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Figure 5: Within the Whole Brain network, anxiety severity correlated positively with right dlPFC 

CEig and negatively with right parietal operculum CEig (top left), and also correlated negatively with 

ELoc in the right medial amygdala (top right) across all adolescents. Additionally, anxiety was 

negatively correlated with CStr in two left ventral visual stream nodes: the PIT Complex within the 

Reward Anticipation network (bottom left) and the adjacent FF Complex within the Reward 

Prediction Error network (bottom right). Maps show effect size (Pearson’s r), adjusted for age and 
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sex. Significant (two-tailed pFWE<0.05) nodes are indicated by white outlines and labels; non-

significant nodes are displayed at 50% saturation. 
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Discussion 

The present study capitalized on recent advances in neuroimaging methodology to 

examine resting-state network properties in the context of adolescent mental illness. Our 

approach included high-quality multiband fMRI sequences to achieve excellent spatial (2.3mm 

isotropic) and temporal (1s) resolution, HCP-style preprocessing including highly accurate 

MSMAll surface alignment, and a large sample of psychotropic-medication-free adolescents with 

diverse clinical symptomatology. A key element of our study was the CAB-NP parcellation, which 

enabled us to model networks using functionally discrete nodes across the entire cortex and 

subcortex. To further preserve neurobiological detail, we derived graph theoretical metrics of 

centrality (CStr, CEig) and efficiency (ELoc) using weighted association matrices, rather than the 

simpler binary approach where association matrices are arbitrarily thresholded and all surviving 

correlations are treated as equivalent. In addition to Whole Brain analyses, we also examined 

graph theoretical metrics within specific Reward Anticipation, Reward Attainment, and Reward 

Prediction Error networks, which we defined empirically using task fMRI data collected in the 

same subjects. Importantly, these analyses within smaller RFT networks did not simply reduce 

multiple comparison penalties, as in small-volume correction (33), but directly altered the 

calculation of graph theoretical metrics by restricting the underlying association matrix to nodes 

involved in the corresponding reward process. 

As hypothesized, findings from both the group comparison and symptom correlation 

analyses implicated key reward-related areas, supporting the notion that alterations in reward 

circuitry during adolescent brain development play an important role in the emergence of 

psychiatric disorders. Specifically, adolescents with clinical symptoms vs. controls had 

significantly higher CEig in the ventral striatum within the Reward Attainment network. Across all 

adolescents, moreover, higher depression severity was associated with increased Whole Brain 

CStr and ELoc in the sgACC, while higher anhedonia severity was associated with the increased 

Whole Brain CStr in the vmPFC. Taken together, these findings suggest that elevated tonic (i.e. 
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resting-state) communication with reward areas may be related to the initial development of 

positive valence system (PVS) deficits. By contrast, the negative valence system (NVS) construct 

of anxiety was mainly associated with reduced tonic communication with areas related to salience 

and threat monitoring. 

Our group-level results highlight the importance of studying specific reward sub-systems, 

especially for a heterogeneous cohort: we found that adolescents with mood, anxiety, and/or 

behavioral disorder symptoms were only distinguishable from their healthy counterparts based on 

network topology within the Reward Attainment network. Within this network, clinical adolescents 

had elevated CEig in the left ventral striatum, specifically the ventromedial caudate bordering the 

nucleus accumbens (NAc). The ventral striatum plays a highly conserved role in primary reward 

processing, receiving dopaminergic inputs from the ventral tegmental area in response to 

pleasant stimuli via the mesolimbic reward pathway (34, 35). Similar to our results, a previous 

resting-state fMRI study in children aged 6-12 found that, within a network consisting of 12 reward-

related nodes, only left ventral striatum CStr significantly predicted the emergence of depression 

and was associated at the trend level with development of ADHD and anxiety at 3-year follow-up 

(36). Our finding of significant differences in left ventral striatal CEig (i.e. association with influential 

nodes), rather than CStr (i.e. association with all nodes), may be due to the much larger number 

of nodes in our Reward Attainment network or differences in CStr calculation. In addition to the 

ventral striatum, we also detected significantly higher CEig in area V3 of the right visual cortex in 

the clinical cohort. Although the extrastriate visual cortex is unlikely to play a direct role in reward 

processing, reward responses are often contingent on sensory inputs, and area V3 was notably 

the only node to appear in all three reward networks (white in Figure 1). The lack of significant 

group differences in other networks may have been related to the heterogeneity of the clinical 

group. 

