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Abstract 

Background: Impaired emotion processing constitutes a key dimension of 

schizophrenia and a possible endophenotype of this illness. Empirical studies 

consistently report poorer emotion recognition performance in patients with 

schizophrenia as well as in individuals at enhanced risk of schizophrenia (“at risk”). 

fMRI studies also report consistent patterns of abnormal brain activation in response 

to emotional stimuli in patients, in particular decreased amygdala activation. In 

contrast, brain-level abnormalities in at-risk individuals are more elusive. We address 

this gap using an image-based meta-analysis of the fMRI literature. 

Methods: fMRI studies investigating brain responses to negative emotional stimuli 

and reporting a comparison between at-risk individuals and healthy controls were 

identified. Frequentist and Bayesian voxel-wise meta-analyses were performed 

separately, by implementing a random effect model with unthresholded group-level 

T-maps from individual studies as input.  

Results: Seventeen studies with a cumulative total of 677 at-risk individuals and 805 

healthy controls were included. Frequentist analyses did not reveal significant 

differences between at-risk individuals and healthy controls. Similar results were 

observed with Bayesian analyses, which provided strong evidence for the absence 

of meaningful brain activation differences across the entire brain. Region of interest 

analyses specifically focusing on the amygdala confirmed the lack of group 

differences in this region. 

Conclusions: These results suggest that brain activation patterns in response to 

emotional stimuli are unlikely to constitute a reliable endophenotype of 

schizophrenia. We suggest that future studies rather focus on impaired functional 

connectivity as an alternative and promising endophenotype.   
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Main Text 

 

Introduction 

Schizophrenia is a chronic and profoundly disabling psychiatric disorder that has a 

significant impact on patients’ well-being(1). A core feature of the disorder is 

impairment in emotion processing, in particular poorer emotion recognition 

performance. Indeed, numerous studies show that patients with schizophrenia have 

deficits in emotion perception, particularly during facial emotion processing(2,3). 

Moreover, these deficits may play a key role in schizophrenia’s etiopathogenesis(4). 

It has been proposed that vulnerability to schizophrenia itself could be linked to an 

overall tendency to experience more negative affect(5). Behavioral deficits have also 

been accompanied by functional brain abnormalities: several meta-analyses have 

described atypical blood oxygenation level-dependent (BOLD) activation in patients 

with schizophrenia compared with healthy controls during emotion perception(6–12). 

The most consistent finding is a hypoactivation of the amygdala during emotion 

processing(6–11). 

Individuals at enhanced risk of schizophrenia (hereafter called “at risk”) tend to 

show similar but more subtle behavioral deficits when processing emotions(13). 

Meta-analyses show moderate abnormalities in emotion recognition in healthy first-

degree relatives(14,15) (who share part of the genetic vulnerability and therefore are 

considered at familial risk(16)) and individuals at clinical high risk(17) (CHR, who are 

considered at risk based on clinical criteria(18)). Evidence for these abnormalities is 

particularly notable for negative emotions(15). In a similar vein, individuals with high 

schizotypy traits based on self-report questionnaires (psychometric risk(19)) 

experience more difficulties in recognizing emotions than individuals with low 
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schizotypy traits(20). Therefore, it has reasonably been proposed that these deficits 

could represent a candidate endophenotype of schizophrenia(21), a measurable 

component along the pathway between the disease and the distal genotype, but less 

readily observed in at-risk individuals(22). 

Neuroimaging measures are considered as particularly informative 

endophenotypes(23,24) because they may be more stable than behavioral 

performance which varies considerably throughout the course of the illness(21). 

However, there is a relative paucity of results from neuroimaging studies 

investigating emotion processing in at-risk individuals, and observed differences in 

activation-based measures are inconsistent. Moreover, individual studies have been 

characterized by relatively modest sample sizes, hence providing limited statistical 

power. Several studies have relied on region of interest approaches, thus failing to 

provide information on whole-brain differences in brain activation(25,26). Some 

studies have reported decreased activation in the amygdala(27–29), partially 

consistent with the literature on schizophrenia. However, there are several 

concurrent reports of hyperactivation of the amygdala(30,31), or of null results(32–

34). Meta-analyses are ideally suited for disambiguating such confusion, and two of 

them have actually been performed in an attempt to quantify brain abnormalities 

during the processing of emotional stimuli in healthy first-degree relatives(35) and 

CHR individuals(36). While no significant differences were found in the latter 

group(36), widespread clusters of hyperactivation were found in healthy first-degree 

relatives(35). However, due to the small number of included studies (N=4(35,36)), 

these meta-analyses had limited statistical power, motivating the need of a more 

powerful meta-analysis. 



7 
 

Indeed, this uncertainty clouds our ability to properly assess the value of 

activation-based differences during emotion processing as reliable endophenotypes 

in the schizophrenia diathesis(37). Accordingly, our main objective was to clarify 

whether at-risk individuals exhibit abnormal brain responses to negative emotional 

stimuli compared with healthy controls. To investigate this question, we performed 

an image-based meta-analysis, using functional neuroimaging data acquired across 

multiple studies. Whole-brain frequentist analyses, implemented using a random-

effect model in the Seed-based d Mapping (SDM) software, and Bayesian analyses, 

were performed. This latter approach allowed us to quantify evidence in favor of the 

null hypothesis (absence of a group difference) and the alternative hypothesis 

(existence of a group difference). In both statistical frameworks, we first examined 

brain responses to negative emotional stimuli versus non-emotional stimuli (i.e., 

neutral stimuli, control condition, or implicit baseline) separately in at-risk individuals 

(i.e., familial risk, CHR, psychometric risk) and healthy controls (within-group meta-

analysis), and then in at-risk individuals versus healthy controls (between-group 

meta-analysis). Finally, in light of previous findings in patients, activation differences 

in the amygdala were specifically investigated via region of interest (ROI) analyses.  
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Methods and Materials 

Inclusion of studies 

The meta-analysis was conducted in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-analyses guidelines (PRISMA, 2020, see 

Table S1 in the Supplement for the checklist). The protocol for this meta-analysis 

was not pre-registered. We performed a comprehensive literature search using 

PubMed and Web of Science. The search (which identified records published until 

15th April 2020) used a combination of terms constructed according to 4 stems 

relating to (a) schizophrenia (schizophren*, psychosis), (b) at-risk individuals 

(relatives, first-degree, siblings, twins, brothers, sisters, offspring, parents, high risk, 

ultrahigh risk, ultra-high risk, genetic risk, clinical risk, prodromal, ARMS, at-risk 

mental state) (c) neuroimaging (neuroimaging, functional Magnetic Resonance 

Imaging, fMRI), and (d) emotions (emotion*, affect, mood). Moreover, an inspection 

of the reference list of included studies was performed in order to find articles that 

were not identified through the database search. 

