognitive performance in adults. On a neurobiological level, 

this effect is hypothesised to be related to cortical gyrification, which is 

determined primarily during foetal development. The relationships between 

gestational age, gyrification and specific cognitive abilities in adults have not 

been investigated yet. 

Methods: In 542 healthy participants, gyrification indices were calculated from 

structural magnetic resonance imaging T1 data at 3T using CAT12. After 

applying a battery of neuropsychological tests, neuropsychological factors were 

extracted with a factor analysis. We conducted regressions to test associations 

between gyrification and gestational age as well as birth weight. Moderation 

analyses explored the relationships between gestational age, gyrification and 

neuropsychological factors. 

Results: Gestational age is significantly positively associated with cortical 

folding in the left supramarginal, bilaterally in the superior frontal and the lingual 

cortex. We extracted two neuropsychological factors that describe language 

abilities and working memory/attention. The association between gyrification in 

the left superior frontal gyrus and working memory/attention was moderated by 

gestational age. Further, the association between gyrification in the left 

supramarginal cortex and both, working memory/attention as well as language, 

were moderated by gestational age. 

Conclusions: Gyrification is associated with gestational age and related to 

specific neuropsychological outcomes in healthy adulthood. Implications from 



4 

these findings for the cortical neurodevelopment of cognitive domains and 

mental health are discussed. 
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Introduction 

Epidemiological studies have shown that aspects of foetal growth such 

as birth weight and gestational age are positively correlated with cognitive 

abilities in adults (Breeman, Jaekel, Baumann, Bartmann, & Wolke, 2017; 

Eryigit Madzwamuse, Baumann, Jaekel, Bartmann, & Wolke, 2015; Grove, Lim, 

Gale, & Shenkin, 2017; Kormos, Wilkinson, Davey, & Cunningham, 2014; 

Schlotz & Phillips, 2009; Vohr, 2014). The brain morphological mechanisms 

underlying these effects are not yet fully understood. 

The foetus is constantly exposed to environmental effects (Gillman, 

2005). For example, maternal stress(Khashan et al., 2014; Nkansah-Amankra, 

Luchok, Hussey, Watkins, & Liu, 2010), anxiety (Dunkel Schetter, 2011; Ramos 

et al., 2019), smoking (Ko et al., 2014), malnutrition (Ramakrishnan, 2004) and 

social status (Basso, Olsen, Johansen, & Christensen, 1997) are associated 

with lower birth weight and gestational age. Birth weight and gestational age 

serve as surrogate markers for a large variety of environmental influences on 

prenatal development (Schlotz & Phillips, 2009). 

Gyrification is an index measuring cortical folding. Cortical formation is 

largely determined during intrauterine development and stays relatively stable 

thereafter (Armstrong, Schleicher, Omran, Curtis, & Zilles, 1995; Cao et al., 

2017). Using MRI, cortical development has been investigated in utero, in new-

borns, and throughout life (Franke et al., 2020). Reduced birth weight or 

shortened gestational age results in in- and decreases in gyrification distributed 

over large parts of the cortex, especially in fronto-temporo-parietal regions 

(Hedderich et al., 2019; Papini et al., 2020). These structural alterations persist 
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over the whole life span and are considerably more pronounced in infants born 

extremely premature or at extreme low birth weight (Engelhardt et al., 2015). 

Further, some of these gyrification changes associated with prenatal growth 

have been linked to neurocognitive performance in infants and adults 

(Hedderich et al., 2019; Kersbergen et al., 2016; Papini et al., 2020): Full-scale 

IQ has been associated with the left fusiform gyrus and lateral orbitofrontal 

cortex, the right superior parietal gyrus (Papini et al., 2020), the bihemispheric 

lateral and anterior temporal cortices and the occipitotemporal junction 

(Hedderich et al., 2019). Additionally, gyrification alterations have repeatedly 

been associated with neurocognitive performance in general (Chung, Hyatt, & 

Stevens, 2017; Gregory et al., 2016; Eileen Luders et al., 2007) and 

neuropsychiatric developmental disorders/diseases like autism (Jou, Minshew, 

Keshavan, & Hardan, 2010) and schizophrenia (Schultz et al., 2013). 

While these studies have advanced our knowledge considerably, they 

leave many questions unanswered: 1. Many of the previous studies used group 

comparisons (usually with arbitrary birth weight cut offs), rather than 

dimensional approaches, resulting in a loss of variance. 2. Most studies used 

only moderate sample sizes which leads to little statistical power and limited 

generalizability. 3. Cortical folding takes place in a non-linear course primarily 

during the second half of intrauterine development but also non-linear ex utero 

in infants (Clouchoux et al., 2012; Dubois et al., 2019; Schlotz & Phillips, 2009; 

Zilles, Palomero-Gallagher, & Amunts, 2013). Some pathophysiological 

processes act only during sensitive periods in pregnancy, manifesting in a non-

linear manner (Clouchoux et al., 2012; Schlotz & Phillips, 2009; Wright et al., 
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2014). However, previous studies did not test for non-linear associations 

between variables of prenatal growth and brain morphology. 4. Some studies 

included participants with adverse events during their gestation such as birth 

complications, maternal infection, alcohol or drug abuse, medication, or 

maternal malnutrition (Franke et al., 2020; Haukvik et al., 2012; Hedderich et 

al., 2019; Hendrickson et al., 2017; Papini et al., 2020), which all confound birth 

weight/gestational age as well as brain structural changes. 5. Lastly, most 

studies investigated only intelligence by using abbreviated tests and refrained 

from measuring a broad range of cognitive domains. Some also used only 

subjective parental reports as a proxy of child cognitive abilities. As a result, 

effects on specific cognitive domains, e.g., working, short- and long-term 

memory, attention or language have not been investigated. 

In our study, we aimed to address these points. We recruited a large 

sample of healthy participants but excluded all subjects born after a high-risk 

pregnancy who had been exposed to gross harmful environmental influences, 

e.g. maternal infections, drug use, malnutrition or birth complications. Further, 

we used a comprehensive neuropsychological test battery to investigate 

associations between gyrification, foetal growth and specific neuropsychological 

domains. We hypothesized: 1. Gestational age as well as 2. birth weight are 

associated with reduced gyrification in healthy adults. 3. These relationships are 

quadratic. 4. Finally, we relate gyrification to neuropsychological performance in 

adults, thus bridging the explanatory gap between prenatal development and 

adult neuropsychological outcomes. 
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Methods 

Sample 

Healthy participants were recruited from the ongoing bicentric FOR2107 

study (http://for2107.de/; Kircher et al., 2018). All subjects underwent the 

Structured Clinical Interview (SCID-I; Wittchen, Wunderlich, Gruschwitz, & 

Zaudig, 1997) based on the DSM-IV-TR which was administered by trained 

researchers to ensure absence of current or history of any psychiatric disorders 

over life time. Additional exclusion criteria were an IQ < 80 (estimated with the 

MWT-B (Lehrl, 1995), a German equivalent of the National Adult Reading Test 

(NART; Nelson & Willison, 1991)) or age > 65 years or <18 years. Further, 

participants with current or previous substance dependence, major medical 

conditions (e.g. cancer, chronic autoimmune diseases, infections) and any 

history of neurological diagnoses (stroke, tumour, neuro-inflammatory diseases, 

epilepsy, head-trauma) were excluded. All participants with contraindications to 

MRI (e.g. pregnancy, ferromagnetic implants, claustrophobia), were also 

excluded from this study. 

Based on previous research literature, we identified different types of 

high-risk pregnancies that could confound our results and excluded all subjects 

born after such high-risk pregnancies. These risk factors, as reported by our 

participants, were: maternal infections which are associated with increased 

chance for long-term cognitive deficits (Dammann, Drescher, & Veelken, 2003) 

and mental retardation (Goldenberg, Culhane, & Johnson, 2005) and alcohol 

consumption by the mother during pregnancy, which is associated with 

behavioural problems, cognitive deficits and increased stress reactivity (Fryer, 
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McGee, Matt, Riley, & Mattson, 2007; Haley, Handmaker, & Lowe, 2006; Sayal, 

Heron, Golding, & Emond, 2007). Additionally, we excluded participants whose 

mothers used drugs during pregnancy which is also associated with higher risk 

for behavioural problems and cognitive deficits (Bada et al., 2007; Bennett, 

Bendersky, & Lewis, 2008; Goldschmidt, Richardson, Willford, & Day, 2008; 

Huizink & Mulder, 2006; Singer et al., 2004). Another exclusion criterion was 

maternal malnourishment which substantially affects foetal brain development 

(Franke et al., 2020; Georgieff, 2007) that may have long term consequences 

for behavioural problems and cognitive function later in life (Gale et al., 2008; 

Hibbeln et al., 2007; Parsons, Zhou, Spurrier, & Makrides, 2008; Schlotz et al., 

2010; Zhou, Gibson, Crowther, Baghurst, & Makrides, 2006). Multiple births 

were also excluded because foetal growth restrictions are associated with a 

decrease in cortical folding (Esteban et al., 2010; Quezada, Castillo-Melendez, 

Walker, & Tolcos, 2018), which is more common in multiple pregnancies 

(Ingram Cooke, 2010). Last, subjects who were born with severe obstetric 

complications were also excluded, e.g. ischemia, which is associated with an 

increase for both mental disorders (Goldstein et al., 2000; Zornberg, Buka, & 

Tsuang, 2000) as well as brain structural changes in cortical volumes and total 

surface areas (Wortinger, Engen, Barth, Andreassen, et al., 2020) and a 

decrease in intelligence (Wortinger, Engen, Barth, Lonning, et al., 2020). 

The final sample consisted of 542 nonclinical participants. Their birth 

weight ranged from 1000g to 5300g, their gestational age from 28 to 42 weeks. 

Based on the WHO definition of preterm birth (being born before the 38th week 

of gestation (Dbstet, 1977)), 51 subjects from the 542 participants were born 
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premature. Characteristics of participants are listed in table 1. The study was 

approved by both Ethic Committees of the Philipps University of Marburg and 

the University of Münster according to the declaration of Helsinki. All subject 

gave written informed consent to our study protocol and received financial 

compensation for their expense. 

