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Abstract 

A substantial body of previous research suggests that the medial prefrontal cortex (MPFC) plays 
an important role in multiple aspects of emotion. These aspects include, but are not limited to, 
(1) generating, (2) experiencing, and (3) regulating one’s own emotional state, as well as (4) 
facilitating the use of emotion-related information within goal-directed cognition and action 
selection. However, there is considerable controversy with regard to the distinct functional roles 
of various MPFC subregions. In this dissertation, I first provide a review of the theoretical and 
experimental literature to date in order to defend a plausible model of the hierarchical neural 
processes associated with each of the aspects of emotion highlighted above. This model proposes 
that different MPFC subregions each play distinct, but interactive, roles at or near the top of the 
respective hierarchical systems associated with those aspects of emotion. After reviewing this 
model, I then provide a description of four experiments that test the predictions of this model’s 
claims regarding the roles of three distinct MPFC subregions: the rostral anterior cingulate cortex 
(rACC), the dorsomedial prefrontal cortex (DMPFC), and the ventromedial prefrontal cortex 
(VMPFC). These experiments provide independent support for the claims that (1) rACC plays an 
important role in representing the conceptual meaning of one’s felt emotional reactions, (2) 
DMPFC plays an important role in maintaining representations of one’s own emotions within a 
consciously accessible state, and (3) VMPFC plays an important role in both appraising the 
emotional significance of one’s current situation and triggering the somatic/visceral reactions 
associated with the generation of an emotional response. In the concluding section of the 
dissertation, I then integrate these findings together with the larger model and discuss important 
directions for future research as well as ways in which the model might be extended to include 
insights from recent advances in theoretical neuroscience associated with predictive coding. 
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1. Introduction

Within the affective sciences, emotions are presently understood to be complex, multicomponent 

phenomena (Kalat & Shiota, 2012). Along one axis, emotions can be decomposed into 

physiological, behavioral, cognitive, and experiential components. Along another related axis, 

emotions can also be decomposed temporally with regard to (1) the way in which they are 

generated (their distal and proximal causes in the world and brain, respectively), (2) what this 

generation process itself consists in (activating a set of modulatory influences on peripheral 

physiology, cognition, and behavior), (3) how one’s own emotional reactions are subsequently 

experienced/understood (perceiving, conceptualizing, and gaining conscious access to these 

cognitive/bodily reactions), and (4) how one’s experience and understanding of their own 

emotional state is used in deliberative decision-making and voluntary (goal-directed) action 

selection. Although there is an intuitive temporal order to this means of decomposing the broad 

concept of emotion (e.g., emotional reactions need to be caused before they can be perceived), it 

should not be understood as a purely unidirectional process. For example, how one 

conceptualizes their emotional state at one point in time might play an important role in 

determining the emotional reaction that is triggered at a later point in time. 

This temporal means of dividing up emotion-related processes has been of considerable benefit 

to the cognitive neuroscience of emotion. First, several studies have examined the neural basis of 

situational appraisal, or the process of assessing the emotional significance of one’s current 

situation (reviewed in Brosch & Sander, 2013), and have identified distinct regions that appear to 
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assess situational significance along various dimensions (e.g., novelty, concern-relevance, goal-

congruence, and compatibility with norms/values). Second, several studies have examined the 

generation of visceral/somatic reactions in response to such situational appraisals, and how 

specific these bodily responses are to different self-reported emotions (Friedman, 2010; Kreibig, 

2010; Stephens, Christie, & Friedman, 2010). Third, multiple studies have examined the neural 

basis of perceiving, attending to, and categorizing one’s own emotional/bodily reactions (e.g., 

Kalisch, Wiech, Critchley, & Dolan, 2006; Lane, Fink, Chua, & Dolan, 1997; Ochsner et al., 

2004; Zaki, Davis, & Ochsner, 2012). Finally, the neural basis of emotion-cognition interactions 

has received considerable attention (Dolcos, Iordan, & Dolcos, 2011; Pessoa, 2008), and 

neuroimaging studies have now just begun to examine the use of emotional information itself 

within working memory and goal-directed deliberation (Waugh, Lemus, & Gotlib, 2014). 

A substantial body of previous research suggests that the medial prefrontal cortex (MPFC) plays 

an important role in all of the aspects of emotion discussed above. This includes evidence 

suggesting that it is involved in attention to, and conscious perception of, one’s own emotions 

(e.g., Gusnard, Akbudak, Shulman, & Raichle, 2001; Kalisch et al., 2006; Lane et al., 1997; Lee 

& Siegle, 2009), that it plays a role in emotional working memory (Waugh et al., 2014), that it 

plays a role in appraisal and emotion generation (Price, 1999; Roy, Shohamy, & Wager, 2012), 

and that it is involved in emotional effects on cognition and the cognitive regulation of emotion 

(Dolcos et al., 2011; Etkin, Egner, & Kalisch, 2011; Grabenhorst, Rolls, & Parris, 2008; Kober et 

al., 2008; Lindquist, Wager, Kober, Bliss-Moreau, & Barrett, 2012; Ochsner, Ray, et al., 2004; 

Pereira et al., 2010). Despite this considerable body of work, however, there is no clear 
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consensus at present regarding the functions of different MPFC subregions with regard to 

emotion, and most MPFC regions are also implicated in other functions that are not primarily 

related to one’s own emotional state. For example, MPFC activity overlapping with that found in 

emotion-related studies has also been observed in studies of self-referential processing and 

resting state activity (Buckner, Andrews-Hanna, & Schacter, 2008; Northoff et al., 2006), as well 

as the attribution of mental states to others (Frith & Frith, 2006; Li, Mai, & Liu, 2014). 

This dissertation aims to aid in the disambiguation of the individual roles of three distinct MPFC 

subregions: the rostral anterior cingulate cortex (rACC), the dorsomedial prefrontal cortex 

(DMPFC), and the ventromedial prefrontal cortex (VMPFC). In order to do so, I will first 

provide a detailed review of research to date regarding the neural basis of situational appraisal 

and emotion generation, the perception and conceptualization of one’s own emotional responses, 

and how conscious and unconscious aspects of one’s own emotional reactions appear to interact 

with cognition to guide goal-directed deliberation and action selection. In reviewing this 

evidence, I will illustrate how it supports an overall model of the multi-hierarchical neural 

determinants of one’s own emotional state, and where different MPFC subregions are situated 

within this multi-hierarchical model. Next, I will describe four studies aimed at testing the 

predictions of this model with respect to the specific functions it proposes regarding rACC, 

DMPFC, and VMPFC. I will subsequently conclude by attempting to integrate the findings of 

these four studies, and suggesting various avenues they suggest for future research. I will also 

specifically attempt to illustrate a way in which the model might be extended to include insights 
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from recently influential predictive coding accounts of cortical computation within theoretical 

neurobiology (Bastos et al., 2012; Friston, 2010). 
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2. Summary of Proposed Neural Model

The literature review, and the multi-hierarchical model it suggests, is appended at the end of this 

dissertation.1 For the complete review, the reader is therefore referred to Appendix A. Here, 

however, I will offer a brief summary of the model and its evidentiary basis. 

The model we propose involves four interactive hierarchical systems associated with situational 

appraisal, emotion generation/regulation, the perception/conceptualization of one’s own 

emotions, and the emotion-guided, goal-directed selection of action. With regard to situational 

appraisal, the model proposes that there are several distinct brain regions that each take as input 

the current representation of one’s situation as represented (at various levels of abstraction) 

across sensory systems. These regions include the amygdala, hippocampus (and related medial 

temporal cortices), the orbitofrontal cortex (OFC), the dorsal anterior cingulate cortex (dACC), 

the dorsolateral prefrontal cortex (DLPFC), the anterior temporal cortex, the DMPFC, the right 

temporoparietal junction (rTPJ), the precuneus, and the VMPFC. We review evidence (following 

Brosch & Sander, 2013) that the amygdala, hippocampus, and OFC are important for appraising 

novelty (Ranganath & Rainer, 2003), and that the amygdala is further involved in appraising the 

relevance of stimuli to currently active concerns (Brosch, Coppin, Scherer, Schwartz, & Sander, 

2011; LaBar et al., 2001). Appraising the incongruence/congruence of one’s situation with one’s 

current goals appears to involve the DLPFC and dACC, as well as reinforcement related 

components of the midbrain and ventral striatal dopaminergic system (Bayer & Glimcher, 2005; 

1 At the time of this writing, this article is under review for publication within the journal 
Neuroscience and Biobehavioral Reviews (Smith & Lane, under review). 
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Botvinick, Cohen, & Carter, 2004; Tricomi & Fiez, 2008; Van Veen & Carter, 2002). The 

appraisal of self-caused vs. other-caused events involves processes which compare the predicted 

effects of motor commands with perceptual feedback (Seidel et al., 2010; Sperduti, Delaveau, 

Fossati, & Nadel, 2011; Wolpert, Doya, & Kawato, 2003), as well as a social cognition-related 

network (Van Overwalle, 2009) that includes the rTPJ, DMPFC, and the precuneus (to infer 

other-causation via consideration of the goals, desires, beliefs, and intentions of others). Finally, 

appraising a situation’s compatibility with personal values and social norms appears to be 

associated with medial prefrontal and dorsal striatal activation (for personal values) as well as 

superior anterior temporal regions (for social norms) (Brosch, Coppin, Schwartz, & Sander, 

2012; Zahn et al., 2007). 

After reviewing the processing time requirements that appear to be involved in each of these 

appraisals, we also review evidence suggesting that a stable, integrated, context-sensitive 

representation of the overall significance of one’s situation may further involve VMPFC (Roy et 

al., 2012). We suggest that arriving at this stable representation will be slower and involve a 

complex iterative set of processes. This representation would then be well situated to play a role 

in guiding action selection via valence-related signaling, and could also be used to modulate 

one’s somatic/visceral state in accordance with this overall appraisal. 

With regard to emotion perception/conceptualization, we review evidence suggesting that after 

an emotional visceral/somatic reaction has been triggered, the posterior insula appears to play the 

role of a primary interoceptive sensory cortex (Craig, 2002). Subjective bodily feelings appear to 
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further depend on an integration of distinct visceral sensory signals together within the anterior 

insula (Craig, 2009). Finally, for these bodily feelings to be understood as related to emotion, 

these anterior insula representations may need to interact with conceptual emotional information 

that is represented within rACC (Kalisch et al., 2006; Lane et al., 1997; Medford & Critchley, 

2010; Peelen, Atkinson, & Vuilleumier, 2010). Thus, we suggest that rACC is involved in the 

representation of emotion concepts. 

For the representations of both bodily feelings and their emotional meaning to become 

conscious, we appeal to prominent neural models of consciousness that draw on the idea of 

cognitive accessibility (Baars, 2002; Dehaene, 2014; Prinz, 2007, 2012). Blurring their nuanced 

differences, such models broadly appeal to the notion that for information to be verbally 

reportable, and usable more generally within goal-directed cognition, the content of a given 

representation needs to be made accessible or “globally broadcast” to the cognitive systems that 

engage in such functions. It is generally agreed that this accessibility is associated with the 

working memory system, such that if a representation is selected for maintenance in working 

memory then it will be accessible in this way. Prinz’s (2012) theory also argues that 

(phenomenal) conscious experience itself may be associated with “availability” to the working 

memory system, in part to account for the fact that presently conscious experiences seem to 

always be verbally reportable if a person tries to do so. That is, if a representation is in a state 

that allows it to be selectable for maintenance in working memory, then it will be associated with 

conscious experience. Just because a representation is “sent to” the working memory system in 

this way does not guarantee that it will be maintained, however, as this will depend on one’s 
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present goals. (On this theory, a certain aspect of attentional modulation is posited to facilitate 

this type of availability.) As recent evidence suggests that the working memory system for 

emotion involves DMPFC-mediated top-down control signaling (Waugh et al., 2014), we 

suggest that a representation’s availability to DMPFC (such that it can be selected for 

maintenance) will be associated with conscious emotional experience. If maintained, such 

emotional information (represented in rACC and insula) will be capable of being used within 

goal-directed deliberative processes. Once accessible, we also review evidence for hierarchical 

control of action planning (Badre, 2008), and suggest that rACC representations of emotional 

meaning may guide action planning at a more abstract level than insula representations of 

valenced body states. 

In the review article, we also discuss evidence for hierarchical regulatory control over one’s 

emotional reactions. The two highest levels of this regulatory hierarchy also involve the rACC, 

DMPFC, and VMPFC. As briefly reviewed above, the VMPFC is capable of generating an 

emotional bodily reaction in response to its appraisal of the emotional significance of one’s 

situation (as that situation is represented in sensory/conceptual terms across cortical sensory 

systems). If the sensory/conceptual representation of one’s situation changes, the VMPFC may 

then alter its appraisal, and regulate one’s bodily reaction accordingly. Thus the VMPFC’s role 

can also be understood to include an automatic form of emotion regulation. Evidence also 

suggests that the rACC may be involved in automatic emotion regulation (Mitchell & Greening, 

2011; Mitchell, 2011; Phillips, Ladouceur, & Drevets, 2008). We suggest that after coming to 

represent the conceptual meaning of one’s own current bodily reactions, rACC may send top-
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down regulatory signals which automatically adjust lower-level appraisal mechanisms (such as 

in the amygdala) in ways that are consistent with that conceptualization. Finally, we suggest that 

DMPFC, and both dorsal and ventral lateral PFC regions, may play an important role in 

voluntary emotion regulation (Gyurak, Gross, & Etkin, 2011; Ochsner, Ray, et al., 2004; Phillips 

et al., 2008). These regions might be understood to do so as part of their role in the working 

memory system (D’Esposito, 2007; Gazzaley & Nobre, 2012; Levy & Goldman-Rakic, 2000; 

Waugh et al., 2014). Voluntary emotion regulation typically involves suppressing emotional 

responses, changing one’s situation, or reconceptualizing (reappraising) one’s situation (Gross, 

1998; Ochsner & Gross, 2005). Top-down suppression of automatic behaviors and planning 

means of altering one’s situation both appear to involve right DLPFC and VLPFC cognitive 

control mechanisms, whereas reconceptualizing one’s situation appears to involve a different left 

prefrontal network that could be understood as involving verbal working memory manipulation 

(Dörfel et al., 2014; Kohn et al., 2014). The DMPFC has also been implicated in voluntarily 

increasing the intensity of one’s emotions (Kober et al., 2008), which appears plausible as, 

within our proposed model, this structure would be involved in the maintenance and 

manipulation of emotional representations themselves, as opposed to representations of things 

that trigger those emotions. 

Thus, the model we defend proposes specific, dissociable functions for, and makes specific 

predictions about, the roles of rACC, DMPFC, and VMPFC (see Figure 1). The model proposes 

that rACC plays a role in representing emotion concepts (sad, neutral, angry, pleasant, etc.). Thus 

when we think about the emotions of others, or when we attempt to categorize the meaning of 
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our own felt bodily responses, this will involve the activation (and sometimes manipulation) of 

these rACC representations. The rACC also likely passes messages back to lower level structures 

(such as the amygdala and insula) in order to modulate processing in such regions in a way that 

promotes consistency with the conceptual meaning represented. The effects of such top-down 

message passing may further depend on one’s current goal state. For example, if the rACC 

settles upon the representation that one’s emotional reaction to a stimulus is not “neutral”, and 

one’s goal state involves ignoring emotional stimuli, there is evidence to suggest rACC may 

inhibit the amygdala from automatically directing attention to those emotional stimuli (Mitchell 

& Greening, 2011). This illustrates how rACC can simultaneously play a role in high-level 

perception and automatic regulation. 

The model proposes that DMPFC is involved in conscious access to mentally represented 

emotional information, in conjunction with its empirically supported role in emotional working 

memory (Waugh et al., 2014). Roughly, if rACC representations of emotion concepts are 

modulated into a state that makes them temporarily available to DMPFC, then DMPFC will be 

able to maintain this information within working memory (if this is goal-relevant) such that it 

can be used in explicit deliberation and verbal reporting. 

Finally, the model proposes that VMPFC sits at the top of a hierarchy of structures that are 

involved in (1) appraising the emotional significance of one’s situation (as it is represented 

across sensory systems), and in (2) automatically adjusting one’s bodily states such that they are 

consistent with those appraisals. Appraisal structures are also proposed to modulate the mode of 
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processing in other cognitive systems, biasing their operation in a manner that is (in some sense) 

“appropriate” given that appraisal. This could involve valence-related influences biasing the 

selection of actions in the direction of approach vs. avoidance, for example. It could also involve 

biasing which types of memories one retrieves, and so forth (Dolcos et al., 2011; Pessoa, 2008). 

Figure 1 

dACC – dorsal anterior cingulate cortex

VMPFC – ventromedial prefrontal cortex

DMPFC – dorsomedial prefrontal cortex
rACC – rostral anterior cingulate cortex
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This model of MPFC therefore predicts the following: 

Prediction 1: As attention is known to increase processing of attended representations (Corbetta 

& Miezin, 1991; Corbetta & Shulman, 2002; Hopfinger, Buonocore, & Mangun, 2000), attention 
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to all emotion concept categories, including the concept of “emotionally neutral” should activate 

rACC. 

Prediction 2: When one’s goal is to ignore emotion, rACC should be more engaged by responses 

to valenced than neutral stimuli (in order to inhibit automatic emotional attention when it 

represents the presence of an emotionally meaningful reaction) (see Mitchell & Greening, 2011). 

Prediction 3: Specifically becoming aware of (able to report) a change in one’s emotional state 

should engage DMPFC (as this should signify availability to working memory). 

Prediction 4: The VMPFC should be engaged by changes in the emotional content of stimuli, 

even in the absence of attention to emotion. It should not respond to neutral stimuli, as these 

should not trigger an emotional appraisal. 

Prediction 5: VMPFC activity changes should correlate with emotion-related changes in one’s 

peripheral physiological state. 

This dissertation will now briefly describe four studies that test these five predictions. It will then 

discuss how the results of these studies each support the predictions of the neural model 

reviewed above. 
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3. Study 1: Attention to Emotion

The first study that will be summarized here provides a test of predictions 1, 2 and 4. The 

published article (Smith, Fass, & Lane, 2014) is appended to the end of this dissertation. The 

reader is therefore referred to Appendix B for a full description. In this study 10 healthy 

participants were asked to perform a variant of the “attention to emotion” task (Lane et al., 1997) 

while undergoing functional magnetic resonance imagery (fMRI). This task involves the 

presentation of images from the international affective picture system (IAPS) (Lang, Bradley, & 

Cuthbert, 2008) during two different attentional conditions: internal focus and external focus. 

Internal focus requires that participants attend to their own emotional responses to the images 

and to judge (i.e., conceptualize) them as being emotionally pleasant, unpleasant or neither (i.e., 

emotionally neutral). The images were also selected based on normative ratings to induce all 

three types of emotional responses. External focus instead requires attending to the spatial 

aspects of the images and to judge them as involving either an indoor scene, outdoor scene, or 

either (i.e., consistent with both possibilities). Based on participants’ own self-reported 

emotional reactions, fMRI data was analyzed in order to contrast regional brain activation levels 

between various task conditions. 

Prediction 1 was tested by contrasting neural activation during attention to, and 

conceptualization of, each distinct type of emotional response during internal focus (pleasant, 

unpleasant, or neutral) with neural activation during the external focus condition. The a priori 

hypothesis was that rACC would be significantly more activated by attention to neutral 
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emotional reactions than by the external focus condition, as this would suggest attentional 

modulation of a concept-level representation of one’s emotional state. An alternative hypothesis 

was that previously observed rACC activations in studies using this paradigm (Gusnard et al., 

2001; Ochsner, Knierim, et al., 2004; Silani et al., 2008) only observed this activation across 

emotion categories due to emotional valence or arousal. Thus, by analyzing each of the three 

types of self-reported emotional responses separately, evidence could be found to test whether 

rACC more plausibly represents valence/arousal (i.e., if only attention to pleasant and unpleasant 

responses activated rACC) or if it more plausibly represents emotion concepts (i.e., if attention to 

neutral responses alone also activated rACC). Consistent with prediction 1, attention to neutral 

emotional responses alone resulted in significant increases in rACC activation compared to the 

external focus condition. 

Prediction 2 was tested by contrasting neural activation during valenced (pleasant and 

unpleasant) emotional responses with neural activation during neutral emotional responses (both 

within the internal focus condition). The a priori hypothesis, based on the neural model reviewed 

above, was that VMPFC activation would be significantly greater for valenced responses. This is 

based on evidence that VMPFC participates in appraising the emotional significance of one’s 

situation, and thus should only increase in activation when an emotional appraisal is triggered. 

Consistent with prediction 2, VMPFC activation was observed to be significantly greater for 

pleasant and unpleasant responses than neutral responses during internal focus. 
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Prediction 4 was tested by contrasting neural activation during exposure to normatively valenced 

(pleasant and unpleasant) images with neural activation during exposure to normatively neutral 

images, both within the external focus condition. The a priori hypothesis, based on the neural 

model reviewed above, was that rACC activation would be significantly greater during exposure 

to valenced than neutral images. During external focus, one’s goal is to ignore emotional 

information. Thus, based on the model reviewed above, and previous evidence that rACC may 

play a role in automatic regulation of amygdala functioning (Mitchell & Greening, 2011; 

Mitchell, 2011), rACC should increase in activation during external focus when exposed to 

images which contain emotionally salient features. Consistent with prediction 4, rACC activation 

was greater during the external focus condition when subjects were exposed to normatively 

valenced (relative to normatively neutral) images. This provides support for our model’s 

suggestion that rACC can engage in both representational and regulatory functions. 
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4. Study 2: Becoming Aware of Sad Mood

The second study that will be summarized here provides a test of prediction 3. The published 

article (Smith, Braden, et al., 2014) is appended to the end of this dissertation. The reader is 

therefore referred to Appendix C for a full description. In this study 16 healthy participants were 

asked to participate in a sadness induction task (Smith et al., 2011) during fMRI. This task 

includes alternating sad mood induction and neutral mood induction periods, and each period 

involves the presentation of target mood-congruent music and images. The task timing is flexible 

in that a given mood induction period will continue until the participant indicates by button press 

that they have achieved the target mood state. Based on the individual, self-reported times at 

which target mood states were achieved, fMRI analyses were performed to assess which regions 

were involved in attaining conscious awareness that one’s mood state had changed. 

The analyses were inspired by theories of perceptual decision-making (Mulder, van Maanen, & 

Forstmann, 2014), which model the brain’s “decisions” regarding what is being visually 

perceived in terms of an accumulation of evidence in favor of a given perceptual hypothesis 

(until some threshold is reached). Analogously, we hypothesized that specific brain regions 

would be observed where a similar evidence accumulation process occurred, culminating in the 

conscious awareness that one’s mood state had changed. We predicted that this evidence 

accumulation process would be reflected in DMPFC activation, as an emotional state’s 

availability to DMPFC is hypothesized to relate to the conscious experience of emotion in the 

neural model defended above. To test this we constructed linear regressors designed to examine 
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which brain regions linearly increased in activation from the onset of sadness induction until the 

subject reported awareness of attaining a sad mood, and that subsequently linearly decreased in 

activation during neutral mood induction (until participants became aware of no longer being in a 

sad mood). 

As a secondary validation, we also performed independent component analysis on the fMRI data 

of each individual subject (GIFT; http://icatb.sourceforge.net). This approach allowed us to 

confirm, in a data-driven fashion, whether a given spatiotemporal pattern of brain activation 

would be found that included DMPFC, and that had an activation time course that significantly 

correlated with the linear regressors we constructed in our primary analyses. 

Consistent with prediction 3, across subjects we observed that, during sadness induction, 

DMPFC activation linearly increased until subjects reported entering a sad mood, and that, 

during subsequent neutral mood induction, DMPFC activation linearly decreased until subjects 

reported no longer being in a sad mood. A second activation cluster that spanned the anterior 

insula and ventrolateral prefrontal cortex was also observed to exhibit this same activation 

pattern. The appended article discusses the theoretical significance of these findings. 

In the independent component analyses, one or more independent components were also 

observed in each subject that both significantly correlated with the linear regressors we 

constructed and included the DMPFC. This demonstrated that a data-driven, as opposed to 

hypothesis-driven, approach was independently capable of detecting the “evidence accumulation 
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to a threshold” signal that we hypothesized would be related to attaining cognitive access to 

change’s in one’s own emotional state.2 Overall, these results appear to support the idea that 

informational signals with regard to emotion need to become available to DMPFC before they 

become consciously available for verbal report. 
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5. Studies 3 and 4: The Role of VMPFC in Affective State Shifting

The third and fourth studies that will be summarized provide a test of prediction 5. Both studies 

have been peer-reviewed and accepted for publication (Lane et al., 2013; Smith, Allen, Thayer, 

Fort, & Lane, 2014), and the published versions of both articles are appended to this dissertation. 