Inclusion criteria were the following: studies that (a) were written in English; 

(b) reported a comparison between at-risk individuals (i.e., familial risk, CHR, 

psychometric risk) and healthy controls; (c) used task-based functional magnetic 

resonance imaging (fMRI) with an emotion perception element, and (d) included 

negatively valenced emotional stimuli. We focused on negative stimuli because this 

class of stimuli is more heavily represented in emotional tasks and appears to 

induce stronger behavioral impairments in individuals at enhanced risk compared 

with positive stimuli(15).  

The following exclusion criteria were applied: studies that (a) did not report an 

emotional versus non-emotional contrast, and for which the authors could not 
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provide the contrast when queried; (b) employed a paradigm non-specific to 

emotion processing (e.g., conditioning paradigm, Theory of Mind paradigm); (c) did 

not mainly use visual emotional stimuli of faces or scenes in their protocol; (d) 

primarily employed positively valenced emotional stimuli; (e) did not use unique 

populations (i.e., used data from another included study), since inclusion of results 

that are not statistically independent can inflate Type I error(38); (f) could not 

provide a whole-brain analysis; (g) could only provide a general F-statistic instead 

of direct comparisons between groups; (h) were published conference papers, and 

(i) were systematic reviews or meta-analyses.  

The literature search yielded a total of 308 unique papers (see Figure 1). Initial 

screening based on title or abstract was performed (by AF). After these exclusions, 

45 full articles were independently screened (by AF and GS) to be assessed for 

eligibility. Disagreements were resolved through discussion and mediation by a 

third author (EF). Our strict application of inclusion and exclusion criteria filtered the 

analysis to a total of 26 unique papers. The corresponding authors on these 26 

papers were contacted to obtain unthresholded group-level T-maps, associated 

with within- and between-groups effects. Following this correspondence, we 

included data for 16 studies. Data from the remaining studies could not be 

included(30,39–47) either because corresponding authors were not responsive 

(after multiple reminders), the required data were lost and/or impossible to retrieve, 

or the data was found to be dubious (see Supplementary Methods for more details 

on study exclusion). Our correspondence also revealed the existence of a yet 

unpublished study meeting all inclusion criteria (Shivakumar, in preparation(48)), 

bringing the number of included studies to a total of 17.  
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Figure 1. Flow Chart outlining the selection procedure of studies 

 

Study characteristics  

The included studies encompassed two types of tasks: a) “implicit” tasks, 

which employed emotional stimuli while using instructions with a non-emotional 

focus (e.g., passive viewing of emotional images, age or gender recognition), and 

b) “explicit” tasks, in which instructions specifically require to focus on the emotional 

component of stimuli (e.g., emotion recognition, emotion regulation, emotion 

evaluation, rating of emotional arousal, matching of emotional faces). Details 

regarding the task design and included contrasts for each study are reported in 

Table 1. Further details (mean age, percentage of male participants, field strength) 

are reported in Table S2 in the Supplement. Following recommendations from the 

latest version of SDM, we only included a single contrast per study (see 

Supplementary Methods for selection criteria).   
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Table 1. Included studies 

Reference 
  

Definition of 
at risk 

Number of 
Participant
s 

Task Used Explicit/ 
Implicit 
task 

Type of 
stimuli 

Contrast included  

Bourque et 
al., 2017(49)

 

  

Psychometric At risk (27); 
HC (135) 

Passive 
viewing 

Implicit Faces Angry Stimuli > 
Control Condition 

Cao et al., 
2016(50)

 
Familial (mixed 
first-degree) 

At risk (58); 
HC (94) 
  

Emotion 
matching 

Explicit Faces Negative Stimuli > 
Control Condition  

de Achával 
et al., 
2012(51)

 

Familial 
(siblings) 

At risk (14); 
HC (14) 

Gender 
recognition 

Implicit Faces Positive and 
Negative Stimuli > 
Implicit baseline

a,b
 

Diwadkar et 
al., 2012(25)

 
Familial 
(offspring) 

At risk (17); 
HC (25)

c
 

Emotion 
recognition 

Explicit Faces Negative Stimuli > 
Neutral Stimuli

a
 

Modinos et 
al., 2010(52)

 
Psychometric At risk (17); 

HC (17) 
Emotion 
regulation 

Explicit IAPS 
(complex 
scenes of 
people) 

Negative Stimuli > 
Neutral Stimuli

a
 

Modinos et 
al., 2015(28)

 
CHR At risk (18); 

HC (20) 
Emotional 
arousal 
rating 

Explicit IAPS 
(complex 
scenes of 
people, 
animals, and 
objects) 

Negative Stimuli > 
Neutral Stimuli

a
 

Modinos et 
al., 2017(34)

 
Psychometric At risk (21); 

HC (22) 
Emotional 
arousal 
rating 

Explicit IAPS 
(complex 
scenes of 
people, 
animals, and 
objects) 

Negative Stimuli > 
Neutral Stimuli

a
 

Park et al., 
2016(27)

 
Familial (mixed 
first-degree) 

At risk (20); 
HC (17) 

Gender 
recognition 

Implicit Faces Fearful Stimuli > 
Implicit baseline 

Pulkkinen et 
al., 2015(53)

 
Familial 
(offspring) 

At risk (51); 
HC (52) 

Passive 
viewing 

Implicit Faces Fearful Stimuli > 
Control Condition 

Quarto et al., 
2018(54)

 
Familial 
(siblings) 

At risk (36); 
HC (56) 

Gender 
recognition 

Implicit Faces Fearful Stimuli > 
Neutral Stimuli

a
 

Rasetti et al., 
2009(55)

 
Familial 
(siblings) 

At risk (29); 
HC (20) 

Emotion 
matching 

Explicit Faces Negative Stimuli > 
Control Condition 

Spilka et al., 
2015(32)

 
Familial (mixed 
first-degree) 

At risk (27); 
HC (27) 
  

Passive 
viewing 

Implicit Faces Negative Stimuli > 
Neutral Stimuli

a
 

van der 
Velde et al., 
2015(33)

 

CHR At risk (15); 
HC (16) 

Emotion 
regulation 

Explicit IAPS 
(complex 
scenes of 
people) 

Negative Stimuli > 
Neutral Stimuli 

Shivakumar 
et al., in 
preparation 
(48) 

Familial (mixed 
first-degree) 

At risk (13); 
HC (15) 
  

Emotion 
matching 

Explicit Faces Negative Stimuli > 
Control Condition 
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Wang et al., 
2018(29)

 
Psychometric At risk (34); 

HC (30) 
Emotion 
recognition 

Explicit Faces Fearful Stimuli > 
Neutral Stimuli 

Wolf et al., 
2011(56)

 
Familial (mixed 
first-degree) 

At risk (20); 
HC (25) 

Emotion 
recognition 

Explicit Faces Negative Stimuli > 
Neutral Stimuli

a
 

Wolf et al., 
2015(31)

 
CHR At risk 

(260); 
HC (220) 

Emotion 
recognition 

Explicit Faces Fearful Stimuli > 
Neutral Stimuli

a
 

Abbreviations: HC, Healthy Controls; CHR, clinical high risk; IAPS, International Affective Picture System 
a The included contrast was not the one originally reported in the article but a new generated one. 
b
 Note that we included one study with a contrast involving positively valenced stimuli. Nevertheless, around 70% of the 

stimuli represented negative emotions. We therefore considered this study as largely representing negative emotions and 
we refer to the general contrast included in this meta-analysis as a negative emotional stimuli versus non emotional stimuli 
contrast.   

c
 This number corresponds to the dataset sent by the authors which is slightly different from the dataset reported in the 

paper. This is because the authors retrieved the latest available dataset 

 

Analyses 

We ran an image-based meta-analysis using statistically unthresholded T-

maps provided by authors. This approach is more sensitive compared with more 

common coordinate-based meta-analyses(57,58), as it accounts for effect sizes 

and is also sensitive to moderate subthreshold effects that are consistent across 

studies(59).  

