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Abstract

Background—Emotional symptoms (ES) emerge forme fruste in adolescence, prior to 

manifesting as fully-fledged emotional disorders (ED). Studies indicate that subsyndromal ES 

precede the onset of ED. We hypothesised that adolescents showing subsyndromal ES will show 

perturbations in the emotion regulatory fronto-limbic network (FLN) during emotion-processing.

Methods—Fifty-eight female adolescents underwent functional magnetic resonance imaging 

(fMRI) whilst viewing an image-based emotion-processing task. Within this sample 33 (56.9%) 

displayed emotional symptoms and 25 (43.1%) did not. Clinical measures including assessments 

of mood and anxiety were administered and participants were allocated to one of two groups based 

on the presence (ES+) or absence (ES−) of subsyndromal ES. Group comparisons were used to 

identify differential patterns of neural engagement and their relationship to clinical variables.

Results—Groups displayed emotion-specific differences in FLN activity with increased frontal 

activity in ES+ girls during positive emotion-processing and decreased frontal and limbic activity 

during negative emotion-processing. Trait anxiety was the strongest clinical predictor of group 

membership (ES+ versus ES−) and displayed a significant negative correlation with hippocampal 
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neural activity during negative emotion-processing. In addition, between the groups the 

hippocampus displayed a pattern of reverse coupling with the amygdala and insula that was also 

significantly correlated with trait anxiety.

Conclusions—There is divergence in the pattern of FLN neural processing in adolescent 

females determined by emotional symptoms. Future research is needed to corroborate these 

findings and to underline their implications longitudinally.
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Introduction

Depression and anxiety are two of the most commonly occurring psychiatric disorders in 

adulthood (1) and are characterised by emotion dysregulation (2, 3). Clinically, they are 

usually coterminous and collectively, their overlapping presentations are often referred to as 

emotional disorders (ED). Adolescents are commonly diagnosed with ED (4) and are at 

considerable risk for the symptoms to become recurrent and chronic (5, 6). Therefore 

identifying vulnerability to ED in adolescents is critical for shaping effective early 

interventions that may avert the progression and emergence of ED (7–9).

During adolescence, teenagers individuate, form dyadic relationships and cultivate peer 

networks, all of which involve potentially stressful interpersonal interactions (8, 10). 

Consequently, the adolescent brain undergoes substantial neurobiological maturation, 

particularly within emotion related networks, which involves shaping affective regulation in 

response to stressful life experiences (7). Therefore to understand the pathophysiology of 

ED, it is necessary to examine the relationship between early clinical symptoms and the 

neurobiolgical changes that occur in the emotion regulatory network before the onset of 

illness.

Functional magnetic resonance imaging (fMRI) is a safe and non-invasive technique for 

investigating in vivo brain function. Extant neuroimaging research implicates the fronto-

limbic network (FLN) that encompasses the medial and lateral prefrontal cortex (PFC), 

including in particular the anterior cingulate cortex (ACC) and inferior frontal gyrus (IFG), 

amygdala (Ag), hippocampus (Hipp), and insula (Ins) in emotion regulation (11–14). 

Studies investigating anxiety and depression in adults have identified functional changes in 

the FLN and interestingly, findings from studies employing a variety of neuroimaging 

techniques in paediatric and adolescent ED populations, have implicated functional deficits 

in this same emotion regulatory network and its interconnections (15, 16).

It is therefore likely that adolescents vulnerable to ED will initially have subtle functional 

activity and connectivity changes involving the FLN, and it may be possible to identify these 

neural perturbations as emotional symptoms (ES) gradually emerge.

To date, no studies have investigated the neurobiological basis of this putative vulnerability 

to ED, and therefore in this study we set out to elucidate the functional antecedents to ED by 
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investigating the neural activity and functional connectivity in the emotion regulatory 

network (FLN) during emotion-processing in adolescents displaying subclinical ES. To 

identify subclinical symptoms of ED we used a recognised assessment tool (see Methods 

and Materials) and on this basis separated our sample into a vulnerable group with 

emotional symptoms (ES+) and a less vulnerable group, without emotional symptoms (ES

−). It was hypothesised that ES+ girls would show a different pattern of FLN activity and 

connectivity as compared to ES− girls, and that the differences will be significantly 

associated with clinical variables.

