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Abstract

Multiple lines of evidence suggest that illness development in schizophrenia and other psychotic 

disorders predates the first psychotic episode by many years. In this study, we examined a sample 

of 15 pre-adolescent children, ages 7 through 12 years, who are at familial high-risk (FHR) 

because they have a parent or sibling with a history of schizophrenia or related psychotic disorder. 

Using multi-voxel pattern analysis (MVPA), a data-driven fMRI analysis, we assessed whole-brain 

differences in functional connectivity in the FHR sample as compared to an age- and sex-matched 

control (CON) group of 15 children without a family history of psychosis. MVPA analysis yielded 

a single cluster in right posterior superior temporal gyrus (pSTG/BA 22) showing significant 

group-differences in functional connectivity. Post-hoc characterization of this cluster through seed-

to-voxel analysis revealed mostly reduced functional connectivity of the pSTG seed to a set of 

language and default mode network (DMN) associated brain regions including Heschl’s gyrus, 
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inferior temporal gyrus extending into fusiform gyrus, (para)hippocampus, thalamus, and a 

cerebellar cluster encompassing mainly Crus I/II. A height-threshold of whole-brain p < .001 

(two-sided), and FDR-corrected cluster-threshold of p < .05 (non-parametric statistics) was used 

for post-hoc characterization. These findings suggest that abnormalities in functional 

communication in a network encompassing right STG and associated brain regions are present 

before adolescence in at-risk children and may be a risk marker for psychosis. Subsequent changes 

in this functional network across development may contribute to either disease manifestation or 

resilience in children with a familial vulnerability for psychosis.
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Introduction

The first psychotic episode that marks the formal onset of schizophrenia typically occurs in 

adolescence or early adulthood. However, several lines of evidence suggest that the first 

episode is actually a rather late stage in the development of the illness (Insel, 2010; 

Keshavan et al., 2011). A decline in neurocognitive functioning precedes the onset of 

psychosis by almost a decade (Kahn and Keefe, 2013), and established neuroimaging 

findings in schizophrenia are consistent with a pathophysiological process that predates the 

onset of psychosis by many years. Reduced intracranial volume (ICV), for example, is a 

frequent finding in schizophrenia patients (Woods et al., 2005). As ICV is driven by brain 

growth and the brain reaches its maximum size around 12 years (Giedd et al., 1996), 

reductions in ICV are suggestive of abnormalities in brain development before adolescence. 

Converging evidence thus suggest that the manifestation of schizophrenia in adolescence or 

early adulthood is the end result of abnormal developmental processes that date back to 

childhood and before.

Indeed, family and birth cohort studies indicate developmental impairments in children and 

infants with a familial risk for schizophrenia, as well as children who will go on to develop 

the illness later in life (Keshavan et al., 2005; Liu et al., 2015). These impairments include 

early motor delays, speech and receptive language delays (Liu et al., 2015; Welham et al., 

2009), and other impairments such as depressed mood and anxiety, social maladjustment, 

inattention, lower IQ, and scholastic underperformance (Fuller et al., 2002; Liu et al., 2015; 

Reichenberg et al., 2010; Seidman et al., 2013; van Oel et al., 2002; Welham et al., 2009). 

The neurobiological substrate for these developmental impairments remains to be clarified. 

As offspring and siblings of schizophrenia patients have approximately a 1 in 10 chance of 

developing schizophrenia and a 1 in 3 chance of developing any severe mental illness (Rasic 

et al., 2014), studying children with a family history of schizophrenia offers the opportunity 

to elucidate abnormal patterns of brain development that may lead up to the manifestation of 

mental illness.

Neuroimaging studies in nonpsychotic children with a familial vulnerability for 

schizophrenia have reported abnormalities in brain volume (Rajarethinam et al., 2004; 
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Sugranyes et al., 2015), task-related brain activation (Rajarethinam et al., 2011), and 

functional and structural brain connectivity and organization (Collin et al., 2017) in at-risk 

children. These findings suggest that abnormalities in brain structure and function precede 

the manifestation of overt psychosis. However, it is unclear whether premorbid brain 

abnormalities arise during adolescence or before, as the average age of previous FHR 

cohorts ranges from 11 (Sugranyes et al., 2015) to 16 years (Rajarethinam et al., 2011). 