For the sake of homogeneity, some of the included contrasts were not those 

reported in the original articles, but new contrasts generated by the authors at our 

request based on their methodological design (see Table 1). 

  

Whole-Brain Frequentist Analyses 

Frequentist meta-analyses were performed using the latest version of SDM 

based on Permutation of Subject Images (SDM-PSI, version 6.21(60)). Traditional 

meta-analysis methods (e.g., Activation Likelihood Estimation, ALE, and Multilevel 

Kernel Density Analysis, MKDA) test for spatial convergence, evaluating in each 

voxel whether studies found activation more often in one group compared with 

another. In contrast, SDM-PSI employs a new algorithm that tests whether 

activation in each voxel is significantly different between groups(60). This approach 



13 
 

has been argued to be more robust and has several advantages: the interpretation 

of results is more straightforward and is not based on spatial assumptions that 

could be violated, and voxel-level significance is independent of the distribution of 

activation across the brain. Moreover, this method accounts for both activations and 

deactivations, allowing opposite findings to potentially cancel each other. Finally, 

the method employs a threshold-free cluster enhancement (TFCE) approach to 

address the multiple comparison issue, which compared with other thresholding 

techniques has the benefit of not defining an arbitrary cluster-forming threshold(61). 

We included contrasts broadly depicting a comparison between the perception 

of negative emotional stimuli versus non-emotional stimuli (i.e., neutral stimuli, 

control condition, or implicit baseline). We initially examined these contrasts 

separately in at-risk individuals and healthy controls (within-group meta-analysis). 

Of the 17 studies included in the meta-analysis, one could not provide within-group 

T-maps and therefore was excluded from this analysis(50). Thus, the within-group 

meta-analysis included 16 studies, cumulating 619 at-risk individuals and 711 

healthy controls. Then, the same contrasts were examined in at-risk individuals 

versus healthy controls (between-group meta-analysis). 17 studies were included in 

this analysis for a total of 677 at-risk individuals versus 805 healthy controls. 

Results were corrected for multiple comparisons across the whole brain using 

a TFCE-corrected threshold of pTFCE<0.05.  

  

Whole-Brain Bayesian Analyses 

Bayesian analyses were performed with the BayesFactorFMRI(62,63) toolbox 

to quantify evidence in favor of the null and alternative hypotheses. This toolbox 

employs R and Python code to perform Bayesian voxel-wise meta-analysis of T-
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maps. The output is a meta-analytical map storing a Bayes factor (BF) for each 

voxel. The Bayes factor is the ratio of the likelihood of the data under the alternative 

hypothesis (H1, hypothesizing a meaningful effect in a within- or between-group 

analysis) and the likelihood of the same data under the null hypothesis (H0, 

hypothesizing the absence of a meaningful effect in a within- or between-group 

analysis). BF10 quantifies the evidence in favor of H1 compared with H0, while BF01 

(=1/BF10) quantifies the evidence in favor of H0 compared with H1. Conventionally a 

BF10 (or BF01) that exceeds the threshold of 3 represents moderate evidence in 

favor of H1 (or H0), while a Bayes factor between 10 and 30 represents strong 

evidence(64). Results are thus reported at a threshold of BF>3. 

The BayesFactorFMRI toolbox only computes Bayes factors in voxels that are 

covered by all included studies (similar to second-level analyses performed in SPM 

or FSL). Therefore, one study with partial brain coverage(56) (see Supplementary 

Methods) had to be excluded from these analyses in order to retain information in a 

substantial part of the brain covered by all the remaining studies. The approach 

was similar to the initial frequentist analyses: we first performed within-group 

analyses (n=15 studies), examining the negative emotional versus non-emotional 

contrast in at-risk individuals (n=599) and healthy controls (n=686) before 

performing the between-group analyses (n=16 studies) in at-risk individuals (n=657) 

versus healthy controls (n=780). 

  

ROI Analyses (frequentist and Bayesian) 

Given the key role of the amygdala in emotion processing, and previous 

findings in patients with schizophrenia(6–11), the bilateral amygdala was selected 
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for region of interest based analyses. The amygdala was anatomically defined 

using the Melbourne Subcortex Atlas(65). 

Averaged effect sizes and associated variances were extracted separately for 

the left and right amygdala for each study using SDM-PSI. These values were used 

to perform frequentist and Bayesian meta-analyses as well as to generate forest 

plots and contour-enhanced funnel plots. 

Frequentist ROI meta-analyses were performed with SDM-PSI. Bayesian ROI 

meta-analyses were performed with R (version 4.1.2) by fitting a random-effect 

Bayesian model (using the brms package(66)), and defining weakly informative 

priors for the mean (normal distribution centered at 0 with a variance of 1) and 

variance (Half-Cauchy distribution with peak at 0 and scaling parameter of 0.5) of 

the pooled true effect as suggested by Harrer et al., 2021(67).  
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Results 

Unthresholded whole-brain maps of within- and between-group meta-analyses 

are available on NeuroVault(59), for both frequentist and Bayesian analyses 

(https://neurovault.org/collections/CRLVVOUU/). 

 

Whole-Brain Frequentist Analyses 

Across included studies (n=16), the meta-analyses of within-group T-maps in 

healthy controls and in at-risk individuals revealed significant activations in several 

brain regions typically involved in emotion processing, such as bilateral amygdala, 

thalamus, and inferior frontal gyrus (Figure 2, see Table S3 in the Supplement for 

MNI coordinates). The pattern of activation and deactivation was remarkably similar 

between healthy controls and at-risk individuals. 

The whole-brain between-group meta-analysis (n=17 studies) revealed no 

significant group differences at pTFCE<0.05. 

  

Whole-Brain Bayesian Analyses 

Results of within-group Bayesian meta-analyses (n=15 studies) largely 

reproduced the activation pattern revealed by frequentist analyses, showing 

activation in bilateral amygdala, thalamus, and inferior frontal gyrus (Figure 2). 

