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Towards a NeuroimagiNg Biomarker of depressioN VulNeraBiliTy abstract Major depressive disorder (MDD) is a pervasive and debilitating illness, with a recurrent course and chronic prognosis. Although effective treatments for MDD exist, there is a pressing need to characterize relapse vulnerability in order to design effective prophylactic care. To date, heterogeneity within depression neuroimaging research has made it difficult to establish a reliable biomarker of disorder susceptibility. In this paper, we review neuroimaging evidence for the assessment of MDD vulnerability, theorizing that current findings can be broadly distinguished between those indicating the presence of depressive episodes and those indicating MDD vulnerability during symptom remission. We argue that unlike the amygdala hyperactivity and prefrontal hypoactivity observed during MDD episodes, prefrontal hyperactivity may be a characteristic of dysphoric cognition during symptom remission that indicates MDD vulnerability and relapse risk. Drawing on current research of normative emotion regulation, we describe a potential test of MDD vulnerability, employing emotional challenge paradigms that induce cognitive reactivity - the increased endorsement of negative self-descriptions during a transient dysphoric mood. Relative to a normative model of prefrontal function, the neuroimaging assessment of cognitive reactivity may provide a reliable indicator of MDD vulnerability, advancing the field of biomarker research as well as the delivery of preventative treatment on an individual basis.
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1. introduction Major depressive disorder (MDD) is a common and debilitating disorder, with prevalence rates between 3-13% [1,2] and lifetime risk estimated at 17-19% [3,4]. MDD carries enormous social costs due to its high risk for relapse and recurrence [1,5-7], and is one of the leading causes of disability worldwide [8], significantly increasing social impairment and mortality [9-11]. Despite the clinical adoption of efficacious treatments [12,13], MDD may be rising in prevalence [14], and remains a disorder of global health concern. There are likely multiple determinants of MDD susceptibility, including genetic [15], physiological [16], psychological [17-21], and socio-economic [22,23] factors. While heritability studies suggest that while MDD has a strong genetic component [24], the majority of risk still comes from environmental factors, accounting for 60-70% of the variance in familial inheritance. This environmental contribution suggests that psychosocial interventions may



powerfully combat or even prevent MDD [25]. A major challenge in preventing MDD onset and relapse lies in identifying individuals who are at risk, in spite of not being currently symptomatic. The validation of a method for predicting MDD risk could justify the allocation of clinical resources towards the prevention of first episodes of depression or depressive relapse in remitted patients. One promising avenue for the assessment of MDD susceptibility lies in the study of neuroimaging biomarkers of MDD. This paper reviews one approach towards biomarker development: using functional magnetic resonance imaging (fMRI) to analyze patterns of emotional reactivity to stress. Neuroimaging allows us to explore the brain mechanisms underlying psychopathology and its resolution [26-28]. In this paper, we review neuroimaging evidence for the assessment of MDD vulnerability, demonstrating how translation of the normative features of cognitive control in the brain can be applied to investigate MDD vulnerability. We argue that
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a person’s neural response to negative mood provocation can predict depression risk, and may substantially advance our understanding of MDD pathophysiology, the heterogeneity of clinical presentations and treatment responsiveness. Uncovering mechanisms supporting the onset of depressive symptoms would enable the targeting of preventative interventions towards individuals at increased risk for MDD [29,30].



2. mdd vulnerability and the brain The same neural networks associated with normal emotional expression appear to be involved in affective disorders [31]. Specifically altered anatomy and neurophysiological activity has been observed throughout the prefrontal cortex (PFC), including its medial (MPFC), dorsolateral (DLPFC) and ventromedial (VMPFC) aspects, as well as in subcortical structures such as the amygdala and hippocampus [32]. Despite variability in neuroimaging research findings, considerable
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progress has been made in identifying some common functional features of MDD in the brain. It should be made clear from the outset that the study of a biomarker of MDD susceptibility must focus on the contributing factors to episode onset rather than the detection of episode states themselves. Thus, while the traditional profile for depression in the brain is one of PFC hypoactivity and amygdala hyperactivity [33,34], the pathophysiology leading to this depressed state may be markedly different, associated with a different biomarker profile.