Indeed, in the youngest cohort (Sugranyes et al., 2015), supplemental analyses performed in 

a subgroup of children up to 12 years of age failed to show significant brain-volume 

differences in the younger at-risk children relative to controls.

In the current study, we examined a familial high-risk (FHR) group of pre-pubertal children, 

ages 7 to 12 years, with a first-degree relative with a psychotic disorder, and compared them 

to a group of control (CON) children without a family history of psychosis. Using an 

agnostic, data-driven resting-state fMRI analysis, we investigated whole-brain differences in 

functional connectivity between FHR and CON children. Our aim was to assess whether 

premorbid brain differences could be detected in at-risk children prior to adolescence, in 

order to increase our understanding of the trajectory of brain abnormalities leading up to 

psychosis.

Materials and methods

Participants

This study involved 30 children aged 7 to 12 years, including 15 FHR children and 15 age- 

and sex-matched CON children. The FHR children originated from a total of 10 families 

affected by psychotic illness (i.e., schizophrenia, schizoaffective disorder, bipolar disorder 

with psychotic features, or major depression with psychotic features) and included three 

sibling pairs and one set of three siblings. CON children originated from a total of 12 

families and included 3 sibling pairs. Participants were recruited between October 2012 and 

June 2016 at the Department of Psychiatry of Beth Israel Deaconess Medical Center 

(BIDMC) in Boston. BIDMC’s Institutional Review Board (IRB) approved the study. All 

parents provided informed consent and the minor participants provided assent for 

participation in the study.

Demographic, clinical and neuropsychological evaluation

Clinical diagnoses of affected family members were confirmed using the Structured Clinical 

Interview for DSM-IV (SCID) (First et al., 2002) and/or medical history, interviewing at 

least one informant, and determined by consensus in meetings attended by senior clinicians 

(LJS, MSK, RMG). All children were assessed for current psychiatric disorders using the 

SCID for Childhood Diagnoses (Kid-SCID) (Hien et al., 1994). The Hollingshead scale was 

used to measure parental socioeconomic status (SES) for all children (Hollingshead, 1975). 

To this end, information on parental education and occupation was used to obtain a single 

SES score for each participant, ranging from class 1 (high-SES) to class 5 (low-SES) 

(Hollingshead and Redlich, 2007). Overall IQ was estimated using subtests from all four 

domains of the Wechsler Intelligence Scale for Children-IV (WISC-IV) (Wechsler, 2003). 

Puberty status of children was assessed through parental interviews using the Tanner criteria 
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(Marshall and Tanner, 1969, 1970). Table 1 summarizes demographic, clinical, and 

neuropsychological characteristics for both groups.

Image acquisition

MRI scans were acquired on a Siemens 3T scanner, MAGNETOM Trio, a Tim System 

(Siemens AG, Healthcare Sector, Erlangen, Germany), using a commercially available 32-

channel radio frequency brain array coil (Siemens AG, Healthcare Sector). A 3-dimensional 

high-resolution T1-weighted structural scan was collected with voxel size = 1.3×1×1.3 

mm3; TR / TE / inversion time / FA = 2530 msec / 3.39 msec / 1100 msec / 7°. A single-shot 

gradient EPI sequence was used to collect resting-state functional MRI (rs-fMRI) data (eyes 

open with fixation cross-hair, one run with scan duration of 6 min and 24 sec). In order to 

account for whole-brain coverage at high spatial resolution (2-isotropic) TR was chosen to 

be 6 seconds. Sixty-seven interleaved slices with orientation parallel to AC-PC plane were 

collected with TE = 30 msec, and FA = 90°.

Image preprocessing

Image preprocessing of rs-fMRI scans was performed using the CONN toolbox (version 

18a) (https://www.nitrc.org/projects/conn) (Whitfield-Gabrieli and Nieto-Castanon, 2012) 

and included realignment, normalization to MNI space, slice timing correction, 6mm spatial 

smoothing, and band pass filtering (0.008-0.09 Hz). Physiological sources of noise including 

signals from white matter and cerebrospinal fluid were regressed out using the aCompcor 

method (Behzadi et al., 2007). Spurious correlations in time series due to head motion were 

addressed using the Artifact Detection Tool (ART, http://www.nitrc.org/projects/

artifact_detect) with outliers defined as rs-fMRI volumes showing head displacement in the 

x, y, or z direction greater than 1.5 mm relative to the previous frame or global mean 

intensity greater than three standard deviations from the mean intensity of the entire scan. 