The between-group Bayesian meta-analysis (n=16 studies) revealed two 

small clusters showing moderate evidence in favor of increased activation in at-risk 

individuals compared with healthy controls. These clusters were observed in the left 

superior frontal gyrus (x=-6, y=34, z=46, BF10=4.78, voxel size=10) and right peri-

hippocampal white matter (x=20, y=-12, z=-10, BF10=7, voxel size=6) (BF10, see 

Figure 3 in red). No region showed evidence in favor of a decreased activation in 

https://neurovault.org/collections/CRLVVOUU/
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at-risk individuals compared with healthy controls (BF10, see Figure 3 in blue). 

Instead, evidence in favor of the absence of differences in brain activation in at-risk 

individuals compared with healthy controls was found across almost the entire 

brain, with BF01 reaching values up to 30, indicating strong evidence in favor of H0 

(BF01, see Figure 3 in green). 

 

Figure 2. Within-group meta-analyses of negative emotion processing. Brain regions 

showing activation (in red) and deactivation (in blue) during negative emotion processing as 

revealed by frequentist (A.) and Bayesian (B.) analyses, for healthy controls and at-risk individuals. 

Regions typically involved in emotion processing were activated (e.g., bilateral amygdala, thalamus, 

inferior frontal gyrus). Note that results were consistent across statistical approaches, and that the 

patterns of activation and deactivation were remarkably similar in healthy controls and at-risk 

individuals. Functional maps are overlaid on the Colin 27 anatomical template. Frequentist analyses 

are thresholded at pTFCE<0.05 and Bayesian analyses are thresholded at BF10>3. 

 

Figure 3. Between-group Bayesian meta-analysis of negative emotion processing. 

Voxels with moderate evidence supporting hyperactivation in at-risk individuals compared with 
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healthy controls are depicted in red (BF10>3). Voxels with at least moderate evidence supporting a 

hypoactivation in at-risk individuals compared with healthy controls are depicted in blue (BF10>3). 

Voxels with at least moderate (or higher) evidence supporting the absence of differences in at-risk 

individuals compared with healthy controls are depicted in green (BF01>3). Only two small clusters 

showed moderate evidence (i.e., 3<BF10<10) in favor of hyperactivation in at-risk individuals 

compared with healthy controls. In contrast, strong evidence (i.e., most BF01>10) in favor of the 

absence of group differences was found almost across the whole brain. Functional maps are 

overlaid on the Colin 27 anatomical template. Results are thresholded at BF>3. 

 

ROI Analyses (Frequentist and Bayesian) 

Frequentist meta-analysis in amygdala ROIs revealed no significant group 

differences in either the left (g=0.00, p=0.52) or right (g=0.02, p=0.58) hemisphere 

(Figure 4A). 

Bayesian meta-analysis found strong evidence for the absence of group 

differences between at-risk individuals and healthy controls in left (Standardized 

Mean Difference=0, [95%CI -0.11–0.12]; BF01=18.2) and right amygdala 

(Standardized Mean Difference=0, [95%CI -0.12–0.12]; BF01=17.31) (Figure 4B).  

 

Heterogeneity, Publication Bias and Robustness 

In additional sensitivity analyses (see Supplementary Methods for details)  we 

show that results did not differ according to the definition of 1) “at risk of 

schizophrenia” (i.e., familial risk, CHR, or psychometric risk), 2) type of contrast 

(i.e., negative emotional stimuli versus neutral stimuli, or versus control 

condition/implicit baseline), 3) type of task (implicit or explicit), or 4) type of 

emotional stimuli (i.e., when restricting analyses to those studies only including 

faces). We also show that our data have low heterogeneity (see Figure S1 in the 
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Supplement) and showed no obvious sign of publication bias (Figure 4C), and that 

the results were not driven by outlier studies. 

 

Figure 4. ROI meta-analyses of negative emotion processing. Graphical 

representations of values extracted from left and right amygdala: A. Frequentist forest plot depicting 

the mean ± variance of effect sizes for group comparison. The black diamond represents the overall 
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effect size; B. Bayesian forest plot depicting Bayesian estimates of the true effect size and posterior 

distribution of each study for group comparison. Posterior distribution depicted in black represents 

the Bayesian meta-estimate and posterior distribution of the overall effect size. Note that for both 

Bayesian and frequentist forest plots, distinguishing subgroups as a function of the definition of “at 

risk” did not seem to impact the results; C. Contour-enhanced funnel plot: the dotted part depicts the 

overall effect size and 95% confidence interval around this overall effect size, while the colored 

areas represent different levels of statistical significance (p<0.1, p<0.05, p<0.01, corresponding to 

90%, 95%, and 99% confidence interval around an effect size of 0)(68). Symmetrical funnel plots for 

both the left and right amygdala suggest no evidence for publication bias, which is further 

strengthened by all studies lying in the area of statistical non-significance (p>0.1).  
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Discussion 

Our meta-analysis aimed to investigate whether brain activation in response to 

negative emotional stimuli could be considered as an endophenotype of 

schizophrenia. Results show that healthy controls and individuals at risk of 

schizophrenia present a remarkably similar pattern of brain activation in response to 

processing negative emotional stimuli. These similarities were observed in salient 

regions of the emotion processing network including the amygdala, thalamus, and 

inferior frontal gyrus. In line with this observation, the between-group meta-analysis 

did not reveal group differences. Notably, not only did the frequentist meta-analysis 

failed to reveal significant differences between healthy controls and at-risk 

individuals, but the Bayesian meta-analysis provided strong support (i.e., BF01>10) 

for the absence of such group differences across the entire brain. Two small clusters 

showed hyperactivation in at-risk individuals, but these were located in regions 

irrelevant to the process at stake, were only observed in Bayesian analyses, and 

were associated with only moderate evidence (i.e., BF10<10). We thus prefer to 

refrain from speculating about these results, which do not appear to be robust. 

Finally, ROI analyses specifically focusing on the amygdala confirmed the absence 

of between-group activation differences. This null result is particularly notable, 

because the amygdala plays a primary role in emotion processing, and has shown 

blunted responses in patients with schizophrenia in multiple meta-analyses(6–11). 

Given the combination of frequentist and Bayesian approaches and the careful 

curation of the included datasets, we believe that our results are particularly strong 

and reliable. The inescapable inference is that in at-risk individuals, brain responses 

to negative emotional stimuli are too variable to be considered as a reliable 

endophenotype of schizophrenia. This observation is consistent with a previous 
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meta-analysis of brain responses to emotional stimuli in CHR individuals(36), which 

did not find any differences with healthy controls.  