Methods and Materials

Participants

We targeted females in middle adolescence, because they are twice as likely to suffer from 

ED as males (17, 18). We examined girls in middle adolescence so as to avoid the potential 

confound of puberty at a younger age and yet still manage to sample the time period when 

most ED are taking form. Sixty-three adolescent girls (average age 15 years) were recruited 

from a girls’ school in Sydney. Participants with a history of significant neurological illness 

(eg., traumatic head injury, loss of consciousness, epilepsy or other neurological events), 

developmental disability, or any medical/physical condition that precluded them from 

neuroimaging were excluded. Written informed consent was obtained from the parents/

guardians. The study was approved by the hospital Human Research Ethics Committee and 

the principal of the school. All participants underwent neuroimaging and on the same day 

they completed a series of self-report questionnaires in the CADE clinic 

(www.cadeclinic.com). Participants qualified as ES+ if they surpassed the cut-off score for 

any mental disorder according to The Child and Adolescent PsychProfiler (CAPP) (19), or 

had a history of a mental health issue that received psychological treatment.

Questionnaires

Participants completed a series of questionnaires measuring mood and anxiety, personality, 

self-concept, coping styles, and emotion regulation. These included: 1) the Children’s 

Depression Inventory (CDI) (20), 2) Mood Disorders Questionnaire - Adolescent Version 

(MDQ-A) (21), 3) Goldberg Mania Questionnaire (GMQ) (22), 4) State-Trait Anxiety 

Inventory (STAI) (23), 5) The Big Five Inventory (BFI) (24), 6) Piers-Harris Children’s Self 

Concept Scale Second Edition (25), 7) Ways of Coping Questionnaire (WCQ) (26), and 8) 

Difficulties in Emotional Regulation Scale (DERS) (27). The CAPP (19) screening tool was 

also used to measure subsyndromal symptoms of mental health problems. This instrument 

screens for 20 common psychiatric and psychological disorders comprising DSM-IV-TR 

criteria, with a positive result indicating a possible disorder that requires further diagnostic 

assessment.

Imaging Data Acquisition

Imaging datasets (structural and functional) were acquired on a 3T Siemens Magnetom Trio 

Scanner (Erlangen, Germany) at the Advanced Research and Clinical High-field Imaging 

(ARCHI) facility of the University of Sydney. A T2*-weighted gradient echo echo planner 

imaging (EPI) sequence (29 axial slices, slice thickness 4mm with 1mm gap, TR=2000ms, 
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TE=35ms, flip=70°, 64 × 64 matrix) was used to acquire functional data. A high resolution 

T1-weighted structural image was also acquired for precise localisation of brain activity 

using a magnetisation prepared rapid gradient echo (MPRAGE) sequence (TR=1570ms, 

TE=3.22ms, Flip=15°, matrix 256 × 256, 192 slices).

fMRI Task

An explicit emotion-processing task (28) that reliably activates emotion regulatory regions 

was employed. It was programmed in Presentation software (http://www.neurobs.com). 

Participants viewed a series of 60 IAPS images of positive, negative, and neutral affect. 

Based on the IAPS norms for females (29), the positive and negative picture sets differed 

significantly with respect to valence (t(38) = −38.36, p <0.001). IAPS normative ratings for 

positive, negative, and neutral images were 8.0, 2.4, and 5.0, respectively. The level of 

arousal was comparable across positive (mean = 5.5) and negative images (mean = 5.6), 

whereas neutral pictures had lower standard emotional arousal ratings (mean = 3.4).