 

MRI data acquisition 

We acquired MRI data at two sites and in accordance with our quality 

assurance protocol.(Vogelbacher et al., 2018) In Marburg, the MRI-data were 

acquired with a 3T MRI scanner (Tim Trio, Siemens, Erlangen, Germany) using 

a 12-channel head matrix Rx-coil. In Münster, a 3T MRI scanner (Prisma, 

Siemens, Erlangen, Germany) and a 20-channel head matrix Rx-coil were 

used. Parameters of the MP-RAGE sequences differed slightly across sites 

(Münster: TR = 1900ms, TE = 2.28ms, Flip angle = 8°, 192 sagittal slices, voxel 

size 1x1x1 mm, acquisition duration = 4:58 min; Marburg: TR = 1900ms, TE = 

2.26ms, Flip angle = 9°, 176 sagittal slices, voxel size 1x1x1 mm, acquisition 

duration = 4:26 min). Precluding their further preprocessing, scans were 

manually checked for the absence of artefacts and inspected for anatomical 

abnormalities by a senior clinician (UD). In doing so, we excluded scans from 

six participants. 

 

MRI data preprocessing and statistical analysis of gyrification data 

For surface based morphometry analyses, we used the CAT12 toolbox 

(version r1450) that builds on SPM (Penny, Friston, Ashburner, Kiebel, & 



11 

Nichols, 2011). Applying default settings, we extracted cortical surfaces using a 

spherical harmonics approach (Dahnke, Yotter, & Gaser, 2013), applied 

topological correction (Yotter, Dahnke, Thompson, & Gaser, 2011) and mapped 

surfaces spherically with an adopted volume-based diffeomorphic DARTEL 

algorithm (Ashburner, 2007) in order to reparametrize them into a common 

coordinate system to allow inter-subject comparisons (Yotter, Thompson, & 

Gaser, 2011). We then estimated cortical gyrification utilizing an approach 

based on local cortical absolute mean curvature (E. Luders et al., 2006). All 

modulated gyrification data sets were smoothed with a 25mm full width at half 

maximum Gaussian kernel. For cluster labelling we chose the Desikan-Killiany-

40 Atlas (Desikan et al., 2006). 

Separate polynomial general linear models were calculated with 

gestational age (in weeks) and birth weight, respectively, as regressors and 

gyrification as regressand. In order to investigate potential quadratic functions, 

we used the CAT12 function cat_stat_polynomial to estimate quadratic 

functions of the parameters birth weight and gestational age. Additionally, we 

used age, gender, site and scanner as covariates. Contrasts were processed 

using the TFCE Toolbox (threshold-free cluster enhancement; version r211) 

according to the Smith Method and with 8000 permutations (O'Gorman, 2005; 

Smith & Nichols, 2009; Winkler, Ridgway, Webster, Smith, & Nichols, 2014). 

We set significance levels at a < 0.05, family wise error corrected (FWE; 

Flandin & Friston, 2019; Nichols & Hayasaka, 2003). FWE-significant mean 

cluster raw values were extracted for each participant for further analyses (see 

below). 
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Neuropsychological assessment 

The neuropsychological assessment took about 50 minutes and 

contained eight different tests that measure verbal fluency (Regensburger 

Wortflüssigkeits-Test (RWT); Aschenbrenner, Tucha, & Lange, 2000), verbal IQ 

(Mehrfachwahl-Wortschatztest (MWT-B); Lehrl, 1995), processing speed (Trail 

Making Test (TMT-B); Reitan, 1958;  digit symbol substitution test (DSST); 

Wechsler, 1997), sustained-attention (sustained-attention test d2; Brickenkamp, 

Schmidt-Atzert, & Liepmann, 2010), declarative short- and declarative long-term 

memory (Verbaler Lern- und Merkfähigkeitstest (VLMT-A and VLMT-B; 

Helmstaedter & Durwen, 1990) and working memory (Letter-number 

sequencing subtest ( Corsi; Corsi, 1972; LNST; Wechsler, 1997). Complete 

neuropsychological data were available for 530 participants. For further 

information on the execution of the neuropsychological assessment and an 

overview of used test scores, see supplement; for a descriptive statistics of 

neuropsychological test scores, see table 1. 

We conducted an exploratory factor analysis with SPSS 24 (IBM, 2016) 

using the aforementioned neuropsychological test scores in order to describe 

variability among inter-correlated variables and generate a set of factors with 

reduced dimensionality. Factors were extracted by principal axis factoring and 

number of factors was determined using a scree test (Cattell, 1966). Maximizing 

loadings of variables on particular factors was ensured by conducting a varimax 

rotation. The Kaiser-Meyer-Olkin measure of sampling was 0.846, indicating the 

test measures sampling adequacy is given. Barlett’s test of Sphericity yielded a 
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significant result (p < 0.001) suggesting that correlations between items were 

sufficiently large for performing a factor analysis. An anti-image correlation 

matrix revealed that all variables showed MSA-values (measure of sampling 

adequacy) >0.7, implicating that they are all suitable for being used in a factor 

analysis (table S1). Neuropsychological test scores intercorrelations revealed 

that none of them showed intercorrelations with the other variables always 

below 0.3, meaning that we did not include variables merely contributing to the 

understanding of the factor’s underlying data structure (s. table S2). 

Additionally, no intercorrelation was above 0.9 suggesting no existence of 

multicollinearity (s. table S2). For each subject, factor scores were computed 

utilizing a regression approach. 

 

Partial correlations between neuropsychological factors and gyrification 

In order to investigate potential relationships between extracted mean 

gyrification from significant clusters and neuropsychological test outcome, we 

performed partial correlations while controlling for years of education. Brain 

structural alterations are much more pronounced in humans born premature 

(Dubois et al., 2019; Ganella et al., 2015; Kelly et al., 2019; Martinussen et al., 

2009; Nosarti et al., 2014). Therefore, we performed partial correlations 

separating participants into two groups: born preterm (as defined as gestational 

age shorter than 38 weeks by the WHO (Dbstet, 1977)) and born from the 38th 

week of gestation or later. 

 

Moderation analyses 
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We conducted moderation analyses using the PROCESS macro 3.5 

(Hayes, 2017) available for SPSS to investigate contributions of gestational age 

on the gyrification-gestational age associations and neuropsychological 

performances. Raw mean gyrification values were extracted from significant 

clusters of vertices and subsequently used as our predictors, the two extracted 

neuropsychological factors as outcome variables, gestational age in weeks as 

moderator and, additionally, years of education (Duff et al., 2003) as a 

covariate. Heteroscedasticity consistent standard error and covariance matrix 

estimator was used (HC3) (Davidson & MacKinnon, 1993; Long & Ervin, 2000) 

and continuous variables that define products were mean-centred prior to 

analysis. Due to the negative skewness of the variable gestational age 

(skewness = -2) moderations were probed at the 16th, 50th and 84th percentiles. 
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Results 

Gyrification 

We found significant positive linear associations between gestational age 

(mean = 39.57 weeks; SD = 1.63 weeks) and five gyrification clusters (s. figure 

1, table S3 and figure S1 for scatter plots) mainly involving the left 

supramarginal cortex (k = 881, TFCE = 12398.62, pFWE = 0.036), the left (k = 

1978, TFCE = 13555.62, pFWE = 0.028) and right superior frontal cortex (k = 

566, TFCE = 15217.21, pFWE = 0.019), and both the left (k = 1786, TFCE = 

17795.10, pFWE = 0.01) and right lingual cortex (k = 671, TFCE = 12027.61, 

pFWE = 0.04). We found neither negative linear nor positive and negative 

quadratic associations between duration of pregnancy and gyrification. Birth 

weight (mean = 3416g; SD = 528.2g) was not significantly associated with 

gyrification in any of the regressions. 

 

Factor analysis of neuropsychological test scores 

Based on the “elbow criterion” of a scree test (see figure S2) we retained 

two factors (Cattell, 1966) that explained in total 36.2% of the variance in the 

neuropsychological data. The first one is mainly comprising neuropsychological 

tests measuring working memory and attention (Eigenvalue = 3.46; with high 

rotated factor loadings on d2-KL, TMT-B and Corsi task; rotated sum of squared 

factor loadings explaining 17.56% variance), the second one consists mainly of 

language performance (eigenvalue = 1.32; highest rotated factor loadings on all 

subtests of the RWT and the MWTB; rotated sum of squared factor loadings 
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explaining 10.82% variance). All rotated factor loadings on factor 

attention/working memory and factor language are shown in table S4. 

 

Bivariate partial correlations gyrification and neuropsychological factors 

We found several significant correlations between the extracted 

neuropsychological factors and mean gyrification cluster values (s. table 2), in 

particular the right superior frontal gyrus was related to language in the whole 

sample and the left supramarginal gyrus to both, working memory and language 

in the preterm subsample (28 - 38 weeks), among others.  

In a correlational analysis, gestational age in weeks was not associated 

with the neuropsychological factors (s. table 2). 

 

Moderation analysis 

In three models, gestational age significantly moderated the association 

between mean gyrification cluster values and neuropsychological factors while 

controlling for years of education (s. figure 2 and table 3). Gestational age 

significantly moderated the association between the left supramarginal 

gyrification cluster and the factor working memory/attention (model: F(4/525) = 

4.886, p = 0.001, R2 = 3.4%; moderation: t = -2, p = 0.047, R2(change) = 0.8%) 

as well as the association between the same gyrification cluster and the factor 

language (model: F(4/525) = 4.015, p = 0.003, R2 = 3.1%; moderation: t = -2.19, 

p = 0.029, R2(change) = 1%). Additionally, the association between the left 

superior frontal gyrification cluster and the factor working memory/attention was 

significantly moderated by gestational age (model: F(4/525) = 4.892, p = 0.001, 
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R2 = 3.4%; moderation: t = -2.04, p = 0.041, R2(change) = 0.7%). In summary, 

gestational age impacted on local gyrification which interacted again with 

gestational age on neuropsychological performance in adulthood in specific 

cognitive domains, which have previously been related to these cortical regions. 