2.1 The amygdala and emotional salience Most descriptions of affective dysfunction begin with the amygdala. Traditionally characterized as a threat detector [35,36], this subcortical region displays greater activity in MDD and related disorders [37-40]. However, several studies have now demonstrated greater amygdala responsiveness to emotional arousal in general than negative valence in particular [41,42]. As such, rather than dysphoric affect, the amygdala has increasingly been associated with emotional salience [43], whether positive or negative [44-46]. Indeed, amygdala reactivity may be shaped by a host of factors, including short-term goals and motivational context [47,48], chronic personality traits such as neuroticism [49], or stimulus properties such as novelty [50,51]. Thus while amygdala reactivity may be an important component of depressive information processing, we must begin to more broadly consider amygdala reactivity to emotionally-relevant stimuli, including positive and goal-relevant stimuli, to assess its precise information processing role in MDD. Even given a bias in amygdala responsiveness to negative stimuli, it appears that the automatic categorization of emotional salience is not totally dependent upon the amygdala: in one recent study, 2 patients with bilateral amygdala lesions demonstrated enhanced memory for emotional stimuli [52], suggesting that more conceptual pathways may operate to evaluate and categorize stimuli for emotional relevance. Additionally, it may be the case that an individual with a proclivity to notice negative details may still have adequate



282



cognitive resources to regulate subsequent affective appraisals, thereby maintaining mental equilibrium and social function. Thus, it is important not to assume that the amygdala response can, on its own, constitute a definitive biomarker of depression risk. Despite these caveats, amygdala reactivity to emotional stimuli may still prove to be an important biomarker of depressive information processing, particularly as it applies to the blunting of sensitivity towards positive stimulation in MDD [53,54]. This may reflect a differential tuning of the amygdala towards the salience of dysphoric relative to euphoric events. The ability to habitually and automatically represent positive emotion may also be well characterized by examination of subcortical reward centers such as the nucleus accumbens, whose activity contrasted with the amygdala response to emotionally-relevant stimuli may begin to form a more complete model of information processing bias in MDD [55]. These limitations notwithstanding, the quality of reactivity to emotional provocation in the amygdala and other subcortical structures may yet prove to be important components in developing biomarkers for MDD vulnerability.



2.2 The DLPFC and cognitive control The response to emotional stimuli in individuals at risk for depression has been characterized by amygdala hyperactivation and PFC hypoactivation [37,38], suggesting a hyperactive subcortical affective signal that overcomes attentional resources for cognitive control. On the other hand, when people are faced with the challenge of regulating their own internal affective state during difficult task performance, increased PFC activation in MDD has been observed [56,57]. The possibility exists that these disparate research findings are driven by multiple subtypes of MDD, one of which involves overactive affective tone in the amygdala, whereas another involves maladaptive dysphoric cognition in the PFC. Another possibility is that these two patterns of activity are due to nontrivial differences in study design. One factor that addresses the apparent inconsistency between PFC and amygdala activity findings is whether a study paradigm