Images were displayed in 20-second blocks (5 images per block, and 2 blocks of each 

valence per run), alternating with 20-second baseline blocks of blank, greyscale images (6 

blocks per run), over two functional runs of four minutes each (See Figure S1). Images were 

not repeated, and the order of blocks was counterbalanced. Before acquiring data, 

participants were introduced to the task using a separate practice set of IAPS images within 

the scanner. During the fMRI experiment participants were instructed to nominate quickly 

and accurately the valence of emotional images (i.e., negative, positive or neutral) and grey 

intensity of greyscale images (light, medium, and dark) by pressing one of three buttons. 

Immediately following the experiment participants completed pleasure ratings for each 

image on a 9-point scale (1 = most unpleasant; 9 = most pleasant).

Data Analysis

For an overview of the steps taken in the data analysis please see Approaches undertaken in 

the analysis in the Supplemental Information.

Behavioural Data Analysis—The behavioural data was analysed using a 2 (emotional 

symptoms: ES+, ES−) × 3 (image valence: positive, neutral, negative) mixed Analysis of 

Variance (ANOVA), with valence as a within-subjects factor and ES as a between-subjects 

factor.

Clinical Data Analysis—Clinical data was analysed using PASW Statistics Version 18. 

A series of One-Way Multivariate Analyses of Variance (MANOVA) were computed to 

compare ES+ and ES− on the measures of mood and anxiety, personality, self-concept, ways 

of coping, and difficulties in emotion regulation. All clinical measures that significantly 

differentiated ES+ and ES− were subsequently explored in a forward entry binary logistic 

regression model to determine which of these most strongly discriminated ES+ and ES−. 

The Bonferroni adjustment was applied for multiple contrasts to control for Type I errors.

fMRI Data Analysis—A detailed description of the pre-processing procedures is provided 

in the Supplemental Information.
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First level model: Using the general linear model framework (31), each experimental 

condition (positive, negative, and neutral) was modelled with a box-car function convolved 

with a canonical hemodynamic response function. In order to remove low-frequency 

confounds, data were high-pass filtered (128sec). Temporal correlations were estimated 

using restricted maximum likelihood estimates of variance components using a first-order 

autoregressive model (AR1), and the resulting nonsphericity were used to form maximum 

likelihood estimates of the activations. For each subject, voxelwise statistical parametric 

maps (SPM) were calculated to identify brain regions implicated in processing positive and 

negative emotions using the experimental contrasts positive-neutral and negative-neutral, 

respectively.

Based on the extant literature, analyses were performed within a priori anatomical regions 

of interest (ROIs) namely, the Ag, Hipp, Ins, IFG and the ACC. Within the IFG the pars 

triangularis region was selected because of its key role in mood disorders as identified by a 

recent quantitative meta-analysis (32). Regional masks were created using the Automated 

Anatomical Labelling (AAL) software (33).

Second level model: In order to determine areas of activation during processing of an 

emotion, SPMs from all participants related to that particular emotion were entered into a 

second level random effects analysis (one-sample t-test). Activity was considered significant 

using a thresholded of p < 0.05 (corrected for multiple comparisons using false discovery 

rate, FDR) and a cluster size of 10voxels. To investigate differences between groups in 

regional brain activity, SPMs were entered into a two-sample t-test and masked by the 

regions that had shown significant activity in all subjects. Because of a priori hypotheses an 

uncorrected threshold of p < 0.05 and a cluster size of 10 voxels were used to detect subtle 

changes in adolescents with subsyndromal ES.

Correlation Between BOLD and Clinical Outcome Measures

Percentage BOLD signal change during the presentation of emotional images (compared to 

neutral images) was calculated from the clusters of voxels showing brain activity differences 

between groups during processing of emotion using the MarsBaR Toolbox (http://

marsbar.sourceforge.net). These changes were then correlated with the clinical outcome 

measure that best differentiated the groups.