 

Discussion 

In this study, we investigated associations between birth weight, 

gestational age and gyrification in a large sample of adults. We then explored 

the impact of these associations on neurocognition. We found a positive linear 

association between gestational age and gyrification bilaterally in the superior 

frontal cortex, the left supramarginal cortex and in the lingual cortex bilaterally. 

Additionally, the link between gyrification clusters and the neuropsychological 

factors language and working memory/attention was moderated by gestational 

age. These findings provide an important basis for understanding prenatal 

influences on brain morphology and their relations to cognitive functions in 

healthy adults. 

We demonstrate positive, linear associations between duration of 

pregnancy and gyrification in healthy adults. We extracted gyrification values 

using an absolute mean curvature approach which is positively correlated with 

increases in total surface area (E. Luders et al., 2006). A methodological 

strength of this study is the exclusion of participants whose mothers had high-

risk pregnancies (e.g., infections, malnutrition, drug abuse, etc.; see above) or 

pregnancies that are known to be associated with aberrant cortical folding in the 

foetuses (i.e., multiple pregnancy). Due to this approach, we can conclude that 
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strong associations between rather subtle environmental influences (measured 

as gestational age) and cortical formation evidently persist in adults even when 

excluding more severe environmental effects during pregnancy that could have 

confounded these results. These findings emphasize the formative character 

from gestational age on brain anatomy which can already be observed in new-

borns (Kesler et al., 2006) and shed new light on the importance of preserving 

maternal health during pregnancy. 

Our findings can be interpreted in several ways. First, prenatal cortical 

growth that is interrupted due to early birth might postnatally not be completed 

because cortical maturation could potentially only be completed in utero. 

Second, postnatal compensatory mechanisms of cortical maturation could fail 

because the harming cause (e.g. maternal stress (van den Bergh et al., 2017; 

Franke et al., 2020) or smoking (Abbott & Winzer-Serhan, 2012; Ekblad et al., 

2010)) that lead to reduced gestational age still persists in postnatal 

environment. The third explanation comes from a core assumption of the 

concept of Developmental Origins of Health and Disease (Davis, Glynn, 

Waffarn, & Sandman, 2011; Gillman, 2005; Gluckman, Hanson, & Buklijas, 

2010). It posits prenatal mechanisms of permanent foetal programming that are 

triggered by in utero environmental effects that result in persistent modifications 

on the epigenome of the differentiating brain cells, which can lead to permanent 

physiological changes in the offspring (Franke et al., 2020). The consequences 

of this in utero adaption are twofold: On the one hand, these altered cortical 

formations are due to the plasticity of the foetal brain which prepares the unborn 

for its postnatal environment - assuming it is similar to its environment in utero 
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(Bateson et al., 2004). Thereby, chances of immediate survival after birth and 

potential reproduction are maximized (Hanson & Gluckman, 2014). On the other 

hand, these effects can also result in non-adaptive changes when there is a 

mismatch between prenatal adaptive brain development and the biological 

demands that the postnatal environment places on the new-born child. This 

maladjustment could then lead to vulnerability for later mental disorders. 

Our second main result is that gestational age moderates the relationship 

between localized gyrification and the neuropsychological factors language and 

working memory/attention. The association between a cluster mostly comprising 

the left superior frontal cortex and the factor working memory/attention was 

moderated by gestational age. The involvement of the superior frontal gyrus in 

working memory has been demonstrated consistently (Wager & Smith, 2003). 

Additionally, relationships between a gyrification cluster in the left supramarginal 

gyrus and the factor language as well as the factor working memory/attention 

were both again moderated by gestational duration. The supramarginal gyrus, 

as part of Wernicke’s area, has repeatedly been linked to phonological 

decisions (Hartwigsen et al., 2010; Sliwinska, Khadilkar, Campbell-Ratcliffe, 

Quevenco, & Devlin, 2012), syntax (Price, 2010) and semantics (Binder, 

Medler, Desai, Conant, & Liebenthal, 2005; Dębska et al., 2019). Another line of 

research showed that the supramarginal gyrus is involved in verbal/auditory 

working memory (Deschamps, Baum, & Gracco, 2014; Vines, Schnider, & 

Schlaug, 2006). Therefore, our results demonstrate that variations in working 

memory and language performance are to a certain extent a product of the 

interactional effect of gestational age and gyrification changes that are linked to 
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prenatal cortical development. These findings are an important contribution to 

the identification of neurobiological pathways involved in the association 

between preterm birth and lower cognitive performance in adults that have been 

reported in epidemiological studies (Eryigit Madzwamuse et al., 2015). 

Since we found only one direct bivariate association between a 

gyrification cluster significantly associated with gestational age and one 

neuropsychological factor but moderated effects it should be pointed out that 

changes in gyrification alone might not be sufficient to explain some aspects of 

poorer neuropsychological outcome. Rather it is an interplay between variation 

in gyrification and other neurobiological factors that are influenced by 

gestational age. This highlights again the importance of determining 

relationships between prenatal and early-life factors influencing cognitive ability 

in adulthood. 

We found no brain morphological associations with birth weight when we 

applied a strict statistic (FWE in SPM), although birth weight and gestational 

age are intercorrelated (r = 0.378; p < 0.001). We speculate that gestational age 

might be a more valid proxy for brain maturation because birth weight is 

affected by many variables, such as maternal ethnicity, infant gender, maternal 

smoking and maternal diabetes (Amini, Catalano, Hirsch, & Mann, 1994). 

Our findings also have implications for psychopathology. Cohort studies 

have shown that low gestational age is associated with a higher chance to 

develop a mental disorder in adulthood (Burnett et al., 2011; Xie et al., 2017). 

Individuals who are at high risk of developing schizophrenia or who will later 

develop schizophrenia show general cognitive deficits in various domains 
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before the onset of the disorder, including language, processing speed, working 

memory, executive functioning and intelligence (Bora & Murray, 2013; Mollon & 

Reichenberg, 2018). On a brain morphological level, there are gyrification 

differences between individuals with higher risk for schizophrenia and control 

subjects that partly overlap with cortical areas that were associated with 

gestational age in our study (Hou et al., 2020; Sasabayashi et al., 2017). We 

suggest that the interaction effect between gestational age and gyrification 

changes associated with shortened gestational length may constitute a risk 

phenotype for mental disorders clinically characterised by reduced cognitive 

performance. 

 

Limitations 

First, we asked our subjects to state their gestational age, birth weight 

and pregnancy courses from their mothers and did not have their birth 

certificates available, so there could have been recall errors. Second, we used 

both birth weight and gestational age as a summary proxy for the success of 

prenatal neurodevelopment which is affected by a range of different materno-

fetal factors. Future studies should try to develop more valid biomarkers that 

can be used to provide more differentiated information about various prenatal 

growth processes (van den Bergh, Dahnke, & Mennes, 2018; Schlotz & Phillips, 

2009). 

 

Conclusion 
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This study links aberrant local gyrification associated with gestational age 

to particular neuropsychological domains in healthy adults. We show positive 

associations between the duration of pregnancy and gyrification changes in the 

superior frontal, lingual, and left supramarginal cortex in healthy adults. 

Additionally, relationships between aberrant gyrification clusters and the factors 

working memory/attention and language were moderated by gestational age. 

Our findings demonstrate that effects of prenatal development are permanently 

present in adults’ gyrification and have interactional effects on specific cognitive 

domains. Consequently, our study expands on the importance of maternal 

health during pregnancy and functions as an impetus to further improve 

maternal health during pregnancy in order to preserve cognitive abilities in 

offspring. 
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Tables and figures 
Table 1 
Sociodemographic characteristics and neuropsychological test scores 

 age sex 

Gest
ation

al 
age  

Birth 
weight  

Educa 
tion 

(years) 

Handed 
ness 

Neuropsychological test scores 

VLMT-A VLMT-B TMT-B Corsi LNST DSST d2-KL RWT-A RWT-P RWT-Alt MWTB 

Mean  31.6 f = 
367 39.57 3416g 13.93 77.27 60.05 0.81  47.12 18.31 17.18 65.52 193.3 25.1 12.32 16.71 30.85  

SD 11.5 - 1.63  528.2g 2.447 41.85 8.02 1.52 17.04 3.07 3.05 11.45 41.07 5.54 4.13 2.96 2.933  

Minimum 18 - 28 1000g 9 -100 28 -3 14 9 7 7 79 3 2 7 17  

Maximum 64 - 42 5300g 18 100 75 8 173 26 24 93 298 44 26 30 37  

Note. Handedness was assessed using the EHI (Oldfield, 1971). f female, VLMT verbal learning and memory test (VLMT A short-term memory, VLMT B long-term memory), TMT-B 

trailmaking test, Corsi Corsi block tapping task, LNST letter-number sequencing subtest, DSST digit symbol substitution test, d2-KL sustained-attention test d2, RWT Regensburger 

Wortflüssigkeits-Test (versions: A: category animals; P: words that start with the letter ‘p’; alt: alternating between fruits and sports), MWTB Multiple choice vocabulary test. 
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Table 2 

Partial correlations between extracted mean gyrification clusters and neuropsychological factors, controlling for years of education 

 total  gestational age 28 - 38 weeks 

(n = 51) 

 gestational age ≥ 38 weeks 

(n = 491) 

 Working memory/ 

attention 

language  Working memory/attention language  Working memory/attention language 

gestational age in weeks -0.021 -0.059  -0.076 -0.17  -0.028 -0.057 

left superior frontal 0.044 -0.052  0.334* -0.014  0.01 -0.054 

left lingual -0.025 -0.082  -0.007 -0.089  -0.027 -0.078 

left supramarginal -0.032 0.043  0.321* 0.303*  -0.071 0.017 

right lingual 0.014 -0.05  0.154 -0.149  0.001 -0.039 

right superior frontal 0.062 -0.115**  0.218 -0.104  0.046 -0.114* 

Note. * p <0.05, ** p <0.01
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Table 3 