probes individuals in a neutral or affectively charged state. In the absence of a strong stressor, it appears that findings of high amygdala activity but withdrawn PFC cognitive control are the norm, suggestive of the intrinsic baseline of negative affect that characterizes the disorder. However, in paradigms where participants are faced with an ongoing emotional challenge, MDD patients appear to show an exaggerated regulatory response, transiently suppressing amygdala activity through an abnormal commitment of cognitive resources. Importantly, while amygdala hyperactivity patterns may normalize following remission from depressive episode [34], the exaggerated PFC response may remain as a biomarker of depression risk [58]. Increasingly, depression vulnerability can be viewed as a disorder of cognitive elaboration rather than one driven purely by amygdala hyperactivity [59-61], although some inconsistencies in this hypothesis still exist [62]. In understanding this idea of a reactivity biomarker for MDD, it is helpful to consider emotion regulation in healthy individuals. The DLPFC is strongly associated with resolving emotional conflict, such as choosing between the equitable division of resources and maximizing self-interest [63]. Acute stress from emotional challenge reduces DLPFC activity [64], perhaps thereby compromising emotion regulation ability. Indeed, DLPFC lesions are associated with higher depression risk [65], testament to their importance for normative emotion regulation. In healthy individuals, cognitive reappraisal and suppression of negative emotions may be effective regulatory strategies [66], processes driven by the DLPFC. However, just as the amygdala appears to process more than negatively-valenced information, DLPFC activation may not always indicate adaptive regulatory efforts. Causal modeling analyses that examine directionality of neural interactions have suggested that the DLPFC may act as the cognitive input for goal-relevant external information that feeds into subcortical regions [67]; if cognitive habits become tuned towards a fixation on negative events such as in depressive rumination [68], the DLPFC could exacerbate subcortical reactivity rather



Translational Neuroscience



than down-regulating its impact. Supporting this account, a recent study observed that MDD patients demonstrated increased DLPFC activity during a rumination task relative to healthy controls [69]. The inability to disengage from negative self-focus is an emerging theory of MDD that predicts such maladaptive DLPFC recruitment [70]. Increased PFC activity in MDD may also reflect an inefficiency of cortical processing, as depressed individuals ineffectively attempt to regulate negative emotions [56]. Thus while patients with mood disorders tend to show reduced PFC metabolism [71], this lower baseline of activity may result in greater patterns of neural reactivity when attempting to regulate negative emotion [38], particularly in the right DLPFC [72].



2.3 The VMPFC and subgenual cingulate as a subcortial-PFC bridge The VMPFC and subgenual cingulate are anatomically situated at the nexus between subcortical structures and the PFC. The VMPFC receives connections from both exteroceptive [73] and interoceptive [74] cortices, and has been viewed as a polymodal convergence zone supporting emotional awareness [75]. Relative to the more lateral orbitofrontal aspects of the ventral forebrain, the VMPFC is particularly involved in self-referential rather than conceptual or objective estimation of emotional significance [76]. Mounting evidence suggests that MDD may be driven by compromised PFC modulation of subcortical circuitry, particularly in its treatment-resistant and recurrent cases [77,78]. In these cases the normally observed connectivity between the PFC and amygdala via the VMPFC appears to be disrupted, suggesting that conventional emotion regulation techniques may be effortfully applied without commensurate down-regulation of dysphoric tone. Indications of VMPFC or subgenual hyperactivity without signs of subcortical connectivity are therefore good candidate biomarkers for MDD vulnerability. Fine-grained regulation of VMPFC signal appears to be important for mental health, as the VMPFC appears to control the extent



of affective influence over behavior. While VMPFC lesions are associated with reduced depression risk [65]; they are also associated with the socially unacceptable disinhibition of emotional behavior [79-81]. Volumetric reductions in the PFC are commonly observed in post mortem studies of MDD [82-84], particularly in the subgenual cingulate, a region of high interconnectivity between the VMPFC cortex and subcortical regions [85]. However, the electrical disruption of VMPFC activity, particularly in the subgenual cingulate is a promising treatment of seeminglyintractable depression [86,87]. Whether psychosocial interventions can also act upon this deregulated VMPFC-subcortical network is a question for future research.



