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Abstract: Depressive symptoms have long been associated with abnormalities in neural processing of reward. However, no review has yet con-

solidated evidence of such defi cits in adolescent depression, integrating fi ndings across neuroimaging modalities, such as functional magnetic 

resonance imaging (fMRI) and electroencephalography (EEG). The current review found consistent evidence of reduced striatal responses in 

anticipation and upon receipt of rewards, and blunted feedback-related negativity (FRN) potentials associated with depression in adolescence, 

consistent with the adult literature. Furthermore, while these occurred in currently depressed adolescents, they were also found to be predic-

tive of the onset of depressive symptoms in longitudinal studies with community-based adolescent samples. This paper makes recommenda-

tions for future work to continue to elucidate this relationship, a greater understanding of which may lead to more targeted and effi cacious 

treatments for depression in adolescence.
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Belohunungsverabeitung bei Depression im Jugendalter – ein Neuroimaging Modalitäten übergreifender Review

Zusammenfassung: Seit längerer Zeit ist depressive Symptomatik mit Abweichungen in der neuronalen Belohnungsverarbeitung in Zusam-

menhang gebracht worden. Aber bisher fehlte eine Übersichtsarbeit zu solchen Defi ziten für Depressionen im Jugendalter, die Befunde von 

verschiedenen Neuroimaging Methoden integriert, wie funktioneller Magnetresonanztomographie (fMRT) und Elektroenzephalographie (EEG). 

Die aktuelle Übersicht fand – im Zusammenhang mit Depression bei Jugendlichen – übereinstimmend Evidenz zu reduzierten striatalen Reak-

tionen in der Antizipation und beim Empfang von Belohnung sowie zu abgeschwächten FRN (feedback-related negativity) Potentialen, dies 

vereinbar mit der Literatur für Erwachsene. Diese Befunde wurden nicht nur für akut depressive Jugendliche berichtet, sondern darüber hinaus 

auch als Prädiktoren für depressive Symptomatik in Langzeitstudien bei Jugendlichen aus der Bevölkerung gefunden. Diese Arbeit leitet Emp-

fehlungen für zukünftige Untersuchungen ab, die diesen Zusammenhang weiter aufklären können und dessen besseres Verständnis zu geziel-

teren und effektiveren Behandlungen für Depressionen in der Adoleszenz beitragen kann.

Schlüsselwörter: Belohnungsverarbeitung, Depression bei Jugendlichen, Reduzierte striatale Reaktionen (MRT), Abgeschwächte FRN Potenti-

ale (EEG), Übersicht

Introduction

Major depressive disorder (MDD) has a high incidence 
in adolescence and is associated with impaired func-
tioning in work, social relations, and family life. In addi-
tion, individuals with MDD have an increased risk of self-
harm behavior and suicide, demonstrating the serious 
impact of the disorder (Birmaher et al., 1996; Bostwick & 

Pankratz, 2000; Ducasse et al., 2018; Dunn & Goodyer, 
2006; Weissman et al., 1999). Indeed, the overall preva-
lence of suicide in adolescence has risen to 14.2 per 
100 000 population (CDC, 2017), making it the second 
highest cause of death in this age group (WHO, 2017). 
This highlights the importance of developing eff ective 
treatments of depression to reduce these rates. While 
current treatments do achieve remission in some indi-
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Methods

We identifi ed empirical papers that examined the associa-
tion between depression/depressive symptoms and re-
ward processing through a search of common databases; 
Scopus, Web of Science, PubMed, and PsycINFO. Inclu-
sionary criteria included papers in the English language, 
human subjects, administration of either a psychometric 
measure of depressive symptoms or a diagnostic assess-
ment, and an instrumental measurement of reward pro-
cessing in conjunction with a neuroimaging modality, ei-
ther functional magnetic resonance imaging (fMRI) or 
electroencephalography (EEG). While particular atten-
tion was paid to studies with youth samples (under 18 
years of age), studies with adult participants were also re-
viewed to determine consistency or divergence of fi nd-
ings across development.