Moderation analysis 
 F(HC3) df1/df2 p R2  Coefficient se(HC3) t p 

Constant      -0.743 0.208 -3.57 <0.001 

Moderator: Gestational age      -0.027 0.026 -1.06 0.289 

Dependent variable: Left superior frontal      0.054 0.051 1.06 0.29 

Interaction      -0.058 0.028 -2.04 0.041 

Covariate: Years of education      0.055 0.015 3.73 <0.001 

Model summary 

Outcome: working memory/attention 

4.892 4/525 0.001 0.034      

Constant      -0.56 0.198 -2.83 0.005 

Moderator: Gestational age      -0.024 0.022 -1.1 0.271 

Dependent variable: Left superior frontal      -0.043 0.047 -0.92 0.356 

Interaction      0.001 0.026 0.02 0.981 

Covariate: Years of education      0.04 0.014 2.85 0.005 

Model summary 

Outcome: language 

2.608 4/525 0.035 0.02      

Constant      -0.749 0.208 -3.61 <0.001 

Moderator: Gestational age      -0.018 0.025 -0.71 0.476 

Dependent variable: Left supramarginal      -0.028 0.045 -0.64 0.524 

Interaction      -0.057 0.029 -2 0.047 

Covariate: Years of education      0.055 0.015 3.78 <0.001 
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 F(HC3) df1/df2 p R2  Coefficient se(HC3) t p 

Model summary 

Outcome: working memory/attention 

4.886 4/525 0.001 0.034      

Constant      -0.511 0.197 -2.6 0.01 

Moderator: Gestational age      -0.04 0.02 -2 0.046 

Dependent variable: Left supramarginal      0.046 0.037 1.26 0.221 

Interaction      -0.056 0.026 -2.19 0.029 

Covariate: Years of education      0.038 0.014 2.69 0.007 

Model summary 

Outcome: language 

4.015 4/525 0.003 0.031      

Constant      -0.75 0.206 -3.64 <0.001 

Moderator: Gestational age      -0.018 0.023 -0.76 0.447 

Dependent variable: Right superior frontal      0.061 0.043 1.41 0.158 

Interaction      -0.006 0.037 -0.15 0.878 

Covariate: Years of education      0.054 0.015 3.75 <0.001 

Model summary 

Outcome: working memory/attention 

4.069 4/525 0.003 0.029      

Constant      -0.557 0.196 -2.84 0.005 

Moderator: Gestational age      -0.019 0.024 -0.79 0.433 

Dependent variable: Right superior frontal      -0.088 0.037 -2.37 0.018 

Interaction      0.002 0.024 0.06 0.947 

Covariate: Years of education      0.04 0.014 2.86 0.004 
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 F(HC3) df1/df2 p R2  Coefficient se(HC3) t p 

Model summary 

Outcome: language 

3.54 4/525 0.007 0.029      

Constant      -0.75 0.208 -3.64 <0.001 

Moderator: Gestational age      -0.007 0.029 -0.23 0.817 

Dependent variable: Left lingual      -0.023 0.047 -0.49 0.622 

Interaction      0.005 0.026 0.19 0.848 

Covariate: Years of education      0.055 0.015 3.73 <0.001 

Model summary 

Outcome: working memory/attention 

3.67 4/525 0.006 0.025      

Constant      -0.551 0.198 -2.78 0.006 

Moderator: Gestational age      -0.017 0.023 -0.73 0.466 

Dependent variable: Left lingual      -0.072 0.046 -1.56 0.12 

Interaction      0.01 0.028 0.36 0.718 

Covariate: Years of education      0.03 0.014 2.81 0.005 

Model summary 

Outcome: language 

2.935 4/525 0.02 0.024      

Constant      -0.741 0.207 -3.57 <0.001 

Moderator: Gestational age      -0.021 0.029 -0.73 0.465 

Dependent variable: Right lingual      0.019 0.041 0.04 0.64 

Interaction      -0.04 0.034 -1.19 0.234 

Covariate: Years of education      0.054 0.015 3.74 <0.001 
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 F(HC3) df1/df2 p R2  Coefficient se(HC3) t p 

Model summary 

Outcome: working memory/attention 

3.877 4/525 0.004 0.029      

Constant      -0.535 0.198 -2.70 0.007 

Moderator: Gestational age      -0.03 0.024 -1.26 0.208 

Dependent variable: Right lingual      -0.031 0.035 -0.87 0.383 

Interaction      -0.025 0.023 -1.06 0.288 

Covariate: Years of education      0.039 0.014 2.78 0.006 

Model summary 

Outcome: language 

2.96 4/525 0.019 0.022      

Note. Heteroscedasticity consistent standard error and covariance matrix estimator was used (HC3) (Davidson & MacKinnon, 1993; Long & Ervin, 2000). Continuous variables that define 

products were mean centred prior analysis. 
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Figure 1: Associations between gyrification and gestational age 

 

Statistical parametric map of positive associations between gestational age (in weeks) and gyrification in a multiple regression. Threshold-free cluster enhancement was used at a threshold 
of p<0.05 (FWE-corrected). Warmer colours represent lower p-values. 
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Figure 2: Linking gyrification, gestational age and neuropsychological factors language and working memory/attention 

 

Effects from significant gyrification clusters on language and working memory/attention are significantly moderated by gestational age while controlling for years education.
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Supplementary methods 
1. Description of the neurocognitive measures 
Neuropsychological tests were applied in the order in which they are listed here. 

 

1.1. VLMT 

We assessed declarative episodic memory using the German adaption of the Rey Auditory 

Verbal Learning Test (RAVLT; Bean, 2011), the verbal learning and memory test (VLMT; 

Helmstaedter & Durwen, 1990). In this test, five consecutive times, the same list consisting 

of 15 words, is read out by the instructor and the participant is asked to recall them directly 

afterwards. The sum of all items recalled correctly is a measurement of declarative short-

term memory (VLMT-A). After a delay of 30 minutes and without representing the word list 

again, the participant is asked to recall it again (VLMT-B). 

 

1.2. Trailmaking test (TMT-B)  

Executive functioning and speed of cognitive processing was assessed with the Trail Making 

Test (TMT; Bowie & Harvey, 2006; Sánchez-Cubillo et al., 2009). In this paper-pencil-test, 

participants have to connect numbers ascendingly and letter alphabetically in alternating 

fashion. The time to complete the task is measured in seconds. 

 

1.3. The Corsi task 

This test (Corsi, 1972) is included in the Wechsler Memory scale (Wechsler, 1997) and 

assesses the visuospatial short-term and working memory by using includes a small board 

to which eight small blocks are attached. During the first part of the test (Corsi A) participants 

are instructed to tap on the blocks in an order which was shown to them by the experimenter 

directly before. In the second part of the test (Corsi B) blocks are again tapped by the 

experimenter but subjects are asked to tap them in reverse order. The Corsi A consists of 



 5 

14 trials, the Corsi B of 12, respectively. The sum of correct responses in both parts of the 

test is reported. 

 

1.4. Letter-number sequencing subtest 

The letter-number sequencing subtest (LNST) was taken from the Wechsler Adult 

Intelligence Scale (WAIS; Wechsler, 1997). It assesses the verbal capacity of the working 

memory. This test comprises 24 items consisting of different amounts of letters and numbers 

that are read out by the instructor. The participant is asked to rearrange the letters and 

numbers starting with numbers in ascending order and continuing with the letters in 

alphabetical order. The first item includes three letters and numbers, the later items are more 

difficult so that the maximum number of digits that have to be remembered, rearranged and 

reported is eight. The number of correctly answered items is recorded. 

 

1.5. Digit symbol substitution test (DSST) 

This German equivalent of the digit symbol substitution test (DSST) of the WAIS (Wechsler, 

1997) is another paper-pencil-test that is used as an indicator of attention as well as 

cognitive and motor processing speed. At the beginning of the test nine different digit-symbol 

pairs are introduced. Then, a list with digits is presented and the participant is asked to add 

as many correct symbols to each digit as possible within 90 seconds. 

 

1.6. d2 test of attention 

Sustained and selective attention was measured with the d2 test of attention (Brickenkamp, 

Schmidt-Atzert, & Liepmann, 2010; Steinborn, Langner, Flehmig, & Huestegge, 2018). 

Participants have to discriminate between stimuli relevant for a task and disturbing ones. 

We used the concentration performance score (d2-KL) of the d2 test. This score is computed 
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by summing up all items that were marked correctly by the participant and then subtracting 

the number of items marked incorrectly (F2) and the erroneously omitted symbols (F1). 

 

1.7. Regensburger Wortflüssigkeits-Test (RWT) 

In order to measure verbal fluency we used the Regensburger Wortflüssigkeits-Test 

(Aschenbrenner, Tucha, & Lange, 2000). Participants are asked to produce as many words 

of three different categories within the time of each 60 seconds. The first category is 

“animals” (RWT-A), the second one “words, that start with the letter ‘p’” (RWT-P) and the 

last category is alternating between fruits and sports (RWT-alt). All correct words are 

recorded (after subtraction of errors and repetitions). 