2.4 The MPFC and self-referential focus The anatomical and functional intermediary between DLPFC regulatory control and VMPFC affective representation lies in the MPFC. This region is associated with the ‘default’ mode of the brain, and is often active while individuals are at rest [88], driving automatic and habitual evaluation, and has been independently associated particularly with explicit selfevaluation [89]. Habitual, negative selfevaluation is highly prevalent in MDD in the form of rumination [68], and so maladaptive activity in the MPFC is a strong candidate mechanism supporting the chronic dysphoria observed in depression. It should be noted that it is difficult to distinguish between the MPFC and the rostral anterior cingulate as the terms are used interchangeably in the literature, and thus we will consider evidence regarding both areas in this section. MDD participants passively viewing sad films demonstrated greater MPFC activation than controls, showing evidence of greater, and perhaps dysfunctional levels of selfreferential engagement during the experience of an emotional challenge [90]. Adolescent daughters of mothers with recurrent depression demonstrated increased anterior cingulate reactivity to punishment than matched controls without a familial history of MDD, who instead demonstrated amygdala activation [91], suggesting again that risk



for depression may lead to PFC rather than subcortical reactivity in response to an emotional stressor. However, while heightened MPFC reactivity may be a sign of dysfunction, it is also one of the hallmarks of responsiveness to treatment: MPFC activity across a number of neuroscience methodologies can be a positive predictor of treatment response for patients in the midst of depressive episodes [92-100]. Thus while increased MPFC activity may be a risk factor for MDD, it also serves to identify patients who are likely to be amenable to intervention, potentially indicating cognitive engagement with one’s affective status. Whether this MPFC reactivity also indicates responsiveness to preventative treatments is a subject for future investigation. The MPFC has been argued to act as a mediator between DLPFC cognitive control and VMPFC affective tone, thereby dictating emotional expression; dysfunction in the MPFC or its interconnections is therefore a major contributor to affective psychopathology [32]. The automatic and chronic rehearsal of negative self-referential schema are theorized to modulate activity in the MPFC, leading to elevated patterns of activation that reflect maladaptive cognition rather than cognitive control [101]. This chronic and dysfunctional activation may in turn compromise regulatory processes associated with the DLPFC: while thinking about oneself normatively recruits the MPFC, MDD patients demonstrate additional spreading recruitment from the MPFC into the DLPFC [102], consistent with an account of maladaptive recruitment of DLPFC cognitive control regions during self-referential rumination.



2.5 The hippocampus and overgeneral memory Depression is linked to subcortical changes that extend beyond the immediate attribution of emotional salience found in the amygdala. It is well-established that long term MDD is associated both with memory impairment [103,104] and with reduced hippocampal volume [105-108], and that these memory deficits are associated with reduced hippocampal activity [109]. Overgeneral memories are common in MDD, in which
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patients recall general semantic facts about themselves (e.g., “I always have a bad time at the beach”) rather than specific autobiographical episodes (e.g., “this one time I went to the beach and got a sunburn on my knee”) [110-112]. This overgeneralization of memory appears to be driven by ruminative processes [113], and is a predictor of depression severity [110,114]. It is unclear whether these overgeneral memories are driven by hippocampal failure, leading individuals to operate on a more semantic level, or whether the constant attention towards conceptual elaboration in MDD causes hippocampal atrophy [115]. However, without a baseline measurement of hippocampal size or frequency of overgeneral memory, neither of these measures appears to have good sensitivity as a predictor of MDD vulnerability.



2.6 Sensory cortical suppression in MDD The possibility that depression reduces the concreteness of memories suggests that a possible MDD biomarker might index disruption of basic sensory input, although this hypothesis has not been extensively tested. One study demonstrated that MDD patients suppress task-irrelevant, non-emotional information in visual cortices [116]. This visual suppression may represent the occasional distracted engagement of task-irrelevant cognitive resources, e.g. mind-wandering or rumination, or indicate a more general suppression of sensory information to accommodate bias towards cognitive-evaluative processing. In another experiment, we observed that the extent of interoceptive suppression in the right insula following emotional challenge predicted higher levels of depressive symptoms, suggesting that this sensory suppression may extend beyond visual domains [59]. Finally, patients who demonstrate a greater auditoryevoked EEG potential were more likely to respond to antidepressant treatment [117]. Together, these findings suggest that sensation may be broadly suppressed in depression, particularly in treatment resistant presentations, and may contribute to the blunting of affective experience found in MDD. Basic research on the distinct role of positive and negative emotions in attention, suggests that contrary
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to negative moods, positive states enhance sensory processing of unattended events [118], and that greater sensory processing in the face of emotion provocation may be protective against depressive relapse [58]. More research is needed to examine the influence of MDD on sensory processing, where perhaps basic alterations in perception may be present that are more amenable to measurement than tests of cognition and emotion.