Results

Functional MRI Findings

Evidence from several key papers and reviews demon-
strated striatal hypoactivation in unipolar depression when 
anticipating and consuming rewards (Barch et al., 2016; 
Marchand & Yurgelun-Todd, 2010). A meta-analysis by 
Zhang, Chang, Guo, Zhang, and Wang (2013) reported 
widespread diff erences in blood-oxygen-level-dependent 
(BOLD) response to positive and rewarding stimuli be-
tween depressed and healthy samples. In a subanalysis of 
the studies involving reward (monetary incentives), Zhang 
et al. (2013) identifi ed large clusters of reduced activation 
in the caudate in MDD participants, relative to controls. 
This hypoactivation was present for both stimuli that cued 
a potential monetary gain and upon delivery of gain feed-
back. Furthermore, this study noted relatively greater ac-
tivity in frontal regions during reward anticipation, includ-
ing the ACC and middle frontal gyrus (MFG). However, 
while Zhang et al. (2013) included child and adolescent 
samples in their meta-analysis, the potential moderating 
eff ects of age were not assessed. Thus, it remains unclear 
from these results whether such aberrations in reward pro-
cessing in depression vary with age. The subsequent para-
graphs of this review assess the extent to which a model of 
reward processing aberration may be applied to adoles-
cent depression.

Kerestes, Davey, Stephanou, Whittle, and Harrison 
(2014) observed that diff erences in anticipatory and con-
summatory reward processing in youth with MDD were 
located primarily in the bilateral caudate, whereas in 
adult MDD, clusters of reduced activity were focused 

viduals, the negative impact of MDD persists throughout 
the lifespan, as the disorder is associated with a cycle of 
remission and subsequent reoccurrence of depressive 
episodes (Burcusa & Iacono, 2007; Kovacs, Obrosky, & 
George, 2016; Wagner, Müller, Helmreich, Huss, & 
Tadić, 2014).

In addition to low mood (DSM-V, 2013), anhedonia, 
a decreased interest in, or pleasure from, daily activities 
is defi ned as one of the core diagnostic features of MDD. 
It has been suggested that such decreases result from 
 aberrations in the brain’s processing of rewarding stimu-
li (Barch, Pagliaccio, & Luking, 2016; Berrios, 1996; Di 
Chiara, Loddo, & Tanda, 1999; Kessel & Klein, 2016; 
 Yadid, Overstreet, & Zangen, 2001). Rewards have been 
defi ned as stimuli for which organisms expend eff ort 
in an attempt to approach or  acquire (Rolls, 2000; 
Schultz, 2016). These may indicate primary or secondary 
rewards, such as food or money, respectively, or may 
form part of a more complex sequence of goal-directed 
behaviors (Haber & Knutson, 2010; Schultz, 2000). The 
acquisition of rewards can  result in a hedonic experi-
ence, inducing positive aff ect (Davidson, 2000). Such a 
hedonic response is marked by increased activity in the 
dorsal and ventral striatum (VS) regions of the brain, the 
latter of which is comprised of the nucleus accum-
bens (NAcc) and ventral aspects of the caudate and puta-
men (Cromwell & Schultz, 2003; Haber & Knutson, 
2010; Haruno et al., 2004; Kelley & Berridge, 2002; 
Rolls, 2000; Schultz, 2000). In addition, limbic and pre-
frontal cortical structures, such as the orbital frontal 
 cortex (OFC), the ventromedial prefrontal cortex (VMP-
FC), and the anterior cingulate cortex (ACC), are impli-
cated in the greater “reward network,” contributing 
to perceived reward value and decision-making regard-
ing rewards.