 

1.8. Multiple choice vocabulary test 

This test was applied to verbal IQ (Lehrl, 1995). It is the German equivalent of the National 

Adult Reading Test (NART; Nelson & Willison, 1991). The MWT-B (Mehrfachwahl-

Wortschatztest, Version B) consists of 37 rows with each five words. Only one word in each 

row is a correct German word. Subjects are asked to mark this one. The test score consists 

of all correctly marked words.
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Supplemental tables 
Table S1 Anti-Image correlation matrix of neuropsychological test scores 
 

 VLMT-A VLMT-B TMT-B Corsi LNST DSST d2-KL RWT-A RWT-P RWT-alt MWT-B 

VLMT-A 0.852 0.265 0.062 -0.113 -0.098 -0.08 -0.092 -0.035 -0.11 -0.035 0.004 

VLMT-B 0.265 0.71 0.047 0.104 -0.021 -0.027 0.044 -0.008 0.014 0.035 -0.032 

TMT-B 0.062 0.047 0.883 0.119 0.101 0.237 0.134 0.049 0.01 0.033 0.024 

Corsi -0.113 0.104 0.119 0.863 -0.239 -0.133 -0.099 -0.04 -0.036 0.05 0.014 

LNST -0.098 -0.021 0.101 -0.239 0.852 0.024 -0.122 -0.018 -0.069 -0.065 -0.123 

DSST -0.08 -0.027 0.237 -0.133 0.024 0.796 -0.404 -0.079 -0.036 -0.126 0.119 

d2-KL -0.092 0.044 0.134 -0.099 -0.122 -0.404 0.826 -0.046 0.046 -0.047 -0.026 

RWT-A -0.035 -0.008 0.049 -0.04 -0.018 -0.079 -0.046 0.822 -0.237 -0.262 -0.112 

RWT-P -0.11 0.014 0.01 -0.036 -0.069 -0.036 0.046 -0.237 0.822 -0.107 -0.125 

RWT-alt -0.035 0.035 0.033 0.05 -0.065 -0.126 -0.047 -0.262 -0.107 0.842 -0.072 

MWT-B 0.004 -0.032 0.024 0.014 -0.123 0.119 -0.026 -0.112 -0.125 -0.072 0.7 
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Table S2 Intercorrelations of neuropsychological tests 
 

 d2-KL TMT-B Corsi DSST RWT-A RWT-P RWT-Alt LNST VLMT-A VLMT-B MWT-B 

d2-KL —           

TMT-B -0.416** —          

Corsi 0.373** -0.346** —         

DSST 0.569** -0.467** 0.387** —        

RWT-A 0.256** -0.242** 0.206** 0.288** —       

RWT-P 0.145** -0.158** 0.174** 0.188** 0.359** —      

RWT-Alt 0.236** -0.214** 0.137** 0.289** 0.381** 0.287** —     

LNST 0.329** -0.298** 0.382** 0.265** 0.216** 0.205** 0.199** —    

VLMT-A 0.33** -0.269** 0.33** 0.318** 0.22** 0.222** 0.193** 0.278** —   

VLMT-B -0.122** 0.063 -0.178** -0.087* -0.049 -0.085* -0.067 -0.081 -0.25** —  

MWT-B 0.064 -0.072 0.059 -0.006 0.2** 0.204** 0.15** 0.177** 0.064 0.01 — 

* = significant at ⍺ = 0.05 (two-tailed), ** = significant at ⍺ = 0.01 (two-tailed). 



Table S3 Positive linear associations between duration of pregnancy in weeks and 
gyrification in a polynominal regression analysis 

k TFCE pFWE Coordinates  Anatomical region 

1978 13555.62 0.028 -08/-11/64 80% l. superior frontal 

 11909.78 0.041 -23/56/06 14% l. rostral middle frontal 

 11883.15 0.041 -21/61/13 3% l. precentral 

    2% l. paracentral 

    2% l. caudal anterior cingulate 

      
1786 17795.10 0.010 -29/-68/-14 44% l. lingual 

 14328.93 0.023 -22/-35/-09 22% l. fusiform 

    15% l. pericalcarine 

    10% l. lateral occipital 

    7% l. parahippocampal 

    2% l. cuneus 

      
881 12398.62 0.036 -56/-54/22 63% l. supramarginal 

    21% l. postcentral 

    14% l. precentral 

      
671 12027.61 0.040 22/-73/-09 61% r. lingual 

 11744.86 0.043 20/-82/-13 22% r. parahippocampal 

    15% r. fusiform 

    1% r. lateral occipital 

      
566 15217.21 0.019 08/15/65 98% r. superior frontal 

    1% r. posterior cingulate 

Notes. Correction for multiple testing was carried out with the family wise error rate (FWE) 
at a=0.05. Cluster labelling was conducted with the Desikan-Killiany atlas (Desikan et al., 
2006). 
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Table S4 Rotated factor matrix 
 

test  Factor-loadings factor 
attention/working memory 

Factor-loadings 
factor language 

VLMT-A 0.283 0.182 

VLMT-B  <0.1 <0.1 

TMT-B  -0.562 -0.163 

Corsi 0.443 0.129 

LNST 0.337 0.258 

DSST 0.77 0.128 

d2-KL 0.688 0.122 

RWT-A 0.277 0.616 

RWT-P 0.113 0.525 

RWT-Alt 0.277 0.478 

MWT-B <0.1 0.363 

Note. Extraction method: principal axis factoring. Rotation method: Varimax with Kaiser 
normalization (rotation converged in 17 iterations).  
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Supplemental figures 
Figure S1 Scatter plots of the associations between gestational age and gyrification 
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Note. When excluding outliers (defined as three interquartile ranges below the first quartile 

or above the third quartile), all gyrification clusters remained highly significantly associated 

with gestational age (in weeks): r(left superior frontral.gestational age)=0.15, p<0.001; r(right superior 

frontal.gestational age)=0.17, p<0.001; r(right lingual.gestational age)=0.19, p<0.001; r(left supramarginal.gestational 

age)=0.127, p=0.003; r(left lingual.gestational age)=0.17, p<0.001.  
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Figure S2 Scree plot displaying the eigenvalues of components extracted by using 
principal axis factoring 
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Abstract 
Background: Research on individuals at ultra-high risk for psychosis (UHR 

individuals) has gained increasing interest, as there is a need for early intervention for 

psychosis. However, there is not a lot of research on high-functioning (HF) UHR, even 

though such research may elucidate potential protective mechanisms. Within the 

schizophrenia spectrum, HF schizophrenia patients have been observed to have fewer 

deficits in social interaction. As an essential component of social function, facial 

emotion recognition is hampered even during the early stage of schizophrenia. To 

understand the preservation of social functioning among HF-UHR individuals, we 

investigated emotion recognition and its neurofunctional correlates in non-help-seeking 

UHR patients with high cognitive functioning. 

Methods: Two large cohorts of students from an elite university in China (n1 = 4040, n2 

= 4364) were screened using the following multistage process: the 16-item version of 

the Prodromal Questionnaire (PQ-16) or the Prodromal Questionnaire-brief version 

(PQ-B) was used during the first stage of screening, and the semi-structured Interview 

for Psychosis-Risk Syndromes (SIPS) was used as the final tool to verify the UHR 

status. We identified 21 non-help-seeking HF-UHR individuals and 23 non-UHR 

individuals as control subjects. fMRI scanning was performed while the participants 

classified facial emotions (i.e., neutral, happy, disgust and fear) in a facial emotion 

recognition task. 

Results: Behaviourally, no group differences were found in the reaction time, sensitivity 

or specificity of recognizing happy, fear and disgust faces after correcting for multiple 

comparisons. The HF-UHR individuals showed generally higher activation in the 

somatosensory cortex, temporoparietal-occipital visual network, insula and superior 

temporal gyrus (STG) than the control group during the entire recognition task 

regardless of the emotion categories. Moreover, in the HF-UHR group, hyperactivity 

in the left STG was significantly correlated with deficits in the ability to experience 

emotions. 

Conclusions: The absence of behavioural deficits when recognizing facial emotions in 

HF/UHR and functional hyperactivities suggest a more effortful processing of facial 
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emotional stimuli. This interpretation is further supported by the negative correlation 

between the HF-UHR’s hyperactivities in the STG and deficits in experiencing 

emotions. 

Keywords: high-functioning; ultra-high-risk psychosis; facial emotion recognition; 
superior temporal gyrus (STG); functional magnetic resonance imaging (fMRI)!  
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1 Introduction 
Research was able to identify a high community-functioning subgroup among 

schizophrenia patients. High functioning schizophrenia patients are subgroup of 

schizophrenia patients with higher community function, who present higher intellectual 

levels and relatively high educational attainment (1), absence of neuropsychological 

deficits (2) and absence of social behaviour dysfunctions (3, 4). Notably, concerning 

neurocognitive test outcomes, high functioning schizophrenia patients resemble healthy 

control groups more than other schizophrenia patients across multiple cognitive 

domains (3, 5). Taken together, this suggests that in high functioning schizophrenia 

patients, some protective factors inhibit neurodevelopmental damage associated with 

cognitive deficits. 

However, it is unclear if such a subgroup can also be found within individuals at ultra-

high risk for psychosis (UHR) (6, 7). UHR is defined as fulfilling at least one of the 

following criteria: attenuated psychotic symptoms (APS), brief limited intermittent 

psychotic symptoms (BLIPS) and genetic risk and deterioration syndrome (GRS) (8, 

9). Individuals who meet at least one criterion can be classified as UHR. UHR status is 

a strong predictor of the development of psychotic disorders (10, 11). UHR display a 

wide range of psychopathological features (12). Some lines of research have 

investigated subgroups, e.g. help-seeking UHR individuals (13-15). However, help-

seeking UHR represent only a subgroup of this population with respect to 

sociodemographic and clinical factors (12, 16). 

Surprisingly, there has not been research on high functioning UHR (HF-UHR). 

Research on this population might shed light on the protective mechanisms in UHR 

individuals and eventually enrich the preventive toolkit for early intervention aiming to 

prevent psychosis. 

A key component in social cognition is facial emotional recognition, which is the ability 

to precisely recognize and interpret nonverbal signs, such as facial emotional stimuli. 

On a neural level, it has been demonstrated that both the left as well the right STG are 

involved in facial expression recognition (17, 18). Deficits in facial emotion recognition 

have been repeatedly demonstrated in patients with schizophrenia (19-22). Similarly, 

UHR individuals have been shown to be less accurate when recognizing sad, fearful 

and disgusted facial expressions (23-27). 