ART outliers along with the six realignment parameters were added as regressors of no 

interest. There was no significant difference in head motion between groups.

Multivariate pattern analysis

CONN toolbox implementation of whole-brain multi-voxel pattern analysis (MVPA) 

(Whitfield-Gabrieli and Nieto-Castanon, 2012) was used to detect brain areas with abnormal 

functional connectivity patterns in FHR compared to CON participants. Features of interest 

were extracted at the first level using 64 PCA components and three MVPA components 

were taken to the group level for an omnibus test F test for the FHR > CON contrast. The 

number of components was set to three as this corresponds to 10% of the total number of 

subjects in the present study, following conventions from previous investigations (Thompson 

et al., 2016). A detailed description of this methodology is provided in a previous report 

from our group (Arnold Anteraper et al., 2018). Clusters surviving a height threshold of p 
< .001 and FDR cluster-level threshold of p < .05 were taken for post-hoc analysis. The 

same threshold was applied for post-hoc characterization of resting-state functional 

connectivity (RsFc) for FHR > CON, as detailed in the following section.
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Post-hoc characterization of MVPA-derived cluster

For within and between-group RsFc post-hoc characterization, the MVPA-derived cluster of 

interest was used for a whole-brain seed-to-voxel analysis. Pearson’s correlation coefficients 

between the MVPA seed-time course and the time course of all other voxels in the brain 

were computed and then converted to normally distributed z-scores using Fisher 

transformation in order to carry out second-level general linear model analyses. A height 

threshold of whole-brain p < .001 (two-sided) and FDR-corrected cluster threshold of p 
< .05 were used. Additionally, a non-parametric permutation analysis (1000 iterations) was 

used for between-group comparison. This method has been shown to be effective in curbing 

false positives, thereby adding validity to the cluster size inferences (Eklund et al., 2016).

Results

Participants

Group-comparisons of basic demographic and clinical characteristics confirmed that FHR 

and CON groups were well-matched for age, sex, and pubertal (Table 1). Parental 

socioeconomic status was lower in FHR children than in CON children (p = .001). Mean IQ 

was 8 points lower in the FHR than the CON group, but this difference was not statistically 

significant (p = .19). FHR children had significantly more DSM diagnoses as based on the 

Kid-SCID interview (p < .001), including mainly ADHD with or without co-morbid ODD. 

The average Tanner 1 and Tanner 2 scores across all participants were 1.5 and 2.1 

respectively. The CON and FHR groups did not significantly differ on Tanner 1 (CON: mean 

= 1.57; FHR: mean = 1.33) or Tanner 2 scores (CON: mean = 2.07; FHR: mean = 2.13), 

suggesting that the groups were matched on puberty status. The average number of outlier 

time-points that were eliminated did not differ between the CON (6.00±4.96) and FHR 

(4.93±3.24) groups (p = 0.49).

MVPA results

A cluster in the right posterior superior temporal gyrus (pSTG/BA 22) was the only cluster 

to survive whole-brain MVPA between-group comparison (peak cluster MNI coordinates = 

70, −14, 0) at whole-brain height-threshold of p<.001, and FDR-corrected cluster-threshold 

of p < .05). This region corresponds to auditory association cortex, situated close to primary 

auditory cortex at the intersection of auditory unimodal association areas A4 and A5 

(Glasser et al., 2016) (Figure 1).

Post-hoc characterization of MVPA cluster

Between-group characterization of the MVPA cluster as a region of interest for whole-brain 

seed- to-voxel analysis yielded ten clusters showing mostly reduced functional connectivity 

(whole-brain p<.001 for height-threshold, and FDR-corrected cluster-threshold of p < .05), 

with the MVPA-derived pSTG seed (Table II). There was significantly reduced functional 

connectivity with nine of these ten clusters, which were located at bilateral inferior temporal 

gyrus (ITG) (peak location in fusiform gyrii), bilateral transverse temporal gyrus of Heschl 

(HG), left parahippocampal gyrus, right hippocampus, right thalamus, bilateral cerebellar 
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Crus I/II, and right posterior ITG (the only connection showing increased RsFc with the 

pSTG seed).