The reader is therefore referred to Appendix D and Appendix E for a full description of both 

studies. Here I will mainly focus on those elements of the results that provide tests of the 

predictions of the neural model described above. 

5.1 Study 3 

In the third study (Lane et al., 2013), 11 healthy subjects and 8 individuals with Major 

Depressive Disorder each participated in an fMRI task while simultaneously being monitored 

with an MRI compatible electrocardiogram (ECG) to assess heart rate variability (HRV). 

The fMRI task consisted of an emotional variant on the Stroop task (Whalen et al., 1998), in 

which subjects were shown a given word either 1, 2, 3, or 4 times and asked to count the number 

of times the word appeared. The words were presented in valence-specific blocks (either 

positive, negative, neutral, or depression-specific), such that a block of words of neutral valence 

separated any two blocks with an emotional valence. This permitted an analysis of changes in 

region-specific brain activation during “affective shifts” (i.e., shifts between time periods when 

emotional stimuli were presented and time periods when neutral stimuli were presented). 
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In healthy subjects, our a priori hypothesis was that, during affective shifts in stimuli, the 

magnitude of change in activation in a subregion of VMPFC, Brodmann’s area 25 (BA25), 

would be significantly correlated with the magnitude of change in HRV. This hypothesis follows 

from the neural model reviewed above, which suggests that VMPFC activity is related to the 

appraisal of the affective significance of the features of one’s current (or imagined) situation, and 

that an important aspect of its functional role includes the generation/modulation of one’s 

autonomic state in a manner consistent with those appraisals. Since HRV is an index of an 

important component of one’s autonomic state (vagal tone) (Appelhans & Luecken, 2006; 

Thayer, Yamamoto, & Brosschot, 2010), this predicts that the magnitude of change in VMPFC 

activation (related to a change in stimulus appraisal) should correlate with the magnitude of 

change in HRV. 

In order to test this hypothesis, the average blood oxygen level dependent (BOLD) signal in 

BA25, and average HRV, were both calculated for each valence-specific block of word stimuli. 

Then these values for each block were subtracted from the value of the previously presented 

block, resulting in a “shift magnitude” value between each pair of adjacent emotional and neutral 

blocks for both BOLD and HRV (resulting in 40 values per subject). The absolute value of these 

BOLD and HRV shift magnitudes was then taken, and an average of all 40 of these values was 

calculated for each subject for both BOLD and HRV. Finally correlation analyses were run to 

assess whether greater average absolute value BOLD shift magnitudes (BSMs) in BA25 were 

associated with greater average absolute value HRV shift magnitudes (HRVSMs). 

32



Consistent with prediction 5, a significant correlation between BSMs in BA25 (bilaterally) and 

HRVSMs was observed across healthy subjects (right: r = .67, p < .02; left r = .69, p < .02). This 

suggests that appraisal-related changes in the activation of VMPFC may play a role in adjusting 

one’s visceral state, as predicted by the neural model reviewed above. In contrast, in the 

preliminary sample of subjects with Major Depressive Disorder this significant relationship was 

not observed. We further analyzed the specific shifts between depression-specific and neutral 

blocks, and found that correlations between BSMs in BA25 (bilaterally) and HRVSMs were 

significantly lower across depressed subjects relative to healthy subjects (p = .04, 1-tailed). This 

suggests that one deficit in depression may be related to the VMPFC’s ability to modulate one’s 

visceral state appropriately when a change in the emotional significance of one’s situation is 

detected. 

5.2 Study 4 

In the fourth study (Smith, Allen, et al., 2014), a new group of 10 healthy subjects and 10 

individuals with Major Depressive Disorder each participated in the same fMRI/ECG study 

design described in study 3 above involving the emotional stroop task. Both groups then 

performed the same task during fMRI/ECG monitoring three more times (at weeks, 2, 6, and 12 

after the initial scanning session). After the initial scanning session (week 0), the depressed 

group began an antidepressant treatment course on the selective serotonin reuptake inhibitor 

(SSRI) sertraline. 
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This study was primarily designed to follow up on the hypothesis that depression may involve a 

deficit in the VMPFC’s ability to modulate one’s autonomic state in response to a change in the 

emotional significance of the features of one’s current situation. We thus predicted that the low 

correlations between BA25 BSMs and HRVSMs across depressed subjects that we observed in 

study 3 would be replicated in this depressed sample at week 0. We also hypothesized that, over 

the course of antidepressant treatment, increased correlations between BSMs and HRVSMs 

would be observed, and that these increased correlations would be related to decreases in 

depression levels (as measured by the Beck Depression Inventory [BDI], the Montgomery–

Asberg Depression Rating Scale [MADRS], and the Hamilton Depression Scale). 

Consistent with our hypothesis, we observed steady increases in BSM-HRVSM correlations in 

depressed subjects in BA25 over the 12 weeks of treatment, and these increases also strongly 

correlated with depressive symptom improvement (as measured by both the BDI and MADRS). 

This suggests that SSRI treatment may act to improve the ability of VMPFC to modulate one’s 

autonomic state in response to changes in the emotional significance of the features of one’s 

current situation. Further correlational analyses also suggested (1) that individuals in the 

depressed group with larger BSMs within BA25 at week 0 also had greater depression scores (as 

measured by the Hamilton Depression Scale) at week 0 (right; r = .90, p < .05), and (2) that 

larger BSMs within BA25 at week 0 were also significantly correlated with greater decreases in 

depression scores (as measured by the MADRS) from week 0 to week 12 (right; r = -.65, p < 
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.05). These findings provided further support for the role of VMPFC in both depression and the 

effects of antidepressant treatment. 

This study also provided the opportunity to replicate the high correlations observed in study 3 

between BA25 BSMs and HRVSMs in healthy controls. However, contrary to what was 

observed in study 3, we did not observe significant correlations between these variables in 

healthy controls at week 0, and this finding remained stable at weeks 2, 6, and 12. This apparent 

lack of replication, combined with the promising results observed within depressed subjects, 

prompted us to perform various post-hoc analyses on our data from both study 3 and the present 

study. In these analyses we found significant age and gender differences between the healthy 

subjects in study 3 and study 4, as well as significant effects of age and gender on BSMs that 

may plausibly account for the observed differences between the two studies. The analyses 

specifically revealed that younger subjects and male subjects had significantly greater BSMs in 

comparison to older subjects and female subjects, respectively. As the healthy subjects in study 3 

were significantly younger and had more men than the present study, it follows that the present 

study’s healthy control group would have tended to exhibit smaller BOLD shifts, which could 

potentially have contributed to the smaller BSM-HRVSM correlations observed. The depressed 

subjects from study 3 and study 4, on the other hand, did not have significant differences in age 

or gender, thus potentially accounting for why results in the depressed group from study 3 were 

successfully replicated. 

35



In conclusion, study 4 was able to replicate and extend the results of study 3 with regard to the 

potential role of abnormalities in VMPFC-HRV interactions that it suggested might relate to 

depressive symptoms. While study 4 was not successful in replicating the results of study 3 in 

healthy subjects, it did uncover some interesting possible relationships between VMPFC 

activation and the demographic factors of age and gender. As these demographic differences can 

potentially explain this lack of replication, the results of study 4 should not be understood to 

disconfirm prediction 5 of the neural model reviewed above. It does suggest, however, that this 

neural model may currently lack important information regarding how certain brain regions may 

differ in function with age and gender. 

Chapter References 

Appelhans, B. M., & Luecken, L. J. (2006). Heart rate variability as an index of regulated 
emotional responding. Review of General Psychology, 10(3), 229–240. 

Lane, R., Weidenbacher, H., Smith, R., Fort, C., Thayer, J., & Allen, J. J. B. (2013). Subgenual 
anterior cingulate cortex activity covariation with cardiac vagal control is altered in 
depression. Journal of Affective Disorders, 150(2), 565–570. 

Smith, R., Allen, J., Thayer, J. F., Fort, C., & Lane, R. (2014). Increased association over time 
between regional frontal lobe BOLD change magnitude and cardiac vagal control with 
sertraline treatment for major depression. Psychiatry Research: Neuroimaging, In Press. 

Thayer, J., Yamamoto, S. S., & Brosschot, J. F. (2010). The relationship of autonomic 
imbalance, heart rate variability and cardiovascular disease risk factors. International 
Journal of Cardiology, 141(2), 122–131. doi:S0167-5273(09)01487-9 [pii] 
10.1016/j.ijcard.2009.09.543 

Whalen, P., Bush, G., McNally, R., Wilhelm, S., McInerney, S., Jenike, M., & Rauch, S. (1998). 
The emotional counting Stroop paradigm: a functional magnetic resonance imaging probe 
of the anterior cingulate affective division. Biological Psychiatry, 44(12), 1219–28. 

36



6. Conclusions and Future Directions

In summary, this dissertation has described an evidence-based neural model of the generation, 

regulation, and perception of one’s own emotions, and it has also described four experiments that 

provide empirical tests of 5 of the predictions of this model (regarding the roles it suggests for 

different MPFC subregions). I will now attempt to integrate these findings, and briefly highlight 

any limitations not discussed in the published studies themselves as they relate to future work 

that should be done to examine the proposed model of the MPFC’s role in emotion processing. 

The model first suggested that rACC plays an important role in the representation of emotion 

concepts, as opposed to some less complex aspect of emotion like valence or arousal. This led to 

prediction 1 – that rACC should be engaged by attention to one’s own emotional reactions even 

when those reactions are conceptualized as neutral (and hence lack valence or arousal). Study 1 

provided evidence that this was in fact the case, by demonstrating that rACC is significantly 

activated by attention to neutral emotional reactions (relative to an exteroceptive focus of 

attention). One possible limitation of this study is that it was not able to control for rACC’s role 

in self-referential processing generally (D’Argembeau & Ruby, 2007; Gusnard et al., 2001; 

Schneider et al., 2008). Future studies should therefore be designed to directly compare attention 

to neutral emotional reactions with a control condition that involves self-related processing in the 

non-emotional domain. However, as multiple studies have also found rACC activation in 

response to judgments of the emotions of other individuals (Lee & Siegle, 2009; Ochsner, 

Knierim, et al., 2004; Peelen et al., 2010), this suggests that the role of rACC in representing 
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emotion concepts (which can be applied to self or other) may be at least partially dissociable 

from its role in self-reference. Alternatively, it might suggest that understanding the emotions of 

others requires first simulating those emotions within ourselves (Adolphs, Damasio, Tranel, 

Cooper, & Damasio, 2000; Niedenthal, 2007). 

The model also suggested that the role of rACC in representing conceptual emotional 

information might also extend to an automatic form of emotion regulation. That is, when one’s 

goals dictate that emotion should be ignored, rACC may act to inhibit amygdala-based 

mechanisms that promote bottom-up emotional biases in attention (Mitchell & Greening, 2011). 

Since this form of regulation would only be necessary when one would otherwise react 

emotionally, the neural model suggests that rACC’s role in representing the emotional meaning 

of one’s own internal states may relate to this further role in automatic attentional regulation. 

This led to prediction 2 – that during a non-emotional, exteroceptive goal-directed focus, rACC 

should be engaged to a greater degree by stimuli that would otherwise promote bottom-up 

emotional attention. Study 1 also provided evidence in support of this prediction, demonstrating 

that, during an external focus, rACC was more active during the presentation of normatively 

valenced images than during presentation of normatively neutral images. One limitation of this 

study was that it was incapable of directly assessing rACC-amygdala interactions during 

exteroceptive focus. Another limitation was its inability to directly assess the effects of bottom-

up emotional attention. Future studies should be designed to further examine these issues. For 

example, eye-tracking might be used to assess whether hypothesized differences in bottom-up 

emotional attention correspond to differences in the number of fixations on emotional features 
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within presented images. Further, rACC-amygdala connectivity changes between an internal and 

external focus could also be directly examined. 

Next, the model suggested that conscious access to neural representations of one’s own 

emotional state should correspond to that information’s availability to regions that engage in the 

goal-directed maintenance of emotion within working memory. As DMPFC is implicated in 

emotional working memory maintenance (Waugh et al., 2014), this led to prediction 3 – that 

becoming aware of (i.e., able to verbally report) a change in one’s emotional state should involve 

an evidence accumulation process in DMPFC until verbal report occurs (corresponding to that 

evidence surpassing some threshold) (Mulder et al., 2014). Study 2 provided evidence in support 

of this prediction, by demonstrating that BOLD signal within DMPFC increased linearly from 

the onset of presentation of sadness induction stimuli until subjects reported becoming aware of 

having entered a sad mood. As BOLD signal is thought to largely represent changes in synaptic 

activity (Attwell & Iadecola, 2002), this suggests that DMPFC may be receiving and 

accumulating this evidence from elsewhere in the brain. Thus one limitation of this study is its 

inability to assess the exact nature and location of the represented information that the DMPFC 

accesses and integrates. Based on the neural model reviewed above, rACC and the insula both 

appear to be likely sources of such information. Therefore future studies should more directly 

test the prediction that conscious access to information regarding one’s own emotional states 

specifically involves message passing between DMPFC, rACC, and the insula. One might also 

test the prediction that different patterns of connectivity would be observed in the context of 
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certain clinical conditions that involve deficits in emotional awareness, such as somatization 

(Subic-Wrana, Beutel, Knebel, & Lane, 2010). 

Finally, the model suggested that the functional role of VMPFC includes appraising the 

emotional significance of representations of one’s current (or imagined) situation as well as 

modulating one’s autonomic reactions in a manner consistent with those appraisals. This led to 

prediction 4 – that VMPFC should increase in activation in response to viewing emotional, but 

not neutral, stimuli, and prediction 5 – that changes in the magnitude of VMPFC activation 

should correlate with changes in the magnitude of one’s autonomic reactions. Study 1 provided 

evidence in support of prediction 4, by demonstrating that, during an internal focus of attention, 

VMPFC activation was greater during emotional responses than during neutral responses, as 

would be expected if it engaged in the emotional appraisal of presented stimuli. Study 3 provided 

evidence in support of prediction 5, by demonstrating that the average magnitude of BOLD 

response in VMPFC during affective shifts in stimuli correlated with the average magnitude of 

HRV response during those same shifts. Study 4 also provided further clarifying information 

regarding possible influences of age and gender on the magnitude of VMPFC responses during 

affective shifts. Future studies should further investigate this possible relationship between 

VMPFC and these demographic variables. Although not the focus of this dissertation, studies 3 

and 4 also suggest that the VMPFC’s role in modulating one’s autonomic state may represent an 

important target for antidepressant treatment. 
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Having now reviewed the important aspects of these studies with regard to the support they 

provide to the neural model that was reviewed above, and briefly highlighting some important 

limitations, I will conclude by attempting to address one other important general direction for 

future work that was briefly discussed at the end of the review article on the model itself (see 

Appendix A, Smith & Lane, under review). This relates to the question of how the model of 

MPFC discussed here might be understood within recently influential neuro-computational 

frameworks that stress the role of feedback and model-based prediction (Bastos et al., 2012; 

Friston, 2005, 2010; Hohwy, 2014; Knill & Pouget, 2004). As these frameworks have recently 

been fruitfully applied to understanding the neural basis of emotion (Gu, Hof, Friston, & Fan, 

2013; Seth & Critchley, 2013; Seth, 2013), it is important to clarify the way in which the present 

model might be extended through adopting the cortical message passing architecture (termed 

“predictive coding”) that these approaches advocate. 

Briefly, predictive coding suggests that one of the brain’s major functions is to predict the causes 

of its own sensory input.  To do this, the cortex is organized hierarchically in terms of several 

levels of representation. These hierarchical levels jointly comprise an internal generative model 

of the possible states of the world and their probability of each being true. Each level represents 

causal hypotheses about possible states of the world that pertain to longer timescale regularities 

than the level below it. Further, each level is in turn comprised of many cortical columns, which 

each include deep layers of pyramidal cells that send predictions to lower levels (based on a 

given causal hypothesis), as well as shallow layers of pyramidal cells that send prediction-error 

signals up to higher levels (based on the discrepancy between top-down predictions and bottom-
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up sensory input). Over the course of an iterative message passing process, the brain selects the 

causal hypothesis at each level that best minimizes prediction-error. In doing so the brain is 

therefore capable of keeping its internal model in a state that (most likely) accurately mirrors the 

structure of the external world, which, relative to the mind and brain, also includes the body. 

The process of perceiving one’s own internal bodily states, for example, could then be 

understood on this framework as involving a comparison between the body states the brain 

“expects” to perceive (based on the probabilistic knowledge embodied within its internal model 

due to past experience) and how well these expectations match with the afferent input received 

from the body itself. Predictive coding theory suggests that the brain approximates an equation 

known as Bayes’ theorem within probability theory to optimally weight background knowledge 

and the reliability of sensory input in order to arrive at the most likely conclusion regarding the 

state of the body. Previous work (Gu et al., 2013; Seth, 2013) has suggested that the anterior 

insula may play an important role in this process by comparing top-down predictions of expected 

bodily states (coming from the ACC) and bottom up interoceptive sensory input. 

The neural model that has been tested in this dissertation is fully capable of being extended into 

this framework. I will briefly discuss how this might be accomplished for the three regions of 

MPFC focused on above. Consider first the perceptual hierarchy, which the model claims 

consists (in oversimplified terms) of three broad stages of processing. This processing involves 

message passing between brainstem regions (which first process interoceptive input from the 

body in addition to issuing efferent commands), the insula, and rACC. The insula is said to 
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represent coherent, subjectively felt body state patterns (patterns across various organs, muscles, 

hormone levels etc.), whereas the rACC is said to represent the conceptual emotional meaning of 

those patterns. In predictive coding terms, rACC’s ability to represent emotion concepts can be 

re-cast in terms of its representing a specific type of high-level causal hypotheses. That is, the 

emotional meaning of one’s body state pattern can be understood as a longer timescale causal 

hypothesis about the cause of that body state pattern (or a similar range of body state patterns). 

The hypothesis that a given body state has a specific emotional cause (e.g., caused by the 

detection of an immediate danger, the detection of the loss of something valued, etc.) also carries 

with it various predictions that can inform action. For example, the hypothesis that one’s felt 

bodily state was caused by the detection of an immediate danger predicts that certain actions will 

be more likely than others to alter that bodily state as well as to remove one’s self from the 

immediate danger in question. Exteroceptive sensory information and information represented 

within brain regions, like VMPFC, that appraise the emotional significance of one’s situation 

likely also increase the conditional probability that a certain causal hypothesis represented in 

rACC will end up being selected. 

Similarly the role of VMPFC might be re-cast as that of representing another set of abstract 

causal hypotheses. That is, it may represent hypotheses regarding whether the causes of sensory 

input itself are indicative of the specific set of organism-environment relations that Lazarus 

called “core relational themes” (Lazarus & Smith, 1993). Examples of these relational properties 

include the “loss of something valued” (sadness) and “making reasonable progress toward a 

goal” (happiness). The idea is that VMPFC may engage in (an approximation to) Bayesian 
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inference in order to select between the various hypotheses it represents regarding the possible 

presence of these organism-environment relations within the causes of sensory input. It would do 

so via mechanisms (similar to those described above) that seek to minimize the prediction-error 

signals received from sensory cortices and other appraisal-related regions. 

Conditional on a given hypothesis being selected in VMPFC, other appraisal-related regions may 

also need to adjust their own representations as well, which may provide a means of 

understanding automatic forms of regulation. For example, if the amygdala first represented 

one’s situation as concern-relevant, and slightly later the VMPFC was better able to minimize 

prediction-error via selection of a contradictory hypothesis, then, conditional on the conclusion 

reached by VMPFC, the probability of the truth of the amygdala’s appraisal should decrease. As 

the VMPFC may have access to a broader range of contextual information (Roy et al., 2012), it 

would make sense that VMPFC-level representations would be given more weight than 

amygdala-level representations in the iterative process of arriving at the most likely conclusion 

regarding the nature of the external world. This represents an interesting means of understanding 

studies that suggest that the VMPFC is involved in the inhibition of amygdala reactivity in the 

context of fear extinction and habituation (Motzkin, Philippi, Wolf, Baskaya, & Koenigs, 2014; 

Phelps, Delgado, Nearing, & LeDoux, 2004; Sotres-Bayon, Diaz-Mataix, Bush, & LeDoux, 

2009). 

Finally, the model’s proposed role for DMPFC in emotional working memory 

maintenance/manipulation, and conscious access to emotion, can also be re-cast in terms of the 
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way the predictive coding framework treats action and attention (Brown, Friston, & Bestmann, 

2011; Friston, Daunizeau, Kilner, & Kiebel, 2010). Briefly, in contrast to the form of “perceptual 

inference” discussed above (in which an internal model is adjusted to minimize sensory 

prediction-error), under what is called “active inference” one’s internal model is instead held 

fixed, and actions are selected that the model predicts will minimize sensory prediction-error. A 

simple example of this would include looking down at one’s feet to minimize the error between 

one’s sensory input and the model’s expectation that one is still wearing shoes. Another example 

would be eating food to minimize error between visceral input and the model’s expectation that 

one’s body will continue to have a sufficient amount of available glucose. Attention, within 

predictive coding, is instead related to an internal model’s context-specific estimates about the 

amount of variance in a given sensory input channel (Feldman & Friston, 2010); attentional 

control regions are then engaged for the purpose of adjusting how highly a given type of sensory 

prediction-error is weighted based on these estimates. For example, if, based on one’s internal 

model, a certain sensory prediction-error signal is expected to have high variance in a given 

context, the influence of that error signal will be weighted lower via modulatory influences on 

synaptic gain (as greater variance indicates a less reliable signal). Finally, attentional control is 

said to relate to action in that how strongly prediction-error is weighted within the proprioceptive 

system can play an important role in determining whether the brain engages in perceptual 

inference or active inference to minimize prediction-error at a given point in time (Brown et al., 

2011).3

3 For more detailed discussion, the reader is referred to the articles cited above, as a more 
complete treatment of these ideas is beyond the scope of the present discussion. 
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To understand cognitive control functions (such as that proposed for DMPFC) within this 

framework, it has been suggested (Pezzulo, 2012) that action planning might include the use of 

“covert loops” within active inference that are driven by frontal lobe goal-representations. 

Essentially, by simultaneously engaging active inference, and suppressing the effects of 

proprioceptive prediction-error that normally drive overt action, the brain can use its internal 

model to run goal-directed simulations of possible actions and their predicted consequences. 

Extending these ideas to the model defended in this dissertation, the DMPFC could then be 

understood to represent high-level goal states (perhaps those of a specifically emotional or social 

nature) that drive the sorts of simulation processes that Pezzulo (2012) describes. This simulation 

process will include the maintenance and manipulation of emotion-related information present 

within the model in order to predict the likely outcomes of different possible courses of action. 

This idea is also consistent with the more basic proposal that what one is conscious of is 

specifically the set of representations that are used within active inference at a given moment 

(Hohwy, 2014). That is, in active inference one makes use of the model representations (at each 

level) with the highest estimated probabilities of being true in order to plan actions that will 

minimize error between model expectations and future sensory input. Hohwy (2014) has 

suggested that this type of action planning will require that these representations are “globally 

broadcast” within fronto-parietal networks, which recent neural models propose is necessary for 

conscious access (Dehaene, 2014), in order for them to guide the types of (“offline,” simulation-

based) deliberative processes that Pezullo (2012) has described. Thus, the currently “winning” 
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hypotheses represented within the brain’s internal model are consciously accessible to cognition 

in virtue of being globally broadcast, and being globally broadcast is in turn required for 

effective action planning within active inference. In summary then, in the predictive coding 

framework conscious access to representations of one’s own emotions will depend on those 

representations being used in the active inference process, and this process will itself engage the 

covert simulation loops discussed above in order to appropriately select the action that one’s 

internal model predicts will best minimize error between sensory inputs and model expectations. 

The DMPFC might be understood to represent the high-level goal states4 (possibly those of a 

specifically social/emotional nature) that drive the simulation process which itself draws on the 

emotional information within one’s model to guide action selection. 