Depressed individuals are frequently observed devalu-
ing prospective rewards and having a diminished hedonic 
response during reward consumption. This may underlie 
symptoms of anhedonia and reduced positive aff ect (Dav-
ey, Yücel, & Allen, 2008). However, less work has been 
devoted to the stability of these defi cits across develop-
ment. Indeed, reward-processing regions undergo dra-
matic structural and functional changes throughout ado-
lescence (Casey, Getz, & Galvan, 2008; Casey, Giedd, & 
Thomas, 2000; Ernst et al., 2005; Giedd, 2004; Giorgio 
et al., 2010), resulting in the implication by many that 
they are more sensitive to rewards than children and 
adults (Braams, van Duijvenvoorde, Peper, & Crone, 
2015; Ernst, Pine, & Hardin, 2006; Galvan, 2010; Somer-
ville, Jones, & Casey, 2010; Van Leijenhorst et al., 2010). 
As a result, the current review focuses on the extent to 
which such a model of reward hypoactivity in depression 
applies to adolescence.
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Evidence of similar aberrations in reward processing 
preceding the onset of depression/depressive symptoms in 
at-risk populations and community-based adolescent 
samples would suggest that it is not merely a scar from a 
depressive episode. Decreased VS activity has been ob-
served in healthy adolescents with increased risk for de-
pression, characterized as the presence of a fi rst degree 
relative with MDD, such as a mother (Gotlib et al., 2010; 
Olino et al., 2014; Sharp et al., 2014). In a large community 
sample of 1,576 adolescents, Stringaris et al. (2015) found 
that lower VS activity in anticipation of potential rewards, 
collected during a baseline visit at approximately age 14, 
predicted transition to subclinical or full depression in pre- 
viously healthy adolescents after 2 years. Further, Strin-
garis et al. (2015) related the degree of VS hypoactivation 
to the development of specifi c symptoms at follow-up. 
Stringaris et al. (2015) identifi ed three subgroups of par- 
ticipants within their sample: those who developed symp- 
toms of low mood only, of anhedonia only, and of both low 
mood and anhedonia. Decreased VS activity at baseline 
was not found in participants who demonstrated low mood 
only after 2 years, but was observed in both anhedonia 
groups, with individuals experiencing both symptoms 
demonstrating the greatest baseline hypoactivity. Similar-
ly, Morgan, Olino, McMakin, Ryan, and Forbes (2013) 
demonstrated that healthy adolescents with lower levels of 
baseline right caudate activity during reward anticipation 
had a greater increase in depression symptomology at a 
2-year follow-up.

EEG Findings

 The EEG literature of reward processing centers on a de-
rived event-related potential (ERP) signal, called feed-
back-related negativity (FRN), or its inverse reward posi-
tivity (RewP) (Hajcak, 2015; Hajcak, Moser, Holroyd, & 
Simons, 2007). Distinct ERPs are recorded 250–350 ms 
post-gain (i. e., winning a reward) and loss feedback pres-
entation at electrodes placed on the frontal-midline region 
of the scalp (Hajcak, 2015), which are thought to refl ect 
deeper striatal signals (Carlson, Foti, Mujica-Parodi, Har-
mon-Jones, & Hajcak, 2011; Foti, Weinberg, Dien, & Haj-
cak, 2011), or prefrontal response to changes in striatal ac-
tivity (Holroyd & Coles, 2002; Luu, Tucker, Derryberry, 
Reed, & Poulsen, 2003). The FRN is derived by subtract-
ing the ERP to gains from losses, resulting in an amplitude 
with a negative defl ection, and RewP by subtracting loss 
from gain (positive defl ection).

It has been posited that the FRN has a specifi c relation-
ship to depressive symptoms, specifi cally over the error-
related negativity potential, which is increased in anxiety 
(Bress, Meyer, & Hajcak, 2015; Bress, Meyer, & Proudfi t, 

more ventrally, in the ventral caudate and NAcc. For ex-
ample, Forbes et al. (2006) and Forbes et al. (2009), work 
cited by Kerestes et al. (2014), found reduced caudal acti-
vation in MDD children and adolescents (8–17 years old) 
during both anticipation and outcome phases of reward 
processing, compared to matched controls. Forbes et al. 
(2009) further reported a positive association between 
striatal activation and self-reported positive aff ect, such 
that individuals with lower subjective positive aff ect 
had greater diminished activity in the caudate. Adoles-
cents in the study provided positive aff ect ratings via cell 
phone application in a natural setting across a 4-day pe-
riod, known as collected EMA (ecological momentary 
 assessment). Additionally, Forbes et al. (2009) tested 
the moderating eff ects of age during adolescence by 
 performing separate analyses on their younger and older 
adolescent participants. They observed a consistent fi nd-
ing of blunted caudate activity in depressed pre- and late- 
adolescent individuals, compared with healthy, age-
matched controls.