3. emotional reactivity 3.1 Reactivity in MDD Given the multifaceted nature of risk for depression, it is thought that MDD may follow a classic diathesis-stress model, in which latent vulnerability is revealed in the face of stress [119-122]. Progress has been made in identifying the genetic basis of this vulnerability: for example, the 5-HTTLPR polymorphism is associated with biological stress reactivity, which may increase susceptibility to depression in the face of stressful life events [123]. By exposing individuals to a transient dysphoric challenge, it is possible to activate latent vulnerabilities in emotional reactivity to stress [124-126], thereby revealing individual differences in MDD susceptibility. Even in the absence of dysphoric challenge, altered emotional reactivity has been consistently observed in MDD through studies employing experience sampling techniques, gauging the range of emotional experience over the course of several days or weeks through random sampling. In such studies, altered reactivity sometimes manifests as a blunting of affective responses to positive and negative stimuli [127]; this reduction in emotional response has been associated with a poorer prognosis for episode recovery [128]. However, this dysthymic pattern of reactivity is not consistently observed; other studies have found increased experiences of negative emotion in MDD [129,130], suggesting again that perhaps different subtypes of MDD with respect to range of emotional experience may exist. Additionally, the protracted measurement period required for experience sampling may not always be clinically efficacious; in such situations, more carefully



controlled inductions of negative mood may be employed.



3.2 Reactivity to dysphoric challenge An alternative technique to longitudinal experience sampling is the use of an acute mood challenge that can result in the temporary emergence of depressive symptoms. As mood challenge has been already been applied in basic emotions neuroscience research, the use of this technique allows for the translation of normative emotion regulation findings to target candidate biomarkers of MDD vulnerability in the brain. Encouragingly, powerful MDD indicators can be revealed following a shortterm dysphoric mood induction: negative emotional reactivity predicts 1-year levels of depressive symptoms [131], and emotional reactivity moderates the relationship between stress and depression in adolescents [132]. One of the most promising domains of reactivity research lies in the assessment of changes in cognition in response to emotional challenge. Mounting evidence suggests that cognitive reactivity to stress is a significant predictor of depression, above and beyond blunting or intensification of mood state [133], but see [134]. MDD patients show increased elaboration of negative information, difficulty in disengaging from negative stimuli, and reduced cognitive control under dysphoric challenge [135]. For example, following mood challenge, remitted patients’ amygdala response predicted their recall of negative self-referential words, a relationship not observed in healthy controls or prior to mood challenge [136]. This finding supports the idea that emotional stress reveals patterns of habitual, dysphoric attention that may normally be effectively suppressed by depressed individuals. The theory of cognitive reactivity helps to explain the persistence of dysphoric affect in MDD, whereas normal emotional experience is subject to homeostatic resolution [137]. In vulnerable individuals, emotional stress is theorized to catalyze a cascade of negative self-evaluations, creating a static, dysphoric interpretive network that undermines the positivity of future experiences. For example, patients with MDD show a marked decrease in reward responsiveness
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rather than heightened arousal to anticipated punishment [138], as though positive events no longer fit into their self-schema whereas negative events are already expected. This hypothesis is consistent with studies of depressive personality traits, in which negative traits predict an earlier onset of MDD, while a lack of positive traits predict greater duration of episode [21]. These trait-like ‘depressogenic cycles’ help to explain the perpetuity of dysphoric affect in MDD, and predict that increasing attentional control over this implicational layer of processing as a potential avenue for therapeutic intervention [139,140]. Critically, depressogenic cycles that dominate affective appraisals may be difficult to detect in remitted patients until they are exposed to an emotional stressor. MDD patients show poorer discrimination of emotion during episode, but better detection of emotion during remission than healthy controls, owing to a higher response bias for emotion detection [141]. This bias is however not present in patients on continuing antidepressant medication, suggesting that some addressable form of reactivity is still at play in these patients. In an EEG study of a punishment learning task, remitted patients demonstrated elevated feedback-related negativities to negative feedback than controls, despite equivalent behavioral performance [142]. When confronted with emotional information, relatively asymptomatic individuals who nonetheless are at heightened risk for MDD may begin to display altered patterns of reactivity that characterize their high risk status.