Therefore, based on this brief discussion, it appears that the present model might be successfully 

extended within the predictive coding framework. This may be important given that the 

traditional, largely feed-forward approach to understanding perception, cognition, and action has 

difficulty accounting for the very large amount of feedback projections in the brain (Lamme & 

Roelfsema, 2000). Similarly, it has difficulty explaining how the brain is capable of settling on a 

single perceptual conclusion given that multiple interpretations are consistent with the (fairly 

4 Although, to be clear, representing goal states also plausibly involves DLPFC. Other work in 
affective neuroscience has even proposed that emotion-related goal states of different types may 
be represented in left and right DLPFC (Spielberg, Stewart, Levin, Miller, & Heller, 2008). Thus 
DMPFC should not be understood as unique in representing emotion-related goal states. It may 
play a unique role in maintaining/manipulating emotional representations of self and other in 
working memory, however (Waugh et al., 2014). In conjunction with other work (Frith & Frith, 
2006; Schnell, Bluschke, Konradt, & Walter, 2011), it appears plausible to understand its role in 
these specific aspects of working memory as related to the representation of social goals 
specifically. 
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noisy) sensory input it receives. In the emotional domain specifically, noisy or ambiguous 

afferent input from the body might be difficult for the brain to interpret effectively in the absence 

of something like the Bayesian statistical processing framework described above. This would 

hold especially true for recognizing the affective significance of a range of perceived bodily 

states, as these represent one type of longer timescale causal regularity. Recognizing the 

emotional state that one’s self is in is therefore the kind of cognitive process that might benefit 

most from the predictive coding framework. 

In conclusion, the neural model defended within this dissertation makes specific predictions with 

regard to the functions of three distinct regions of MPFC. The four experiments described above 

each test and provide supporting evidence in favor of the model’s predictions. The model also 

describes a type of interactive multi-hierarchical structure for representing, regulating, and 

making cognitive use of emotion that can very fluidly be extended within the recently influential 

predictive coding framework for understanding the computational dynamics of cortical message 

passing. Future studies should be designed to more directly test this possible extension of the 

present model. They should also attempt to address the various limitations of the experiments 

that were described above (as well as those described in the published articles themselves). 

Overall it appears plausible that the present model holds promise for providing greater 

understanding of the role of MPFC in both the generation and recognition of one’s own 

emotions, as well their use within conscious deliberation. 
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Abstract 

The study of emotional states has recently received considerable attention within the cognitive and neural sciences. 

However, limited work has been done to synthesize this growing body of literature within a coherent hierarchical, 

neuro-cognitive framework. In this article, we review evidence pertaining to three interacting hierarchical neural 

systems associated with the generation, perception and regulation of one’s own emotional state. In the framework 

we propose, emotion generation proceeds through a series of appraisal mechanisms - some of which appear to 

require more cognitively sophisticated computational processing (and hence more time) than others - that ultimately 

trigger iterative adjustments to one’s bodily state (as well as to the modes of processing in other cognitive systems). 

Perceiving one’s own emotions then involves a multi-stage interoceptive/somatosensory process by which these 

body state patterns are detected and assigned conceptual emotional meaning. Finally, emotion regulation can be 

understood as a hierarchical control system which, at various levels, modulates autonomic reactions, appraisal 

mechanisms, attention, the contents of working memory, and goal-directed action selection. We highlight 

implications this integrative model may have for competing theories of emotion and emotional consciousness and 

for guiding future research. 

Keywords: Emotion; Hierarchical Processing; Cognition; Appraisal; Emotion Regulation; Consciousness;  Working 

Memory; Interoception; Medial prefrontal cortex (MPFC); Anterior cingulate cortex (ACC); Insula; Affective 

Theory of Mind 
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1. Introduction

Conscious affective states, such as emotions, moods, drives, and desires figure centrally in human psychology. Yet 

the scientific study of affect remains in its infancy. Since the cognitive revolution in psychology, the cognitive and 

neural sciences have made significant progress in understanding the psychological, computational, and 

neurophysiological basis of various internal cognitive systems, including memory, attention, perception, and 

language (Gazzaniga et al., 2014; Sobel and Li, 2013). However, until recently, research on affect was largely 

restricted to clinical and social psychology, and affective systems received relatively little attention within cognitive 

science. This delay may be, in part, because traditionally it has appeared difficult to place states like emotions and 

moods within the computational frameworks employed by cognitive scientists.  More recently the cognitive and 

neural sciences have begun to devote considerable effort to understanding emotions and related states, but as of yet 

there is little agreement on even the most fundamental theoretical questions (De Houwer and Hermans, 2010; Kalat 

and Shiota, 2011). Given their significant impact, both in the lives of healthy individuals and those with psychiatric 

disorders, a unified neurocomputational understanding of conscious and unconscious emotional processing could be 

of considerable benefit. 

This article begins by reviewing theories in affective science to date, with a focus on the distinction between 

cognitive and embodied approaches to emotion. We then review recent evidence supporting three hierarchical 

neurocomputational models of emotion processing, associated with emotional appraisal (Brosch and Sander, 2013), 

emotional experience (Prinz, 2006), and emotion regulation (Ochsner and Gross, 2007; Phillips et al., 2008; Saper, 

2002; Thayer et al., 2012), respectively. We then propose a novel, integrative model which unites these three neural 

processing hierarchies, and illustrate how this unified multi-hierarchical model may be capable of facilitating 

progress in debates between cognitive and embodied theories. Finally, we discuss the potential implications of this 

integrative model for future research on conscious and unconscious emotion processing as well as for understanding 

some neurological and psychiatric disorders associated with affective disturbances. 

2. Theories of Emotion

An “emotional episode” (EE) is thought to involve a number of cognitive, phenomenological, physiological, and 

behavioral components (although evidence suggests these components can come apart and that they are fairly 
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loosely coupled - facts which may be best explained in terms of the hierarchical perspective discussed below; see 

Kalat & Shiota, 2011, Chapter 1). First, EEs are usually triggered either by the (conscious or unconscious) 

perception of some internal or external event, or by some cognitive judgment, and these triggering events tend to 

indicate fitness- or value-related “relational themes” such as, for example, the loss of something valued (sadness), 

being in danger (fear), or making progress toward a goal (happiness) (Lazarus and Smith, 1993; Lazarus, 1991). 

Second, EEs are typically associated with changes in body states preparatory to a class of adaptive behavioral 

responses to those themes (Critchley, 2005; Damasio, 1999, 1994; Damasio et al., 2000; Friedman and Kreibig, 

2010; James, 1894, 1884; Kreibig, 2010; Lange, 1885; Schachter and Singer, 1962; Seth and Critchley, 2013; Seth, 

2013; Stephens et al., 2010). These changes often include facial expressions as well as changes in the activity of 

skeletal muscle, visceral organs, and the internal milieu, that are jointly triggered by the aforementioned perceptions 

or judgments. EEs also usually include conscious feelings of these body state changes and a cognitive understanding 

of the conceptual emotional meaning of these bodily feelings. 

Third, EEs are associated with various characteristic modulations of other cognitive systems such as attention, 

reasoning, and memory (Oatley and Johnson-Laird, 2014, 1987; Sizer, 2000). For example, memories tend to be 

enhanced for emotional events (Talmi, 2013), and recall is biased toward memories which are congruent with one’s 

present affective state (Blaney, 1986; Erk et al., 2003; Kiefer et al., 2007; Lewis et al., 2005). Further, attention is 

widened in scope by positive affect and narrowed in scope by negative affect (Eysenck et al., 2007; Huntsinger, 

2013). Happiness also appears to promote creative reasoning and adaptive problem solving and decision-making 

strategies (Isen, 2001), whereas sadness promotes pessimistic reasoning and increased sensitivity/accuracy with 

regard to flaws (Alloy and Abramson, 1988; Alloy et al., 1990). Thus emotions appear related to changes in how 

information is processed in several other cognitive systems. 

Fourth, EEs are associated with action tendencies (Frijda, 2005, 1986; Pereira et al., 2010). For example, anger is 

associated with aggressive behavior and fear is associated with freezing and fleeing. Further, affective states all have 

an associated valence (Colibazzi et al., 2010; Larsen and Diener, 1992; Posner et al., 2005; Russell, 1980), and 

valence (positive or negative) can also be thought of in terms of internal states which act to influence behavioral 

tendencies (Prinz, 2006).  For example, positively valenced emotional states can be thought of as those states that 

promote the selection of behaviors predicted to maintain themselves, while negatively valenced emotional states are 
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those states that promote the selection of behaviors predicted to cause themselves to cease. That is, being happy or 

content typically drives us to act in ways that we think will keep us happy and content, whereas with negatively 

valenced states, such as fear, anger, or disgust, we are driven to act in ways that we think will make such feelings go 

away. This characterization can make sense of the fact that emotions like anger and fear, which are both negatively 

valenced and high in arousal, have been observed to be associated with apparently opposite types of behaviors 

(anger with approach behaviors and fear with avoidance behaviors). In the case of anger the behavior is intended to 

cause the feeling to cease by means of attacking its perceived cause, whereas in the case of fear the behavior is 

intended to cause the feeling to cease by removing oneself from the location of its cause. Similarly, when one 

perceives that certain conditions are the cause of a positively valenced emotion like happiness, one is likely to 

behave to maintain such conditions or to recreate those conditions in the future. Thus, all emotions appear to have 

characteristic effects on action selection and behavior in virtue of their valence and adaptive responses to their 

perceived causes. 

In attempting to make sense of this seemingly heterogeneous cluster of phenomena, theories of emotion typically 

involve taking positions with regard to a number of questions. The most basic question, arguably, involves asking 

which of these many phenomena should be considered definitive of a given emotion, and which should be regarded 

as contingent causes and effects. Answering this question empirically often also involves providing answers to 

others, such as the question of which (if any) emotions are basic (Barrett, 2006a; Ekman and Cordaro, 2011; 

LeDoux, 2012; Panksepp and Biven, 2012; Posner et al., 2005; Vytal and Hamann, 2010), and the question of what 

the relative influences are of evolution and culture in determining emotional categories (Scherer et al., 2011). 

However, for present purposes we focus here on the debate over what emotions are, and how they are generated and 

perceived. 

2.1 Cognitive theories 

There are several ways of categorizing the extant theories of emotion. One useful point of division, however, is 

between those that posit the necessity of (conscious or unconscious) complex cognitions or thoughts (cognitive 

theories) and those that instead posit the necessity of the (conscious or unconscious) representation of body state 

changes (embodied theories). As we formulate the distinction here, within the present taxonomy all cognitive 
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theories are united in the claim that cognitions are a necessary part of emotions. There is also a wide variety of 

theories within each of these broader categories, however. 

One class of cognitive theories builds off of the evidence that emotions (Cosmides and Tooby, 2000; Oatley and 

Johnson-Laird, 1987) and moods (Sizer, 2000) systematically modulate other cognitive systems. Oatley and 

Johnson-Laird (1987) argue, for example, that (basic) emotions can be thought of as global computational modes. 

That is, when a given event triggers an emotion during an EE, what that emotion should be identified with is a 

characteristic concerted change in the modes of processing within systems subserving vigilance, attention, memory, 

planning, reasoning, and so forth. Each of these emotion modes is said to directly or indirectly influence action in 

ways that would typically be adaptive in reaction to the events that trigger them. For example, on their view anxiety 

might be triggered by the judgment that one’s long-term goal of self-preservation has been threatened, and this will 

trigger an “anxiety mode” which promotes the decision to stop pursuing one’s immediate goals, to vigilantly attend 

to possible environmental threats, and to plan an escape. Sizer (2000) similarly argues for a computational theory of 

moods. She claims moods should be thought of as global biases in the operations of our cognitive functional 

architecture, including influences over memory, attention, problem-solving strategies, and categorization. She 

argues, however, that unlike emotions, moods do not represent relational themes (or anything else in the world). 

They are not representational, but simply modulate the way in which other representational states are processed. (It 

should be noted, however, that other theorists do believe moods are representational; Prinz (2006), for example, 

argues that moods act to detect/represent something like “trends” in emotional experiences over longer periods of 

time.) 

A second class of cognitive theories appeals explicitly to thoughts. For example, Solomon (1976) and Nussbaum 

(2001) have both argued that emotions should be identified with specific types of evaluative judgments. Other 

theorists instead defend the view that emotions involve certain sorts of construals (for example, see Armon-Jones, 

1989), such as when one imagines an emotional stimulus as if it had certain properties.  Yet others propose that 

emotions are specific combinations of construals and “concerns” (Roberts, 1988), where a concern could be an 

attachment, an aversion, a desire, or an interest. These theories are among the most restrictive, in that they tend to 

deny that there are any necessary body changes, action tendencies, or feelings definitive of emotions. Emotions are 

simply a restricted class of thoughts, judgments, construals, or other propositional attitudes. 
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A third, very large class of cognitive theories are dimensional appraisal theories (for example, Frijda, 1986; Lazarus, 

1991; Reisenzein, 2006; Scherer, 1984). Each of these theories differ with regard to the specific appraisal 

dimensions they posit, but the core idea is roughly the same in each, and dimensions in one theory often map well 

onto dimensions in another (Roseman et al., 1990).  These theories each claim that evaluative judgments along 

several dimensions are necessary components of emotions. For example, Lazarus (1991) proposes 6 dimensions: 

Goal-relevance, Goal-congruence, Type of ego involvement, Blame or Credit, Coping potential, and Future 

expectancy. Different combinations of judgments along these 6 dimensions trigger different emotional states, and 

these judgments are necessary parts of the emotions they are associated with. Thus, while these theories do not deny 

that some of the other parts of an EE may be necessary for emotion, they claim that a mental state would not count 

as an emotion if it was not triggered by its respective multi-dimensional appraisal. Clore and Ortony (2002), for 

example, argue that one may have an “affective feeling” phenomenologically identical to basic emotions like 

sadness or fear, but that such feelings simply should not qualify as emotions if they did not have the appropriate 

antecedent evaluative/cognitive causes. 

2.2 Embodied theories 

In contrast to cognitive theories, embodied theories treat emotions as more akin to perceptions than to thoughts. 

Embodied emotion theories do not deny that emotions can be triggered by complex thoughts, construals, or 

evaluative judgments; however, they do not believe that such cognitive causes are necessary to have emotions or 

that they are always the causes of emotions. Zajonc (1984) provided several early arguments against the view that 

cognitions are necessary components of emotion. He cited evidence that emotions exist in both human infants as 

well as lower animals (Izard, 1984), and he claimed that neither infants nor animals were capable of the complex 

cognitions required for evaluative judgments. He also argued that emotions can remain even when appraisals change 

(Petty and Cacioppo, 1981), and he pointed to studies demonstrating that emotional reactions can occur through 

unconscious forms of conditioning (Garcia and Rusiniak, 1980). Finally, he argued that emotions and cognitions 

appear to have separable neural circuits, and that emotions could be triggered by chemical or electrical methods as 

well as other non-cognitive means (Ekman et al., 1983; Schachter and Singer, 1962).    

There are reasonable replies available to cognitive theorists for some of these arguments (Lazarus, 1984; Moors, 

2013; Moors et al., 2013; Prinz, 2006; Reisenzein, 2006), but the issues raised by distinct neural circuitry and non-
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cognitive causes remain difficult to surmount in light of recent research. For example, the work of LeDoux and 

others (LeDoux, 2012, 1996; Pessoa and Adolphs, 2010) has illustrated that the amygdala can trigger a fear reaction 

in direct response to very simple, subcortically-processed perceptual features in both humans and animals.  This 

subcortical level of processing does not appear sufficiently complex to reliably discriminate between the complex 

dimensional appraisals or the various thoughts, judgments, and construals posited by cognitive theories. One may be 

able to defend the claim that this amygdala circuit detects/represents possible threats, but it appears insufficiently 

structured to represent multi-dimensional, propositional attitude-type evaluative judgments such as “I believe that 

the current context is incongruent with my goals, that it is caused by someone other than myself, and that it has poor 

coping potential.”  In addition to this concern regarding appraisal complexity, the fact that direct stimulation of the 

amygdala (Lanteaume et al., 2007), as well as other regions (Etkin et al., 2011; Meyer et al., 1973) can result in 

emotional experience in the absence of cognitive judgments appears inconsistent with the necessity of cognitive 

causes. Such evidence does not necessarily rule out the significance of appraisal mechanisms in emotional 

responses, but it does suggest that the more complex types of appraisals often appealed to are either unnecessary or 

that at least some must be understood in non-cognitive terms. On the other hand, Lane and colleagues (Lane et al., 

2000) argue that as long as there is some notion of “information processing” involved in generating an emotion, then 

this should be sufficient to count as cognitively caused. Since any acceptable notion of “information processing” 

uncontroversially takes place within all sensory systems, on this minimalist definition of cognition there will be little 

concern that at least any emotion which is caused by natural means (i.e. not by direct electrical or pharmacological 

stimulation) will have had a cognitive cause. 

One major difficulty within these debates, however, is that what counts as “cognitive” is not agreed upon. Within 

emotion research specifically, it has variously been suggested that cognition may require learning and memory 

systems (Lazarus, 1999), transformations over past or present sensory representations (Zajonc, 1984), perceptual 

processing beyond the detection of physical stimulus features (Scherer, 1993), or the deployment of concepts 

(Armon-Jones, 1989; Prinz, 2006). These different accounts of what cognition requires will provide different 

answers regarding the cognitive/non-cognitive status of different appraisal mechanisms. For example, if one believes 

that any operation upon a perceptual representation is sufficient to count as cognition, then perhaps the 

subcortically-mediated amygdala responses discussed by Ledoux (1996) can be counted as cognitive in some 

minimal sense. However, if one instead believes that concept deployment is required for cognition, such amygdala 
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responses will not be counted as cognitive on most accounts of the neural basis of concepts (which claim concepts 

require the ability for flexible recombination and/or specific interactions with working memory systems) (for 

example, see Barsalou, 1987; Kiefer & Barsalou, 2013; Prinz, 2002). It is this latter sense of cognition associated 

with concept deployment that appears to underlie the arguments of those which reject cognitive theories of emotion. 

Embodied emotion theories therefore typically reject the claim that emotions must be caused by concept-laden 

appraisals, as at least some of the neural mechanisms which trigger EEs (such as the amygdala-mediated 

mechanisms mentioned above) appear to be fast, automatic, and insufficiently complex with regard to the 

information they represent to meet this requirement.  Embodied theories instead claim that emotions primarily 

involve (conscious or unconscious) perceptions of specific body state patterns, but they allow that the body state 

patterns one perceives may be triggered by thoughts on some occasions, and that it may also be modulated by 

further cognitive processing as an EE continues to unfold. The embodied approach has its modern origins in the 

independent work of James and Lange (James, 1894, 1884; Lange, 1885). According to James and Lange, regardless 

of what triggers an emotion, the result is a systematic change in body state (e.g. changes in facial expression, 

posture, heart rate, muscle tension, digestive tract activity, hormone levels, etc.) followed by the perception of that 

bodily change by somatic/interoceptive sensory systems. James and Lange argue that if one removed the sensory 

experience of one’s body state, one would also eliminate the conscious experience of the emotion associated with it. 

Therefore James and Lange appeal to the common intuition that emotions are conscious feelings, and they identify 

those feelings with perceptions of specific classes of body states preparatory to adaptive behavioral responses. The 

James-Lange theory has recently been extended by Damasio (Damasio, 1999, 1994) and Prinz (Prinz, 2006), and the 

neuroscientific study of emotion has made significant recent progress by means of investigating somatic and visceral 

sensory processing systems (for example, see Craig, 2002, 2009; Critchley, 2005; Damasio et al., 2000; Friedman & 

Kreibig, 2010; Kreibig, 2010; Rainville, Bechara, Naqvi, & Damasio, 2006; Stephens et al., 2010). 

Damasio’s theory (1994, 1999) extends previous embodied theories in multiple ways. First, he argues for the 

existence of “as-if loops” in the brain which can activate emotional body state representations in the absence of the 

body actually being put into that state. Just as the neural state underlying an image of a face can be activated by 

perceiving a face or by imagining a face through top-down activation (O’Craven and Kanwisher, 2000), Damasio 

argues that the perceptual states which typically register body state changes may also be activated in the absence of 
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those body states (for example, as a direct consequence of an appraisal mechanism). As several studies suggest only 

minor decreases in emotional capacity with conditions of reduced bodily feedback (Cobos et al., 2004; Critchley et 

al., 2001; Heims et al., 2004), this concept is important in stressing that, on embodied theories, emotion requires the 

central representation of bodily changes, whether or not these representations are triggered by actual afferent 

feedback (Craig, 2004, 2002; Wiens, 2005). The idea of “as-if” activation also receives support from the mounting 

body of evidence in favor of grounded cognition (Barsalou, 2008), which suggests that thinking involves a 

simulation process in which sensory representations (internal speech, visual imagery, bodily feelings) are re-

activated in a top-down fashion, in the absence of those external stimuli, for manipulation in working memory.  

Thus, Damasio’s account also allows that we can understand the emotions of others, as well as predict our own 

future emotional responses, by means of simulating those emotions in ourselves (Niedenthal, 2007) for use in 

decision-making. 

Second, Damasio’s theory allows for unconscious emotions, by allowing that the activity in sensory systems which 

register body state changes need not always be consciously accessible (i.e. the unconscious perception of emotional 

body states can still have “emotional” effects) (Bechara et al., 1997). This is advantageous given the considerable 

recent neuroscientific and behavioral evidence for unconscious emotional processing (Bechara et al., 1997; Dimberg 

et al., 2000; Etkin et al., 2004; Gyurak et al., 2011; Lambie and Marcel, 2002; Lane, 2008; Morris et al., 1998; 

Williams et al., 2006; Winkielman and Berridge, 2004).   

Third, Damasio partially follows Schachter and Singer’s earlier embodied approach (Schachter and Singer, 1962) in 

claiming that there is also a cognitive, post-perceptual evaluative process, in which one’s perceived body state must 

be interpreted as signifying a certain emotion. This interpretive step is thought to be important in explaining how 

information about body state changes can meaningfully inform decision-making and action planning. Thus, on this 

perspective, one’s body state and its interpretation within a social context are jointly constitutive of the identity of 

the emotion in question. 

Prinz (2006) has recently attempted to extend Damasio’s embodied theory further in at least 2 ways. Firstly, he has 

shown how theories of mental representation derived from information theory (Dretske, 1981) can be used to allow 

for “embodied appraisals.” According to such theories, states that reliably covary with properties in the world can be 

said to carry information about (and hence represent) those properties. Prinz argues that, based on such accounts of 
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mental representation, if certain body states are reliably triggered by relational themes like danger or loss, then 

neural representations of those body states can be said to carry information about (i.e. detect/represent) those 

themes. For example, if a given body state reliably covaries with the loss of something valued, and sadness 

represents the loss of something valued, then that body state can be considered a (non-cognitive) appraisal of that 

loss, and the brain state that registers that body state can be identified with sadness. Prinz claims that, if perceptions 

of specific body states reliably carry information about relational themes like loss and danger, then the 

interpretive/evaluative step proposed by Damasio, Schachter, and Singer (Damasio, 1994; Schachter and Singer, 

1962) is unnecessary in explaining how those states can usefully inform decision-making.  Prinz’s approach 

therefore contains stronger commitments than Damasio’s, and Schachter, and Singer’s, with regard to what has been 

called the “autonomic specificity hypothesis” (Stephens et al., 2010), or the existence of at least one distinct body 

state corresponding to each basic emotion category. 

Historically, the study of autonomic specificity has met with mixed results (Friedman, 2010). Based on the available 

evidence of his time, Cannon (1927) argued against James and Lange that the autonomic nervous system (ANS) was 

too slow and its responses were too undifferentiated to quickly produce organized emotion-specific patterns. Early 

experiments by Schachter and Singer (1962) involving adrenaline injection were also interpreted to suggest that the 

same pattern of ANS arousal could be interpreted as distinct emotions based on perceived context. The interpretation 

of these studies has since been extensively challenged (Reisenzein, 1983), however, and contemporary physiological 

research appears to support the possibility of autonomic specificity (Bandler et al., 2000; Folkow, 2000; Jänig, 

2003). Kreibig (2010) recently performed a meta-analysis of 134 available studies of emotion and the ANS, and 

concluded that there is considerable empirical support for emotion-specific ANS reactions when one takes emotion 

subtypes into account and considers a sufficient number of physiological measures. Another recent study (Stephens 

et al., 2010) used a multivariate pattern classification analysis technique over several ANS variables and found 

significant relationships between basic emotion categories and specific patterns across ANS variables. Finally, a 

recent study (Nummenmaa et al., 2014) of 701 participants across multiple cultures investigated patterns of self-

reported regional bodily feelings during different emotions. This study found statistically discriminable felt changes 

in body activity for all basic emotions that were consistent across cultures. For example, happiness was consistently 

associated with a felt increase in sensation over the whole body, whereas anger only involved increased sensation in 

the upper limbs, head, and torso. Sadness reliably involved decreased feeling in the arms and legs and an increase in 
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felt activity of the chest; Disgust involved increases in sensation mainly within the throat and digestive tract. Thus, 

at present it remains possible, at least, that emotions may have distinct physiological and felt bodily profiles as 

Prinz’s theory requires. However, autonomic specificity remains controversial (Barrett, 2006a; Cacioppo et al., 

2000; Stemmler, 2009), and one’s background beliefs and other contextual/experiential factors could still play a role 

in the way one consciously/unconsciously interprets and labels the meaning of one’s bodily feelings. It is also 

possible that, as a result of experiential/developmental differences, the autonomic specificity of emotions could hold 

true within individuals and yet differ between individuals. Ultimately however, to convincingly demonstrate this 

renewed possibility of an autonomic (or perhaps broader “somatic”) specificity of basic emotions, whether within- 

or between-subjects, more sophisticated “machine learning” studies will be required. Such studies, which are 

currently lacking, would be capable of determining whether or not one could successfully predict verbally reported 

emotional states based solely on a sufficient combination of peripheral physiological variables in an independent 

sample (or an independent study session with regard to the within-subjects possibility). 