Supporting this conclusion, clinical symptoms were primarily associated with the resting-

state properties of nodes within the Whole Brain network. Specifically, overall depression severity 
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was positively correlated with both CStr and ELoc in the right sgACC, an area that is heavily 

implicated in depression. Increased sgACC activity is frequently reported in neuroimaging studies 

of depressed adults (37) and adolescents (38), while sgACC activity decreases following many 

types of depression treatment, including traditional antidepressants, ketamine, and deep brain 

stimulation (39-41). Resting-state fMRI studies have indicated that depression severity is 

associated with sgACC connectivity changes in adults with clinical (42) and subclinical (43) 

depression as well as depressed adolescents (44, 45), which may be related to early-life changes 

in white mater microstructure (46, 47). Our findings add to this body of evidence, showing that 

higher overall sgACC connectivity (CStr) and shorter connectivity paths to the sgACC (ELoc) are 

associated with increased depression severity across a large cohort of clinically diverse 

adolescents. 

In addition to overall depression levels, our analyses also revealed distinct correlations 

between Whole Brain network properties and anhedonia severity. Of note, these findings were 

driven by anticipatory anhedonia, which involves undervaluation of expected rewards and is 

associated with motivational deficits, rather than consummatory anhedonia, which reflects 

diminished experience of pleasure once rewards are obtained. Together with our group contrast 

results, which only detected significant differences within the Reward Attainment network 

associated with reward consummation, this finding highlights the importance of considering 

discrete phases of reward processing, even at rest. We found that anticipatory anhedonia severity 

correlated with overall vmPFC connectivity (CStr) and with shorter connectivity paths to the mid-

lateral amygdala (ELoc). The vmPFC receives extensive reward-related inputs from the 

dopaminergic midbrain and ventral striatum via the mesocorticolimbic pathway (48) and is 

responsive to many types of primary rewarding stimuli (49). Previous studies have reported a link 

between anticipatory anhedonia and reduced vmPFC activation to rewarding stimuli regardless 

of diagnosis (50), and reduced vmPFC connectivity with subcortical reward structures is 

associated with anhedonia as well as inflammation in depression (51). Moreover, a transcranial 
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magnetic stimulation treatment study in adults with depression found that non-responders relative 

to responders had both higher anhedonia scores and higher betweenness centrality (a related 

graph theoretical measure) only in the vmPFC (52). Reduced amygdala resting-state functional 

connectivity with the vmPFC has also been repeatedly reported in adolescents with depression 

relative to controls (53, 54), whereas the opposite pattern was observed in a large meta-analysis 

of depressed vs. healthy adults (55), suggesting a potential effect of illness chronicity or treatment 

on these regions. Although the amygdala has been a frequent target of fMRI research, a major 

strength of our approach was the ability to discriminate between functionally distinct subregions 

of this and other heterogeneous subcortical structures. In particular, the basolateral nucleus of 

the amygdala plays a well-characterized role in motivation through glutamatergic projections to 

the ventral striatum, which converge on many of the same reward-encoding cells in the nucleus 

accumbens that receive mesolimbic dopamine inputs (56). Consistent with this, our analyses 

specifically identified a link between the lateral amygdala and anticipatory anhedonia in 

adolescents. 