3.3 Reactivity as an MDD biomarker Current research suggests that emotional reactivity paradigms might powerfully predict MDD susceptibility, particularly in the realm of predicting depressive relapse following symptom remission. Following the induction of a mildly dysphoric state through negative autobiographical recall, remitted patients tend to increase their endorsement of negative selfattributes [143,144]. Reactivity is associated with rumination, and predicts MDD vulnerability above and beyond baseline rumination scores [145]. Critically, cognitive reactivity directly predicts depressive relapse [146].



The research literature proposes several explanatory mechanisms for cognitive reactivity, and helps to account for other cognitive constructs’ contribution to depressive affect. For instance, cognitive reactivity appears to be a mediating variable in explaining why the Big-5 personality trait of Neuroticism predisposes individuals to depression [147]. At the physiological level, tryptophan depletion appears to increase cognitive reactivity patterns and promote negative affect [148]. The centrality of reactivity for explaining mood challenge at multiple levels of analysis suggests that this phenomenon may be a powerful explanatory step in the translation of psychological and physiological factors to the subjective experience of dysphoria. Lending credence to the importance of reactivity for determining subjective wellbeing, interventions that focus on cognitive reactivity to emotional provocation have also demonstrated marked success in reducing MDD vulnerability by lowering depressive relapse rates. Both Cognitive Behavioral Therapy [149] and Mindfulness-Based Cognitive Therapy [150-152] appear to reduce relapse risk by increasing metacognitive awareness, thereby disrupting habitual cognitive reactivity patterns [153]. The concept of decentering experience seems to be a candidate factor driving reduced relapse risk, reducing the obligatory connection between negative emotions and self-referential inference [154]. While cognitive reactivity may be studied through behavioral testing, it is likely that these exaggerated reactivity responses have pervasive functional biomarkers in the brain that may elucidate depressive pathophysiology. MDD episodes are characterized by hyperactive VMPFC and hypoactive DLPFC recruitment, and the normalization of these patterns is associated with successful recovery [38,155,156]. However, studies of treatment response, focusing on the determinants of disorder vulnerability, paint a different picture: emotional reactivity to a dysphoric stressor in the form of DLPFC activation is maladaptive and predicts longer depressive episodes [157]. Another study observed that patients exhibited reduced reactivity to emotional stimuli in the VMPFC and subcortical regions, but increased



reactivity in the left temporal pole and right DLPFC. Successful treatment reduced this reactivity and restored subcortical tone [158]. Rumination, a cognitive predictor of MDD, has been associated with dorsal MPFC activation in healthy individuals [159] and with both DLPFC and VMPFC activation in MDD patients [69]. This pattern of exaggerated dorsal PFC reactivity to emotional challenge appears to be a flexible indicator of depression course, and is founded upon behavioral evidence linking neural activity to maladaptive ruminative cognition. The neural signal of dorsal PFC regions during cognitive reactivity to emotional challenge is thus an exciting candidate biomarker of MDD vulnerability.