Cerebellar clusters surviving between-group comparison were plotted onto cerebellar 

resting-state parcellations developed by Buckner and colleagues (Buckner et al., 2011) and 

along cerebellar functional gradients as developed by Guell and colleagues (Guell et al., 

2018; Guell et al., 2019) for visualization purposes (Figure 2B, C). Figure 2D shows box 

plot representations of the clusters for the purpose of showing distributions of RsFc 

strengths.

Discussion

It remains to be determined whether schizophrenia-associated brain differences emerge in 

adolescence just prior to the typical timing of (prodromal) psychotic symptoms, or already 

present in early childhood. This study is the first evidence for abnormalities in functional 

brain connectivity in young children with a familial history of schizophrenia or a related 

psychotic disorder prior to adolescence, and thus many years before some of these children 

are likely to first develop psychotic symptoms. The differences in functional connectivity 

found in at-risk children as compared to a group of age- and sex-matched controls emerged 

from a data-driven and unbiased connectome-wide approach to identify functional brain 

abnormalities. Nonpsychotic children with a family history of schizophrenia showed 

disruptions in functional connectivity of the right posterior superior temporal gyrus (STG). 

Post-hoc characterization of this STG cluster indicated that its connections within a network 

of neighboring temporo-occipital, limbic, and cerebellar regions were most affected in 

children with a parental history of schizophrenia. These findings suggest that schizophrenia-

related abnormalities in functional connectivity develop well before, perhaps a decade or 

more before, the typical age of onset of the disorder.

The childhood difference in STG functional connectivity is noteworthy because STG 

abnormalities in schizophrenia have been well-established (Shenton et al., 2001). Reductions 

in STG volume and density are among the most consistently reported structural brain 

abnormalities in patients with schizophrenia (Honea et al., 2005; Shenton et al., 2001). In 

addition, studies have shown abnormalities in structural (Burns et al., 2003; Kawashimaa et 

al., 2009; Kubicki et al., 2002) and functional (Oertel-Knöchel et al., 2013; Shinn et al., 

2013) connectivity of the STG, and its activation during language-related tasks (Li et al., 

2007; Woodruff et al., 1997). Given the STG’s role in auditory perception and language, a 

long-standing hypothesis in schizophrenia is that abnormalities of this region may underlie 

symptoms such as auditory hallucinations and thought disorder. Indeed, studies in patients 

undergoing epilepsy surgery have shown that electrical stimulation of the STG elicits 

complex auditory hallucinations (Nakai et al., 2017; Penfield and Roberts, 1959). Moreover, 

event-related fMRI analysis in actively hallucinating schizophrenia patients has shown STG 

activation just prior to and during auditory verbal hallucinations (Dierks et al., 1999) and 

other studies in schizophrenia have linked structural and functional STG abnormalities to 

auditory verbal hallucinations (Alderson-Day et al., 2015; Modinos et al., 2013; Mørch-

Johnsen et al., 2017) and formal thought disorder (Horn et al., 2010, 2009; Sans-Sansa et al., 

2013; Subotnik et al., 2003; Weinstein et al., 2007). In all, there is considerable evidence to 

Anteraper et al. Page 6

Schizophr Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggest that STG abnormalities are part of the neuropathology of schizophrenia and 

contribute to some of its cardinal symptoms.

The present finding of abnormal functional connectivity of the STG in nonpsychotic 

children with a familial history of schizophrenia is consistent with the findings of several 

previous studies. Task-based fMRI studies have shown abnormal STG functioning during 

language processing in individuals with a familial vulnerability for schizophrenia 

(Rajarethinam et al., 2011; Thermenos et al., 2013). Specifically, abnormal activation of the 

right STG within a network encompassing inferior frontal gyrus, middle temporal gyrus, and 

cerebellum has been demonstrated in young FHR adults performing a semantic association 

task (Thermenos et al., 2013) and reduced activation of bilateral STG during auditory 

comprehension was shown in nonpsychotic adolescent offspring of schizophrenia patients 

(Rajarethinam et al., 2011). The same group also reported significant volume reductions of 

bilateral STG in FHR adolescents (Rajarethinam et al., 2004). Moreover, increased 

activation of the STG has been found in young adults with a familial susceptibility for 

schizophrenia during a working-memory task, possibly reflecting a failure to deactivate the 

STG during working memory performance (Choi et al., 2012). Further, studies of individuals 

in the prodromal or Clinical High-Risk (CHR) stage of schizophrenia suggest that structural 

and functional STG changes are predictive of conversion to psychosis (Collin et al., 2018; 

Sabb et al., 2010). The present findings thus converge with prior findings suggesting that 

STG abnormalities may be a premorbid marker of schizophrenia risk. Such abnormalities 

may worsen over time and contribute to the eventual manifestation of psychosis, or may 

normalize with development in nonaffected individuals (Mattai et al., 2011; Zalesky et al., 

2015).