Beyond the striatum, additional regions associated with 
reward processing have been implicated in adolescent de-
pression. For instance, altered insular, thalamic, and cin-
gulate activity was reported in adolescent girls with high 
familial risk of depression by Gotlib et al. (2010). There is 
evidence too of corresponding defi cits in prefrontal re-
cruitment during reward processing, as demonstrated by 
both the functional neuroimaging and EEG literature, the 
latter of which is discussed below. Greater BOLD signals 
in adolescents with depression were observed in prefrontal 
regions such as the DLPFC during reward outcome (Forbes 
et al., 2009) and the medial prefrontal cortex when antici-
pating a potential reward (Forbes et al., 2010; Stringaris et 
al., 2015). Furthermore, aberrant functional connectivity 
between frontal and striatal regions was observed in de-
pressed adolescent populations (Gabbay et al., 2013; Ker-
estes et al., 2015; Pan et al., 2017), suggesting that the 
greater reward network may be eff ected. Despite the po-
tential involvement of other such regions, the most con-
sistent evidence of neural aberrations in reward-related 
circuitry in depression is localized in the striatum, as re-
ported in the meta-analysis of Keren, O’Callaghan et al. 
(2018). Moreover, in addition to fi nding reduced caudate 
activity in fMRI studies of depressed participants overall 
(i. e., all age groups combined), Keren, O’Callaghan et al. 
(2018) reported that this defi cit was greater in depressed 
youth samples compared to age-matched controls, when 
examined separately in adult samples. However, this may 
be driven by the analytical methods employed by many of 
the studies on adolescents, who frequently adopted a re-
gion of interest analysis, for which the striatum was se-
lected a priori (Forbes et al., 2009; e. g., Olino et al., 2011; 
Olino et al., 2014; Sharp et al., 2014).
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are consistent across youth and adult samples. Most in-
formatively, however, longitudinal fMRI and EEG work 
by Morgan et al. (2013), Stringaris et al. (2015), Nelson et 
al. (2016), Bress et al. (2013), and others appears to dem-
onstrate that diminished neural reward response in 
healthy adolescents precedes depressive symptoms. This 
could be indicative of an early marker of the emergence 
of the disorder in seemingly healthy individuals, pre-
ceding the worsening of clinical symptoms – or may even 
pose as a risk factor, where healthy adolescents with 
 lower striatal activation are more vulnerable to subse-
quently develop depression. Certain environmental and 
genetic factors may interact with VS activity to predict 
vulnerability to or resilience against the development of 
depression. For example, much work has been done to 
study the biological mechanisms (e. g., VS activation) that 
mediate the relationship between stress (be it early 
life, acute, or chronic) and depression (for reviews, see 
Auerbach, Admon, & Pizzagalli, 2014; Stanton, Holmes, 
Chang, & Joormann, 2019). Identifying potential caus-
al mechanisms such as these may ultimately give rise to 
new treatments and interventions to prevent the deve-
lopment of the disorder (Hanson et al., 2016). Howev-
er, more research in this area is needed to establish 
the  re liability of these fi ndings and to further test these 
hypotheses.

It is recommended that future fMRI studies of reward 
processing in adolescent depression conduct whole-brain 
analyses, in addition to any a priori ROI-based compari-
sons, to avoid overlooking the extent to which the greater 
reward network may be aff ected. Further longitudinal and 
intervention-based studies, like those employing a phar-
macological challenge or neural stimulation, are also 
needed to contribute to our understanding of the potential 
causal role of reward processing defi cits in adolescent de-
pression. This work may, for example, help to determine 
the plausibility of either of the two explanations above for 
the role of striatal hypoactivation in the emergence of de-
pression in adolescence. Such studies may also be used to 
identify resilience factors that may prevent certain indi-
viduals with lower striatal activity from developing depres-
sion, establish whether normalization of aberrations result 
in depression remission, and, fi nally, whether targeting 
these with treatment may prove more effi  cacious than cur-
rent approaches.
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