Prinz’s second contribution to embodied emotion theories involves the application of a general theory of perceptual 

consciousness to the perception of one’s own emotions via interoception (Prinz, 2012, 2006). This involves two 

innovations. First, it attempts to extend Marr’s computational theory of hierarchical visual processing (Marr, 1982) 

to body state perception. Second, it provides an account of which hierarchical levels of processing correspond to 

consciously accessible information (based on Jackendoff, 1987), and proposes a mechanism whereby these 

informational states can be made consciously accessible when they are. This hierarchical model will be discussed 

further below. 

Both cognitive and embodied approaches appear to offer important resources for understanding emotion, and it is 

possible that recent neuroscientific evidence may provide a way to integrate the advantages of each into a single 

coherent framework. In the following sections, we review recent evidence associated with three hierarchically 

organized processing systems within the brain which appear to play indispensable roles during an EE. First, we 

review evidence relevant to the existence of hierarchically organized appraisal mechanisms within the brain (Brosch 

and Sander, 2013). Second, we review evidence relevant to Prinz’s (2006) proposed extension of Marr’s hierarchical 

theory of visual processing to the perception of one’s own body states and emotions. Third, we review evidence 

relevant to six distinct levels of regulatory control processes within the nervous system associated with emotional 
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body states (Ochsner and Gross, 2007; Phillips et al., 2008; Saper, 2002; Thayer et al., 2012). Finally, after having 

discussed these three hierarchical systems, we propose an integrative model seeking to capture their mutual 

interactions, and we illustrate how this larger framework may be able to bring cognitive and embodied approaches to 

emotion into closer agreement. 

3. Hierarchical emotion processing

3.1 Hierarchical Appraisal Mechanisms 

Within the framework of the embodied theories of emotion discussed above, “emotion generation” can be 

understood in terms of neurocognitive mechanisms which are set up to detect emotionally relevant information and, 

in response, to trigger emotionally meaningful body state patterns (which are then detected, and typically 

consciously felt, via interoception). These mechanisms would also be partially responsible for triggering the 

characteristic modulatory influences of emotion over cognition and action selection. One promising set of such 

mechanisms has been highlighted by neuroscientific studies of emotional appraisal. Brosch and Sandler (2013) have 

recently provided a useful review of “the appraising brain,” highlighting evidence for the roles of different brain 

regions in assessing different appraisal dimensions, each at different time scales and levels of automaticity. While 

some of these appraisal mechanisms may require sophisticated, concept-laden cognitions, others may only depend 

on automatic perceptually-based detection mechanisms (see Figure 1). Two relatively fast and automatic appraisal 

mechanisms may be associated with the dimensions of novelty and concern relevance. A recent review of novelty 

detection mechanisms implicated regions of the medial temporal lobe and orbitofrontal cortex in the detection of 

different types of novelty (Ranganath and Rainer, 2003). For example, stimulus novelty appears to be very quickly 

and automatically detected (around 100 ms) by perirhinal and hippocampal regions (Brown and Bashir, 2002) as 

well as the amygdala (Schwartz et al., 2003), and detection of contextual novelty appears specifically associated 

with the hippocampus (Kumaran and Maguire, 2007). The amygdala further appears involved in the detection of 

novel stimulus categories (Blackford et al., 2010). Neuroscientific investigations of concern relevance also highlight 

the amygdala, by demonstrating that amygdala responses to emotional stimuli can be modulated by current goals, 

needs, and values. For example, pictures of food evoke larger amygdala responses in hungry than non-hungry 

individuals (LaBar et al., 2001), and participants endorsing more egoistic, as opposed to altruistic, values show 

greater amygdala reactions to earning money (Brosch et al., 2011). Evidence also suggests that amygdala-level 
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appraisal mechanisms may become more sophisticated with iterative, recursive processing (Brosch et al., 2010; 

Cunningham and Zelazo, 2007; Cunningham et al., 2007; Oya et al., 2002), such that initial, coarse appraisals 

(beginning around 140 ms) can be refined over time through interaction with other structures.  

Three other appraisal dimensions which appear to require more sophisticated cognitive processing are goal 

congruence, agency, and norm/value compatibility. Research on goal congruence points to a circuit including the 

anterior cingulate (ACC) and dorsolateral prefrontal cortex (DLPFC), in which the ACC appears to detect goal 

conflicts (Botvinick et al., 2004), which in turn triggers DLPFC-mediated top-down adjustments in cognitive control 

for aid in conflict resolution. Evidence suggests that autonomic arousal and negative affect may be triggered by 

ACC regions in response to conflict detection within 340-380 ms of conflict onset (Van Veen and Carter, 2002). 

Detection of the lack of goal-conflict, and goal-progress, may instead involve midbrain/striatal, reward-related 

processing associated with positive affect (Bayer and Glimcher, 2005; Tricomi and Fiez, 2008). The dimension of 

“agency,” refers to the appraisal of self-caused vs. other-caused events. Here evidence suggests that self-causation is 

appraised via comparison of motor commands with perceptual feedback (Seidel et al., 2010; Sperduti et al., 2011; 

Wolpert et al., 2003). When motor command predictions match perceptual feedback, causation is attributed to the 

self, whereas when prediction and outcome disagree, a social cognition-related network (Van Overwalle, 2009), 

comprised of the temporoparietal junction (TPJ), the dorsomedial prefrontal cortex (DMPFC), and the precuneus, is 

engaged to infer the external cause of an event in consideration of the goals, desires and intentions of others. One 

study of perspective taking suggests that TPJ processing in theory of mind functions requires roughly 450 ms, 

whereas a slower frontal lobe processing component may require 600-800 ms (McCleery et al., 2011). Finally, with 

regard to norm/value compatibility, evidence suggests that accessing information regarding one’s personal values is 

associated with medial prefrontal and dorsal striatal activation (Brosch et al., 2012), whereas knowledge of social 

norms may depend on superior anterior temporal regions (Zahn et al., 2007), in conjunction with top-down DLPFC 

control when those norms disagree with one’s personal values (Knoch et al., 2006). The mechanisms underlying 

these last three appraisal dimensions appear consistent with the sophisticated cognitive processing posited by 

cognitive theories. 

Based on the various time-courses and levels of complexity associated with each of these dimensions, Brosch and 

Sandler (2013) argue that the neural basis of appraisal should be thought of in terms of multiple, iterative processing 
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loops involving both feed-forward and feed-back processing. They argue that a rapid feed-forward appraisal-

iteration of novelty and coarse-level concern relevance, involving the amygdala, hippocampus, and orbitofrontal 

cortex, may take place before cortical visual processing is even complete. This first iteration could enable a rapid 

initial emotional response, including a change in autonomic/somatic state as well as a modulatory effect over other 

cognitive systems. Further iterative processing loops could then refine the appraisal by taking more complex 

information into account, such as goal congruence monitoring within the ACC, goal- and value-based modulation of 

later amygdala processing, and afferent interoceptive information regarding one’s bodily responses within the insula 

(Craig, 2009, 2002). Thus appraisal appears to be hierarchical, with early bodily responses (and other EE-related 

cognitive effects) triggered by automatic, minimally cognitive appraisals, and slower, more sophisticated cognitive 

appraisals triggering modifications of those initial bodily responses and other cognitive effects. Brosch and Sandler 

(2013) also suggest, based on a recent review of studies examining ventromedial PFC (VMPFC) function (Roy et 

al., 2012), that after multiple evaluative iterations the appraisal may reach a stable state within this region. That is, 

VMPFC (via interactions with hippocampus and related structures) may come to represent a context-dependent 

conceptualization of the “affective meaning” of one’s present situation which can be used to guide future decision-

making and action selection. The VMPFC (and surrounding orbitofrontal regions) appear to encode valence- and 

reward-related information (Grabenhorst et al., 2008; Grimm et al., 2006; Smith et al., 2014b), and one review 

suggests dorsal prefrontal structures may receive projections from these regions allowing valence-related 

information to guide action selection (Phillips et al., 2008). 

Based on cross-cultural research (involving subjects from over 30 countries and 5 continents) it appears that unique 

patterns in self-reported judgments across the types of appraisal dimensions discussed above are associated with 

different self-reported basic emotions (Moors et al., 2013; Scherer, 1997). This suggests that hierarchically adjusted 

somatic/visceral reactions (and related adjustments in cognitive modes of processing) based on such appraisal 

dimensions could also in principle differentiate between basic emotions. As will be discussed further below with 

regard to emotion regulation, many of the neural structures implicated in these appraisal processes also appear to 

play a role in regulating bodily states (and possibly in response to such appraisals). For example, the dACC 

(associated with appraising goal-congruence) also appears to modulate autonomic reactivity (Critchley et al., 2003; 

Medford and Critchley, 2010), and the amygdala (associated with appraising novelty and concern relevance) also 

appears well-positioned to trigger “fight-or-flight” responses (LeDoux, 1996). The VMPFC is further known to sit 
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near the top of the visceral regulatory hierarchy (Price, 1999). Thus it appears plausible that the generation of an 

emotional response could proceed via the iterative and hierarchical adjustment of one’s cognitive and 

somatic/visceral state by each of these structures in response to the appraisal dimensions they respectively evaluate. 

(INSERT FIGURE 1 ABOUT HERE) 

 

3.2 The hierarchical perception of one’s own emotional state 

As mentioned above, Prinz (2006, 2012) has proposed a hierarchical model of the conscious and unconscious 

perception of one’s own emotions by appeal to the work of David Marr and Ray Jackendoff (Jackendoff, 1987; 

Marr, 1982). Marr’s hierarchical theory of visual object recognition proposed a three-stage algorithm (Marr, 1982). 

Stage 1, termed the “primal sketch” or low level of processing, involved the detection/representation of local 

discrete features, such as oriented edges and corners in small regions of the visual field. Stage 2, termed the “2.5-D 

sketch” or intermediate level of processing, performed an integration over the outputs of stage 1 in order to derive 

complete, bounded contours, textured surfaces, depth, and other complex features represented from a particular 

vantage point. Finally, in stage 3, the “3-D model” or high level of processing, the vantage point-specific 

intermediate-level representations were used to derive a perspective-independent 3-dimensional representation of the 

perceived object which could be used in object recognition. The mapping between stage 1 and stage 2 might be 

termed a “conjunctive integration,” in that stage 2 representations will only be activated if several discrete feature 

detectors at stage 1 are activated together. In contrast, the mapping between stage 2 and stage 3 is more 

appropriately understood as a sort of “disjunctive integration” in that several distinct stage 2 representations of 

objects-from-distinct-perspectives are each alone capable of activating the same stage 3 object representation. 

Since Marr proposed this theory, neuroscientific understanding of visual processing has been significantly advanced. 

It is now known, for example, that high-level visual processing can feedback to affect lower levels (Lamme and 

Roelfsema, 2000), and that each hierarchical level of processing encompasses several distinct, yet interacting, visual 

subsystems (each generating separate representations of color, shape, motion and so forth, at multiple stages) (Nassi 

and Callaway, 2009). Despite these advances, Prinz (2012) has demonstrated how these more recently discovered 

intricacies remain broadly consistent with Marr’s proposal. Primary visual cortex (V1) appears to detect discrete 
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local features (stage 1), extrastriate regions such as V3, V4, MT, and others appear to integrate over V1 outputs in 

order to construct representations of perspective-dependent combinations of local features (stage 2), and inferior 

temporal regions appear to integrate over the outputs of extrastriate regions in order to generate perspective-

independent object representations for use in object recognition (stage 3). 

Extending Marr’s approach from visual object recognition to the recognition of one’s own emotions via 

interoception/somatosensation involves treating emotions similarly to other perceptual systems (for a somewhat 

similar suggestion, see Solms & Panksepp, 2012). To be clear, this notion of “the perception/recognition of one’s 

own emotional state” should be understood as distinct from other uses of the term “emotion perception,” which can 

often refer to the ability to detect emotions in the faces and voices of others (for example, see Kucharska-Pietura et 

al., 2003). In the case of the embodied emotion theories under consideration, using Marr’s approach requires treating 

the recognition of one’s own emotions as part of a broader hierarchical sensory processing system which acts to 

represent complex body states and interpret their emotional meaning. To illustrate this idea further, consider the 

relationship between auditory perception and verbal language perception. Both contain the same input/induction 

mechanisms (cochlear hair cells within the inner ear) as well as the same early processing stages within auditory 

brainstem nuclei, the medial geniculate nucleus, and primary auditory cortex. Yet, in further cortical processing 

there is a divergence between regions sensitive to all sounds and those which are only sensitive to the specific 

patterns of sound associated with speech and language (Peelle et al., 2010; Poeppel et al., 2012). It is this further 

divergent processing stream which interprets these specific sound patterns and determines their linguistic meaning 

(and influences action selection according to that meaning). The claim here for interoception/somatosensation and 

emotion is similar. Emotional feelings and non-emotional interoceptive/somatic perception share the same inputs 

and early processing regions (brainstem nuclei and parietal/insular cortex – discussed below). However, in later 

cortical processing we claim there may also be a divergence in which certain downstream regions (such as the 

rostral anterior cingulate – see below) are only sensitive to specific patterns of body states that carry emotional 

meaning. These further regions evaluate the emotional meaning of certain patterns in our bodily reactions (triggered 

by the appraisal mechanisms discussed above), generate the emotional aspects of interoceptive/somatic experience, 

and influence action selection accordingly. 
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In such a perceptual hierarchy for emotional experience (See Figure 2), Marr’s low-level, stage 1 processing of 

discrete features should correspond to brain regions which contain cells that reliably respond to changes in the 

activity of discrete parts of the body. This could include cell populations which separately detect changes in heart 

rate, respiration, temperature, levels of specific hormones, muscle tension, intestinal activity, facial expressions, 

bodily postures (proprioception), and so forth. There is considerable neuroscientific research bearing on the question 

of which brain structures may serve stage 1 body perception. Throughout the body there are multiple visceral 

sensory receptors, including physiological receptors (that monitor the continuous function of discrete visceral organs 

and mediate visceral reflexes), as well as nociceptors, chemoreceptors, thermoreceptors, and osmoreceptors (among 

others), and these various receptors transmit signals toward the central nervous system via afferent nerve fibers of 

the various sympathetic and parasympathetic nerves of the ANS. The nucleus of the solitary tract (NTS) within the 

brainstem receives direct inputs from parasympathetic cranial nerves VII, IX, and X, as well as from the 

spinosolitary tract, which is thought to play a role in early visceral-somatic sensory integration  (Cameron, 2001).  

The NTS also projects to other brainstem nuclei, including the nucleus ambiguus (nAMB), the parabrachial nucleus 

(PBn), and the locus coeruleus (Cameron, 2001), and other parasympathetic afferents, along with all sympathetic 

afferents, first synapse in the spinal cord before the information they signal is relayed to these brainstem regions 

(Furness, 2006). Craig (2002, 2003) has also argued on neuroanatomical and physiological grounds that the Lamina 

1 spinothalamocortical pathway carries sensory information regarding the physiological condition of all tissues in 

the body (including pain, temperature, and itch, as well as light touch, hypoxia, hypoglycemia, hypo-osmolarity, and 

the presence of muscle metabolic products). Thus, the Lamina 1 pathway appears dedicated to interoceptive sensory 

processing, and conveys this information to the NTS, PBn, and other brainstem nuclei (such as the A1 

catecholaminergic cell group and ventromedial and ventrolateral nuclei of the medulla). The PBn then projects to the 

hypothalamus and periaqueductal grey (PAG), as well as to the mediodorsal (MD) and basal ventromedial (VMb) 

nuclei of the thalamus. In primates, there is also a direct projection (bypassing PBn) from Lamina 1 to these 

thalamic nuclei as well as to the parvocellular ventroposteromedial (VMpo) thalamic nucleus  (Craig, 2003, 2002). 

Several of these brainstem regions contain organ-specific representations organized topographically (Saper, 2002). 

Distinct regions of NTS appear to be activated by afferents from discrete regions of the gastrointestinal tract, 

discrete structures within the cardiovascular system, as well as from different regions of the tongue and esophagus, 

and from distinct pulmonary, laryngeal, bronchial, and tracheal chemo- and mechanoreceptors.  This topographic 
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representation also appears to follow a roughly caudal-to-rostral progression that mirrors the caudal-to-rostral 

progression of organ systems in the body. For example, more caudal portions of the gastrointestinal tract are 

represented in more caudal regions of NTS (Altschuler et al., 1989). Saper (2002) reviews several studies which 

provide evidence that these organ-specific pathways are maintained from the NTS to the PBn, as well as from the 

PBn to the visceral thalamic nuclei. From these nuclei, visceral information is relayed to posterior insular regions 

thought to function as primary interoceptive cortex (Craig, 2002), and there is converging evidence (reviewed by 

Saper, 2002) that this viscerotopic organization remains present within the insular cortex of rats, non-human 

primates, and humans. Therefore, the NTS, PBn, the various visceral thalamic nuclei, and viscerotopically separated 

insular regions are all possible candidates for low-level processing of discrete interoceptive stimulus features, akin 

to the low-level, discrete visual feature detectors within primary visual cortex. 

As Damasio (1994, 1999) emphasizes, emotion-relevant body processing may also include representations of the 

internal milieu (such as blood nutrient and hormone levels) as well as representations of somatic and proprioceptive 

states. Damasio (1999) locates low-level somatic processing within somatosensory cortex regions with cells known 

to respond to such information in distinct bodily regions (Kaas et al., 1979). The composition of the internal milieu 

can also be directly detected by the brain via the sensory circumventricular organs (CVOs), which are specialized 

regions of contact between the central nervous system and the internal milieu of the rest of the body which lack a 

normal blood-brain-barrier. These regions include the Area postrema positioned adjacent to the medulla, the 

Organum vasculosum of the lamina terminalis (OVLT) within the wall of the third ventricle, and the Subfornical 

organ (SFO) within the lamina terminalis (Benarroch, 2011). As reviewed by Mimee and colleagues (Mimee et al., 

2013), there is a growing body of evidence which suggests that the excitability of single SFO neurons is reliably 

influenced by a range circulating chemical indicators of both cardiovascular and metabolic status, and that activity in 

these neurons may influence various homeostatic regulatory functions and behaviors through connectivity with the 

other CVOs, the hypothalamus and amygdala, and with multiple autonomic brainstem nuclei including the PAG, 

NTS, and PBn (Benarroch, 2011). The OVLT shares similar connectivity with hypothalamic and brainstem nuclei, 

but also interacts with cingulate cortex, and appears to detect serum osmolarity, sodium, and calcium (among others) 

to regulate thirst and sodium intake (Benarroch, 2011). The Area postrema appears specialized for detection of toxic 

substances, and it relays these signals to multiple autonomic brainstem nuclei, including the NTS in order to trigger 
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vomiting (Benarroch, 2011). Therefore CVOs represent plausible low-level representations of discrete components 

of the internal milieu. 

Stage 2 of Marr’s hierarchy, when applied to body perception, should correspond to brain regions which integrate 

discrete stage 1 representations in order to detect/represent coherent whole-body patterns (i.e., the types of patterns 

across physiological variables detectable through the recent multivariate approaches discussed above, see Kragel 

and Labar, 2013; Stephens et al., 2010). According to Jackendoff (1987), stage 2 processing should also correspond 

to phenomenological differences in subjective experience. Jackendoff claimed this was true of vision, where stage 2 

corresponds to vantage point-specific representations of bounded visual contours, textures, and so forth. That is, 

Jackendoff claimed we do not experience isolated, discrete stage 1 features, and our experience changes with 

different vantage points, even when stage 3 representations remain invariant. Prinz (2006) argues that Jackendoff’s 

argument is also true of body perception, because phenomenological experience presents us with coherent whole-

body patterns.  We do not experience individual organ activity in isolation (stage 1), and we are capable of 

recognizing multiple whole-body patterns as being of the same emotion category (stage 3). This is consistent with 

Kreibig’s (2010) meta-analysis, where ANS patterns were found to be specific to emotion subtypes. For example, 

there were different ANS patterns associated with phenomenologically different subtypes of sadness as well as for 

phenomenologically different subtypes of disgust (among others). 

The major candidate for stage 2 processing is the anterior insula. While studies of cellular responses within the 

insula of rats (Cechetto and Saper, 1987), non-human primates (Radna and MacLean, 1981), and humans (Banzett et 

al., 2000; Harper et al., 2000; King et al., 1999; Lenz et al., 1997) have provided evidence that posterior insular 

cortex retains a viscerotopic organization (suggesting a role in stage 1), some cells within the insula have also been 

found to respond to multiple discrete visceral features, such as gastrointestinal inputs and taste inputs, or 

cardiovascular inputs and respiratory inputs (Cechetto and Saper, 1987), suggestive of integrative processing. More 

recent research (Craig, 2011, 2009, 2002) suggests that, in humans, these posteriorly located, discrete interoceptive 

representations are integrated with each other and with other somatosensory representations, and re-represented in 

the mid-insula, and then again in the anterior insula. Anterior insula activity, unlike posterior regions, appears to co-

vary with changes in several types of subjective bodily feelings (both real and illusory). A recent meta-analysis 

(Chang et al., 2013) also supported the parcellation of the human insula into three functionally distinct regions: a 

72



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

posterior region associated with sensorimotor processing, a ventral anterior region associated with affect and 

chemosensation, and a dorsal anterior region associated with cognitive and executive functions. These authors 

conclude that these several functions position the insula as an important interface between feelings, cognition, and 

action. As we will see, these may converge further at higher levels of integration in stage 3. 

A related region that is likely indirectly associated with stage 2 processing is the dorsal anterior cingulate (dACC). 

This region is implicated in several functions, including negative affect, pain, cognitive control, top-down attention, 

and working memory (Botvinick et al., 2004; Nyberg et al., 2003; Phillips et al., 2008; Shackman et al., 2011). It is 

also consistently co-activated with the anterior insula across a range of studies examining the neural correlates of 

subjectively experienced feelings, but it has been unclear whether dACC represents a primarily afferent or efferent 

structure (Medford and Critchley, 2010). In reviewing this extensive literature, Medford and Critchley (2010) 

conclude that the anterior insula and anterior cingulate respectively represent the afferent and efferent limbs of a 

network subserving awareness of bodily feelings. Thus, in line with the suggestions of Jackendoff (1987) and Prinz 

(2006), while stage 2 afferent representations in the anterior insula may correspond to the coherent whole-body 

patterns we experience phenomenologically, the activation of such representations alone may not be sufficient to 

ensure conscious experience. Conscious experience may also require that the information contained in stage 2 

representations be made available to cognitive control structures such as dACC (Shackman et al., 2011) for use in 

guiding action. This notion of consciousness requiring that represented information be made cognitively accessible 

(possibly through attentional modulation; see Baars, 2002, 2005; Prinz, 2012) may also explain findings relating 

dACC activity to differing trait levels of emotional awareness (Lane et al., 2011, 1998; McRae et al., 2008). That is, 

greater trait-levels of emotional awareness may be associated with increased cognitive access (in dACC) to more 

differentiated representations of bodily feelings (in anterior insula). When dACC has access to this body state 

information, the meaning of a given body state can be assessed in terms of its motivational implications for goal-

directed action. 