We note that neuroimaging studies in schizophrenia typically show more pronounced 

abnormalities in the left as compared to the right STG (for review see (Honea et al., 2005; 

Shenton et al., 2001). Reports of STG abnormalities in young high-risk subjects, however, 

tend to suggest bilateral (Rajarethinam et al., 2011, 2004) or right-hemisphere (Choi et al., 

2012; Thermenos et al., 2013) differences. Moreover, a study comparing adolescents with 

early-onset schizophrenia to adult-onset patients showed significant reductions in right STG 

volume in the adolescent as compared to the adult patients, with more extensive volume 

reductions correlating with younger age at onset and greater severity of hallucinations and 

conceptual disorganization (Matsumoto et al., 2001). There is thus some evidence to suggest 

that the right STG may be particularly affected in younger individuals and in the premorbid 

phase of the illness.

Post-hoc FHR versus CON characterization using the right posterior STG cluster as a seed 

revealed reduced connectivity from STG to bilateral HG, fusiform gyrus (FG), thalamus, 

(para)hippocampus, and cerebellar territories in bilateral Crus I/II and parts of lobules I-IV, 

and increased connectivity between STG and posterior inferior temporal gyrus (ITG). As the 

STG is a known hub in a network of brain regions subserving speech and language 

(Pearlson, 1997), the regions identified in the post-hoc analysis may reflect an extended 

language-related network. HG contains primary auditory cortex, FG has been shown to be 

involved in semantic processing, particularly in children (Balsamo et al., 2006), IFG 

contributes to semantic and phonological processing and inner-speech generation (Liakakis 
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et al., 2011), cerebellum modulates multiple aspects of language processing (Guell et al., 

2015), with certain language tasks specifically activating Crus I/II (X. Guell et al., 2018), 

and there is evidence that the thalamus (Klostermann et al., 2013) and hippocampus 

(Covington and Duff, 2016) also support language processing. Abnormal functional 

connectivity within a language-related circuit in FHR children would be consistent with 

previous findings of language network abnormalities in young at-risk individuals (Colibazzi 

et al., 2017; Thermenos et al., 2013).

Additionally, several regions exhibiting atypical functional connectivity with the right STG 

in the FHR children are associated with the default-mode network (DMN). Specifically, 

STG, ITG, FG, and parahippocampal gyrus have all been reported as part of the DMN (Hu 

et al., 2017; Joshi et al., 2017; Long et al., 2008; Uddin et al., 2009). Moreover, the regions 

of the cerebellum exhibiting atypical functional connectivity with the right STG have been 

linked to the DMN in typical adults using both discrete (Buckner et al., 2011) and gradient-

based (Guell et al., 2018) atlases of cerebellar functional neuroanatomy (Figure 2B, C). 

These findings tie in with previous structural investigations of schizophrenia showing 

specific abnormalities in cerebellar DMN territories in Crus I/II (see figure 4 in Moberget et 

al. 2018) and preliminary evidence suggesting that TMS stimulation of cerebellar Crus I/II 

may improve symptoms in the disorder (Brady et al., 2019; Demirtas-Tatlidede et al., 2010). 

Previous studies have highlighted DMN dysfunction in schizophrenia (Hu et al., 2017; 

Whitfield-Gabrieli et al., 2009), and the present findings suggest that atypical functional 

relations between language and DMN networks may occur early in the development of risk 

for schizophrenia.

There are a number of limitations to this study that should be considered when interpreting 

these findings. The first and principal limitation is the small size of our sample. Children 

with a parent or sibling diagnosed with schizophrenia are difficult to recruit, particularly in 

the young age range of our sample, due to issues such as reduced fecundity in patients and 

the disorganization of families as a result of the illness (Laursen and Munk-Olsen, 2010; 

Power et al., 2013). Given our small sample size, we suggest that our results are taken as 

preliminary evidence of abnormal STG functional connectivity in pre-adolescent children 

with a familial vulnerability for schizophrenia. Future studies are needed to replicate our 

results and determine how these putative abnormalities in functional connectivity change as 

the children develop. Second, approximately half the FHR children had a DSM diagnosis 