Post-hoc Functional Connectivity Analysis

To further understand the link between Hipp activity and trait anxiety a psychophysiological 

interaction (PPI) and correlation analyses were carried out. In PPI analyses the activity of a 

brain region (target region) is regressed onto the activity of another brain region (source 

region) to quantify the degree to which an experimental manipulation changes the coupling 

between these two regions (34). Since only Hipp activity (during processing of negative 

images) displayed a significant correlation with the measure of trait anxiety it was used as 

the seed region and other nodes of FLN as the target regions in the analysis.

The first eigenvariate time series from the Hipp cluster (x = 21, y =36, z =9) (See Table S2) 

showing the strongest correlation with the trait anxiety was extracted. The contrast depicting 
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interaction between the source region and the experimental manipulation in the first level 

was taken to the second level to perform a random effect analysis to test for whether 

negative emotion modulates functional coupling of the Hipp with other nodes of the FLN 

differentially according to ES+ and ES− status. The statistical threshold was set to p < 0.01 

(uncorrected) consistent with earlier studies (34–37). Finally, trait anxiety was correlated 

with the strength of coupling to investigate whether impaired functional connectivity in FLN 

underlies anxiety.

Results

Participants

Five participants were excluded from the analyses because of excessive motion during MRI 

acquisition, and final analyses were therefore conducted on 58 adolescents (Mean Age = 

15.1 years, SD = 0.34). Within this sample 33 (56.9%) were assigned to the ES+ group, and 

25 (43.1%) were assigned to the ES− group. There was no significant difference in age 

between the ES+ and ES− groups. Clinical measures that differed significantly between 

groups are reported in Table 1. As can be seen from the analyses there were overall 

significant differences between the groups on each clinical domain. The ES+ group had 

significantly greater levels of psychopathology with greater mood and anxiety symptoms, 

higher neuroticism, lower extraversion and conscientiousness, poorer self-concept and 

coping, and lower emotion regulation, as compared to the ES− group. Further, of the clinical 

measures that significantly differed between the groups trait anxiety was found to be the 

strongest predictor of group membership (χ2 = 31.09, df = 1, p < 0.0001, Nagelkerke R2 = 

0.56, classification rate = 79.3%, Exp(B) = 1.272), and no other clinical measure contributed 

significantly over and above trait anxiety.

Behavioural Results

Mauchly's Test of Sphericity was significant, indicating that sphericity is violated, thus 

Greenhouse-Geisser was used to correct for this. A significant multivariate main effect for 

image valence emerged, Wilks’ λ = 0.06, F(1.14,63.85) = 715.62, p < 0.05, partial η2= .93. 

Pairwise comparisons revealed that all three valences are rated significantly different, 

positive (M = 7.48, SD = .12), neutral images (M = 4.10, SD = 0.36), and negative images 

(M = 2.17, SD = 0.92). There was no significant main effect of emotional symptoms, and 

similarly, the interaction between image valence and emotional symptoms did not reach 

significance, p > 0.05.

Group fMRI Results

In all subjects the processing of negative emotions (compared to neutral) produced increased 

activity in both frontal and limbic regions, whereas the processing of positive emotion 

produced increased activity only in the frontal regions (See Table S3, Figure 1).

Between-group analyses revealed significant differences during both negative and positive 

emotion-processing. Relative to neutral images the processing of negative images produced 

less activity in ES+ adolescents in comparison to ES− adolescents. Specifically, activity was 

significantly reduced both in the frontal (right IFG, ACC) and limbic (left Hipp) regions 
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(See Table S2, Figure 2). Conversely, during positive image processing ES+ adolescents 

showed relatively greater activity in frontal regions such as the IFG and ACC (See Table S2, 

Figure 2).

Correlation between BOLD and Clinical Outcome Measures Results

Percent BOLD signal changes that were estimated from the clusters of brain regions 

showing differences between groups during emotion-processing (See Table S2) were 

correlated with the measure of trait anxiety that significantly discriminated the two groups. 

Among these regions, only signal change in the Hipp during negative emotion-processing 

correlated with trait anxiety (r = −0.384, p = 0.003) (See Figure 3a).