Our strategy has the merit of bringing together several definitions that are 

commonly used to identify at-risk individuals (i.e., familial, CHR, psychometric), 

exploring the vulnerability spectrum of schizophrenia. Yet, these different definitions 

of risk (either based on genetic vulnerability, sub-threshold clinical symptoms, or high 

schizotypy traits) as well as differences in transition rates(69–71) may increase 

heterogeneity and consequently mask subtle but reliable group differences. In order 

to identify potential variability across definitions, we therefore conducted separate 

subgroup analyses (see Supplementary Methods). None of these analyses revealed 

significant results. Nevertheless, it is important to emphasize that some diagnostic 

uncertainty and heterogeneity still remain within each subgroup. This clinical 

variability introduces some additional variance that may diminish our ability to 

observe more subtle group differences. The use of mega-analytical methods 

employing subject-level data is a promising development to address this issue(58). 

Also, moving away from categorical to more dimensional definitions of mental health 

conditions should allow to better take into account this variability, by improving the 

granularity of nosological descriptions. 

Moreover, while this meta-analysis focuses on emotion perception, emotion 

processing consists of multiple components such as experience, regulation, and 

expression. Examined individually, such components may be able to show robust 

association with schizophrenia vulnerability, allowing for refined candidate 

endophenotypes. For instance, there is some evidence of brain abnormalities in 

emotion regulation in patients with schizophrenia(44,72), which are also reported in 

at-risk individuals(33,52).  
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Finally, it should be noted that the amygdala, a key region in emotion 

processing, is particularly sensitive to susceptibility artifacts, leading to BOLD signal 

dropout. As a result, some of the included studies had only partial coverage of the 

amygdala. This observation calls for optimized acquisition protocols in future studies 

to circumvent this issue (see Supplementary Methods for a more detailed 

discussion). 

Despite these limitations, we believe that the cutting-edge methodology of our 

meta-analysis provides strong empirical support for the results. First, we performed 

an image-based meta-analysis, which considers effect sizes from individual voxels 

across the entire brain as opposed to coordinate-based meta-analyses (such as ALE 

and MKDA) that rely only on peak localization(57,58). This difference bestows our 

approach with increased sensitivity. Second, we contacted authors of selected 

studies and solicited originally collected data with specific contrasts based on their 

methodological design. It is notable that, in addition to maximizing homogeneity 

across studies, this strategy is less susceptible to publication bias; indeed, both 

positive and negative results are collected, and studies reporting only ROI analyses 

are not systematically excluded, thus eliminating a potential bias(73). Third, we 

performed both within- and between-group analyses. In addition to confirming the 

activation of regions involved in emotion processing, the within-group meta-analyses 

revealed similar brain activation patterns in healthy controls and at-risk individuals. 

This similarity provides a straightforward and logical explanation for the absence of 

group differences in the between-group meta-analyses. Fourth, the Bayesian 

approach reproduced the results of the frequentist analyses, even when it was not 

subject to the typical limitations of the latter. Such convergence provides quantitative 

evidence in favor of the null hypothesis(74). Finally, this meta-analysis follows the 
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recently updated PRISMA guidelines(75), ensuring the greatest level of 

transparency(76). 

In conclusion, this meta-analysis reveals that individuals at risk of 

schizophrenia do not show clear abnormalities in brain activation during negative 

emotion perception. This finding has both clinical and theoretical implications for 

schizophrenia. In general, it is unclear whether emotional deficits are involved in 

schizophrenia etiopathogenesis, and therefore are present before the onset of the 

illness, or should be considered as a consequence of the disease itself (for instance, 

due to chronic effects of the disease, medication treatment, or physiological 

adaptation secondary to the illness). While it is well-established that brain responses 

to emotions are blunted in patients with schizophrenia, investigating these responses 

in at-risk individuals brings us a step closer to elucidating their role, helping to 

differentiate cause from consequence. In this meta-analysis, we reported an 

absence of group differences between at-risk individuals and healthy controls. This 

suggests that blunted brain responses to emotions are more likely to represent a 

consequence of the illness, i.e. a state marker which manifests itself only when the 

illness is active. Following this reasoning, abnormal brain responses to emotions are 

unlikely to be a useful endophenotype with the potential to help clinicians detect 

individuals at risk of schizophrenia.  

It should also be noted that the endophenotype reasoning posits a continuum 

between the genetic risk and the expression of the abnormal trait. Yet, recent 

literature confirms that schizophrenia risk hinges on the interaction between genetic 

and environmental factors (77). Thus, the nonappearance of abnormal brain 

responses to emotions observed here in at-risk individuals could be explained by the 
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absence, in the medical history of these subjects, of the environmental conditions 

necessary to reveal the phenotype variation. 

Recent work has proposed that the blunted limbic responses observed in 

patients with schizophrenia during emotion processing could be at least partially 

explained by enhanced reactivity to neutral stimuli(12). Based on this observation, 

one might speculate that the neurotypical brain responses found in at-risk individuals 

might reflect a “downward normalization” of brain responses towards neutral stimuli, 

and not just an “upward normalization” of brain responses to emotional stimuli. 

Crucially though, it should be emphasized that emotions are processed by a 

system of distributed and interconnected brain structures and that functional 

connectivity during emotion processing has been shown to be impaired in 

schizophrenia(78,79). Interestingly, a few studies investigating brain connectivity 

during emotion processing have also reported differences in individuals with familial 

risk(25,50,54), CHR(41) and psychometric risk(52) compared with healthy controls, 

mostly showing a blunted connectivity between limbic and frontal regions. In the 

framework of a chronic and poor-outcome disorder such as schizophrenia, 

endophenotypes are considered essential to help clinicians identify subjects at risk of 

schizophrenia and inform preventive approaches. Results of the present meta-

analysis may prove useful to guide future research, and we suggest that future 

studies focus on the role of disrupted cortico-limbic coupling among at-risk 

individuals as a potential candidate endophenotype of schizophrenia.  



26 
 

Acknowledgment Section:  

 

AF and GS have full access to all the data in the study and take responsibility for the 

integrity of the data and the accuracy of the data analysis.  

Concept and design: AF, GS, EF.  

Acquisition (sharing data and/or performing additional analyses): All authors but AF, 

GS, EF. 

Analyses and interpretation of data: AF, GS, EF.  

Statistical analyses: AF, GS, EF. 

Drafting of the manuscript: AF, GS, EF. 

Critical revision of the manuscript for important intellectual content: All authors.  

Obtained funding: EF.  

Authors who were exclusively involved in data acquisition and critical revision of the 

manuscript are listed following alphabetical order in the authorship list. 

 

Additional Contributions: 

We would like to thank Hyemin Han, Educational Psychology Program, University of 

Alabama, Tuscaloosa, AL, USA, for his help with the BayesFactorFMRI toolbox.  

 

Funding:  

AF was supported by the Fondation Pierre Deniker. EF was supported by the 

Fondation de France. GS was supported by the Agence Nationale de la Recherche 

[grant number ANR-19-CE37-0012-01] and the Fondation NRJ-Institut de France. 

 

 



27 
 

Role of Funder:  

The funding source had no role in the design and conduct of the study; collection, 

management, analysis, and interpretation of the data; preparation, review, or 

approval of the manuscript; and decision to submit the manuscript for publication. 