Within Marr’s hierarchy, stage 3 processing is associated with viewpoint-invariant recognition. In the context of 

embodied emotion, this will involve a similar sort of disjunctive integration over stage 2 whole-body patterns. That 

is, stage 3 processing will involve the classification of multiple stage 2 whole-body patterns as belonging to the 

same emotion category. Prinz (2006) provides an example using fear. He points out that while the whole-body 
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pattern preparatory to fleeing vs. freezing will intuitively be physiologically and phenomenologically different (thus 

different stage 2 representations), at stage 3 these will both activate the same categorical conceptual representation 

of fear. As mentioned earlier, this claim has also received empirical support from Kreibig’s (2010) meta-analysis, 

which found evidence across 134 studies for different ANS patterns reliably associated with different emotion 

subtypes (such as subtypes of sadness or disgust). However, one’s culture, upbringing, background beliefs, and other 

personal/developmental factors might also influence this evaluative step from perceived body states to their 

emotional meaning (Barrett, 2006b; Russell, 2003). A classic example of this is the presentation of mental 

depression as physical distress in certain Eastern cultures (Kirmayer, 2001). Thus, while a given individual may 

show a fairly stable mapping from perceived body states to emotions, two individuals with very different 

experiential histories might also associate different emotional meanings with the same body state patterns. On the 

other hand, Nummenmaa et al. (2014) reported the same perceived body states for basic emotions across multiple 

cultures in healthy volunteers. Thus it remains unclear the extent to which developmental and cultural factors can 

influence the emotional meaning we assign to bodily feelings. 

A likely candidate for stage 3 emotion processing is the medial prefrontal cortex (MPFC), including the rostral ACC 

(rACC). An early study by Lane et al. (Lane et al., 1997) found rACC/MPFC activity when they asked individuals to 

selectively attend to their emotional responses to various images they were presented with, and to classify those 

emotional responses as pleasant, unpleasant, or neutral. This rACC/MPFC cluster was found to activate across 

classification categories, suggesting that this region may be capable of generating distinct activation patterns for 

each category (but resulting in similar overall regional activation levels). Consistent with this possibility, another 

study (Amemori and Graybiel, 2012) examined single-cell rACC responses in non-human primates (macaques) and 

found unique, but overlapping populations of neurons which responded to either motivationally positive or negative 

subjective value, and that stimulation of a subregion consisting largely of negative valence cells resulted in a bias 

toward negative decision-making. However, as these studies address valence categories instead of emotion 

categories, it remains possible that representations of basic emotion categories might instead be found elsewhere.  It 

is also possible, on the other hand, that while rACC cells primarily code for valence within non-human primates, in 

humans this area has taken on the more complex function of representing emotion categories. In support of this 

further rACC/MPFC function in humans, several recent human studies have demonstrated a role for rACC and 

surrounding MPFC regions in the recognition of one’s own emotions, independent of the expression of those 
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emotions (Etkin et al., 2011; Kalisch et al., 2006; Mechias et al., 2010; Raczka et al., 2010). Kalisch et al. (2006), 

for example, found evidence that activity within rACC and adjacent DMPFC regions corresponded to “high-level 

appraisal” (i.e. emotion recognition associated with attentional and working memory resources), but not “low-level 

appraisal” (i.e. automatic, pre-attentive emotional responses) of anxiety.  Ochsner et al. (2004) also found increased 

rACC/MPFC activity both when subjects categorized their own emotional responses to pictures as well as when they 

made judgments about the emotions of others, consistent with the idea that we understand other’s emotions by 

simulating them in ourselves. A further study (Peelen et al., 2010) demonstrated rACC activation to the perception 

of other’s emotions across a variety of perceptual cues (face, body, and voice), also strongly suggesting that this 

region house’s neural representations of emotion concepts (such as anger, joy, and fear). A recent meta-analysis of 

neuroimaging studies of basic emotion categories (Vytal and Hamann, 2010) using a voxel-based, activation 

likelihood estimate (ALE) approach, also demonstrated unique neural activation patterns for basic emotions. Their 

results included different rACC and/or other MPFC regions uniquely associated with several basic emotions across 

studies, including happiness (left ACC), anger (right ACC, left and right medial frontal gyrus), fear (right ACC), 

sadness (left and right medial frontal gyrus), and disgust (right ACC, left medial frontal gyrus).  Finally, Lee and 

Siegle (2009) also performed a recent meta-analysis of available studies of explicit emotion evaluation. The two 

regions they observed across all studies involving the evaluation of one’s own emotions were the rACC and the 

insula. Thus a role for rACC/MPFC in stage 3 perception of one’s own emotional state appears consistent with 

evidence to date. 

3.2 Conscious accessibility 

Having reviewed recent neuroscientific evidence relevant to the extension of Marr’s 3-stage perceptual recognition 

hierarchy to the perception of one’s own embodied emotional states, there remains two further questions with regard 

to emotional consciousness (i.e. subjective emotional feelings). First, which stages of representation are capable of 

being conscious? That is, which representations can correspond to the consciously reportable emotional states that 

people experience? Second, as these representations are not always conscious (even though they can be conscious), 

what is the mechanism which makes them conscious when they are? With regard to the first question, as briefly 

discussed above, Jackendoff (1987) hypothesized that stage 2 representations correspond to phenomenological 

experience in vision, and he attempted to extend this conclusion to all other perceptual systems. More recent 
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arguments have also been made for a similar conclusion (Crick and Koch, 2000; Koch and Braun, 1996; Koch, 

2004; Prinz, 2012). Stage 3 representations can also be consciously accessed, but whether such representations 

directly influence phenomenology is more controversial (Carruthers, 2013; Prinz, 2012). There is a useful distinction 

made by Block (1995, 2002, 2005) between phenomenal consciousness and what he calls “access consciousness,” 

where this second form of consciousness corresponds to information that is poised for reporting and rational 

deliberation. The phenomenological qualities of experience can be “access conscious” in this sense, but other 

information can be as well. For example, individuals with associative visual agnosias appear to have stage 2 visual 

representations (and associated visual phenomenology) intact because they are capable of drawing copies of the 

objects they are shown, yet their stage 3 visual representations do not appear intact, because they do not have 

conscious access to the identity of the objects they are seeing (Farah, 2004). If shown a hammer, for example, they 

may be able to draw it and describe its features, but they are not “access conscious” of the fact that what they are 

seeing is a hammer. One might say they do not see it as a hammer, and thus they may not be able to deliberate or 

plan ways of using it according to its proper function. Thus, one may have the phenomenal experience associated 

with seeing a hammer without having conscious access to the fact that it is a hammer. (There may also be an 

analogous deficit for emotional experience in relation to alexithymia, see below.)  

In consideration of this distinction, Prinz’s (2012) theory of consciousness, referred to as the attended intermediate-

level representation (AIR) theory, claims that only intermediate-level (stage 2) sensory representations directly 

influence phenomenology, and that disruption of such representations will result in disruption of phenomenal 

experience. Disruption of stage 1 representations will also typically disrupt phenomenal experience because stage 2 

representations normally depend on conjunctive integration over stage 1; however, restricted damage to stage 1 

representations may allow for preserved, top-down activation of stage 2 representations during visual imagery 

(Bridge et al., 2012). Disruption of stage 3 representations will leave direct phenomenology intact, but in preventing 

conscious access to conceptual category identities within one’s experience, phenomenology may be indirectly 

influenced. For example, when seeing a hammer, without conscious access to its identity, one may not conjure up 

visual imagery associated with its possible uses. Therefore, the answer to the first question seems to be that stage 2 

and stage 3 representations are both capable of being conscious, but in distinct ways. 
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Turning now to the second question, one leading answer involves cognitive accessibility. It has been suggested that 

either neural representations are only conscious when they are currently being used by goal-directed cognitive 

systems (termed “cognitive access”), or, slightly weaker, that they are only conscious when information gating 

mechanisms make such representations available for use by such systems (termed “cognitive availability”), even if 

they are not in fact selected for use (Baars, 2002; Prinz, 2012, 2007). That is, as considerable evidence suggests that 

representations within all three stages of Marr’s perceptual hierarchy can be active without being conscious, such as 

studies involving backward masking (Enns and Di Lollo, 2000) and studies of neurological patients with unilateral 

neglect (Marshall and Robertson, 2013), it is commonly thought that an information gating mechanism must be in 

place to explain why such representations are consciously accessible on some occasions but not others (Baars, 

2002). On these information gating accounts, the claim is generally one regarding widespread cognitive access. This 

is the basis of one empirically supported neuroscientific approach to consciousness known as global workspace 

theory (Baars, 2005). Global workspace theory models cognition in terms of several semi-independent cognitive 

information processors, and hypothesizes that neural mechanisms are in place which select a limited number of 

sensory representations for global, coordinated broadcast to all of these processors simultaneously. Thus the 

representations which are conscious are simply those which are currently globally accessible to multiple cognitive 

processors; unconsciously mediated behavioral effects are then explained by the limited downstream influence of 

active representations which are not selected for global broadcasting. This process of global broadcasting has also 

been related to the working memory model proposed by Baddeley (Baars and Franklin, 2003; Baddeley, 2007), 

because working memory systems in the brain appear to maintain sensory representations in mind (i.e., in an active 

state after stimulus removal) for manipulation by multiple cognitive systems. When such representations are 

maintained in this “on-line” state in which they are broadcast to such cognitive systems, they can then be used in 

deliberation and verbal reporting. 

The AIR theory has much in common with the global workspace approach, but it disagrees with Baars and Franklin 

(2003) that consciousness requires working memory maintenance.  This disagreement is based in part on empirical 

work which suggests that only a relevant subset of what is phenomenally experienced is then selected for further 

cognitive processing (Sperling, 1960). On the AIR theory, representations are instead  said to become conscious 

when they are made available for maintenance in working memory, even when only a subset of such representations 

are then actually maintained for further cognitive processing (based on salience, goal relevance, and other 
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considerations). Based largely on the extant visual neuroscience literature, Prinz (2012) also defends the further 

claim that frontal eye field- and inferior parietal cortex-mediated attentional modulation of sensory representations 

into gamma synchrony may be the mechanism whereby those representations are made available to lateral prefrontal 

regions associated with working memory (Awh et al., 2006; Jensen et al., 2007). On this view, gamma synchrony 

facilitates long range communication between posterior sensory and anterior working memory structures allowing 

for availability to working memory regions (conscious experience). The maintenance of some relevant subset of 

those available representations within working memory may require further modulation into theta synchrony (Roux 

and Uhlhaas, 2014; Sauseng and Griesmayr, 2010), in which lateral prefrontal regions containing “delay cells” send 

signals back into sensory cortices and hold these goal-relevant sensory representations active during  a delay period 

(D’Esposito, 2007; Druzgal and D’Esposito, 2003, 2001; Ranganath and D’Esposito, 2005; Sreenivasan et al., 

2014). For the purposes of the present article, however, only the broader claim of cognitive accessibility, largely 

shared by Global Workspace theory and the AIR theory, will be further considered in detail.  This is the claim that 

consciousness allows for a representation to be accessible (through working memory-based maintenance 

mechanisms) to a wide range of cognitive/executive systems (largely) within various frontal regions associated with 

cognitive inference, decision-making, planning, and goal-directed behavioral control (Badre, 2008).  These regions 

include the ventrolateral PFC (VLPFC), DLPFC, DMPFC, frontal pole (FP), and certain regions of the ACC 

(Alvarez and Emory, 2006; Fletcher and Henson, 2001; Linden, 2007; Nee et al., 2013; Nyberg et al., 2003; 

Rottschy et al., 2012). As will be discussed further below, if this connection between consciousness and cognitive 

accessibility can be confirmed with regard to emotional feelings, this may allow for embodied, perceptual theories 

of emotion to be integrated with action-oriented theories (Frijda, 1986) in ways which could help advance the field. 

At present, while considerable neuroscientific work has been done with regard to the effects of emotion on cognition 

(Dolcos et al., 2011), relatively little work has been done on the “cognitive” maintenance and manipulation of 

emotion. However, based on a review of the available evidence at the time, Davidson and Irwin (1999) argued that 

ventromedial/orbitofrontal regions were likely significant for the maintenance of conscious emotional responses in 

working memory, and that DLPFC may also play a role in maintaining related goal states. More recently, a working 

memory maintenance paradigm for conscious emotional responses has been developed and tested (Broome et al., 

2012; Mikels et al., 2008), the results of which have provided evidence that this type of affective working memory 

may be dissociable from other working memory subsystems in Baddeley’s traditional model (Baddeley, 2007). For 
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working memory to serve its role in maintaining information “online” for use in guiding goal-directed behavior, it 

appears that the ability to maintain emotional responses would be of primary importance. This would be imperative 

both when deliberating over the best course of action to take given one’s own emotions as well as holding active 

representations of the anticipated emotions of others for use in social decision-making.  Perhaps just as differences 

in exteroceptive working memory capacity are associated with creative problem solving abilities and fluid 

intelligence (Conway et al., 2003), differences in the number of emotional responses (regarding self and others) one 

can simultaneously maintain in affective working could relate to social problem solving abilities and emotional 

intelligence (and individual differences in emotional awareness) (Barchard and Hakstian, 2004). Therefore, future 

studies should be designed to further characterize the neural basis of affective working memory specifically. Such 

systems may play a key role in understanding distinctions between conscious and unconscious emotion, as well as 

differences in adaptive emotional responding. Given the lateral-to-medial gradient observed in prefrontal working 

memory organization associated with exteroceptive-to-interoceptive information (O’Reilly, 2010), one might also 

hypothesize that, just as dorsal and lateral PFC regions are involved with top-down maintenance of exteroceptive 

working memory, perhaps dorsomedial regions of PFC (DMPFC) might subserve the top-down maintenance of 

emotional representations (in rACC and anterior insula) within working memory for such goal-directed purposes. 

This would be consistent with the involvement of DMPFC in internally focused processing within the default mode 

network (Buckner et al., 2008; Raichle and Snyder, 2007; Schneider et al., 2008) as well as its further role in 

executive functioning (Venkatraman et al., 2009). Consistent with these predictions, one fMRI study has recently 

reported evidence that the DMPFC is specifically involved in maintaining one’s own emotional responses in 

working memory (Waugh et al., 2014). 

A second relevant line of research on the present topic may involve the study of attention to interoceptive states. 

Neuroimaging studies of exteroceptive attention and working memory consistently reveal a network including 

exteroceptive (i.e., visual, auditory etc.) sensory regions, inferior parietal regions associated with attentional 

modulation, and lateral prefrontal regions associated with working memory (Gazzaley and Nobre, 2012), consistent 

with the idea that consciousness involves attention-mediated availability of sensory representations to working 

memory systems. Based on this research, if embodied emotional feelings were capable of being made conscious 

through similar attention-based modulation processes, one might hypothesize a similar activation profile including 

interceptive sensory regions of the insula. Along these lines, one recent fMRI study compared neural activity during 
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attention to one’s heartbeat with neural activity during attention to one’s own emotional responses (Zaki et al., 

2012), and found overlapping anterior insula activity during both conditions. This study suggests a role of the 

anterior insula in emotion (Craig, 2009; Kober et al., 2008; Lindquist et al., 2012) and provides strong support for 

the theory that emotional awareness involves awareness of one’s body state. It also extends previous research 

demonstrating that attending to, or attempting to control, various bodily feelings increases activity in this anterior 

insula region (Critchley, 2004; Critchley et al., 2004; Peyron et al., 2000; Williams et al., 2000). However, such 

studies have not contrasted interoceptive attention with exteroceptive attention for the purpose of testing for distinct 

or overlapping mechanisms regarding cognitive accessibility. One recent fMRI study (Farb et al., 2013), however, 

did contrast attention to respiration with attention to vision. While the visual attention condition replicated previous 

work in highlighting occipital, lateral parietal, and lateral frontal cortical activity, interoceptive attention to 

respiration instead engaged the insula along with the medial frontal, posterior cingulate/precuneus, and hippocampal 

regions. DLPFC and lateral parietal regions were significantly less activated in this condition. The unique activation 

pattern found for interoceptive attention in this study overlaps with default mode network activity also associated 

with internal attentional focus (Buckner et al., 2008; Gusnard et al., 2001; Raichle and Snyder, 2007; Schneider et 

al., 2008), and it suggests that the brain may deploy unique mechanisms for globally broadcasting body state- and 

emotion-related representations in comparison to exteroceptive sensory representations. Perhaps while exteroceptive 

sensory representations become conscious by being made available to DLPFC-mediated working memory 

mechanisms via lateral parietal modulatory attentional control, interoceptive and emotional representations (in rACC 

and anterior insula) instead become conscious by being made available to DMPFC via posterior cingulate- and 

medial parietal-mediated modulatory attentional control. According to this scheme, attention to non-emotional body 

states would increase processing within anterior insula (through medial parietal control), whereas attention to 

emotional feelings would further engage the rACC representations of the conceptual emotional meaning of one’s felt 

body states. Once such representations were maintained within affective working memory, they could be used to 

guide goal-directed action. Future studies should be designed to further investigate these potential differences in 

mechanism associated with the cognitive accessibility of emotion. 

 

(INSERT FIGURE 2 ABOUT HERE) 
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3.3 Embodied emotion regulation 

Thus far, this article has reviewed evidence pertaining to hierarchical appraisal mechanisms and hierarchical 

perceptual body state- and emotion-representation mechanisms within the brain. However, the uses of this 

hierarchically represented information in efferent regulation and behavioral control have not been addressed. We 

now outline research on the neural basis of efferent regulation of both peripheral physiology and emotional 

behavior. This evidence suggests that these functions are likely subserved by similar regions, or closely connected 

regions, to those involved in the previously described perceptual and appraisal hierarchies. We argue, however, that 

available evidence suggests six distinguishable levels of hierarchical regulatory control (see Figure 3). As each of 

these levels makes use of information unavailable to the level below it, we will illustrate how this hierarchical 

structure allows for higher levels to modulate the efferent outputs of lower levels in increasingly adaptive and 

flexible ways. 

The lowest distinguishable level of body state- and behavioral-regulation is arguably the level of somatic and 

visceral reflexes (Longhurst, 2011; Strominger et al., 2012). Neural mechanisms underlying regulatory reflexes at 

this level vary considerably, but because many of these mechanisms are generally contained either entirely outside 

the central nervous system (such as cross-organ reflexes and intra-organ reflexes), or below the level of emotion-

related brainstem nuclei (such as skeletomotor spinal reflexes), this article does not review such mechanisms further. 

The second level of regulatory control exists within the lower brainstem, and appears to involve several of the same 

nuclei associated with early stage 1 body state representations. Evidence suggests that these nuclei make use of 

discrete representations of organ-specific activity for use in homeostatic, reflex-like regulation of single organs as 

well as coordination across organs. For example, cardiac regulation (Jänig, 2008) involves axons from blood 

pressure-sensitive baroreceptors within the carotid sinus and aortic arch, which synapse within the NTS of the 

brainstem. Increased baroreceptor activity triggers specific NTS neurons to (indirectly) inhibit the rostral 

ventrolateral medulla (RVLM), resulting in decreased sympathetic influence on the heart and blood vessels, and thus 

a decrease in blood pressure. These NTS neurons can also activate parasympathetic nuclei, such as the nucleus 

ambiguus and the dorsal motor nucleus of the vagus (DMNV), which can in turn increase parasympathetic influence 
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over the heart resulting in a decrease in heart rate. Similar brainstem-level mechanisms for homeostatic regulatory 

control also exist within and across other visceral organ systems (Jänig, 2008). 

The third level of regulatory control also involves regions associated with stage 1, discrete body state 

representations, but involves the generation of organized activation patterns across ANS systems as well as species-

typical behavioral responses. Two regions which appear to play a significant role within this third level are the 

hypothalamus and PAG, which influence such regulatory responses through modulation of pituitary endocrine 

responses, lower brainstem nuclei, and various regions of the somatic motor system (Brandão et al., 2008; Saper, 

2002; Sternson, 2013). One example of such regulation involves a specific emotion-like pattern of sympathoadrenal 

response classically called a “defense reaction,” which can be triggered by electrical stimulation of either the PAG 

or the lateral hypothalamus (Arthur et al., 1991; Schadt and Hasser, 2001). This reaction involves increases in heart 

rate, specific regional changes in vasoconstriction and vasodilation, and differentiated organ-specific activation 

patterns which would likely have been adaptive in threatening “fight-or-flight” circumstances (Morrison, 2001). 

PAG stimulation also triggers the behavioral freezing reaction associated with threat and fear (Brandão et al., 2008) 

and this area appears to contain multiple columnar regions associated with the coordinated production of different 

emotion-related physiological and behavioral response patterns (Bandler and Shipley, 1994; Satpute et al., 2013). 

Another possible level 3 example is thermoregulation, which is regulated within multiple nuclei of the hypothalamus 

through its (direct and indirect) efferent control over lower brainstem nuclei and spinal motor neurons (Morrison and 

Nakamura, 2011). In response to central representations of low temperature, these hypothalamic regions trigger a 

pattern of physiological and behavioral response including cutaneous vasoconstriction, piloerection, shivering, and 

thermogenic use of brown adipose tissue. In response to central representations of high temperature, cutaneous 

vasodilation, sweating, and panting are instead triggered via similar, yet distinct efferent pathways. The 

hypothalamus also makes use of internal milieu-related representations of dehydration and hypoglycemia to 

coordinate behavioral and ANS reactions associated with hunger and thirst, and it further regulates stereotyped 

behavioral responses associated with sleep, sex drive, and aggression (Sternson, 2013). 

The fourth level of regulation appears associated with the fast, automatic appraisal mechanisms within medial 

temporal regions such as the amygdala discussed within Brosch and Sander’s hierarchical model of the appraising 

brain (Brosch and Sander, 2013). Through its efferent outputs (via the central nucleus), the amygdala is capable of 
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modulating hypothalamic nuclei, the PAG, and other brainstem nuclei in coordinated ways (LeDoux, 2012, 1996; 

Pessoa and Adolphs, 2010). This allows rapid amygdala-mediated appraisals of novelty and concern relevance to 

elicit specific whole-body ANS and behavioral response patterns. Amygdala connectivity with sensory cortices, the 

ACC, and both medial and lateral PFC regions, as well with neuromodulatory nuclei such as the locus coeruleus 

(LC), the raphe nuclei (RN), and the ventral tegmental area (VTA), may also enable it to initiate widespread 

emotion-related modulation of cognitive systems associated with attention, memory, and decision-making (Davis 

and Whalen, 2001; Kim et al., 2011; Mitchell and Greening, 2011; Pessoa and Adolphs, 2010; Pessoa, 2008). 

Evidence suggests, for example, that the amygdala as well as multiple prefrontal regions may regulate these 

neuromodulatory nuclei in response to emotion-related processing, and that the raphe nuclei serotonin system and 

VTA dopamine system may have opposing influences on such cognitive systems, associated with aversion and 

reward respectively (Bayer and Glimcher, 2005; Buhot, 1997; Cools et al., 2008; Merens et al., 2007). The locus 

coeruleus norepinephrine system has also been implicated in emotion-cognition interactions, as well as in 

modulating vigilance and attention in response to amygdala activation (Davis and Whalen, 2001; Gold and 

Chrousos, 1999; LeDoux, 1996). 

We propose that the fifth level of regulation integrates hierarchical interoceptive perceptual representations in the 

insula and rACC/MPFC (stages 2 and 3) with anterior cingulate-mediated appraisals of goal congruence, for use in 

modulatory control of lower levels of the regulatory hierarchy (Critchley et al., 2003; Smith et al., 2014b). A further 

region which may be included in this fifth level is VMPFC, which Brosch and Sander (2013) suggest may represent 

stable, high-level, contextually modulated appraisals. These regions are each monosynaptically connected with the 

amygdala, and share either direct or indirect connections with structures in lower levels of the proposed regulatory 

hierarchy (Craig, 2009; Roy et al., 2012; Whalen and Phelps, 2009). Multiple studies have also demonstrated 

functional roles for each of these regions in various aspects of emotional and/or autonomic regulation (Craig, 2009, 

2003, 2002; Lane, 2008; Lane et al., 2013; Mitchell and Greening, 2011; Paulus and Stein, 2010; Roy et al., 2012; 

Thayer and Lane, 2009, 2000; Thayer et al., 2012; Williams et al., 2006). As one example, a recent review of 

neuroimaging research on the VMPFC (Roy et al., 2012) attempted to integrate several studies illustrating evidence 

for its distinct roles in functions such as episodic memory, conditioned fear extinction (via inhibition of the 

amygdala), decision-making, autonomic regulation, and representing valence/reward (among others), by suggesting, 

as noted above, that it generates “affective meaning.” That is, by integrating information from context and memory, 
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for example, this region may be able to inhibit contextually inappropriate, fast amygdala appraisals, adaptively 

modify ongoing autonomic responses, and provide useful information to decision-making mechanisms regarding the 

context-specific behavioral significance of one’s current situation. As a second example, Mitchell and Greening 

(2011) have argued that the rACC/MPFC region may act to inhibit the amygdala during tasks which require 

inhibition of emotion-biased attention. A recent meta-analysis (Thayer et al., 2012) also implicated rACC/MPFC as 

a significant region across studies in the regulation of parasympathetically mediated heart rate variability (HRV). 