Post-hoc Functional Connectivity Results

Significant differences between groups were observed in coupling of the Hipp with the left 

Ins, right Ag, and left IFG (See Figure 3b). This difference was such that the nature of 

coupling was positive in ES− and negative in ES+ (presented schematically in Figure 4). 

Moreover, coupling of the Hipp with the Ag (r = −0.358, p = 0.003) and Ins (r = - 0.318, p = 

0.015) displayed significant negative correlations with trait anxiety (r = −0.358, p = 0.006 

and r = −0.318, p = 0.015, respectively). Trait anxiety was high when the Hipp coupled 

negatively with the Ag and Ins and low when it coupled positively.

Discussion

Subthreshold ES often precede the onset of ED (9, 38, 39) and therefore the present study 

examined the relationship between FLN activity during emotion-processing and 

subsyndromal symptoms in order to characterise the functional changes that may indicate a 

vulnerability to ED in adolescence. Two notable findings emerged from this preliminary 

investigation that may help better understand the neural basis of emotion dysfunction at its 

inception. First, ES+ girls displayed impairment in FLN functioning during both positive 

and negative emotion-processing, as compared to emotionally healthy girls. Second, in all 

subjects, Hipp activity and connectivity with Ag and Ins correlated robustly with trait 

anxiety. Finally, ES+ girls displayed reduced Hipp activity during negative emotion-

processing and also a reverse pattern of Hipp connectivity. Together, these findings suggest 

that in adolescents, impaired functional connectivity within emotion regulatory FLN nodes 

is associated with ES and this subtle dysfunction may be a neural antecedent to the 

emergence of ED.

Depending upon their valence, emotional images produced differential patterns of FLN 

engagement in all subjects. Specifically, both positive and negative emotion produced 

increased frontal activity involving the IFG and ACC. Notably, IFG activity was greater 

during the processing of negative emotion than positive emotion. In addition, limbic regions 

(Ag, Ins, Hipp) were activated only during negative emotion-processing. These findings are 

consistent with findings from earlier research in both healthy adults and those with 

depression, which have shown that both negative and positive emotions reliably elicit FLN 

activity in the Ag, Hipp and PFC, but differ to the extent that particular nodes within the 

network are activated (40, 41).
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Comparing the neural activity in ES+ and ES− participants, valence-contingent differences 

emerged with respect to activation of the FLN nodes. In particular, ES+ girls displayed 

increased frontal activity during positive emotion-processing but decreased frontal activity 

during negative emotion-processing. In addition to frontal changes, ES+ girls also displayed 

reduced limbic (Hipp) activity during negative emotion-processing. This is noteworthy 

because Hipp activity during negative emotion-processing was found to correlate with trait 

anxiety across the whole group (ES+ and ES−). Specifically, as trait anxiety increased, Hipp 

neural activity diminished. Interestingly, a recent study in depressed adults reported frontal 

and limbic hypoactivation and suggested that anxiety modulates this activity in response to 

different emotional stimuli (42). This could explain why in our study trait anxiety correlated 

with Hipp activity and why in ES+ girls this was diminished as compared to those without 

ES.

Regional activations involving individual nodes of the emotional network form only part of 

the picture. The associations and linkages between various nodes are also important, as 

impaired functional connectivity in this network has been suggested to underlie both 

affective dysregulation and anxiety (43). In this regard, our study found that the nature of 

coupling between the Hipp and other FLN nodes was dependent upon whether girls had 

subsyndromal psychopathology. Specifically, Hipp activity coupled positively with activity 

in other nodes of the network such as the Ag, Ins and IFG in ES− participants, but 

negatively in ES+ participants. Our finding of significant associations between trait anxiety 

and the nature of the coupling of Hipp with the Ag and Ins supports the view that 

dysfunction in this network underpins anxiety (44). Indeed, a recent study (45) found that 

emotion dysregulation increases the risk for a wide range of psychopathology in 

adolescence. This longitudinal study that assessed adolescents aged 11–18 years over a four-

year period, found that emotion dysregulation predicts the likelihood of anxiety symptoms. 