 

Disclosures: 

GB has received lecture fees from Lundbeck.  

EF has received consultancy fees from JBristol Myers Squibb, Janssen- Cilag, Lilly, 

Lundbeck, Otsuka, Recordatti, Sanofi; and has lectured for Abbvie, AstraZeneca, 

Bristol Myers Squibb, Janssen- Cilag, Lundbeck, Otsuka, MSD, Sanofi.  

AM-L has received grants from the Federal Ministry of Education and Research, the 

German Research Foundation, the Seventh Framework Programme of the European 

Union and the Ministry of Science, Research and the Arts of the State of Baden 

Württemberg. 

All other authors report no biomedical financial interest or potential conflicts of 

interest.  

  



28 
 

References  

 

1. Millier A, Schmidt U, Angermeyer MC, Chauhan D, Murthy V, Toumi M, Cadi-

Soussi N (2014): Humanistic burden in schizophrenia: A literature 

review. Journal of Psychiatric Research 54: 85–93. 

2. Chan RCK, Li H, Cheung EFC, Gong Q-Y (2010): Impaired facial emotion 

perception in schizophrenia: a meta-analysis. Psychiatry Res 178: 381–

390. 

3. Kohler CG, Walker JB, Martin EA, Healey KM, Moberg PJ (2010): Facial emotion 

perception in schizophrenia: a meta-analytic review. Schizophr Bull 36: 

1009–1019. 

4. Zubin J, Spring B (1977): Vulnerability: A new view of schizophrenia. Journal of 

Abnormal Psychology 86: 103–126. 

5. Taylor SF, Grove TB, Ellingrod VL, Tso IF (2019): The Fragile Brain: Stress 

Vulnerability, Negative Affect and GABAergic Neurocircuits in Psychosis. 

Schizophr Bull 45: 1170–1183. 

6. Anticevic A, Van Snellenberg JX, Cohen RE, Repovs G, Dowd EC, Barch DM 

(2012): Amygdala recruitment in schizophrenia in response to aversive 

emotional material: a meta-analysis of neuroimaging studies. Schizophr 

Bull 38: 608–621. 

7. Taylor SF, Kang J, Brege IS, Tso IF, Hosanagar A, Johnson TD (2012): Meta-

analysis of functional neuroimaging studies of emotion perception and 

experience in schizophrenia. Biol Psychiatry 71: 136–145. 

8. Dong D, Wang Y, Jia X, Li Y, Chang X, Vandekerckhove M, et al. (2018): 

Abnormal brain activation during threatening face processing in 

schizophrenia: A meta-analysis of functional neuroimaging studies. 

Schizophrenia Research 197: 200–208. 

9. Jáni M, Kašpárek T (2018): Emotion recognition and theory of mind in 

schizophrenia: A meta-analysis of neuroimaging studies. World J Biol 

Psychiatry 19: S86–S96. 

10. Delvecchio G, Sugranyes G, Frangou S (2013): Evidence of diagnostic specificity 

in the neural correlates of facial affect processing in bipolar disorder and 

schizophrenia: a meta-analysis of functional imaging studies. Psychol 



29 
 

Med 43: 553–569. 

11. Li H, Chan RCK, McAlonan GM, Gong Q (2010): Facial emotion processing in 

schizophrenia: a meta-analysis of functional neuroimaging data. 

Schizophr Bull 36: 1029–1039. 

12. Dugré JR, Bitar N, Dumais A, Potvin S (2019): Limbic Hyperactivity in Response 

to Emotionally Neutral Stimuli in Schizophrenia: A Neuroimaging Meta-

Analysis of the Hypervigilant Mind. Am J Psychiatry 176: 1021–1029. 

13. Phillips LK, Seidman LJ (2008): Emotion Processing in Persons at Risk for 

Schizophrenia. Schizophr Bull 34: 888–903. 

14. Lavoie M-A, Lacroix JB, Godmaire-Duhaime F, Jackson PL, Achim AM (2013): 

Social cognition in first-degree relatives of people with schizophrenia: a 

meta-analysis. Psychiatry research 209: 129–135. 

15. Martin D, Croft J, Pitt A, Strelchuk D, Sullivan S, Zammit S (2020): Systematic 

review and meta-analysis of the relationship between genetic risk for 

schizophrenia and facial emotion recognition. Schizophr Res 218: 7–13. 

16. Lichtenstein P, Yip BH, Björk C, Pawitan Y, Cannon TD, Sullivan PF, Hultman 

CM (2009): Common genetic influences for schizophrenia and bipolar 

disorder: A population-based study of 2 million nuclear families. Lancet 

373: 10.1016/S0140-6736(09)60072–6. 

17. Lee TY, Hong SB, Shin NY, Kwon JS (2015): Social cognitive functioning in 

prodromal psychosis: a meta-analysis. Schizophrenia research 164: 28–

34. 

18. Fusar-Poli P, Borgwardt S, Bechdolf A, Addington J, Riecher-Rössler A, 

Schultze-Lutter F, et al. (2013): The Psychosis High-Risk State. JAMA 

Psychiatry 70: 107–120. 

19. Barrantes-Vidal N, Grant P, Kwapil TR (2015): The role of schizotypy in the study 

of the etiology of schizophrenia spectrum disorders. Schizophr Bull 41 

Suppl 2: S408-416. 

20. Statucka M, Walder DJ (2017): Facial affect recognition and social functioning 

among individuals with varying degrees of schizotypy. Psychiatry 

Research 256: 180–187. 

21. Gur RE, Calkins ME, Gur RC, Horan WP, Nuechterlein KH, Seidman LJ, Stone 

WS (2007): The Consortium on the Genetics of Schizophrenia: 

Neurocognitive Endophenotypes. Schizophr Bull 33: 49–68. 



30 
 

22. Gottesman II, Gould TD (2003): The endophenotype concept in psychiatry: 

etymology and strategic intentions. Am J Psychiatry 160: 636–645. 

23. Glahn DC, Thompson PM, Blangero J (2007): Neuroimaging endophenotypes: 

Strategies for finding genes influencing brain structure and function. Hum 

Brain Mapp 28: 488–501. 

24. Hariri AR, Weinberger DR (2003): Imaging genomics. British Medical Bulletin 65: 

259–270. 

25. Diwadkar VA, Wadehra S, Pruitt P, Keshavan MS, Rajan U, Zajac-Benitez C, 

Eickhoff SB (2012): Disordered corticolimbic interactions during affective 

processing in children and adolescents at risk for schizophrenia revealed 

by functional magnetic resonance imaging and dynamic causal 

modeling. Arch Gen Psychiatry 69: 231–242. 

26. Tseng H-H, Roiser JP, 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 Clin 12: 645–654. 

27. Park HY, Yun J-Y, Shin NY, Kim S-Y, Jung WH, Shin YS, et al. (2016): 

Decreased neural response for facial emotion processing in subjects 

with high genetic load for schizophrenia. Prog Neuropsychopharmacol 

Biol Psychiatry 71: 90–96. 