The overall point, however, is that each of these “level 5” regions appear well positioned to integrate information 

about rapid bodily/emotional reactions, possible goal conflicts, and spatiotemporal context, in order to adaptively 

modulate lower-level appraisal mechanisms, the evolution of ANS reactions, and the planning of present and future 

behavior.  

The final (sixth) level of regulation is associated with consciousness and cognitive accessibility. Whereas the 

appraisal- and perception-based information used in the previously discussed (fifth) level of regulation is often 

associated with consciousness, the regulatory functions discussed with regard to that level do not require that they 

are made conscious. For example, one neural model of emotion regulation (Phillips et al., 2008) argued, based on 

the extant neuroscientific and psychological evidence, that level 5 regions participate in “automatic” emotion-

regulation, as these mechanisms do not appear to require consciously-mediated strategic control. They contrast this 

with “voluntary” emotion regulation, which does depend upon conscious intentions and strategic planning 

mechanisms, such as voluntary attempts to suppress or reappraise consciously perceived emotional responses 

(Gross, 1998; Ochsner and Gross, 2007, 2005). Consciously mediated emotion regulation strategies appear to 

involve voluntary, top-down control over cognition, attention, and behavior, involving regions such as DLPFC, 

DMPFC, VLPFC, and parts of dACC. These are the same regions known to gain access to conscious information 

through working memory (Fletcher and Henson, 2001; Linden, 2007; Nee et al., 2013). For example, cognitive 

reappraisal reliably activates DLPFC, VLPFC, DMPFC, and dACC regions (Banks et al., 2007; Ochsner et al., 

2002; Phan et al., 2005), and this reappraisal process may relate to working memory manipulation processes over 

sensory/conceptual representations that these structures are also known to perform (Glahn et al., 2002; Veltman et 

al., 2003). That is, reappraisal may involve top-down, goal-directed changes in the way one’s situation is represented 

(e.g., perceptually and conceptually). Such changes in how one’s situation is represented could then alter the 

emotional reactions that unconscious appraisal mechanisms trigger in response. Emotion regulation strategies 
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making use of the voluntary control of attention also activate DLPFC and dACC regions (Erk et al., 2007; Goldstein 

et al., 2007). Finally, there is evidence that voluntary suppression of emotional behavior (such as suppressing facial 

expressions) also depends upon DMPFC , DLPFC, and VLPFC (Goldin et al., 2008; Gross and Levenson, 1997), in 

relation to their role in planning goal-directed action. Several of the aforementioned studies also provide evidence 

that these regulatory processes involve inhibitory interactions with subcortical regions such as the amygdala 

(Phillips et al., 2008).Thus, the same regions which gain access to emotional representations when they become 

conscious appear to use this information to directly or indirectly regulate lower-level appraisal mechanisms, 

autonomic responses, and behavior. 

(INSERT FIGURE 3 ABOUT HERE) 

4.0 An integrative multi-hierarchical model of embodied emotion 

The evidence reviewed here supports the existence of three interacting emotion-related hierarchies, associated with 

appraisal, perception, and regulation respectively. We therefore propose to integrate these three hierarchies into a 

single model (see figure 4). With regard to appraisal, we propose that when the sensory/conceptual representation of 

a given stimulus is activated, whether via externally-directed perception, memory, or top-down generated sensory 

imagery, a hierarchical appraisal process is performed in response (Brosch and Sander, 2013). Evidence suggests 

that novelty may first be detected within perirhinal, hippocampal, amygdalar, and orbitofrontal regions within 100 

ms (Brown and Bashir, 2002; Grandjean and Scherer, 2008; Olofsson et al., 2008; Ranganath and Rainer, 2003), and 

that concern relevance may be coarsely detected by the amygdala within 140-160 ms (Brosch and Wieser, 2011; 

Grandjean and Scherer, 2008; Pourtois et al., 2010) for use in level 4 emotion regulation. Other work suggests that 

the more explicitly cognitive, frontally-mediated appraisal mechanisms will require a minimum of 300 ms (Olofsson 

et al., 2008), thus only taking place after the faster appraisal mechanisms discussed above have already had the 

chance to initiate an automatic bodily response via interaction with hypothalamic and brainstem nuclei. For 

example, one such complex appraisal mechanism is the ACC- and DLPFC-mediated evaluation of goal congruence, 

which appears to be activated between 340-450 ms after stimulus onset (Grandjean and Scherer, 2008; Van Veen 

and Carter, 2002); Appraisals of agency and norm/value compatibility plausibly require similar time scales due to 

their comparable complexity (Brosch and Sander, 2013; Olofsson et al., 2008). Thus while fast appraisal 

mechanisms may trigger initial bodily responses based on relatively simple perceptual feature detection, more 
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complex, uncontroversially cognitive appraisal mechanisms can then refine/modulate these initial appraisals and 

modify initial bodily responses accordingly via top-down interactions. This iterative process may conclude with a 

stable VMPFC-mediated representation of affective meaning (Roy et al., 2012) which can be used in guiding goal-

directed action and level 5 emotion regulation. The VMPFC appears to play an important role in representing 

contextually adaptive valence-related information within decision-making processes, and may therefore motivate 

behavior plans predicted to maintain one’s emotional state (if positive valence) or those predicted to cause that state 

to cease (if negative valence) (Bechara et al., 1997; Damasio, 1994; Grimm et al., 2006; Prinz, 2006). Finally, while 

these appraisal mechanisms will typically trigger the suite of cognitive processing mode changes (Oatley and 

Johnson-Laird, 1987), and body state changes associated with a given emotion, it is also possible that such 

mechanisms may predictively activate perceptual emotion-related body state representations directly, in accordance 

with Damasio’s (1994, 1999) notion of “as-if loops.” 

The body perception hierarchy, based on the work of Marr (1982), Jackendoff (1987), Prinz (2006, 2012), and Baars 

(2005) can also be considered an emotion perception hierarchy. When an emotional body state change is triggered 

(and then subsequently modulated) via hierarchical appraisal mechanisms, afferent signals convey these moment-to-

moment body state changes through several brain regions whose level-of-information-represented can be 

conceptually divided into Marr’s three stages. Stage 1 representations of the activity of discrete parts of the body 

appear to exist within several brainstem and thalamic nuclei, as well as in the posterior insula (Craig, 2003, 2002; 

Saper, 2002). Stage 2 representations of whole-body activity patterns are then generated through a conjunctive 

integration over stage 1 representations within the mid- and anterior insula, and these representations correspond to 

phenomenologically distinguishable bodily feelings when such feelings are conscious (Craig, 2011, 2009; Critchley 

et al., 2004; Medford and Critchley, 2010). Stage 3 representations are then derived within rACC/MPFC via a 

disjunctive integration process in which multiple stage 2 whole-body activity patterns activate the same emotion-

category representation (Etkin et al., 2011; Kalisch et al., 2006; Lane et al., 1997; Mechias et al., 2010). That is, 

while each whole-body pattern may be associated with one emotion category, there may be more than one whole-

body pattern within each emotion concept category. Thus, on this model, while VMPFC is involved in high-level 

appraisal of a stimulus-in-a-context (and associated influences over autonomic activity, action selection, etc.), rACC 

is instead involved in high-level evaluation of the emotional meaning of one’s felt body state. 
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Finally, while representations at each of the three perceptual stages can be activated unconsciously and 

automatically, there is also a further stage of possible information flow in which stage 2 and stage 3 representations 

may become conscious in virtue of being made accessible to working memory (Baars and Franklin, 2003; Baars, 

2005, 2002; Prinz, 2012). If working memory-related frontal mechanisms select these representations as relevant for 

maintenance, these stage 2/3 representations will then be held in an active state and their signals will be gated such 

that they can be used by executive frontal regions, such as VLPFC, DLPFC, DMPFC, and dACC, as well as pre- and 

supplementary motor regions (Baddeley, 2007; Badre, 2008; Fletcher and Henson, 2001; Linden, 2007; Nee et al., 

2013; Nyberg et al., 2003; Shackman et al., 2011), to guide further deliberative thought and action. As discussed 

above in relation to constructivist accounts (Barrett, 2006b; Russell, 2003), it is also possible that one’s 

experiential/developmental history could influence how one understands the meaning of one’s emotional body states 

(what verbal label to give it, how best to respond to it etc.), either by influencing the transformation between stage 2 

and stage 3 processing or by influencing how deliberation proceeds once such representations are made accessible to 

goal-directed decision-making mechanisms. It appears plausible, for example, that direct interactions between 

VMPFC and rACC could allow one’s appraisal of the emotional meaning of one’s situation (VMPFC) to influence 

how one understands the conceptual emotional meaning of one’s felt bodily state (rACC). 

Finally, the regulatory hierarchy has six levels, and can be understood at some levels in terms of the regulation of 

body states and behavior patterns, at other levels in terms of the regulation of appraisal mechanisms, and at other 

levels the regulation of emotional experience (via working memory manipulation and the regulation of attentional 

and working memory gating mechanisms). At every level, added features of afferent information are used to 

modulate lower level mechanisms which do not have access to that information. For these reasons, the regulatory 

hierarchy partially overlaps with the two other hierarchies in the model. Level 1 of this regulatory hierarchy is 

simply the level of the reflex arc, and level 2 consists largely of stage 1 brainstem regions (and related efferent 

nuclei) which make use of organ-specific afferent information for use in homeostatic control. Level 3 can be 

understood in terms of higher subcortical regions (such as PAG and Hypothalamus) which trigger stereotyped 

behavior programs and coordinated ANS changes that do not depend on volition or consciousness (Saper, 2002). 

Level 4 is associated with fast appraisal mechanisms in the amygdala and related regions associated with novelty 

and concern relevance (Brosch and Sander, 2013). When this level is activated by a sensory representation, it 

unconsciously triggers adaptive behavioral and ANS changes through targeted activation of level 3 regions. Level 5 
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is associated with the integration of current bodily feedback and slow appraisal mechanisms, and includes regions of 

the insula, rACC/MPFC, dACC, and VMPFC. Many of these are regions associated with “automatic” emotion 

regulation within the model of Phillips and colleagues (2008); they do not depend on consciousness and they largely 

modulate level 4 appraisal mechanisms as well as ongoing bodily reactions in response to the added information 

they have access to. Finally, level six is associated with voluntary emotion regulation and consciousness, which 

requires that stage 2/3 body state representations are made accessible to working memory (Baars and Franklin, 2003; 

Baars, 2005, 2002; Prinz, 2012, 2006). If maintained in working memory, these representations are then able to 

influence various executive regions associated with goal-directed working memory manipulation, decision-making, 

behavior planning, and action (Baddeley, 2007). These executive regions, such as dACC, DLPFC, VLPFC and 

DMPFC, are then able to use this information to voluntarily adopt cognitive and behavioral strategies for altering 

bottom-up emotional responses. It remains an open question whether attention to, and working memory maintenance 

of, affective representations makes use of overlapping or distinct cortical regions in relation to visual and auditory 

attention/working memory systems. Orbitofrontal or DMPFC regions may contribute uniquely to 

affective/interoceptive working memory (Davidson and Irwin, 1999; Farb et al., 2013; Mikels et al., 2008; Waugh et 

al., 2014) and medial parietal (posterior cingulate/precuneus) regions may contribute uniquely to 

affective/interoceptive attention (Farb et al., 2013), but more research is required. 

(INSERT FIGURE 4 ABOUT HERE) 

 

5.0 Implications of the model 

The present model offers several potential theoretical advantages. Firstly, the hierarchical perspective makes clear 

that emotion “generation” and “regulation” mechanisms are not fully distinct. That is, emotion “generation” can be 

thought of as the neurally controlled change in one’s cognitive/bodily state from a state that is “non-emotional” (i.e., 

neutral/relaxed) to one that is “emotional”, whereas emotion regulation can instead be thought of as the neurally 

controlled change in one’s cognitive/bodily state from a state that is more intensely emotional to one that is less 

intensely emotional. Both of these processes involve controlled changes in one’s cognitive and bodily state, and both 

processes appear to involve many of the same regulatory control structures. For example, the same iterative 
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amygdala-mediated processing mechanisms may initiate fast emotional responses to low-level perceptual features 

(generation) and then subsequently use their hierarchical control position to regulate that bodily response as more 

information comes in. Similarly, higher level prefrontal regions typically associated with emotion regulation might 

also generate emotional body reactions via higher-level cognition (Kober et al., 2008; Ochsner et al., 2004b, 2002). 

Secondly, by applying neuroscientific insights into appraisal mechanisms, this perspective may allow for a useful 

integration of appraisal-based cognitive theories and embodied theories of emotion. On one hand, as fast appraisal 

mechanisms, which can trigger rapid, felt bodily changes, only depend upon low-level perceptual neural circuitry, 

this provides support to arguments suggesting that emotions do not require complex (concept-laden) cognitive 

causes (e.g., one may not need to represent the concept of “novelty” in order to have a fast amygdala-based 

emotional reaction to a novel stimulus) (Friedman, 2010; James, 1884; Prinz, 2006; Zajonc, 1984). The hierarchical 

nature of the appraisal and regulatory hierarchies also provides insights into similar arguments regarding the nature 

of emotion and behavior induced by electrical stimulation. For example, the electrical stimulation of fast, amygdala-

based appraisal mechanisms associated with level 4 of the regulation hierarchy, or stimulation of the level 3 

regulatory regions normally under level 4 control (such as PAG and hypothalamus), are both predicted to have 

specific effects based on the present model. In both cases, such stimulation should induce a meaningful pattern of 

coordinated ANS changes mediated by level 2 mechanisms (which would then feed up through the perceptual 

hierarchy and likely, but not necessarily, result in a conscious feeling). Such stimulation would also result in 

stereotyped behavioral responses (e.g. defensive postures, facial expressions) which do not require conscious 

experience or volition. This prediction is consistent with animal work demonstrating automatic emotional/behavioral 

reactions in response to stimulation of level 3 and level 4 regions, such as sham rage reactions in decorticate cats 

(Carli et al., 1963; Reis and Gunne, 1965). Therefore the present model can account for evidence of non-cognitive 

causes of emotion, resulting from either pre-conceptual, perceptually-based appraisals or from direct subcortical 

stimulation. Such mechanisms are capable, in principle, of triggering body states and felt emotions in the absence of 

higher cognitive processing. Despite this result, however, slower (uncontroversially cognitive) appraisal 

mechanisms in the model play a key role in determining the later evolution of felt emotional states. In normal 

circumstances, within 300-500 ms of stimulus onset, any initial bodily response (and resulting felt emotion) 

triggered by non-cognitive means will have been modified adaptively based on considerations of dimensions such as 

goal congruence, agency, and norm/value compatibility. Therefore, the present model also vindicates cognitive 
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appraisal models in demonstrating the key role that later cognitive appraisals play in determining the unfolding of 

emotional experience in everyday life. 

 Another theoretical advantage of the present model arises from the insights it gleans from empirically supported 

neuroscientific accounts of perceptual consciousness. This model suggests that the perception and assessment of 

conceptual meaning with regard to one’s body states may be strongly analogous to the perception and assessment of 

conceptual meaning within other sensory systems. In applying these insights to embodied emotion, the model 

provides a unified means of understanding the distinct neural and behavioral contributions of conscious and 

unconscious emotional processes (Lane, 2008; Winkielman and Berridge, 2004). Lane (2008) reviewed evidence of 

implicit and explicit emotion, concluding that conscious and unconscious emotional processes have an overlapping 

but distinct neural basis, and that conscious processes have a modulatory effect on unconscious processes. The 

present model makes this insight explicit by highlighting that the conscious experience of emotion requires that 

affective body state representations be made accessible to working memory and associated cognitive/executive 

systems. This is supported by recent work which implicates DMPFC in affective working memory (Waugh et al., 

2014) in combination with other work that has also provided evidence that DMPFC activation is associated with 

gaining conscious awareness of a change in mood (Smith et al., 2014a). As the frontal regions associated with 

working memory are also those implicated in the conscious regulation of emotion, the present model clarifies why 

consciousness is required for such modulatory effects. Baar’s global workspace model (Baars, 2005) also explicitly 

appeals to the integrative function of consciousness within such regions, consistent with the flexibility and added 

contextual information which can contribute to the modulatory influence of consciousness on lower levels of the 

three hierarchies discussed here. This notion of facilitated top-down regulation through cognitive access may also 

allow subjects with greater trait emotional awareness (i.e. subjects with greater cognitive access to more 

differentiated stage 2/3 representations) to modulate the lower levels of these hierarchies in more nuanced ways 

(Lane et al., 1998; McRae et al., 2008).  

Despite the present model’s emphasis on body perception in the generation of emotional feelings, the role of 

cognitive accessibility in producing conscious feelings may also allow emotional phenomenology, and what 

emotions represent, to relate explicitly to action, and by extension to theories of emotion which stress action 

tendencies (Frijda, 1986) or changes in cognitive processing modes preparatory to action (Oatley and Johnson-Laird, 
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1987). This results from the fact that on theories of consciousness, such as those of Baars (2005) and Prinz (2012), 

conscious states play necessary roles in influencing action-oriented cognition. Consciousness appears required for 

verbal reporting and other spontaneous, deliberative responses to stimuli (Weiskrantz, 2009, 1986), and when stage 

2 and stage 3 representations become conscious, this is specifically in virtue of the fact that they are modulated so as 

to influence brain regions associated with working memory, decision-making, behavior planning, and deliberative 

action in distinct ways. Thus, consciousness of emotions and emotional feelings may be largely inseparable from 

influences on action under such theories, because we may be incapable of consciously experiencing emotions 

without those experiences influencing our deliberations over how to respond. Stage 2 and stage 3 representations 

also likely have unique influences in this regard. For example, evidence suggests that frontal cortex may be 

functionally organized along a caudal-rostral axis, such that more abstract aspects of action selection are located 

more rostrally (Badre, 2008); Stage 3 representations may have greater influence over these more abstract aspects of 

action selection compared to those of stage 2. For example, knowing that one is sad (stage 3) will likely influence 

action selection abstractly by influencing the inferences one makes regarding the relevant potential causes of sadness 

and how they might be eliminated. In contrast, the unpleasant “pit feeling” one may experience in their stomach 

during sadness (part of a stage 2 representation) would not guide deliberative action in this same way in the absence 

of the recognition that it related to sadness (see figure 5). One would be motivated by such an unpleasant somatic 

feeling to seek ways of causing that feeling to cease, but one would typically need to recognize that it signified 

sadness in order to infer the appropriate actions to take to eliminate its causes. Such distinctions add neural 

mechanistic detail to clinical approaches that focus on promoting the experiencing and labeling of emotional states 

in the service of facilitating more adaptive action in social contexts (Greenberg and Watson, 2006). Therefore, while 

conscious emotion may depend on body perception in the present model, the resulting perceptual representations 

play an indispensable role in emotion-guided action (including voluntary emotion regulation strategies). The stage 3 

rACC representation of emotional meaning likely also contributes to the unique phenomenological aspects of 

emotional vs. non-emotional body state perception. 

This notion of action guidance may also be important in determining what emotional states represent. As mentioned 

above, some theories of emotion assume that emotional states in some way represent “relational themes,” such as 

danger (fear) or reasonable progress toward a goal (happiness). Prinz (2006), for example, appeals to information 

semantics approaches to representation (Dretske, 1981) to argue that emotional states represent these themes 
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because they reliably detect (i.e. nomologically covary with) them. Others have pointed out, however, that there is 

an important sense in which the meaning of a given mental representation can also depend on the systems that use it 

(Millikan, 1989). That is, a state’s meaning may depend in part upon what downstream systems interpret it to mean. 

For example, if a given neural state happened to covary with danger, but its effects promoted relaxed behaviors and 

a lack of focal attention, it is not clear that this state can be said to represent danger. These reactions are not adaptive 

responses to danger within typical human environments, and in this sense downstream systems are responding to 

that state as though it is a state of something other than fear. Therefore, there is a sense in which emotional states, 

despite being perceptual, may in part gain their meaning in virtue of the way they influence downstream systems 

which regulate cognitive and behavioral responses. Both their causes and their effects appear relevant to their 

meaning, and when such states are conscious, their effects on deliberative action via working memory will further 

influence emotional experience. 

(INSERT FIGURE 5 ABOUT HERE) 

In understanding emotional experience in relation to the perceptual experience of the body, the present model may 

also offer novel explanations for pathological processing of emotion and motivation. One possible insight associated 

with alexithymia has been briefly discussed previously in relation to Prinz’s (2006) theory specifically. The word 

alexithymia denotes “not having words for emotions” and refers to a condition in which subjects, often with 

traumatic early life experiences, do not report experiencing emotional feelings despite preserved emotional 

behaviors (crying, facial expressions etc.) (Taylor, 2000). Despite reporting a lack of emotional experience, subjects 

with alexithymia can remain motivated to seek treatment, and they also appear to have preserved 

interoception/somatosensation due to the fact that they often have several bodily complaints (Shipko, 1982; Taylor 

et al., 1992). This symptom cluster can be readily accounted for within the present model by positing a 

developmentally or otherwise acquired deficit in stage 3 emotion representation within the MPFC. A stage 3 

representational deficit in emotion perception is analogous to associative agnosia in vision (Farah, 2004), in which 

direct phenomenology is preserved (as evidenced by the ability to copy) but access consciousness to conceptual 

category identity is impaired (e.g. a person can draw a hammer but does not recognize that it is a hammer) (See Lane 

et al., in press).  A deficit in stage 3 emotion representation would similarly result in preserved bodily 

phenomenology due to intact stage 2 representations in the insula (thus accounting for somatic complaints), along 
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with an inability to recognize those bodily states as belonging to emotional categories like sadness or fear. Thus the 

person would not report experiencing emotion, despite reporting, and being driven to seek help for, negatively 

valenced somatic states. This would likely lead to the selection of actions such as seeking medical help, as opposed 

to more adaptive voluntary emotion-regulation strategies associated with the situational context in which the 

emotion arose. Stage 3 representations can therefore be seen, when conscious, as contributing to the unique aspects 

of experience and cognition associated with conceptual emotion category recognition. 

In support of this explanation, multiple neuroimaging studies of alexithymic individuals have reported abnormal 

activity in MPFC relative to healthy controls associated with emotional experience (Berthoz, 2002; Moriguchi et al., 

2006; Silani et al., 2008). Further, evidence suggests that states of high physiological arousal result in the inhibition 

of MPFC function (Arnsten and Robbins, 2002; Arnsten, 1998; Robbins and Arnsten, 2009; Thayer et al., 2012), 

allowing for the possibility that chronically high arousal (which may not be consciously experienced as such), either 

currently or during development, could result in abnormal stage 3 MPFC-mediated emotion representations. 