This finding concords with earlier reports of emotional dysregulation in youths with anxiety 

disorders (46, 47). However, it has been proposed that emotion dysregulation per se is a 

transdiagnostic factor that is relevant to many types of psychopathology (48–50) and, as 

such, deficits in emotional regulation are a broad risk factor for adolescent psychopathology 

(51, 52). This is understandable in the context of adolescence being a critical developmental 

period, during which many emotion-laden situations have to be negotiated successfully in 

order to achieve social competence (53). Indeed, our finding of increased prefrontal activity 

in response to positive images in ES+ girls compared to ES− girls, may be an early 

indication of emergent dysfunction in mood circuitry that is also necessary for social 

functioning. Of note, impairment of the latter in adolescence predicts mood disorders in 

adulthood (60). Therefore, a key skill that adolescents normally acquire is the ability to 

adaptively regulate their emotions and those that do not learn how to effectively manage 

their affect are at greater risk for the development of psychiatric disorders (53, 54).

In adults with depression, the Hipp has emerged as a key structure because of its strong 

anatomical links to emotion-processing brain regions that form part of the FLN (61). It is 

thought to be important to the pathophysiology of mood because of its role in regulating the 

hypothalamic-pituitary adrenal (HPA) axis, which is often disturbed in depression (62) and 

because patients with depression often have hippocampal-dependent learning and memory 
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deficits (63). A recent study that examined healthy adolescent girls (aged 9 to 15 years) 

found that in those at risk of developing depression because of maternal major depressive 

disorder, the Hipp was of smaller volume (64). In adults, abnormal functional relationships 

between the Hipp and cortical brain regions have been identified in individuals with major 

depression (65) and functional disconnection between limbic and frontal brain regions is 

thought to reflect an emotion-processing bias (66). This is consistent with our findings of 

Hipp hypofunction in ES+ girls in response to negative emotion and its correlation with trait 

anxiety, along with reciprocal coupling (as compared to ES− girls) between Hipp activity 

and other limbic structures. This suggests that Hipp dysfunction, especially in the context of 

trait anxiety, may be a potential precursor to ED. Interestingly, previous research in adults 

that has identified links between structural and functional changes in limbic structures such 

as the Hipp, Ag, and Ins, has not identified trait anxiety as a key influence (67).

Importantly, in validating the use of picture sets from the IAPS norms for females (29) we 

found that in our sample of adolescents, ES+ girls did not rate the images differently to those 

without such symptoms.

Although this study provides new insights toward understanding the emergence of ED, it has 

several limitations. First, we acknowledge that those who are classified as vulnerable (ES+) 

in this study may not go on to develop an ED, as emotional and social circuitry maturation 

processes continue into late adolescence and early adulthood (68). Further, the CAPP 

instrument that was used to classify participants into vulnerable and control groups is 

necessarily broad, with a positive result indicating that a participant meets screening criteria 

for one or more of a range of possible disorders comprising DSM-IV-TR. This broad 

grouping was employed because ED are typically preceded by non-specific ES and can 

manifest as a range of disorders until they crystallise into syndromal ED in early adulthood 

(69). Therefore, while use of this grouping measure provided a sensitive measure of 

vulnerability to ED, it may have diluted specific findings. Nevertheless, in the absence of a 

clear prodrome for depressive and anxiety disorders, the CAPP instrument provided an 

adequate cross-sectional indication of vulnerability status, as indicated by findings of 

significant brain activity differences between groups.