At the neurofunctional level, patients with schizophrenia show less activity in the 
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fronto-temporo-occipital network and limbic structures responsible for facial emotion 

processing (28, 29); however, results from studies involving UHR individuals are 

heterogeneous. Compared to a control group, UHR individuals demonstrated 

hypoactivities in the amygdala, insula and fronto-temporo-occipital cortices when 

implicitly processing both neutral and fearful faces during a gender judgement task 

(30). Furthermore, explicitly discriminating emotional from neutral facial expressions 

has been shown to involve less functional activation in the fusiform gyrus (31), inferior 

and superior frontal gyri, and thalamus; this effect was driven by hyperactivations while 

processing neutral faces (32). However, the behavioural and neural correlates of 

emotional facial recognition in HF UHR individuals are still unknown. 

In imaging studies, preserved praecuneus functioning is associated with correct facial 

affect perception in high functioning schizophrenia patients (4), while another study 

argued that hyperactivation in the occipital face areas and motor cortex during an 

emotional facial matching task could serve as compensatory mechanism (5). Although 

speculative, many imaging studies have interpreted functional hyperactivities as 

compensatory processes for maintaining cognitive functioning (33, 34). 

In our previous brain structural study investigating the same cohort with overlapping 

samples, the HF UHR individuals showed reduced cortical folding in the left superior 

temporal gyrus (STG), which plays an essential role in the psychopathology of 

schizophrenia (35). Additionally, a meta-analysis showed a general association between 

the genetic risk of psychosis and functional and structural brain alternations in the STG 

(36). This finding indicates that underlying mechanisms may compensate for the 

neurological deficits or ease the symptoms. 

To date, no study has explored brain activities during facial emotion recognition in HF 

non-help-seeking UHR individuals. We considered HF-UHR to demonstrate superior 

psychological and social functioning than UHR in many domains, e.g. coping with 

stress, showing high cognitive abilities and emotion regulation, but all in all lower 

functioning than the general population. In the current study, we aimed to explore 

potentially altered neuromechanisms in non-help-seeking HF-UHR individuals by 

investigating their brain activity during facial emotional recognition. Based on the 

findings from Karpouzain et al. (4), who found no involvement from the amygdala in 

facial emotion recognition in high functioning schizophrenia patients in comparison to 

healthy controls we expect a similar non-involvement of the amygdala in HF-UHR. 
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First, we hypothesize that the performance of HF-UHR individuals during a facial 

emotional recognition test will be similar to that of a control group (CG). Second, in 

comparison to healthy controls, HF-UHR individuals preserve high functioning 

potentially due to greater engagement of the prefrontal cortex, praecuneus, temporal 

cortex and occipital cortex. Last, in an exploratory analysis, we investigated whether 

significant fMRI activations during facial emotion recognition found in HF-UHR 

correlate with their positive or negative prodromal symptoms. 

 

 

2 Methods 
2.1 Recruitment procedure 

Undergraduate students from two consecutive school years from Tongji University, 

Shanghai, an elite university with an acceptance rate of less than 0.2%, were screened 

using a two-staged protocol. Participants who fulfilled one of the following criteria 

were excluded from further screening: suffering from a previous psychiatric disease, 

abusing drugs, receiving any psychiatric treatment and having metal implants. 

In the first step, the Prodromal Questionnaire (PQ-16)(37) was used for the first school 

year and the Prodromal Questionnaire-brief version (PQ-B)(38) for the second school 

year in order to preselect participants with prodromal symptoms. A systematic review 

comparing different versions of the PQ concluded that both the PQ-B as well as the PQ-

16 are both able to accurately identify UHR (39). 

The 16-item version of the Prodromal Questionnaire (PQ-16) is a self-report 

questionnaire used to screen individuals with a high risk of psychosis by measuring e.g. 

perceptual abnormalities/hallucinations, unusual thought content/delusional ideas and 

negative symptoms (37). According to the recommendations from a previous study that 

also investigated HF-UHR in Chinese college students (sensitivity 68%, specificity 

73%)(40), we set the cut-off value for the identification of individuals that should be 

included in the second stage of the screening protocol to 9. 
The Prodromal Questionnaire-brief version (PQ-B)(38) consists of 21-items to screen 

ultra-high risk psychosis. If the scores of individuals exceeded the cut-off score 24, 

participants were included in the second stage of the screening protocol. The Chinese 

translation of the PQ-B shows both high sensitivity and specificity in the Chinese 

population(41). 
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The second stage of the screening comprised of the SIPS interview (42) and the 

assessment of the GAF (43) which were both carried out by trained psychiatrists. The 

semi-structured SIPS interview is a validated diagnostic tool for the identification of an 

ultra-high-risk for psychosis (44). Its Chinese version has evidenced good reliability 

and validity (45). The SIPS aims to assess the severity of positive (e.g. grandiose ideas, 

perceptual abnormalities/hallucinations and disorganized communication), negative 

(e.g. social anhedonia, avolition, expression of emotion, experience of emotions and 

self), disorganized and general symptoms (46). 

Additionally, the Global Assessment of Functioning (GAF) (43) was applied by trained 

psychiatrists during the interview which is a rating scale that describes the participants’ 

social, psychological and occupational functioning. Its values range from 0 to 100 and 

higher scores on the GAF indicate higher global functioning. 

If participants fulfilled the SIPS’ criteria for being in a prodromal phase of psychosis 

they were invited to undergo an MRI scan during the following two months. The CG 

were randomly selected from the remaining participants that did not exceed cut-off 

values from either PQ-16 or PQ-B in the first stage of the screening. 

All participants provided informed consent before the experiment and received 

monetary reward after the completion of the study. The study protocol was approved 

by the ethics committee of the Institutional Review Board of Tongji University. 

 

2.2 MRI data acquisition and MRI data preprocessing 

MRI data were acquired using a 3.0 Tesla MRI scanner (GE MR750). Functional data 

were collected using an EPI sequence (flip angle = 90°, TR = 2000ms, TE = 30ms, FOV 

= 192mm × 192mm, slice thickness = 3mm, and number of slices = 40), structural data 

were collected though a 3D fast spoiled gradient-echo (FSPGR) sequence (flip angle = 

12°, TR = 8.22ms, slice thickness = 1 mm, and number of slices = 136). 

Functional image preprocessing were performed using SPM12 software (Welcome 

Department of Cognitive Neurology, London, UK), which builds on MATLAB. The 

first five volumes of fMRI scans were discarded to minimize the initial instability of 

magnetization. The remaining functional images from each participant were time sliced 

and realigned for head movements. The mean functional image was coregistered by the 

anatomical image and then segmented. The parameters for normalization were also 

derived from the segmentation step. The images were normalized to MNI space, 
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resampled to voxels of 3×3×3 mm, and smoothed with a Gaussian kernel of 8 mm full 

width at half maximum (FWHM). 

 

2.3 fMRI paradigm 

The event-related fMRI paradigm presented four categories (happiness, disgust, fear, 

or neutral) of modified emotional faces from the Ekman black-and-white face emotion 

database (47). The stimuli consisted of two female faces and two male faces. We 

morphed different images from the database such that they depicted emotional 

intensities of the expressions of happiness, disgust and fear ranging from 10%-100%. 

Each stimulus was presented for two seconds. The participants were asked to 

discriminate the target emotion observed on the depicted faces (happiness, disgust, fear, 

or neutral) by pressing their left or right index fingers on buttons of a response system. 

The buttons for the left hand should be pressed when neutral and happy faces are shown, 

while those for the right hand should be pressed when disgust and fear are recognized. 

An interstimulus interval (ISI) was presented using a blank screen for random 3-8 

seconds. The whole experiment was divided into two sessions including 132 trials. Each 

session lasted 9 minutes, and then, the participants had a one-minute break in the 

scanner before starting the second session. To allow the participants to become familiar 

with the buttons on the response system, all participants practised this emotion 

recognition task on a laptop for ten minutes. E-prime 2.0 software (48) was used to 

control the experimental stimuli presentation and behavioural data recording, including 

the reaction times and accuracy of judgements. 

The performance on the emotion recognition task was assessed by the reaction time 

(RT; for both hits and correct responses), sensitivities and specificities. Sensitivity is 

the ability of the participants to identify the correct emotional face. Specificity is the 

ability of the participants to identify false emotional faces. Sensitivity measures the 

portion of correctly identified emotional faces in a given emotional category and is 

calculated as follows: 
!"#$%&	()	*(&&%*+,-	&%*(.!/0%1	%#(+/(!2,	)2*%3	/!	2	./4%!	*2+%&.(&-

+(+2,	!"#$%&	()	%#(+/(!2,	)2*%3	/!	+5/3	./4%!	*2+%&.(&- . 

Specificity measures the portion of correct rejections of other emotional faces as this 

given facial emotion and was calculated as follows: 
!"#$%&	()	*(&&%*+	&%,%*+-(!.	()	(+/%&	%#(+-(!01	)0*%.	0.	0	2-3%!	%#(+-(!01	*0+%&2(&4

+(+01	!"#$%&	()	%#(+-(!01	)0*%.	$%.-5%.	0	2-3%!	%#(+-(!01	*0+%&2(&4 . 
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2.4 Data analysis 
Analysis of behavioural and clinical data 

The sociodemographic, behavioural and psychopathological data were analysed by 

using SPSS 20.0 (IBM Corp. Released 2011). We tested for group differences between HF-

UHR and the CG regarding sociodemographic data. By using an analysis of covariance 

(ANCOVA) with the covariates age and gender, we analysed group differences in 

behaviour during the facial emotion recognition task. To compensate for the 

accumulation of type I errors resulting from 12 consecutive significance tests, we used 

the Bonferroni correction and adjusted our initial significance threshold a = 0.05 to aadj 

= a/12 = 0.0042. 