(mainly ADHD with or without co-morbid ODD) while there were no diagnoses in the CON 

group. Childhood developmental disorders including ADHD are common in schizophrenia 

offspring (Keshavan et al., 2003; Öner and Munir, 2005) and it is difficult to disentangle the 

influence of these disorders from the vulnerability for schizophrenia. As at-risk offspring 

with ADHD-like symptoms may be particularly prone to psychosis (Keshavan et al., 2003), 

excluding FHR children with these symptoms is not appropriate as this may effectively 

exclude the children with the highest schizophrenia risk. Future studies directly comparing 

FHR children with ADHD (-like) symptoms to children with ADHD but without a familial 

history of schizophrenia may help elucidate whether brain abnormalities as found in the 

current study are part of the neurobiology of schizophrenia or ADHD. Moreover, while 

ADHD is common in the general community (i.e., without familial risk for psychotic 

illness), DSM-diagnoses were an exclusion criterion for CON children in our current study. 
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Future studies comparing FHR children to a community control group may be better 

equipped to assess the relative frequency of childhood DSM diagnoses in FHR children. 

Similarly, SES was lower in FHR compared to controls. Future studies with higher statistical 

power will be needed to dissociate brain correlates of socioeconomic conditions from risk of 

schizophrenia. SES-controlled studies may detect brain correlates that can be more 

confidently attributed to macro-scale abnormalities directly linked to psychosis. However, as 

in the case of ADHD symptomatology, these correlates would arguably be more distant from 

the naturalistic neurophysiological reality of risk of schizophrenia that is influenced by 

additional psychiatric phenomena and socioeconomical difficulties, and exclude those 

individuals at highest risk. Third, the right posterior STG cluster yielded by the MVPA 

analysis is relatively small in size, which may relate to our stringent primary cluster 

threshold (p < .001). Our choice for this threshold is in accordance with current 

recommendations on cluster-based thresholding in fMRI analyses (Woo et al., 2014) and 

while our analysis was entirely data-driven, our findings fit well in existing literature on 

schizophrenia and at-risk subjects. Fourth, we used a combination of 32 channel receive coil 

and (long) 6s TR for data acquisition. Our goal in using this combination was to acquire 

higher spatial resolution without compromising whole-brain coverage. Studies have shown a 

substantial improvement in temporal signal to noise ratio at high-resolution acquisition 

compared to lower resolutions (Robinson et al., 2008). Moreover, 32 channel receive coils 

provide the biggest increases in tSNR at high spatial resolution, because thermal noise 

contributes significantly to resting state time-series’ standard deviation in the high-resolution 

regime as opposed to physiological noise, which dominates in bigger voxel volumes 

(Triantafyllou et al., 2011). In addition to capturing less physiological fluctuation, moving 

towards lower voxel volumes is also desirable for improving spatial specificity, to avoid 

partial volume effects and achieve precise localization of neuronal activity. With respect to 

our long TR, we note that a study comparing TRs of 2.5 and 5 seconds found no significant 

difference in functional connectivity correlations between resting state networks (Dijk et al., 

2010).

In all, this data-driven study in a small sample of children aged 7 to 12 years with a parent or 

sibling with a psychotic disorder provides preliminary evidence that children with a familial 

vulnerability for psychosis show abnormal functional connectivity of the right STG within a 

network of language- and DMN-associated brain regions. This finding suggests that 

abnormal functional communication between brain networks implicated in adult 

schizophrenia predates the manifestation of the illness and may be considered a premorbid 

risk marker for psychosis detectable many years before the potential onset of symptoms. 

Longitudinal FHR studies are needed to elucidate how developmental changes in such 

premorbid risk markers contribute to either disease manifestation or resilience in children 

and youth at risk for psychosis.
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Figure 1. 
MVPA between-group results (whole-brain p<.001 for height-threshold, and FDR-corrected 

cluster-threshold of p < .05).