Therefore, alexithymia may be thought of as a sort of “associative affective agnosia” due to pathological or deficient 

high-level representations of emotion. It should be pointed out, however, that this deficit in stage 3 representation 

could take two fundamentally distinct forms within the present model. One possibility is that these representations 

are not appropriately activated. That is, they may not be reliably triggered by stage 2 representations, or perhaps, all 

stage 2 representations inappropriately activate the same stage 3 representation. Another possibility, however, is that 

differentiated stage 3 representations are appropriately activated, but that there is a deficit in their cognitive 

accessibility. If such representations were somehow rendered incapable of either being attended to and made 

available to working memory systems, or being subsequently gated so as to have appropriate influences on 

cognition, the same inability to use emotion-category information to guide thought and action would result. Future 

studies should be designed to test these two distinct possibilities, as they may have distinct implications for 

treatment. For example, a deficit in cognitive accessibility would seem to explain the dACC-emotional awareness 

correlations discussed above (Lane et al., 1998; McRae et al., 2008), and suggest treatments aimed at facilitating 

internal attention. On the other hand, the possibility of undifferentiated or inactive stage 3 representations would 

instead suggest treatments aimed at facilitating internal state discrimination and explicit state labeling. 
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As highlighted above, dysfunction in stage 3 processing within the present model is predicted to cause a deficit in 

the recognition of one’s own emotions (in conjunction with preserved bodily phenomenology and the behavior it 

serves to motivate). The model further predicts that deficits in stage 1 or stage 2 will instead result in the absence of 

emotional/bodily phenomenology and the behaviors they motivate. This is because stage 1 representations are 

typically required to activate stage 2 processing, and stage 2 representations correspond to phenomenology when 

these representations are made cognitively accessible. In support of this prediction, insula damage in humans has 

been found to produce deficits in body awareness as well as in the experience of emotions such as disgust (Heydrich 

and Blanke, 2013; Ibañez et al., 2010) and the experience of emotion in music (Jones et al., 2010). Insula damage 

has also been associated with decreases in emotionally motivated behavior (Ibañez et al., 2010), including the 

motivation for cigarette addicts to smoke (Naqvi et al., 2007). Damage to the insula, and the dACC regions it 

projects to (as in cingulotomy surgery for intractable pain), has also been associated with pain asymbolia (Berthier et 

al., 1988; Brotis et al., 2009; Ramachandran, 1998), a condition in which subjects still report feeling pain but are no 

longer bothered by it or motivated to cause it to cease. Prinz (2006) has also argued that lack of emotional 

phenomenology may be present in cases of akinetic mutism, which involves preserved awareness in conjunction 

with the lack of any affective motivation to behave (Nagaratnam et al., 2004). This sort of “muted affect,” in which 

recovered patients later report that “nothing mattered,” has been associated with widespread damage to rostral and 

dorsal ACC regions which access stage 2 representations in order generate stage 3 representations (rACC) and to 

drive/motivate conscious behavior (dACC); Prinz (2006) also highlights that similar muted affect has also been 

reported due to damage in brainstem regions that process afferent somatovisceral information (Damasio, 1999; 

Nagaratnam et al., 2004). It is important to note, however, that due to the presence of Damasio’s “as-if loops,” 

appraisal mechanisms may activate stage 3 representations without first influencing the body. In such cases, insula 

damage alone may not result in a complete lack of reported emotion. However, if both insula and rACC were 

destroyed bilaterally, the present model predicts a lack of consciously experienced emotion as well as a lack of non-

reflexive emotional behaviors which depend on dorsal prefrontal action planning mechanisms. 

By appealing to working memory mechanisms of maintenance and manipulation as applied to representations of 

emotionally meaningful body states, the present model may also offer potential insights with regard to mechanisms 

of emotion-related mentalization, also called affective theory of mind (ToM) (Stonnington et al., 2013). Studies of 

ToM consistently find DMPFC activity when subjects simulate the beliefs, desires, emotions, and intentions of 
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others (Frith and Frith, 2006; Lee and Siegle, 2009). As discussed above, DMPFC is also implicated in the working 

memory maintenance of emotional states as well as other aspects of cognitive control (Levy and Goldman-Rakic, 

2000; Petit et al., 1998; Venkatraman et al., 2009; Waugh et al., 2014), which suggests the possibility that DMPFC 

engages in affective ToM by means of top-down maintenance and manipulation of representations of emotions (such 

as those discussed above within rACC and the anterior insula). It would be consistent with both the extensive work 

on grounded cognition (Barsalou, 2008; Kiefer and Barsalou, 2013) and “empathy through simulation” (Paulus et 

al., 2013; Zaki and Ochsner, 2012) that thinking about the emotions of others involves simulating those emotions in 

ourselves, and the work implicating DMPFC in ToM and cognitive control may suggest that mentalization involves 

a specific type of top-down maintenance and manipulation of such emotional (and other) types of representations. 

This might also have implications for constructs such as trait emotional awareness (Lane et al., 1998; McRae et al., 

2008), which posit that greater emotional awareness involves the ability to represent the emotions of oneself and 

others in more complex and differentiated ways. For example, while the ability to represent single emotions in 

oneself may primarily involve appropriate rACC activations (as discussed with regard to studies of the neural basis 

of alexithymia above), the ability to represent one or more emotions in others would require an intact ability to 

simulate those emotions via DMPFC-mediated cognitive control mechanisms. Thus, one might predict that lower 

levels of emotional awareness will only require appropriate activation of stages 1-3 in the emotion-perception 

hierarchy discussed above, whereas higher levels of emotional awareness may further require appropriate activation 

of DMPFC-mediated mentalization mechanisms involved in top-down maintenance/manipulation of stage 2/3 

emotion representations as they are attributed to self and other. 

One further advantage of the present model involves its implications for research on the specificity of the association 

between visceral/somatic reactions and self-reported emotions. In the literature on the autonomic specificity 

hypothesis reviewed above, for example, many past studies have sought 1-to-1 relationships between peripheral 

physiological measures and self-reported emotions in order to test the Jamesian idea that conscious emotional 

feelings are determined by perceived bodily reactions. However, due to the hierarchical nature of perceptual 

processing, the present model actually predicts that one should not expect to find such 1-to-1 relationships between 

peripheral physiology and self-reported emotion, even if perceived bodily states do largely determine self-reported

emotions. The reason for this, abstractly stated, is that there are not 1-to-1 mappings between percepts (i.e. stage 2 

representations) and concepts (i.e. stage 3 representations), and self-reported emotional states involve reports of 
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emotion concepts (e.g., “sad”, “angry”, etc.), not bodily percepts. Put differently, there are many different stage 2 

representations of body states (percepts) that map onto the same stage 3 representation of a given emotion concept, 

and therefore one should not necessarily expect a 1-to-1 correlation between body states and self-reported emotional 

states. To illustrate further, consider again the visual analogy from above involving the perception of a hammer. In 

this example, the afferent body state input is analogous to a specific pattern of activation across the retina, and self-

reported emotions are analogous to the self-report that one recognizes that one’s visual experience is of a hammer. 

Here it is clear, however, that, even though one’s retinal activation pattern strongly determines one’s visual self-

report, one should still not expect high correlations between self-reports of “I see a hammer” and patterns of 

activation across the retina. This is because there are many different retinal activation patterns – corresponding to 

different views of a hammer (e.g., from different angles and distances, or involving different types of hammers) – 

and each of these input patterns (and their corresponding stage 2 representations) activates the same stage 3 

representation of the concept of a hammer. In a similar manner, then, one should not expect self-reported emotion 

concepts to correlate 1-to-1 with stage 2 body state patterns. Many different patterns of somatic/visceral activity 

(e.g., those preparatory to freezing or fleeing) can map onto, and result in verbal reports of, the same emotion 

concept (e.g., fear). This insight may relate to the autonomic specificity found for emotion subtypes in Kreibig’s 

(2010) review article (discussed above), and should perhaps also motivate the use of more fine-grained emotion 

categories in future assessments of autonomic specificity. It is also consistent with previous work which has 

emphasized that the phenomenological experience of a single emotion can often take different forms at different 

times (Lambie and Marcel, 2002). Further it illustrates a way in which merely moderate correlations between 

peripheral physiology and self-reported emotional states can remain consistent with theories of emotion which posit 

that perceived body states play a strong role in determining emotional feelings. Given that differences in 

developmental/learning histories also plausibly result in the possession of different numbers/types of emotion 

concepts across individuals, it should also not be surprising that between-subjects studies of autonomic specificity 

have met with mixed results (Friedman, 2010; Kreibig, 2010). 

Aside from the implications discussed immediately above, the present model also offers multiple alternative, 

testable hypotheses with regard to the neural basis of affective psychiatric disorders and their treatments. Within the 

appraisal hierarchy, for example, affective disorders might be associated with abnormalities in either early or late 

appraisal mechanisms. As one example, on the present model, a reduced influence of “slow” context-dependent 
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VMPFC regulation over “fast” amygdala appraisals could result in amygdala hyperactivity and a tonic hyper-

aroused body state. One review has in fact suggested that multiple anxiety disorders involve decreased VMPFC 

activity and increased amygdala activity (Etkin and Wager, 2007). This same review also found increased insula 

activity, as would be predicted based on the resulting hyper-aroused body state. Thus the present model is consistent 

with this model of neural dysfunction in anxiety disorders and also provides a means of better understanding the role 

of the structures implicated within it. 

On the present model anxiety and mood disorders could also be associated with dysfunctional emotion regulation 

mechanisms at various levels, or with dysfunctional connections between levels. Pathological perceptual integration 

mechanisms might also plausibly trigger a bias toward activation of negatively valenced stage 3 representations, and 

attentional modulation systems could also potentially contain biases toward such negatively valenced 

representations. Thus, the integrative model proposed here may provide a clear conceptual scheme for organizing 

extant findings as well as aiding in the generation of novel, testable hypotheses. 

Lastly, with regard to therapeutic mechanisms, it has recently been proposed that facilitating memory 

reconsolidation within the hippocampus may represent a common element across all successful forms of 

psychotherapy (Lane et al., 2014), and the authors of this proposal suggest that one essential ingredient in effectively 

triggering this reconsolidation process during therapy is the facilitation of new conscious emotional experiences 

while old memories are re-activated. The present model may help in explaining why conscious emotional experience 

is required, in connection with its claim that emotional experience requires working memory availability. This 

possibility stems from the fact that recent studies suggest that a representation being made available to working 

memory happens prior to, and may be required for, that representation to be consolidated in long-term memory 

(Buckner et al., 1999; Fletcher and Henson, 2001). It is also possible that the same attentional mechanisms underlie 

the gating of information into working and long-term memory. In either case, the present model can explain why 

memory reconsolidation requires emotional experience, because emotional experience requires working memory 

availability and working memory availability is required for (or coincides with) long-term memory consolidation. 

This provides one example of how the present framework may prove useful within clinical contexts. 

6.0 Open questions and conclusion 
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While considerable evidence exists in favor of many aspects of the present model, the neural basis of certain 

affective functions remains speculative.  Two major questions that have received insufficient attention are associated 

with affective/interoceptive working memory and the attentional modulation of affective/interoceptive 

representations. It is presently unknown, for example, whether the bottom-up and top-down attentional mechanisms 

for vision and other exteroceptive sensory systems, associated with inferior parietal and lateral frontal regions, are 

also associated with affective/interoceptive attentional focus. The evidence reviewed above suggests that distinct 

paralimbic circuits in medial parietal and posterior cingulate regions may be associated with affective/interoceptive 

attention (Farb et al., 2013), but more work is needed. Affective working memory has received even less attention 

within cognitive neuroscience. Working memory maintenance and manipulation of one’s own affective responses 

could plausibly involve  dorsomedial frontal regions, or possibly ventrolateral or orbitofrontal regions (Davidson 

and Irwin, 1999; Mikels et al., 2008). Only one study to date (Waugh et al., 2014) has provided direct evidence that 

DMPFC may play a role in the top-down maintenance of emotional states in working memory. Given the 

significance of such mechanisms in allowing for reportable conscious experience within leading neural theories of 

consciousness, more studies should be designed to address these questions. 

A further open question has to do with the extent to which cognitive factors, such as context and background belief, 

can directly influence the stage 3 (conceptual) emotional categorization of one’s perceived body state after it has 

been elicited. Prinz (2006), for example, explicitly denies that a cognitive evaluation of the emotional meaning of 

one’s body state is needed.  This is because he thinks a given body state always triggers the same stage 3 

representation and that each stage 3 representation reliably correlates with adaptively informative relational themes 

that are useful in decision-making. The evidence reviewed above does not rule out this possibility. Further, such 

cognitive factors can influence which body states are elicited (through influencing appraisal) and thus there might be 

no additional advantage associated with their further influence over the emotional categorization of those body 

states.  However, other theorists (Barrett, 2006a; Barrett et al., 2007; Damasio, 1994; Lindquist et al., 2012; 

Schachter and Singer, 1962) have argued that cognitive factors may influence emotional body state categorization in 

just this way. There is also evidence that considerable cognitive, exteroceptive, and other contextual information is 

integrated by the insula and medial prefrontal cortex (Chang et al., 2013; Craig, 2009; Etkin et al., 2011; Roy et al., 

2012; Simmons et al., 2013) which could plausibly modulate stage 3 representations accordingly. For example, 

direct interactions between VMPFC and rACC could plausibly allow appraisals of one’s situation (VMPFC) to 
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influence how one understands the emotional meaning of one’s perceived body state (rACC). Further, multiple 

models of perception have been successful in applying Bayesian and predictive coding schemes to understand 

sensory systems (Clark, 2013; Hohwy, 2014; Knill and Pouget, 2004), including interoception (Seth and Critchley, 

2013; Seth, 2013), and such models often make use of contextual information in probabilistic inference. In such 

models perception occurs based on minimizing the error between afferent sensory input and a generative model’s 

top-down prediction about one’s internal body state at each level of the perceptual hierarchy (and based on one’s 

implicit and explicit background knowledge). Thus, it is not unreasonable to suggest that feed-forward processing of 

afferent body state signals may interact with top-down generated predictions in arriving at stable stage 3 

representations. If this predictive coding scheme were applied to the 3-stage perceptual hierarchy described above 

for interoception/emotion, it would also accommodate the possibility of noise within afferent interoceptive/somatic 

signals and further relax the requirement for strict correlations between body state patterns and self-reported 

emotions, while still keeping body state representations as central to emotional experience. Predictive coding also 

appears to align well with Damasio’s notion of as-if loops, which appeals explicitly to the use of representations of 

predicted bodily feedback. Future studies should further address the extent to which cognitive factors directly 

influence the perceptual processing of one’s emotional body states. 

In conclusion, the present model may be useful in guiding future research in affective science, the cognitive 

neuroscience of emotion, psychiatric disorders, and the role of emotional states in physical health. By integrating 

three previously discussed hierarchical neural systems associated with conscious and unconscious emotional 

processing, and reviewing recent studies related to the potential interactions between them, it offers a more complete 

picture of the complex computational processes underlying emotions and conscious feelings that may be starting to 

emerge within the field, and it may provide a means of reconciling cognitive and embodied theories of emotion. 

Untangling this complicated web of hierarchical perceptual and regulatory interactions holds the promise of 

developing a more complete understanding of the healthy and unhealthy emotional mind, and may prove useful in 

organizing present knowledge as well as highlighting important areas of research that have thus far been neglected. 
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Figure Legends 

Figure 1: Illustration of hierarchical emotion generation by means of multiple appraisal mechanisms which require 
differing amounts of processing time and cognitive/computational sophistication. VTA = Ventral Tegmental 
Area, nACC =  Nucleus Accumbens, DMPFC = Dorsomedial Prefrontal Cortex, DLPFC = Dorsolateral PFC, 
VLPFC = Ventrolateral PFC, VMPFC = Ventromedial PFC, dACC = dorsal anterior cingulate cortex, TPJ = 
temporopatietal junction. 

Figure 2: Illustration of the analogy between visual object recognition and the recognition of one’s own emotional 
state via interoception. Blue arrows indicate afferent, bottom-up, or perceptual signaling; Red arrows indicate 
efferent, top-down, or regulatory signaling. Solid arrows indicate non-gated signaling; dashed arrows indicate 
signal flow which depends on modulatory information-gating mechanisms. Gating mechanisms include 
attention modulation (green) and working memory maintenance (purple). Question marks indicate model 
aspects which draw in part on parallels from research on other sensory systems, and which therefore require 
additional support by future research. NTS = Nucleus of the Solitary Tract, PBn = Parabrachial Nucleus, 
CVOs = Circumventricular Organs, DMPFC = Dorsomedial Prefrontal Cortex, DLPFC = Dorsolateral PFC, 
VLPFC = Ventrolateral PFC, rACC = rostral ACC, V1 = primary visual cortex, LGN = lateral geniculate 
nucleus. 

Figure 3: Illustration of several aspects of the six level hierarchy proposed to regulate emotional body states. Red 
arrows indicate efferent, top-down, or regulatory signaling. NTS = Nucleus of the Solitary Tract, RVLM = 
Rostral Ventrolateral Medulla, nAMB = Nucleus Ambiguus, DMNV = Dorsal Motor Nucleus of the Vagus, 
DMPFC = Dorsomedial Prefrontal Cortex, DLPFC = Dorsolateral PFC, VLPFC = Ventrolateral PFC, VMPFC 
= Ventromedial PFC, dACC = dorsal anterior cingulate cortex, rACC = rostral ACC, PAG = periaqueductal 
gray. 

 

Figure 4: Illustration of several aspects of a multi-hierarchical model of emotion processing and associated brain 
regions. Black arrows indicate overlapping structures/mechanisms between multiple hierarchies. Blue arrows 
indicate afferent, bottom-up, or perceptual signaling; Red arrows indicate efferent, top-down, or regulatory 
signaling. Solid arrows indicate non-gated signaling; dashed arrows indicate signal flow which depends on 
modulatory information-gating mechanisms. Gating mechanisms include attention modulation (green) and 
working memory maintenance (purple). “As-If loops” illustrate that appraisal mechanisms may directly 
activate perceptual representations within stages 1-3 without such influences being mediated by actual body 
state changes. Not illustrated are possible mechanisms for emotion-cognition interactions, such as the 
influence of amygdala and brainstem/midbrain neuromodulatory nuclei on hippocampal and neocortical 
regions. Also not illustrated is the possibility that cognitive systems may have a top-down modulatory 
influence over which perceptual representations in stages 1-3 are activated by somatovisceral afferents. 
Question marks indicate model aspects which draw on parallels from research on other sensory systems, and 
which therefore require additional support by future research. VTA = Ventral Tegmental Area, nACC = 
Nucleus Accumbens, NTS = Nucleus of the Solitary Tract, RVLM = Rostral Ventrolateral Medulla, nAMB = 
Nucleus Ambiguus, DMNV = Dorsal Motor Nucleus of the Vagus, PBn = Parabrachial Nucleus, CVOs = 
Circumventricular Organs, DMPFC = Dorsomedial Prefrontal Cortex, DLPFC = Dorsolateral PFC, VLPFC = 
Ventrolateral PFC, VMPFC = Ventromedial PFC, dACC = dorsal anterior cingulate cortex, rACC = rostral 
ACC, PAG = periaqueductal gray, TPJ = temporoparietal junction. 

Figure 5: Illustration of a possible mapping between levels of the body state/emotion perception hierarchy and 
hierarchical mechanisms in the frontal lobe associated with action selection. Blue arrows indicate afferent, 
bottom-up, or perceptual signaling; Red arrows indicate efferent, top-down, or regulatory signaling. Solid 
arrows indicate non-gated signaling; dashed arrows indicate signal flow which depends on modulatory 
information-gating mechanisms. Gating mechanisms include sensory system-working memory system 
interactions (purple), and the influence sensory representations have on action selection if they are maintained 
in working memory (dashed light blue). Question marks indicate model aspects which draw in part on 
parallels from research on other sensory systems, and which therefore require additional support by future 
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research. NTS = Nucleus of the Solitary Tract, PBn = Parabrachial Nucleus, CVOs = Circumventricular 
Organs, DMPFC = Dorsomedial Prefrontal Cortex, DLPFC = Dorsolateral PFC, VLPFC = Ventrolateral PFC, 
VMPFC = Ventromedial PFC, dACC = dorsal anterior cingulate cortex, rACC = rostral ACC. 
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a b s t r a c t

The medial prefrontal cortex (mPFC) has been implicated in attending to one’s own
emotional states, but the role of emotional valence in this context is not understood. We
examined valence-specific BOLD activity in a previously validated functional magnetic
resonance imaging (fMRI) paradigm. Ten healthy subjects viewed emotional pictures and
categorized their experience as pleasant, unpleasant or neutral. All three categories acti-
vated a common region within mPFC. Subtraction of neutral from pleasant or unpleasant
conditions instead revealed ventromedial PFC (vmPFC), suggesting that this region repre-
sents emotional valence. During exteroceptive attention, greater mPFC responses were
observed in response to emotional relative to neutral stimuli, consistent with studies
implicating mPFC in the top-down modulation of emotion-biased attention. These findings
may help to integrate the two proposed roles of mPFC in emotional representation and top-
down modulation of subcortical structures.

! 2014 Elsevier Inc. All rights reserved.

1. Introduction

The distinction between conscious and unconscious psychological processes is an area of growing interest within cogni-
tive neuroscience (Gazzaniga, Ivry, & Mangun, 2009). Research to date supports the notion that these processes have at least
partially unique neural correlates (Christof Koch, 2004; Lane, 2008; LeDoux, 2013; van Gaal & Lamme, 2012). Damasio spe-
cifically applied this distinction to emotion by distinguishing between the neural correlates of what he termed ‘‘primary
emotions’’ and ‘‘feelings’’ (Damasio, 1994). Primary emotion is defined as the physiological expression of an emotional
response that occurs automatically and without the necessity of conscious processing. In contrast, feelings involve the
conscious experience of a specific emotional state (Damasio, 1994; Lane, 2008). As suggested by Damasio (1994), primary
emotions and feelings are dissociable conceptually and neuroanatomically.

Historically, the scientific study of consciousness has met with unique challenges due to its intrinsically subjective nature.
One mainstream approach to the study of conscious experience is through goal-directed attention and subsequent self-
report. Recent studies have suggested that attention may be deployed without conscious awareness (Kentridge, 2011;
Kentridge, Heywood, & Weiskrantz, 1999, 2004; Koch & Tsuchiya, 2007), however, this remains a hotly debated issue
(Prinz, 2012), and if participants are subsequently capable of evaluating and verbally reporting on an attended object then
the inference to conscious awareness remains plausible. Various methodologies have been developed for the study of
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attention, including paradigms involving divided attention, spatial cueing, dichotic listening, and visual search (Corbetta &
Miezin, 1991; Hopf et al., 2006; Hopfinger, Buonocore, & Mangun, 2000; Jäncke, Buchanan, Lutz, & Shah, 2001; Mitchell &
Greening, 2011).

To extend this attention-based approach to emotional experience, Lane, Fink, Chua, and Dolan (1997) examined the neu-
ral activity associated with selectively attending to subjective emotional responses in a study in which subjects viewed emo-
tional picture sets during functional neuroimaging. When subjects attended to, and evaluated, their subjective emotional
responses, robust neural activity was elicited in pregenual anterior cingulate (pACC) and mPFC (BA 10/32), as well as ven-
tromedial prefrontal cortex and insula (Lane et al., 1997). By contrast, under the same stimulus conditions when subjects
attended to and evaluated spatial aspects of identical picture sets, activation was observed in the parieto-occipital cortex
bilaterally. These findings have been replicated in several studies (Gusnard, Akbudak, Shulman, & Raichle, 2001; Ochsner
et al., 2004; Silani et al., 2008), and suggest a specific role for the anterior cingulate cortex (ACC) and medial prefrontal cortex
(mPFC) in representing one’s own subjective emotional responses, similar to the increase in activity in visual processing
regions observed when focusing attention on a specific stimulus (Cohen, Cavanagh, Chun, & Nakayama, 2012; Lamme &
Roelfsema, 2000). As this paradigm involves both attention- and evaluation-related processes, however, it remains unsettled
whether this pACC/mPFC region is best characterized as mediating attended representations of emotions, deploying top-
down control of attention to emotional representations, or the process of further evaluating one’s own subjective responses.
It is also possible, given the hierarchical nature of the neural control of emotion (Lane, 2008; Thayer, Ahs, Fredrikson, Sollers,
& Wager, 2012; Thayer & Lane, 2000, 2009), that this region may simultaneously generate a representation of one’s emo-
tional state and then use this information to regulate less flexible subcortical responses. Thus emotional representation
and regulation might be usefully carried out within the same structure.

Despite these limitations in current understanding, the findings reviewed above dovetail with the role of mPFC in men-
talizing functions (Amodio & Frith, 2006; Frith & Frith, 2006). The term mentalizing refers to the skill involved in making
inferences about the mental states of others. Currently there are a considerable number of studies that support the role
of the mPFC in both mentalizing and self-referential processing (Amodio & Frith, 2006; D’Argembeau & Ruby, 2007;
Decety & Sommerville, 2003; Frith & Frith, 2006; Gusnard et al., 2001; Heatherton, 2006; Mitchell, Macrae, & Banaji,
2006). For example, Gusnard et al. (2001) found that self-related processing is associated with an increase in neural activity
in the mPFC. D’Argembeau and Ruby (2007) further demonstrated that anterior mPFC activity was uniquely associated with
self, whereas taking the perspective of others preferentially activated more dorsal posterior mPFC regions.

Attending to and evaluating one’s emotional responses may be considered one specific example of self-referential pro-
cessing that involves accessing a mental representation of one’s own emotional states. As other work suggests that to under-
stand the mental states of others, as in mentalizing tasks, one must activate representations of those states (i.e. simulate how
they are feeling) within one’s self (Barsalou, 2008; Kiefer & Barsalou, 2013; Niedenthal, 2007; Schnell, Bluschke, Konradt, &
Walter, 2011), this provides a plausible means of understanding the role of pACC/mPFC in representing the emotional states
of both self and other. That is, while the pACC region of mPFC may often act to represent one’s own emotional states (where
attention positively modulates the strength of such representations), mentalizing may also involve the offline activation of
these same pACC representations, via top-down control mechanisms, to simulate the emotions of others. As the dorsomedial
PFC (dmPFC) is consistently activated in studies of both mentalization and cognitive control (Amodio & Frith, 2006; Frith &
Frith, 2006; Lee & Siegle, 2009; Levy & Goldman-Rakic, 2000; Petit, Courtney, Ungerleider, & Haxby, 1998; Venkatraman,
Rosati, Taren, & Huettel, 2009), it is plausible that this structure may be engaged in this process of offline top-down activa-
tion of pACC representations for use in the simulation of other’s emotions.