 

2.5 Analysis of the MRI data and correlation of extracted significant voxelclusters 
The single-subject analysis and group analysis were based on a general linear model 

(GLM). The hemodynamic response triggered by the four conditions (neutral, happy, 

disgust, and fear) and the subsequent emotional recognition was modelled with a 

canonical hemodynamic response function (HRF). The intensities of the emotions were 

entered as a parametric modulator. The realignment parameters were added as multiple 

regressors in the single-subject GLM. The high-pass filter was set to 128 seconds to 

remove low-frequency signal drifts. Parameter estimates (b) and T-statistic images for 

each condition contrasting implicit baselines were calculated for each subject and 

extracted for the second-level analyses. The group analysis was conducted by entering 

the parametric estimates under each condition of each group into a flexible factorial 

analysis. Consistent with the hypothesis that UHR individuals may present overactivity 

compared to the control group in general facial emotional processing regardless of the 

emotional categories, t-contrasts (HF-UHR > CG, p < 0.05, FWE-corrected) were 

conducted across all four conditions (neutral happy + fear + disgust). Then, we defined 

contrasts for each emotional category vs. neutral to investigate the group differences in 

emotional processing. As our previous brain morphological study involving “high-

functioning” UHR individuals reported reduced cortical complexity in the STG 

compared to the CG (35), we created a mask of the left STG using the SPM12 toolbox 

Wake Forrest University (WFU)-Pickatlas (49). 

Next, the eigenvariates of the significant clusters were extracted using the VOI-function 

in SPM12, and then, Pearson's correlations were conducted to determine whether the 
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significant clusters were related to the items from the SIPS measuring positive 

symptoms and negative symptoms. 

 

 

3 Results 
3.1 Sample, sociodemographic characteristics, and behavioural results 
All in all, 8,404 undergraduate students were screened from two consecutive school 

years (n (first cohort) = 4040; n (second cohort) = 4364). 77.3% (3,121) PQ-16 

questionnaires were returned from the students in the first school year. Of these 

participants, 71 reported scores above the cut-off. After the following SIPS interview, 

29 participants met the criteria for being at UHR. One year later, we reassessed these 

UHR individuals using the SIPS to screen the participants for the fMRI experiment. 

One participant was diagnosed with bipolar disorder, and nine other participants no 

longer presented ultra-high-risk symptoms. Only ten participants still met the criteria 

for UHR status after the SIPS and participated in our fMRI experiment. 

Regarding the second cohort of undergraduate students, we sent 4364 PQ-B 

questionnaires and received 3498 (80.2%) completed questionnaires. In total, 1364 

(39%) students scored above this cut-off. We again used the SIPS interview to more 

deeply screen the UHR status, and 16 individuals (1.2%) were identified as UHR 

individuals. Fourteen of these UHR individuals completed the fMRI experiment, the 

other two dropped out of the study due to a lack of motivation to undergo an MRI scan. 

 

In total, 51 participants completed the fMRI experiment; one participant was excluded 

because of excessive head motion. After analysing the behavioural data, three 

participants were excluded because of a low response rate. Three additional participants 

were excluded due to insufficient fMRI data quality after the primary data analysis. 

Forty-four participants, including 21 UHR individuals (15 males, 6 females; age = 

19.48, SD = 0.13) and 23 controls (14 males, 9 females; age = 20.39, SD = 0.25), were 

included in our final fMRI analysis. 

 

Sociodemographic information and descriptive statistics of the SIPS scores are shown 

in Table 1. We found no significant differences between the HF-UHR participants and 

healthy controls in gender, handedness and ethnicity, i.e. belonging to the Han ethnicity 
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(ethnical group consisting of 1.4 billion Chinese people that make up about 92% of the 

Chinese population (50)) vs. belonging to another Chinese ethnicity (see Table 1). 

However, the groups significantly differed in age (HF-UHR: M = 19.48, SD = 0.6; CG: 

M = 20.39, SD = 1.2; F = 9.972, p = 0.003, d = 0.976). 

When comparing the GAF scores in our HF-UHR group (m = 75.38; SD = 9.119) to the 

mean GAF value in UHR from another student population (Fusar-Poli et al., 2010; 

(mean (GAF) = 57)) using a one-sample t-test, it differed significantly from the reported 

mean (t(df = 20) = 9.237; p < 0.001). Additionally, the GAF score in HF-UHR group 

in this study was significantly lower than the mean GAF in the general population in 

the UK reported in another study (51; M(GAF in the normal population) = 86.6, SD = 

3.8. t (20) = -5.64; p < 0.001) and the mean GAF in the general rural Chinese population 

(52; M(GAF) = 89.19, SD = 7.18; t(df=20)=-6.94; p<0.001). 

 

In the emotion recognition task, there were no significant differences in the RTs and 

sensitivity. Specificity for the emotions happiness, disgust and fear did not differ among 

the groups (see Figure 1 and Figure S1, Table S1). However, the HF-UHR participants 

presented higher specificity when recognizing neutral emotions [F = 4.92, p = 0.03, 

effect size (η2) = 0.11]; however, this effect did not survive Bonferroni correction. 

 

3.2 fMRI whole-brain comparisons 
General facial emotion processing (Contrast: HF-UHR vs. CG for neutral + happy + 

disgust + fear) 

Compared to the CG, the HF-UHR individuals showed significant hyperactivities in the 

left and right postcentral gyrus, left Heschl, which extended to the left insula, pallidum, 

inferior frontal gyrus and STG, right operculum, middle occipital lobe, left middle 

frontal gyrus and precentral gyrus, right superior parietal gyrus and middle cingulum 

(p < 0.05, FWE-corrected). We found no significant hypoactivities in the HF-UHR 

individuals compared to the CG. The results are presented in Table 2 and Figure 2. 

 

Facial emotion recognition (Contrasts: Happy vs. Neutral; Disgust vs. Neutral and 

Fear vs. Neutral × HF-UHR vs. CG) 

No significant differences were found between the UHR group and the CG in any 

specific contrast (neutral, happy, disgust, and fear) after applying the FWE-correction. 
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Correlations between the left superior temporal gyrus and positive and negative 

symptoms 

Hyperactivities in the left STG in the HF-UHR individuals were significantly correlated 

with one item from the SIPS measuring negative symptoms, namely the ability to 

experience emotions (r = -0.459, p = 0.036). We did not find any other correlations 

between the other negative symptoms or positive symptoms measured with the SIPS 

and functional activities in the STG. The functional activations in the contrasts neutral 

+ happy + disgust + fear (HF-UHR > CG) were also not correlated with neither the 

positive nor negative symptoms measured with the SIPS. 

 

4 Discussion 
Although an HF-UHR status has great potential to discover protective mechanisms, 

such individuals have not often been investigated in the current literature. This study is 

the first fMRI study to investigate facial emotion recognition in HF-UHR participants. 

In this study, we investigated non-help-seeking HF-UHR individuals with high 

community functioning and found 1) no differences in facial emotion recognition 

between HF-UHR individuals and the CG; 2) consistent with our second hypothesis, 

compared to the CG, the HF-UHR individuals revealed hyperactivities in the 

somatosensory cortex, the temporoparietal-occipital visual network and the STG during 

the processing of facial emotional recognition; and 3) the hyperactivities in the STG 

were negatively correlated with the severity of the negative symptoms in the HF-UHR 

individuals. 

 

Our first main finding is that HF-UHR individuals do not differ from CG at a 

behavioural level. Empirical evidence from studies investigating facial emotion 

recognition has been mixed. Some studies found significant behavioural differences 

between UHR and CGs (23, 26, 27, 53), where other studies did not (54, 55). Our study 

might serve as a potential explanation for these discrepancies. Compared with previous 

UHR studies, the high community functioning in UHR may be associated with 

maintaining facial emotional recognition ability. Additional support for this 

interpretation is found in case-control studies involving high functioning schizophrenia 

patients that reported no differences during facial emotion perception compared to 
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healthy subjects (4). In another study (5) using an affective face matching task (56), 

recognition errors were also comparable between the CG and high functioning 

schizophrenia patients, and the high functioning schizophrenia patients showed even 

fewer omission errors than the healthy controls. This finding could indicate that within 

the psychosis spectrum, a phenotype that exhibits high community functioning may 

perform better facial emotion perception (and potentially better neuropsychological 

functioning in other cognitive tasks) than other UHR or schizophrenia patients. 

Consistent with this notion, a previous study found that real-life functioning in UHR is 

strongly related to the processing speed of social cognitive information (57) and 

discussed these findings from the perspective of a disruption in UHR of the more 

automatic/effortless processes in normal emotion recognition. Additionally, in our 

study investigating HF-UHR, there were no differences in the RT between the two 

investigated groups, which can be recognized as further empirical evidence supporting 

this notion. 

During the facial emotion recognition task, the HF-UHR individuals exhibited 

significant hyperactivities compared to the CG in the somatosensory cortex, 

temporoparietal-occipital visual network and insula. Few studies on this topic 

investigated individuals with UHR (55, 58). When comparing our results from HF-

UHR to the aforementioned studies that investigated UHR, there are some differences 

in fMRI activation but also some overlaps. 

We found hyperactivations in the supramarginal cortex, the left and right insula and the 

operculum in the HF-UHR individuals compared to the CG in this study. These results 

are consistent with those reported in a study investigating facial emotion recognition in 

individuals with UHR (58). The supramarginal gyrus and the operculum are parts of 

the secondary somatosensory cortex. It has been shown that the perception of facial 

emotions might depend on the somatosensory representation relating to this emotion 

(59). Therefore, activity in the somatosensory cortices is involved in the neural 

processing of emotional mimicry and simulation. The insula has been recognized as a 

core region for processing emotional information (60). The insula contributes to not 

only the representation of current social contexts but also the integration of affective 

and cognitive processes (61). Thus, the insula helps make social decisions in uncertain 

situations considering social emotional information (62). 

The hyperactivities in the insula, supramarginal cortex and operculum suggest that HF-
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UHR may present more effortful ways to build neurocircuits for processing social 

emotional clues, which are, however, not reflected in behavioural differences. 