4. The biomarker approach The validation of MDD biomarkers may help to shorten the potentially lifelong span of depression, helping clinicians to identify highrisk individuals who may benefit from proactive therapeutic intervention [160]. In recent years major health institutions have begun to acknowledge that traditional categories of mental disorders such as ‘depression’ or ‘anxiety’ may be insufficient in guiding impactful research and intervention studies. Instead, researchers are now investigating dimensions of vulnerability, pursuing the idea that symptoms of mental illness may be driven by distinct pathological changes to existing regulatory systems. Using normative research for these emotion regulation systems, it may be possible to differentiate between particular patterns of dysfunction. By eschewing the assumption that there is a unitary biomarker for a given disorder, dysfunction can be modeled along multiple aspects of a complex regulatory system; this approach then holds the promise of providing individually tailored therapeutic interventions, depending upon a person’s specific biomarker. For example, two individuals may present with similar depressive symptoms, but have different underlying causes. The first individual may have the ability to regulate his emotions but lacks the understanding that such regulation is important and must be effortfully undertaken. The second individual
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may have good intentions around emotion regulation but lack the capacity to control emotions once they arise. In the first case, psychotherapy might be optimal for engaging the individual in regulation strategies. In the second case strategies exist but are ineffectivean intervention that targets the automaticity of the emotional response such as mindfulness training or pharmacotherapy may be more appropriate. Multiple techniques have shown promise in distinguishing between patients during MDD episodes and healthy controls. Using machine learning analysis of fMRI data, one study analyzed a working memory task to try to distinguish between MDD patients and healthy controls, achieving moderate accuracy sensitivity (67%) in predicting MDD diagnosis [161]. Another machine learning study achieved 86% accuracy in distinguishing between the fMRI signal associated with viewing of emotional faces [162]. Decreases in PFC midline and right lateral EEG concordance at the start of treatment predicted patient remission with 69% accuracy [163]. In a physiological analysis, sustained cortisol response in the weeks following hospitalization predicted poorer treatment responses [164], as does the dysregulation of timing between nocturnal melatonin and cortisol release [165]. Finally, in a genetic analysis, another study achieved perfect classification by analyzing the DNA methylation of the brain-derived neurotrophic factor gene, which has been linked to MDD status, although this study did not assess MDD vulnerability in subclinical groups [166]. However, even with excellent classification as is the case with genetic analysis, few of these biomarkers directly tap into the problem of maladaptive cognition in depression, thereby missing out on the variance associated with the powerful impact of psychosocial factors on MDD vulnerability. Importantly, none of these biomarkers have been linked to the detection of MDD vulnerability in asymptomatic individuals. Seeking to capitalize on the existing behavioral literature surrounding emotional reactivity and depression risk, we performed a prospective neuroimaging study in which we observed that future relapse into MDD was predicted by neural reactivity to emotional challenge [58].
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Reactivity was operationalized by contrasting patient neural activity and sadness ratings in response to viewing sad film clips, in contrast to a neutrally-valenced baseline film condition. This paradigm was previously used to demonstrate greater MPFC activation in depressed individuals relative to controls [90], and as the films produced a coherent narrative for patients, they were perhaps more externally valid cues for emotional reactivity than the static imagery often employed in affective research. Using this emotional challenge paradigm, we were able to discriminate between future relapse and sustained remission with very high (94%) accuracy, and to link rumination to MPFC reactivity in both its dorsal and ventral aspects. Importantly, this pattern of extended MPFC reactivity accounted for more variance in relapse risk than questionnaire-based assessment of rumination alone, suggesting that this candidate biomarker may be capturing unexplained depressogenic tendencies that include, but are not limited to, depressive rumination.