It is also noteworthy that an emerging body of research has indicated that hormonal changes 

during the menstrual cycle modulate behavioural and neural responses (70–72). Similarly, 

neuroimaging studies have revealed that otherwise healthy women with primary 

dysmenorrhea (PMD) (menstrual pain) compared to women without it, show structural and 

functional brain alterations (73, 74), with one study (73) also finding an association between 

PMD onset and state anxiety. In our study the menstrual cycle phase and associated 

menstrual pain where not assessed and therefore it is possible that changes related to 

menstruation may have contributed to both the neuroimaging and/or behavioural results.

Additionally, in this study our consideration of regions of the FLN is not exhaustive and 

there are, of course, other regions that are potentially equally important to the 

pathophysiology of ED. Further, it is important to note that though the changes we have 

identified have been conceptualised as causal they may in fact be compensational. Finally, 

our findings cannot be generalised to male adolescents, however the investigation of females 
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in this study has the advantage of minimising the potential confound of gender differences 

and may be generalisable to adolescent females in the prodromal phase of EDs. Future 

research should adopt a longitudinal approach and be cognisant of the possible influence of 

menstrual cycle and menstrual pain and control for these. Balancing these limitations to 

some extent, it is perhaps noteworthy that our sample is homogenous with respect to gender 

and age.

Conclusion

Most psychiatric disorders have their origins in adolescence and childhood, often years 

before the emergence of symptoms and well before the diagnosis of disorders. This study 

identified key emotion-processing differences between groups of girls with and without 

subsyndromal ES. In this context trait anxiety appears to modulate functioning of the 

emotion regulatory network. This early divergence in the pattern of neural processing within 

the FLN may provide an important lead to the aetiopathogenesis of ED. However, to fully 

understand the evolution of ED, longitudinal evaluation of the emergent deficits is 

necessary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In all subjects, compared to neutral images, negative images produced increased neural 

activity in the frontal (IFG and ACC) and limbic (Ag, Hipp, and Ins) regions. Positive 

images produced increased neural activity only in the frontal regions (IFG and ACC).

Legend: Ag = amygdala; Ins = insula; Hipp = hippocampus; ACC = anterior cingulate 

cortex; IFG = inferior frontal gyrus.
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Figure 2. 
Between-group analyses revealed that activity was significantly reduced both in the frontal 

(IFG, ACC) and limbic (Hipp) regions in adolescents with subsyndromal emotional 

symptoms (ES+) during the processing of negative emotion, whereas it was increased only 

in the frontal regions (IFG and ACC) during positive image processing.

Legend: Ins = insula; Ag = amygdala; IFG = inferior frontal gyrus.
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Figure 3. 
a. Hippocampal correlation: During negative emotion-processing the left hippocampus was 

the only ROI that significantly correlated with trait anxiety (the strongest predictor of group 

membership). As trait anxiety increased, the hippocampus signal decreased (negative 

correlation).

b. Hippocampal coupling: Results from psychophysiological interaction analysis showing 

regions where adolescents with (ES+) and without (ES−) subsyndromal emotional 

symptoms displayed a significant difference in hippocampus coupling during negative 
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emotion-processing. Specifically, these included the insula (MNI coordinates −33, −18, −21, 

cluster size 25 voxels, z-score 3.10), amygdala (MNI coordinates 30, 9, 27, cluster size 13 

voxels, z-score 3.01), and inferior frontal gyrus (MNI coordinates −54, 03, 3, cluster size 14 

voxels, z-score 2.67). This is indicated by the figure which shows the direction of coupling 

and effect size.
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Figure 4. 
Schematic summary of the differences between adolescents with (ES+) and without (ES−) 

subsyndromal emotional symptoms in the coupling of the hippocampus with frontal and 

limbic ROIs.

Legend: Trait anxiety significantly correlated with the coupling strength between the 

hippocampus and both the amygdala and the insula, respectively. Trait anxiety was high 

when hippocampus coupled negatively with the amygdala and insula but low when it 

coupled positively.

Solid line = significant correlation; dashed line = trend level correlation; ACC = anterior 

cingulate cortex; IFG = inferior frontal gyrus; Ins = insula; Ag = amygdala; Hipp = 

hippocampus.
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