Our anxiety analyses, meanwhile, revealed the opposite relationship with ELoc in the 

medial amygdala, in line with extensive literature tying the amygdala to fear, anxiety, and related 

NVS constructs (57). Others have previously reported amygdala functional connectivity was 

reduced with the orbitofrontal cortex/vmPFC in adults with social anxiety disorder (58) and with 

the anterior cingulate and insula in adults with generalized anxiety disorder (59). In adults with 

depression, reduced amygdala connectivity with the dorsomedial PFC, mid-/posterior cingulate, 

and lateral temporal areas was predictive of comorbid anxiety (60), and amygdala-vmPFC 

connectivity negatively correlated with anxiety levels (61). Possibly related to its unique position 

as an NVS, rather than PVS, construct, anxiety was the only symptom to have predominantly 

negative associations with graph theoretical metrics in our study. In addition to the amygdala, 

anxiety was anticorrelated with Whole Brain CEig in a parietal operculum node associated with the 

salience (a.k.a. cingulo-opercular) network, a group of regions involved in identifying and directing 
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attention towards important stimuli. Due to its role in monitoring imminent threats as well as 

potential rewards, the salience network has been frequently implicated in both NVS and PVS 

dysfunction (62). The association between anxiety and brain regions involved in stimulus 

monitoring may also account for our findings in the ventral visual stream. Per the two-stream 

model, the ventrolateral occipital and temporal cortices form a “ventral stream” preferentially 

involved in determining the identity and salient characteristics of objects, whereas dorsolateral 

occipital and parietal areas form a “dorsal stream” primarily aimed at locating objects in space 

(63). In our study, adolescents with higher anxiety had lower overall connectivity (CStr) with ventral 

stream nodes within both the Reward Anticipation network, which is engaged during periods 

expectation when a reward has yet to be received, and the Reward Prediction Error network, 

which is differentially responsive to uncertain vs. certain reward attainment (15). As such, our 

findings indicate that brain regions important to externally oriented tasks of salience monitoring 

and reward discrimination have reduced tonic influence in adolescents with high anxiety levels. 

As always, several caveats should be noted for this study. Foremost, although we 

recruited a relatively large cohort of 87 adolescents, sampling was more limited within major 

clinical categories of mood symptoms (n=49), anxiety symptoms (n=43), behavioral symptoms 

(n=28), and especially healthy controls (n=19). This study design was intended to capture the full 

range of clinical symptomatology by including subjects with significant comorbidity and 

subthreshold symptoms. As such, analyses focused primarily on associations with symptom 

severity in the full cohort; additional research is needed to determine how resting-state network 

properties differ between specific diagnostic groups and healthy adolescents. Second, although 

symptom severity is a more specific indicator of underlying PVS and NVS abnormalities than 

categorical diagnosis (7), clinical symptoms are also heterogeneous to some extent. We were 

able to address this directly for anhedonia by separately analyzing anticipatory and 

consummatory TEPS subscales; our future work will employ more granular assessments of 

depression and anxiety symptoms to allow comparable analyses. Finally, although we used the 
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best whole-brain parcellation currently available, there has been limited validation of the CAB-NP 

due to its recent release. However, all cortical boundaries were taken directly from the multimodal 

surface parcellation meticulously derived by the HCP (9), which has been found to outperform 

other contemporary atlases and is widely considered a gold standard of human brain 

segmentation (64, 65). Subcortical parcels in the CAB-NP were then determined using a 

consensus partitioning approach based on data from over 300 HCP subjects divided into 

independent discovery and validation sets to ensure reproducibility and reliability (10). 

In conclusion, our study prioritized high-quality clinical and neuroimaging measures, 

recruiting a large cohort of psychotropic-medication-free adolescents to examine the full range of 

illness severity using sophisticated fMRI acquisition and analysis techniques. We found that PVS 

constructs of depression and anhedonia severity as well as clinical status were associated with 

increased tonic communication with key reward-related nodes in the medial PFC and ventral 

striatum. Conversely, the NVS construct of anxiety was linked to reduced communication metrics 

in regions important to threat detection and stimulus monitoring. These results showcase the 

power of carefully constructed network models and data-driven analyses to detect specific 

functional anomalies underlying emergent clinical symptoms. Identifying and characterizing these 

aberrant neurodevelopmental processes is crucial for understanding and ultimately stopping the 

course of mental illness. 
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