5. discussion The stress biomarker approach for understanding mental health rests on three



premises: it assumes that a person’s experience of well-being is i) predicted by patterns of reactivity in the face of an emotional challenge; ii) these patterns are empirically measurable, and iii) that these patterns are reliably indicative of vulnerability to mood disorders. To this end, the use of normative patterns of emotion processing in the brain may powerfully inform the development of models for MDD vulnerability. In the present review, we have focused on one such model, suggesting that behavioral evidence of compromised cognitive control over emotion in MDD may translate into irregular neuroimaging biomarkers of PFC reactivity to emotional provocation. While MDD episodes may be characterized by an absence of such PFC control activity, MDD vulnerability may reveal a hyper-recruitment of these same prefrontal regions, perhaps due to a need for stronger effort to regulate powerful negative emotion in MDD, or perhaps due to an inefficient cognitive control system. A schematic representation of how normative models of brain activity can inform models of MDD vulnerability is presented in Figure 1. Despite the promise of our proposed PFC biomarker, it is unlikely that a single measure will end up being the ‘magic bullet’ biomarker for depression; instead biomarkers will help



Figure 1. Schematic representation of emotion processing. Research on normative emotion processing informs abnormal patterns of cognitive reactivity following emotional challenge. Normative cognitive control regions in the DLPFC are hyperactive following mood provocation, predicting a reversal of brain reactivity during depressive episode, in which the absence of DLPFC activity is associated with amygdala dysregulation.
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to distinguish between specific subtypes of depression [25]. Our model of relapse prediction for instance was obtained by examining patients with recurrent depression (3 episodes or more), who were responsive to antidepressant treatment but retained a high risk for relapse. These patients demonstrated a distinct association between rumination and clinical relapse, involving maladaptive PFC reactivity to emotional stressors. On the other hand, it may be that other types of MDD presentations will demonstrate heterogeneous patterns that do not conform to this neuroimaging biomarker, but may be detectable in terms of other neuroimaging, genetic, or chemical assessment techniques. While the heterogeneity of MDD adds complexity to the diagnostic process, this complexity also allows for the personalization of patient therapeutic interventions to match specific biomarkers or combinations thereof. Unlike other disorders such as bipolar disorder or psychosis [167], patients with MDD are all too aware of their dysphoric state. However, insight about affective state does not ensure that patients have insight into the specific mechanisms supporting their dysphoric affect, and certainly not into the mechanisms for disorder resolution. Thus the biomarker approach may be increasingly important in distinguishing between subtle differences in



MDD subtypes with large differences in optimal treatment prediction. These biomarkers may also help to inform clinical theory, perhaps distinguishing between hyperactive amygdala and hyperactive PFC subtypes of MDD, and validating both schools of research findings within a specific subpopulation. In this review we focused on one example of reactivity that may be used as a biomarker, namely PFC reactivity in response to an emotional challenge. Rather than using a data driven approach, the investigation of this biomarker is driven by a theory of affective deregulation in MDD. Recruitment of a VMPFC pathway is traditionally found during the effortful regulation of affect, attempting to form new evaluations of an aversive experience [168,169]. However, what appears to be a normative regulatory process in healthy individuals may manifest as a biomarker of psychopathology in the context of a depressive history. Furthermore, the co-activation of the VMPFC pathway with the DLPFC in depressed patients is unusual, as these regions tend to be negatively correlated in healthy individuals [170]. Thus what is normative at the level of a specific brain structure may be abnormal in the context of broad neuronal activity in a given paradigm. While the data presented in our study of PFC reactivity is exciting and appears to have



good conceptual validity with respect to the mechanisms by which reactivity promotes depressive affect, considerable research is required to render these findings clinically tractable. Even with acceptable discrimination between vulnerable and resilient individuals, any prospective biomarker would require extensive independent validation in a broader, randomly sampled cohort to establish its clinical value. However, by focusing on emotional challenge paradigms that test the reactivity of regulatory systems, it may be possible to generate meaningful indices of depression vulnerability that may one day support clinically applied biomarkers for MDD. This would go far in bolstering preventative efforts and reduce the burden associated with this all too often chronic disorder.
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