In contrast to previous UHR studies, we did not observe different activations in the 

amygdala between the groups. It has been repeatedly shown that the amygdala’s 

functional activation during facial emotion recognition is altered (63, 64) and that it is 

also structurally (65, 66) changed in schizophrenia and UHR. Therefore, our results 

could indicate that HF-UHR individuals have no abnormal activities in the amygdala 

and, potentially as a result, are not impaired in facial emotion recognition, which may 

help maintain their social functioning. Additional empirical support for this notion is 

derived from studies showing that high functioning schizophrenia patients show not 

only no behavioural deficits in facial emotion recognition (as mentioned above)(3) but 

also no differences in amygdala activations (4). In contrast, both low accuracy rates and 

abnormal activations in the amygdala were found in schizophrenia patients during 

emotion recognition tasks in a meta-analysis (28). Furthermore, the amygdala is 

involved in the rapid processing of facial emotions on an automatic and unconscious 

level rather than recognizing emotions (67). This again is consistent with the 

interpretation of behavioural studies that suggest a disturbance in automatic and 

effortless cognitive processes during normal emotion recognition (57, 68). 

 

In this study of HF-UHR, we found hyperactivations in the left STG during the facial 

emotion recognition task, whereas other studies involving individuals with UHR did 

not (55, 58). Furthermore, in our exploratory analysis, this hyperactivation in the left 

STG was significantly negatively correlated with deficits in experiencing emotions in 

general (69). However, it is worthwhile noting that this result (p = 0.03) would not 

survive correction for multiple testing. The STG is a part of the essential face processing 

network and contributes to the integration of multisensory emotional stimuli in 

consideration of experience and social knowledge (70, 71). Multiple studies have 

shown that the STG’s morphology is multimodally changed in UHR, including grey 

matter volumes (72), white matter integrity (73) and cortical folding (35). This finding 

emphasizes its potential role as an important neurobiological correlate of the UHR 

status. Difficulties in experiencing emotions include difficulties in feeling emotions and 

feeling a loss of sense or feeling disconnected from the world (74). These symptoms 

are a part of the prodromal delusional mood described in Klaus Conrad’s stage model 
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of beginning schizophrenia (75). Taken together, our results might indicate that 

hyperactivations in the left STG in HF-UHR found in this study serve as a 

compensatory mechanism that supports the preservation of facial emotion recognition 

and might reduce the deficits in experiencing emotion. There were no other associations 

between the hyperactivations in the left STG and positive symptoms in HF-UHR, 

indicating that this anatomical region may play a specific role in the impairment of 

emotional experience. Our findings may inspire early interventions for UHR that target 

the left STG. 

 

Limitations 
There are some limitations that should be considered. Despite the first screening of a 

large cohort of university students, our sample size remains rather low, which limits the 

statistical power of our analyses and our ability to detect potential behavioural or 

neurofunctional differences between the HF-UHR individuals and the CG. Using 

G*Power (76), we computed that the critical t-value required for detecting significant 

effects with our sample size (n1=21 and n2=23) and α=0.05 is t=±2.02 with a minimum 

effect size d=1.11. Also, since we were only investigating a student population from an 

elite university, the generalisability of our results is limited. In addition, the use of such 

a population, despite complete anonymisation of the data, raises the question of whether 

the participants answered less honestly, since their data were analysed by researchers 

from the university at which they themselves study and stigma-related stress. 

Additionally, future fMRI studies involving HF-UHR are needed to explore general 

face processing by conducting a gender discrimination task to isolate the neuroactivities 

involved in face emotion processing and emotion processing. Furthermore, the cross-

sectional experimental design limits the ability to detect causal inferences. Thus, further 

studies may use larger samples and conduct longitudinal studies to explore 

development in the “high-functioning” psychosis spectrum from the perspective of 

symptoms and brain functional activities. 

 

5 Conclusion 
Our study found preserved ability in recognizing facial emotions in HF-UHR 

individuals in a non-help-seeking population. This perseveration was accompanied by 

hyperactivities in the premotor cortex, somatosensory cortex, temporoparietal-occipital 
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visual network, insula and STG, indicating the engagement of more effortful and less 

automatic mechanisms to process facial emotional stimuli. We propose that a potential 

compensatory mechanism compensates for deficits in emotional experiences and facial 

emotional processing. 
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Table 1 Sociodemographic characteristics and clinical symptoms in high-functioning high-risk psychosis 

(HF-UHR) and control group (CG) 

 

  HF-UHR  CG    

 （n=21）  （n=23）    

 mean SD mean SD F/c2 p 

Age (year) 19.48 0.6 20.39 1.2 9.972 0.003* 

Gender (M/F) 15/6  14/9  0.545 0.46 

Handedness (R/L) 20/1  20/3  0.911 0.34 

Ethnicity (Han/another Chinese 
ethnicity) 

18/3  19/4  6.95 0.224 

SIPS       

Positive symptoms 6.95 3.217     

 Unusual Thought 
 Content/Delusional Ideas 2.00 1.000     

 Suspiciousness/Persecutory Ideas 1.86 1.315     

 Grandiosity 0.67 0.796     

 Perceptual 
 Abnormalities/Hallucinations 2.29 1.617     

 Disorganized  Communication 0.38 0.590     

Negative symptoms 5.19 5.046     

 Social Anhedonia 1.57 1.363     

 Avolition 1.05 1.465     

 Expression of Emotion 0.81 0.981     

 Experience of Emotions and Self 0.86 1.062     

 Ideational Richness 0.33 0.658     

 Occupational Functioning 0.57 0.811     

Disorganized symptoms 2.62 2.559     

 Odd Behaviour and Appearance 0.19 0.512     

 Bizarre Thinking 0.57 0.870     

 Trouble with Focus  and Attention 1.57 1.287     

 Personal Hygiene 0.29 0.717     

General symptoms 3.57 3.458     
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 Sleep Disturbance 1.05 1.359     

 Dysphoric Mood 1.19 0.981     

 Motor Disturbance 0.57 0.978     

 Impaired Tolerance to Normal 
 Stress 

0.76 1.044     

GAF 75.38 9.119     

Note. * p<0.05 SIPS: semi-structured interview for prodromal symptoms; GAF: Global Assessment of 
Functioning Scale; CD-RISC: Connor- Davidson resilience scale.  
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Table 2: Whole brain analysis of functional activation in high functioning individuals at ultra-high risk for 
psychosis compared to control group during the face emotion recognition task 
Notes: ultra-high risk (UHR), control group (CG) 

  

   MNI coordinates      

k 
voxels AAL Hemisp

here x y z t p Extension (AAL) L/R voxel 

1011 Postcentral R 9 -4 41 7.80  <0.001  Supramarginal gyrus R 208  

        Precentral gyrus L 158  

 
       Precentral gyrus L 148  

        Midcingulate cortex L 128  

        Midcingulate cortex R 108  

        Supplementary motor area R 103  

593 Heschl L -48 -10 5 7.56  <0.001 Insula L 132  

        Pallidum L 108  

        Inferior frontal gyrus L 90  

        Postcentral gyrus L 80  

74 Rolandic_Oper R 51 -1 5 7.36  <0.001 Insula R 44  

        Superior temporal gyrus R 24  

59 Rolandic_Oper R 51 -22 23 6.90  <0.001 Rolandic operculum R 29  

        Insula R 17  

22 Occipital_Mid R 30 -70 38 6.06  <0.001 Middle occipital gyrus R 15  

65 Frontal_Mid R 42 23 32 5.90  <0.001 Inferior frontal gyrus R 51  

21 Precentral L -36 -16 65 5.73  <0.001    

18 Parietal_Sup R 39 -46 59 5.63  <0.001    

51 Frontal_Mid L -30 -4 53 5.54  0.001  Superior frontal gyrus L 22  

6 Cingulum_Mind L -9 -40 41 5.45  0.001     

8 Frontal_Mid L -39 29 32 5.19  0.003     

29 Postcentral L -30 -37 68 5.18  0.003     

8 Postcentral L -48 -25 59 5.16  0.004     
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Figure1: Group comparisons of accuracy, sensitivity, specificity and reaction time during happy, neutral, 
disgust and fear emotion recognition between UHR and control group. 
 
 
 
 
 
 

 
 
Figure 2: Whole brain analysis of high functioning ultra-high risk psychosis (HF-UHR) > control group 
(CG) for the contrast: neutral+happy+disgust+fear during the face emotion recognition task (p<0.05, 
FWE corrected). The colour bar ranging from 0 to 8 represents t-values.
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Table S1 
Table S1: Group differences between HF-UHR and the CG in reaction times, sensibility and specificity during a 
facial emotion recognition task 

  
UHR 

(n=21)  
CG 

(n=23)  
 
Statistics  

  

  Mean SD Mean SD F p 
effect size 
(partial Eta2) 

Neutral RT 1303.861  58.580  1263.889  55.704  0.221  0.641 -  

 Sensibility 0.878  0.037  0.873  0.035  0.009  0.925 -  

 Specificity 0.742  0.016  0.690  0.015  4.918 0.032 0.109  

Happy RT 1240.000  38.064  1187.193  36.195  0.913  0.345 -  

 Sensibility 0.663  0.031  0.655  0.029  0.034  0.855 -  

 Specificity 0.991  0.003  0.994  0.003  0.308 0.582 -  

Disgust RT 1416.631  38.685  1369.993  36.785  0.690  0.411 -  

 Sensibility 0.625  0.028  0.584  0.026  1.031  0.316 -  

 Specificity 0.939  0.013  0.950  0.013  0.350  0.557 -  

Fear RT 1427.389  32.726  1359.740  31.119  2.028  0.162 -  

 Sensibility 0.564  0.027  0.535  0.026  0.502  0.483 -  

 Specificity 0.986  0.008  0.981  0.007  0.203  0.655 -  

Note. reaction time (RT), ultra-high risk (UHR), control group (CG). To compensate for the 
accumulation of type I errors resulting from 12 consecutive significance tests, we used the 
Bonferroni correction and adjusted our initial significance threshold a = 0.05 to aadj = a/12 = 
0.0042. 

  



 
Figure 3: Relationship between recognition performance and gradation of morphing for each presented facial emotion. 
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