28. Modinos G, Tseng H-H, Falkenberg I, Samson C, McGuire P, Allen P (2015): 

Neural correlates of aberrant emotional salience predict psychotic 

symptoms and global functioning in high-risk and first-episode psychosis. 

Soc Cogn Affect Neurosci 10: 1429–1436. 

29. Wang Y, Li Z, Liu W-H, Wei X-H, Jiang X-Q, Lui S, et al. (2018): Negative 

Schizotypy and Altered Functional Connectivity During Facial Emotion 

Processing. Schizophrenia bulletin 44. 

https://doi.org/10.1093/schbul/sby036 

30. van Buuren M, Vink M, Rapcencu AE, Kahn RS (2011): Exaggerated brain 

activation during emotion processing in unaffected siblings of patients 

with schizophrenia. Biol Psychiatry 70: 81–87. 

31. Wolf DH, Satterthwaite TD, Calkins ME, Ruparel K, Elliott MA, Hopson RD, et al. 

(2015): Functional Neuroimaging Abnormalities in Psychosis Spectrum 

Youth. JAMA Psychiatry 72: 456–465. 



31 
 

32. Spilka MJ, Arnold AE, Goghari VM (2015): Functional activation abnormalities 

during facial emotion perception in schizophrenia patients and 

nonpsychotic relatives. Schizophr Res 168: 330–337. 

33. van der Velde J, Opmeer EM, Liemburg EJ, Bruggeman R, Nieboer R, 

Wunderink L, Aleman A (2015): Lower prefrontal activation during 

emotion regulation in subjects at ultrahigh risk for psychosis: an fMRI-

study. npj Schizophrenia 1: 1–7. 

34. Modinos G, McLaughlin A, Egerton A, McMullen K, Kumari V, Barker GJ, et al. 

(2017): Corticolimbic hyper-response to emotion and glutamatergic 

function in people with high schizotypy: a multimodal fMRI-MRS study. 

Translational Psychiatry 7: e1083–e1083. 

35. Scognamiglio C, Houenou J (2014): A meta-analysis of fMRI studies in healthy 

relatives of patients with schizophrenia. Aust N Z J Psychiatry 48: 907–

916. 

36. Lukow PB, Kiemes A, Kempton MJ, Turkheimer FE, McGuire P, Modinos G 

(2021): Neural correlates of emotional processing in psychosis risk and 

onset - a systematic review and meta-analysis of fMRI studies. Neurosci 

Biobehav Rev. https://doi.org/10.1016/j.neubiorev.2021.03.010 

37. Dugré JR, Dumais A, Potvin S (2020): Limbic Hyperactivity in Response to 

Emotionally Neutral Stimuli in Schizophrenia: Response to Rasetti et al. 

Am J Psychiatry 177: 640–641. 

38. Scammacca N, Roberts G, Stuebing KK (2014): Meta-Analysis With Complex 

Research Designs: Dealing With Dependence From Multiple Measures 

and Multiple Group Comparisons. Rev Educ Res 84: 328–364. 

39. Hart SJ, Bizzell J, McMahon MA, Gu H, Perkins DO, Belger A (2013): Altered 

fronto-limbic activity in children and adolescents with familial high risk for 

schizophrenia. Psychiatry Res 212: 19–27. 

40. Derntl B, Michel TM, Prempeh P, Backes V, Finkelmeyer A, Schneider F, Habel 

U (2015): Empathy in individuals clinically at risk for psychosis: Brain and 

behaviour. The British Journal of Psychiatry 207: 407–413. 

41. Gee DG, Karlsgodt KH, van Erp TGM, Bearden CE, Lieberman MD, Belger A, et 

al. (2012): Altered age-related trajectories of amygdala-prefrontal 

circuitry in adolescents at clinical high risk for psychosis: a preliminary 

study. Schizophr Res 134: 1–9. 



32 
 

42. Habel U, Klein M, Shah NJ, Toni I, Zilles K, Falkai P, Schneider F (2004): 

Genetic load on amygdala hypofunction during sadness in nonaffected 

brothers of schizophrenia patients. Am J Psychiatry 161: 1806–1813. 

43. Lo Bianco L, Blasi G, Taurisano P, Di Giorgio A, Ferrante F, Ursini G, et al. 

(2012): Interaction between catechol-O-methyltransferase (COMT) 

Val(158)Met genotype and genetic vulnerability to schizophrenia during 

explicit processing of aversive facial stimuli. Psychological medicine 43: 

1–14. 

44. van der Meer L, Swart M, van der Velde J, Pijnenborg G, Wiersma D, 

Bruggeman R, Aleman A (2014): Neural correlates of emotion regulation 

in patients with schizophrenia and non-affected siblings. PLoS One 9: 

e99667. 

45. Venkatasubramanian G, Puthumana DTK, Jayakumar PN, Gangadhar BN 

(2010): A functional Magnetic Resonance Imaging study of 

neurohemodynamic abnormalities during emotion processing in subjects 

at high risk for schizophrenia. Indian J Psychiatry 52: 308–315. 

46. Li H-J, Chan RCK, Gong Q-Y, Liu Y, Liu S-M, Shum D, Ma Z-L (2012): Facial 

emotion processing in patients with schizophrenia and their non-

psychotic siblings: a functional magnetic resonance imaging study. 

Schizophr Res 134: 143–150. 

47. Seiferth NY, Pauly K, Habel U, Kellermann T, Jon Shah N, Ruhrmann S, et al. 

(2008): Increased neural response related to neutral faces in individuals 

at risk for psychosis. NeuroImage 40: 289–297. 

48. Shivakumar V, Sreeraj VS, Kalmady SV, Venkatasubramanian G (in 

preparation): Neurohemodynamic correlates of emotion processing in 

unaffected first-degree relatives of schizophrenia: A functional MRI 

Study. 

49. Bourque J, Spechler PA, Potvin S, Whelan R, Banaschewski T, Bokde ALW, et 

al. (2017): Functional Neuroimaging Predictors of Self-Reported 

Psychotic Symptoms in Adolescents. Am J Psychiatry 174: 566–575. 

50. Cao H, Bertolino A, Walter H, Schneider M, Schäfer A, Taurisano P, et al. 

(2016): Altered functional subnetwork during emotional face processing: 

a potential intermediate phenotype for schizophrenia. JAMA psychiatry 

73: 598–605. 



33 
 

51. de Achával D, Villarreal MF, Costanzo EY, Douer J, Castro MN, Mora MC, et al. 

(2012): Decreased activity in right-hemisphere structures involved in 

social cognition in siblings discordant for schizophrenia. Schizophr Res 

134: 171–179. 

52. Modinos G, Ormel J, Aleman A (2010): Altered activation and functional 

connectivity of neural systems supporting cognitive control of emotion in 

psychosis proneness. Schizophr Res 118: 88–97. 