Left panel shows results from whole-brain analysis revealing abnormal connectivity in right 

posterior superior temporal gyrus. Right panel depicts Glasser’s multimodal brain 

parcellation, shown here on a flatmap of the right cerebral cortex, indicating that the peak of 

the right posterior STG cluster (indicated by a cyan sphere) corresponds to auditory 

association cortex, situated close to primary auditory cortex, at the intersection of auditory 

unimodal association areas A4 and A5 (Glasser et al., 2016).
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Figure 2. 
Post-hoc characterization of MVPA cluster

Results from post-hoc seed-to-voxel group comparison using the MVPA cluster (shown in 

Figure 1) as a seed. (A) Cerebral cortical results including FHR group main effect, CON 

group main effect, and FHR vs CON group comparison. (B) Left: Cerebellar results for the 

between-group contrast presented on a cerebellar flatmap (Diedrichsen and Zotow, 2015). 

Right: Cerebellar cluster shown in B represented in functional gradient space as developed 

by (Guell et al., 2019; Guell et al., 2018). (C) Cerebellar cluster shown in (B) overlaid on 

cerebellar representations of cerebral cortical networks (Buckner et al., 2011): visual in dark 

purple; somatomotor in blue; dorsal attention in green; ventral attention in violet; limbic in 
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cream; frontoparietal in orange; default mode network in red. (D) Boxplots of FHR and 

CON connectivity data extracted from clusters shown in (A) and (B). Cluster labels in (A), 

(B), and (D) correspond to Table 2. HC=Healthy CON group. A height-threshold of whole-

brain p < .001 (two-sided), and FDR-corrected cluster-threshold of p < .05 (non-parametric 

statistics) was used for post-hoc characterization.
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Table 1.

Demographic and clinical variables

Statistical comparison was performed using analysis of variance (ANOVA) for continuous and chi-squared 

tests for categorical variables. SES = Socioeconomic status; DSM = Diagnostic and Statistical Manual; IQ = 

Intelligence Quotient (estimated based on WISC-IV subtests); SZ = schizophrenia; SA = schizoaffective 

disorder, BD = bipolar disorder; PD = psychotic depression; a higher values reflect lower SES, range 1-5 

(Hollingshead and Redlich, 2007); b Current diagnosis based on Kid-SCID (Hien et al., 1994) interview, 

including ADHD (N = 7), co-morbid ODD (N = 3), and PTSD (N = 1); c data missing for one subject.

FHR
N = 15

CON
N = 15

Stats

Age in years, mean (sd) [range] 9.8 (2.0)
[7.1 – 12.4]

9.4 (1.6)
[7.3 – 12.2]

F(1,28) = 0.34, p = .57

Sex, M/F 8 / 7 7 / 8 χ2 = 0.13, p = .72

Parental SES a, mean (sd) [range] 3.5 (1.7)
[1 – 5]

1.7 (0.9)
[1 – 3]

F(1,28) = 13.79, P < .01

IQ, mean (sd) [range] 98.5 (17.2)
[62 – 132]

106.0 (13.0)
[81 – 125]

F(1,28) = 1.83, p = .19

Tanner1, Tanner 2 mean 1.33, 2.13 1.57, 2.07 p= .36, p= .87

DSM diagnosis participant b, N (%) 8 (53%) 0 (0%) χ = 10.9, p < .01

Relationship affected proband, mother / father /sibling 10 / 0 / 5 N/A

Diagnosis affected proband, SZ / SA / BD / PD 6 / 8 / 0 / 1 N/A
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Table 2.

Post-hoc characterization of right STG cluster

Results from second-level seed-to-voxel RsFc analysis using MVPA-derived right STG cluster as a seed for 

FHR versus CON contrast. A height-threshold of whole-brain p < .001 (two-sided), and FDR-corrected 

cluster-threshold of p < .05 (non-parametric statistics) was used for post-hoc characterization.

Brain Regions Peak cluster
coordinates (MNI)

Voxels per
cluster

Tmax

BA 37/right fusiform gyrus (a) 64 −46 −22 4239 9.36

Cerebellar Crus I/II (b) 2 −86 −36 1344 5.26

BA 37/left fusiform gyrus (c) −66 −52 −12 723 5.93

BA 41/left Heschl’s gyrus (d) −34 −30 2 240 5.97

BA 36/left parahippocampal gyrus (e) −28 −20 −28 211 4.72

BA 41/right Heschl’s gyrus (f) 50 −14 4 186 5.72

Right Hippocampus (g) 18 −38 0 172 7.62

Right thalamus (h) 8 4 2 165 7.36

BA 20/Posterior inferior temporal gyrus (i) 42 −30 −16 144 −5.78

Cerebellar lobule I-IV (j) −4 −48 −6 138 7.05
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