53. Pulkkinen J, Nikkinen J, Kiviniemi V, Mäki P, Miettunen J, Koivukangas J, et al. 

(2015): Functional mapping of dynamic happy and fearful facial 

expressions in young adults with familial risk for psychosis - Oulu Brain 

and Mind Study. Schizophr Res 164: 242–249. 

54. Quarto T, Paparella I, De Tullio D, Viscanti G, Fazio L, Taurisano P, et al. (2018): 

Familial Risk and a Genome-Wide Supported DRD2 Variant for 

Schizophrenia Predict Lateral Prefrontal-Amygdala Effective Connectivity 

During Emotion Processing. Schizophrenia Bulletin 44: 834–843. 

55. Rasetti R, Mattay VS, Wiedholz LM, Kolachana BS, Hariri AR, Callicott JH, et al. 

(2009): Evidence that altered amygdala activity in schizophrenia is 

related to clinical state and not genetic risk. Am J Psychiatry 166: 216–

225. 

56. Wolf DH, Satterthwaite TD, Loughead J, Pinkham A, Overton E, Elliott MA, et al. 

(2011): Amygdala abnormalities in first-degree relatives of individuals 

with schizophrenia unmasked by benzodiazepine challenge. 

Psychopharmacology (Berl) 218: 503–512. 

57. Radua J, Mataix-Cols D, Phillips ML, El-Hage W, Kronhaus DM, Cardoner N, 

Surguladze S (2012): A new meta-analytic method for neuroimaging 

studies that combines reported peak coordinates and statistical 

parametric maps. Eur psychiatr 27: 605–611. 

58. Salimi-Khorshidi G, Smith SM, Keltner JR, Wager TD, Nichols TE (2009): Meta-

analysis of neuroimaging data: A comparison of image-based and 

coordinate-based pooling of studies. NeuroImage 45: 810–823. 

59. Gorgolewski KJ, Varoquaux G, Rivera G, Schwarz Y, Ghosh SS, Maumet C, et 

al. (2015): NeuroVault.org: a web-based repository for collecting and 

sharing unthresholded statistical maps of the human brain. Front 

Neuroinform 9. https://doi.org/10.3389/fninf.2015.00008 



34 
 

60. Albajes-Eizagirre A, Solanes A, Vieta E, Radua J (2019): Voxel-based meta-

analysis via permutation of subject images (PSI): Theory and 

implementation for SDM. NeuroImage 186: 174–184. 

61. Smith S, Nichols T (2009): Threshold-free cluster enhancement: Addressing 

problems of smoothing, threshold dependence and localisation in cluster 

inference. NeuroImage 44: 83–98. 

62. Han H (2021): BayesFactorFMRI: Implementing Bayesian Second-Level fMRI 

Analysis with Multiple Comparison Correction and Bayesian Meta-

Analysis of fMRI Images with Multiprocessing. Journal of Open Research 

Software 9: 1. 

63. Han H, Park J (2019): Bayesian meta-analysis of fMRI image data. Cognitive 

Neuroscience 10: 66–76. 

64. Jeffreys SH (1998): The Theory of Probability, Third Edition. Oxford, New York: 

Oxford University Press. 

65. Tian Y, Margulies DS, Breakspear M, Zalesky A (2020): Topographic 

organization of the human subcortex unveiled with functional connectivity 

gradients. Nature Neuroscience 23: 1421–1432. 

66. Bürkner P-C (2017): brms: An R Package for Bayesian Multilevel Models Using 

Stan. Journal of Statistical Software 80: 1–28. 

67. Harrer M, Cuijpers P, Furukawa TA, Ebert DD. Doing Meta-Analysis in R: A 

Hands-On Guide. Boca Raton, FL and London: Chapman & Hall/CRC 

Press. 2021; ISBN 978-0-367-61007-4. 

68. Peters JL, Sutton AJ, Jones DR, Abrams KR, Rushton L (2008): Contour-

enhanced meta-analysis funnel plots help distinguish publication bias 

from other causes of asymmetry. J Clin Epidemiol 61: 991–996. 

69. Fusar-Poli P, Bonoldi I, Yung AR, Borgwardt S, Kempton MJ, Valmaggia L, et al. 

(2012): Predicting psychosis: meta-analysis of transition outcomes in 

individuals at high clinical risk. Arch Gen Psychiatry 69: 220–229. 

70. Hormozpour M, Amini H, Pajouhanfar S, Faghankhani M, Rahmani A, Sharifi V 

(2016): Transition to Psychosis: Evaluation of the  irst- egree  elatives 

of  atients with  chizophrenia  . Iran J Psychiatry 11: 15–23. 

71. Chapman LJ, Chapman JP, Kwapil TR, Eckblad M, Zinser MC (1994): Putatively 

psychosis-prone subjects 10 years later. J Abnorm Psychol 103: 171–

183. 



35 
 

72. Morris RW, Sparks A, Mitchell PB, Weickert CS, Green MJ (2012): Lack of 

cortico-limbic coupling in bipolar disorder and schizophrenia during 

emotion regulation. Transl Psychiatry 2: e90–e90. 

73. Müller VI, Cieslik EC, Laird AR, Fox PT, Radua J, Mataix-Cols D, et al. (2018): 

Ten simple rules for neuroimaging meta-analysis. Neuroscience & 

Biobehavioral Reviews 84: 151–161. 

74. Keysers C, Gazzola V, Wagenmakers E-J (2020): Using Bayes factor hypothesis 

testing in neuroscience to establish evidence of absence. Nature 

Neuroscience 23: 788–799. 

75. Page MJ, Moher D, Bossuyt P, Boutron I, Hoffmann T, Mulrow C, et al. (2020, 

September 14): PRISMA 2020 explanation and elaboration: updated 

guidance and exemplars for reporting systematic reviews. MetaArXiv. 

https://doi.org/10.31222/osf.io/gwdhk 

76. Radua J (2021): PRISMA 2020 – An updated checklist for systematic reviews 

and meta-analyses. Neuroscience & Biobehavioral Reviews 124: 324–

325. 

77. Ursini G, Punzi G, Chen Q, Marenco S, Robinson JF, Porcelli A, et al. (2018): 

Convergence of placenta biology and genetic risk for schizophrenia. Nat 

Med 24: 792–801. 

78. Comte M, Zendjidjian XY, Coull JT, Cancel A, Boutet C, Schneider FC, et al. 

(2017): Impaired cortico-limbic functional connectivity in schizophrenia 

patients during emotion processing. Soc Cogn Affect Neurosci. 

https://doi.org/10.1093/scan/nsx083 

79. Potvin S, Lungu O, Tikàsz A, Mendrek A (2017): Abnormal effective fronto-limbic 

connectivity during emotion processing in schizophrenia. Prog 

Neuropsychopharmacol Biol Psychiatry 72: 1–8. 

 