In support of this possibility, Kober et al. (2008) performed a quantitative meta-analysis of 162 neuroimaging studies of
emotion using a novel multi-level kernel-based approach, focusing on locating brain regions consistently activated in emo-
tional tasks into distinct distributed functional groups. The authors found that medial prefrontal areas are more closely asso-
ciated with core limbic activation than their lateral counterparts, and that a specific region of dmPFC (BA9/32) plays a
particularly important role in the cognitive generation and monitoring of emotional states. A recent meta-analysis (Lee &
Siegle, 2009) of emotional evaluation studies has further identified PFC regions as playing both common as well as differen-
tial roles in affective judgments depending on whether the task involves evaluation of an emotional stimulus, one’s own
emotional response, or the emotional responses of others. These authors identified the dmPFC, lateral PFC, and amygdala
as commonly activated across all evaluation tasks, but also found distinct regions associated with each task type. Specifically,
pregenual anterior cingulate cortex (pACC) and insula were associated with evaluations or judgments of one’s own emo-
tional responses.

There are alternatives to the view that this pACC/mPFC region is primarily serving an emotional representation function
that can be deployed in mentalization and self-referential processing. Mitchell and Greening (2011) and Mitchell (2011)
argue, for example, that BA 32/10 may instead play a modulatory role regarding awareness of emotional stimuli, which
can either augment or reduce emotional output depending on contextual factors. They present evidence that this region
shows reduced connectivity with amygdala during conditions in which subjects are aware of their emotion-related percep-
tions in comparison to when these emotional perceptions remain outside of awareness in favor of emotionally neutral stim-
uli. From this they conclude that mPFC is primarily responsible for the top-down modulation of emotional perceptions to
allow for awareness of task-relevant neutral stimuli when necessary. Relatedly, Etkin, Egner, Peraza, Kandel, and Hirsch
(2006) have shown that pACC resolves attentional conflicts between competing emotional stimuli by inhibiting amygdala
reactivity. One might predict based on these findings that if, in task-relevant circumstances, pACC acts to inhibit or suppress
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emotional perceptions in favor of neutral ones, or to inhibit one emotional stimulus in preference for another, then evalu-
ation of the emotional significance of neutral stimuli (while not also suppressing emotion stimuli) ought not be associated
with pACC activity. However, if the pACC/mPFC participates in mentally representing one’s own emotional responses,
whatever that representation is (including neutral), one would alternatively predict consistent activation in this region
during attention to one’s own subjective emotional responses, regardless of whether the outcome of the evaluation is that
a subjective emotional response is present or not present (in the latter case concluding that one’s experience is emotionally
neutral). The possibility (discussed above) that pACC/mPFC acts to represent conscious emotional responses, and also
subsequently uses this represented information to regulate lower levels of subcortical emotional control, may allow for
an integration of the distinct literatures supporting its role in emotional representation (Frith & Frith, 2006; Gusnard
et al., 2001; Kober et al., 2008; Lane et al., 1997; Lee & Siegle, 2009) and regulation (Etkin, Egner, & Kalisch, 2011; Milad
& Quirk, 2012; Mitchell & Greening, 2011; Mitchell, 2011; Motzkin, Philippi, Wolf, Baskaya, & Koenigs, 2014; Phelps,
Delgado, Nearing, & LeDoux, 2004). These considerations suggest the a priori hypothesis that pACC/mPFC will activate
both during attention to emotion (whether emotion is present or not) as well as during an external focus of attention if
the attended stimulus would typically provoke an emotional response such that emotion-biased attention must be
modulated.

The present study therefore sought to test these hypotheses by examining event-related neural activations during
attention to the experience of three separate emotional valences: pleasant, unpleasant, and neutral. Our aim was to deter-
mine (1) if specifically valenced emotional (or neutral) responses resulted in significantly different activation patterns in
pACC/mPFC when contrasted with an external attentional focus, and (2) if pACC/mPFC would also activate during an exter-
nal attentional focus when stimuli were normatively valenced (as opposed to neutral). We did this using a variant of the
paradigm originally used by Lane et al. (1997) involving mixed valence conditions. Based on previous research indicating
that neural activity does not vary reliably as a function of emotional valence (Kober et al., 2008), and the assumption that
the cognitive process of attending to one’s own emotional states should be common across different emotional valence
conditions, we hypothesized that attention to one’s own emotional states would activate a common region of the pACC
and adjacent mPFC. Based on the evidence that pACC/mPFC may play a top-down modulatory role in emotion perception
(Etkin et al., 2006, 2011; Mitchell, 2011; Mitchell & Greening, 2011), we hypothesized that this structure would also be
engaged by normatively emotional stimuli (but not normatively neutral stimuli) during an external focus of attention.
We also hypothesized based on previous research that insula, amygdala, dorsal ACC/dmPFC, ventromedial PFC, and lateral
prefrontal areas would be activated differentially in relation to the experience of specific emotional or neutral valences
(Bush, Luu, & Posner, 2000; Craig, 2009; Lee & Siegle, 2009; Roy, Shohamy, & Wager, 2012). Finally, if attention to and
evaluation of one’s own subjective emotional experiences is closely related with mentalizing processes (as discussed
above), it should be associated with activation of other regions involved in mentalizing. Based on a meta-analysis of 33
published studies on ‘‘mentalizing’’ within the NeuroSynth software platform (Yarkoni, Poldrack, Nichols, Van Essen, &
Wager, 2011), we also predicted activity in posterior cingulate and temperoparietal junction during performance of this
task.

2. Methods

2.1. Participants

Ten healthy, right-handed individuals (male: 1, female: 9, age: mean = 35.6, SD ± 12.3) participated in the study. Recruit-
ment of healthy controls with no previous record of mental illness was accomplished via advertising on University of Arizona
campuses. The study was approved by the University of Arizona’s Human Subjects Protection Program. After being informed
of the potential risks and benefits of the study, subjects gave written informed consent before participating.

2.2. Imaging parameters

Functional imaging was acquired for all subjects using a General Electric 3.0 Tesla imaging system, with an 8-channel
head coil. Using a spiral in-out BOLD fMRI procedure, functional imaging was obtained in coronal orientation. Scan Param-
eters were FOV = 22 cm, TR = 3000 ms, TE = 30 ms, flip angle = 90!, 64 ! 64 matrix, and 3.5 ! 3.45 ! 3 mm voxels. 3 mm slices
with no gap (45 slices total) were collected over 3.0 s.

All fMRI data were processed using SPM8 software (Statistical Parametric Mapping; Welcome Department of Cognitive
Neurology, London, UK). Images were realigned, slice-time corrected and co-registered to each participant’s high-resolution
T1 scan, which was used in normalizing to the standard Montreal Neurological Institute (MNI) template. Finally, in an
attempt to better localize regional activation differences within mPFC, images were smoothed using an 5 ! 5 ! 5 FWHM
Gaussian kernel. Regressors were also entered into the 1st level analyses in order to remove variance in the data explained
by motion, squared motion, the gradient of motion, as well as any outlier volumes identified via Mahalanobis distance
(Fritsch, Varoquaux, Thyreau, Poline, & Thirion, 2012).

Task stimuli were presented using a high-resolution video goggle projection system. Subjects used a personal computer
with DMDX software. This allowed for precise timing of the visual images and the recording of subject responses.

R. Smith et al. / Consciousness and Cognition 29 (2014) 117–130
129



2.3. fMRI task: Attention to emotion

The task used normative emotional stimuli acquired from the International Affective Picture System (IAPS). On the basis
of the normative data (both male/female) provided by Lang, Bradley and Cuthbert (2008), images for each specific valence
were selected (unpleasant (U) = Mvalence < 4.0, neutral (N) = 4.0 < Mvalence < 6.0, pleasant (P) = Mvalence > 6.0).

The stimuli were grouped into valence specific blocks with each grouping consisting of six stimuli. 30 blocks total (10 of
each valence) were presented to subjects with an alternating instruction for internal and external focus of attention. For the
internal focus, subjects were instructed to indicate by button press how the pictures made them feel, with the options of
‘‘pleasant, unpleasant, or neither.’’ In the external focus they were instead instructed to indicate whether the pictures
depicted a scene that was ‘‘indoors, outdoors, or either’’ (Lane et al., 1997). Pairing of picture sets with attentional focus
was counterbalanced across subjects. Individuals held a three-button mouse in the right hand that corresponded to each
respective classification.

Each block was 18 s in duration, containing six 3-s increments that each consisted of one image followed by a response
prompt. Each image was displayed for 0.5 s, with a response-prompt screen with classification options shown immediately
after for 2.5 s. All blocks ended with a visual fixation (crosshair) that was 2.5 s in duration. The duration of these visual fix-
ations resulted in a 0.5 s shift in the onset of the 3-s increments in the next block with respect to the TR. This therefore
allowed for jittering around the TR such that increment onsets were spaced around the TR at staggered 0.5 s intervals.
The entire task lasted approximately 11 min.

2.4. Statistical analyses

All analyses were conducted using SPM8 implemented in MATLAB R2012b (The MathWorks, Inc., Natick, MA, USA). At the
single-subject level, statistical analyses were performed contrasting internal and external focus of attention based on keypad
responses to the emotional stimuli (i.e., whether they experienced a pleasant, unpleasant, or neutral feeling in response to
each image). This was accomplished by assigning each 3-s task interval (stimulus exposure + decision period) to either a
pleasant, unpleasant, or neutral category based on each subject’s responses. The internal > external focus of attention con-
trast was investigated at a valence-specific level in comparison to a common reference including all external focus judg-
ments in the task. A secondary set of contrasts was made comparing each valence-specific response during the internal
focus to those external focus conditions with matched valence based on normative ratings. At the group level, analyses were
preformed to find the main effect of each of these comparisons. A within-subjects one-way ANOVA was further performed to
test for significant differences between these valence-specific contrasts.

Finally, we performed contrasts comparing the different external focus valence conditions. Specifically, we separately
contrasted external focus blocks in which subjects viewed normatively rated pleasant or unpleasant pictures with external
focus blocks in which subjects viewed normatively rated neutral pictures.

In this study we set a significance threshold of p 6 .001 uncorrected and an extent threshold of 10 contiguous voxels to
investigate neural activity in brain regions for which we had a priori hypotheses. We further report all other findings with a
significance of p 6 .05 FWE-corrected.

3. Results

3.1. Behavioral data

Analysis of the average reaction time (RT) for button presses indicating each valence revealed greatest RTs for the neutral
responses and shortest RTs for pleasant responses (Neutral: 1350.57 ms, Pleasant: 1094.48 ms, Unpleasant: 1158.25 ms).

Fig. 1. Correspondence between Keypad Responses and Normative Ratings of IAPS Pictures. Pp = Pleasant stimuli rated pleasant; Pu = Pleasant stimuli rated
unpleasant; Pn = Pleasant stimuli rated neutral; Up = Unpleasant stimuli rated pleasant; Uu = Unpleasant stimuli rated unpleasant; Un = Unpleasant stimuli
rated neutral; Np = Neutral stimuli rated pleasant; Nu = Neutral stimuli rated unpleasant; Nn = Neutral stimuli rated neutral; Pnr = Pleasant stimuli with no
response; Unr = Unpleasant stimuli with no response; Nnr = Neutral stimuli with no response.
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Table 1
Main effects of the experienced valence of one’s own emotional responses.

Brain Region Brodmann
area

Peak Voxel
Coordinate

Cluster
Size (kE)

Peak Significance (Uncorrected,
threshold = p = .001)

Peak Significance (FWE –
corrected, threshold = p = .05)

Z-
score

T-
score

Cluster Significance
(Uncorrected,
threshold = p = .01)

Cluster
Significance
(FWE – corrected,
threshold = p = .05)

1.1. Neutral (Int > Ext)
Left pACC/dmPFC 32, 24, 10, 9 !20, 44, 22 578 P < .001 P = .02 4.87 6.24 P < .001 P < .001
Left dmPFC 8 !12, 32, 48 78 P < .001 Not Significant 4.12 4.92 Not Significant Not Significant
Right mPFC 10, 9 14, 52, 24 73 P < .001 Not Significant 3.64 4.18 Not Significant Not Significant

1.2. Pleasant (Int > Ext)
Bilateral pACC/dmPFC/

vmPFC
24, 11, 12, 32,
9, 8, 10

!2, 50, 4 4096 P < .001 P < .001 6.32 9.72 P < .001 P < .001

Right Posterior Superior
Insula/Precentral gyrus

13, 4 42, !14, 20 100 P < .001 Not Significant 3.96 4.67 Not Significant Not Significant

Left Posterior Cingulate 23 !4, !16, 28 38 P < .001 Not Significant 3.88 4.54 Not Significant Not Significant
Bilateral Subgenual Cingulate 25 0, 24, !14 21 P < .001 Not Significant 3.83 4.46 Not Significant Not Significant

1.3. Unpleasant (Int > Ext)
Bilateral pACC/dmPFC/

vmPFC
24, 11, 12, 32,
9, 10

!2, 50, 4 2177 P < .001 P < .001 5.84 8.40 P < .001 P < .001

Left dmPFC 8 !4, 34, 52 73 P < .001 Not Significant 3.91 4.59 Not Significant Not Significant
Left Posterior Cingulate 23 !6, !20, 28 45 P < .001 Not Significant 3.85 4.49 Not Significant Not Significant
Left vmPFC 11 !10, 46, !20 27 P < .001 Not Significant 3.63 4.17 Not Significant Not Significant

1.4. Conjunction Analysis across valences (Int > Ext)
Left dmPFC 9, 10 !16, 52, 22 190 P < .001 Not Significant 4.33 5.26 P = .007 P = .05
Right dmPFC 9 14, 54, 22 30 P < .001 Not Significant 3.57 4.08 Not Significant Not Significant
Left pACC 24, 32, 10 !8, 36, 12 63 P < .001 Not Significant 3.53 4.03 Not Significant Not Significant
Left dmPFC 8 !6, 34, 50 21 P < .001 Not Significant 3.53 4.03 Not Significant Not Significant

Int = Internal Condition; Ext = External Condition.

R.Sm
ith

et
al./Consciousness

and
Cognition

29
(2014)

117–130
121

131



Table 2
Activation differences between the experienced valences of one’s own emotional responses.

Brain Region Brodmann
area

Peak Voxel
Coordinate

Cluster
Size (kE)

Peak Significance
(Uncorrected,
threshold = p = .001)

Peak Significance (FWE –
corrected, threshold = p = .05)

Z-
score

T-
score

Cluster Significance
(Uncorrected,
threshold = p = .01)

Cluster Significance (FWE –
corrected, threshold = p = .05)

2.1. P + U > N (Internal Focus)
Bilateral pACC/vmPFC/

Subgenual Cingulate
11, 12, 24,
32, 10

!4, 48, !4 1031 P < .001 Not Significant 4.44 6.11 P < .001 P < .001

Left Posterior/Retrosplenial
Cingulate

31, 23 !14, !46,
22

242 P < .001 Not Significant 4.37 5.94 P = .001 P = .009

Left Superior Temporal Gyrus/
Left Insula

22, 13 !54, 0, !2 179 P < .001 Not Significant 4.23 5.64 P = .003 P = .031

Left Amygdala/Uncus 34 !18, 6, !20 72 P < .001 Not Significant 4.16 5.51 Not Significant Not Significant
Right Insula/Superior Temporal

Gyrus/Postcentral Gyrus
13, 22, 43 52, 2, 18 301 P < .001 Not Significant 4.03 5.24 P < .001 P = .003

Right Posterior Insula/
Temporoparietal Junction

13 52, !36, 20 82 P < .001 Not Significant 3.73 4.67 Not Significant Not Significant

Right Amygdala N/A 24, 2, !12 26 P < .001 Not Significant 3.66 4.54 Not Significant Not Significant
Left Amygdala N/A !14, !2,

!22
15 P < .001 Not Significant 3.37 4.05 Not Significant Not Significant

2.2. N > U + P (Internal Focus)
Bilateral dorsal anterior

cingulate
24, 32, 9 10, 30, 30 62 P < .001 Not Significant 3.96 5.11 Not Significant Not Significant

Left dlPFC 9 !50, 6, 32 29 P < .001 Not Significant 3.57 4.39 Not Significant Not Significant
Right dlPFC 9 38, 30, 32 78 P < .001 Not Significant 3.54 4.33 Not Significant Not Significant

U = Unpleasant condition; P = Pleasant condition; N = Neutral condition.
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Fig. 2. (A) Main effects of attention to pleasant, unpleasant, and neutral emotional responses (as indicated by keypad responses) compared to an external
focus of attention (as indicated by all ‘‘indoor, outdoor, or indeterminate’’ keypad responses). Threshold: p = .001, uncorrected. (B) Conjunction analysis
across all valence-specific conditions. Illustrates pregenual cingulate and medial prefrontal activations common across the three valence-specific
conditions. Threshold: p = .001, uncorrected.

Fig. 3. (A) Ventromedial Prefrontal, Amygdala, Insula, and Posterior Cingulate activity found to be greater during attention to emotionally valenced
responses (pleasant + unpleasant) compared to neutral responses. (B) Dorsal Anterior Cingulate and dlPFC activity greater during the evaluation of neutral
responses compared to emotional responses (pleasant + unpleasant).
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Table 3
Activation differences between emotional and neutral stimuli during an external focus.

Brain Region Brodmann
area

Peak Voxel
Coordinate

Cluster
Size (kE)

Peak Significance (Uncorrected,
threshold = p = .001)

Peak Significance (FWE –
corrected, threshold = p = .05)

Z-
score

T-
score

Cluster Significance
(Uncorrected, threshold = p = .01)

Cluster Significance (FWE –
corrected, threshold = p = .05)

3.1. U > N (External Focus)
Right pACC 32 14, 40, 10 24 P < .001 Not Significant 3.84 6.42 Not Significant Not Significant
Bilateral

mPFC/
dACC

10, 9,8, 32,
24

10, 46, 28 670 P < .001 Not Significant 4.13 7.50 P < .001 P < .001

2, 30, 26 34 P < .001 Not Significant 3.88 6.55 Not Significant Not Significant
Left anterior

PFC
10 !16, 58, 14 140 P < .001 Not Significant 4.90 11.70 P = .002 P = .03

3.2. P > N (External Focus)
Right pACC 32 14, 42, 12 13 P < .001 Not Significant 3.48 5.30 Not Significant Not Significant
Right mPFC 10 12, 52, 8 19 P < .001 Not Significant 3.31 4.82 Not Significant Not Significant
Bilateral

vmPFC
11, 12 10, 54, !12 92 P < .001 Not Significant 4.01 7.03 P = .009 Not Significant

U = Unpleasant condition; P = Pleasant condition; N = Neutral condition.
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There was a significant effect of valence on RT, F(2,18) = 25.363, p < .01. Post-hoc tests revealed that reaction times to
unpleasant pictures were significantly longer than reaction times to pleasant pictures (p = .03), and that reaction times to
neutral pictures were also significantly longer than reaction times to unpleasant pictures (p = .002).

The conformity of subjects’ responses to the normative valence ratings varied between valences (Fig. 1). Normatively
pleasant pictures were found pleasant by subjects 89% of the time, whereas normatively unpleasant pictures were only
found unpleasant 75% of the time, and normatively neutral pictures were found such by subjects only 45% of the time.
Non-responses were also highest for neutral pictures (15%) and lowest for pleasant pictures (2%).

We also examined the accuracy of the indoor/outdoor judgments based on the normative valence of the images, in order
to assess whether emotional content was successfully ignored. For pleasant images, indoor/outdoor judgments were accu-
rate 74% of the time. For unpleasant and neutral images, indoor/outdoor judgments were accurate 76% of the time. There
were no significant differences in accuracy levels between valences in the external focus condition.

3.2. fMRI data

All significant fMRI findings based on the subject’s own emotional responses are reported in Tables 1 and 2.

3.2.1. Valence-specific internal focus compared to external focus analyses
In these analyses, in order to maintain a common baseline comparison condition, we compared each valence specific cat-

egory of emotional response to a common external focus reference condition (i.e. across all external focus judgments). Across
all three response-based valence-specific analyses using the common external focus reference, activation derived from the
internal > external focus contrasts was found in overlapping regions of pregenual anterior cingulate cortex (pACC)/medial
prefrontal cortex (mPFC) encompassing both dorsal and ventral regions (Table 1 and Fig. 2). However, the cluster extent var-
ied considerably among the three valences, with neutral stimuli having the smallest cluster size and pleasant having the
largest cluster size (Neutral: kE = 578, T = 6.24; Unpleasant: k = 2177, T = 8.40; Pleasant: k = 4096, T = 9.72). A conjunction
analysis across the three valence-specific contrasts revealed common activations within left pACC and left and right dmPFC
(Table 1.4 and Fig. 2B).

In a secondary analysis we then compared each valence response category during internal focus to only those images in
the external focus condition with a matched valence condition (i.e. pleasant responses compared to indoor/outdoor

Fig. 4. (A and B) Right pregenual ACC and medial PFC activity is greater during emotional than neutral stimulus conditions within the context of an external
(i.e. non-emotional) attentional focus. (C) Each valence-specific keypad response during the internal focus condition is contrasted with the corresponding
external focus valence condition based on normatively-rated pictures. Note the presence of left pregenual ACC activity in all three pairs of contrast images.
Pregenual ACC activity was also significant bilaterally for Neutral responses relative to Neutral stimuli during the external focus condition, but only on the
left for emotion-specific contrasts due to the effects illustrated in (A and B).
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judgments of normatively pleasant images, etc.). These analyses revealed very similar results to the previous analyses,
including consistent activation of pACC/mPFC across all valences (data not shown). In these analyses, however, pleasant
and unpleasant responses preferentially activated left pACC, whereas neutral responses activated pACC bilaterally (see
Fig. 4C).

Across valences the external > internal focus activation was consistent with previous findings in activating posterior pari-
etal and occipital cortices (Lane et al., 1997).

3.2.2. Comparison of response valences during internal focus
Significant differences between valence-specific contrasts were also observed (Table 2 and Fig. 3).
The contrast of pleasant and unpleasant responses > neutral responses revealed that both pleasant and unpleasant emo-

tional responses each elicited greater activity than neutral responses in bilateral vmPFC (including subgenual ACC and the
lower region of pACC), left posterior/retrosplenial cingulate, and the left and right insula and amygdala (Table 2.1 and
Fig. 3A).

The contrast of neutral responses > pleasant and unpleasant responses revealed activity uniquely associated with the
neutral condition within bilateral dorsal ACC, and dorsal and lateral prefrontal regions on both the left and right sides
(Table 2.2 and Fig. 3B).

Further comparisons of different valence conditions during internal focus are detailed in the Supplementary material.

3.2.3. Valence-specific analyses of the external focus condition
In these analyses we compared external focus (indoor/outdoor) judgments during exposure to normatively pleasant or

unpleasant images to external focus judgments during exposure to normatively neutral images. These analyses revealed
that, during an exteroceptive focus of attention, each emotional condition activated right pACC and mPFC significantly more
than the neutral condition (Table 3 and Fig. 4A and B).

4. Discussion

4.1. Medial prefrontal cortex, representation, and top-down control

We examined neural activity attributable to the experienced valence of one’s own subjective emotional responses in the
‘‘attention to emotion’’ paradigm developed by Lane et al. (1997). The most striking finding was the consistent activation in
the medial prefrontal cortex (mPFC) and pregenual anterior cingulate cortex (pACC) (BA 10 and 32) in the pleasant, unpleas-
ant and neutral conditions. These findings replicate previous work by Lane et al. (1997) and others (Gusnard et al., 2001;
Ochsner et al., 2004; Silani et al., 2008) but break new ground by demonstrating the neural correlates of each valence
condition in an analysis which ensured that the neural correlates of subjective emotional experience in the moment were
captured. As our behavioral data indicated a number of non-responses as well as considerable discrepancy between norma-
tive and participant ratings of image valence (especially with regard to normatively neutral images), the use of subjective
responses may therefore offer advantages over the use of normative ratings in previous studies. It is likely that short image
exposure times, and the potentially added difficulty associated with evaluating the lack of an emotional response (in the
neutral condition), may at least partially explain the number of non-responses and other discrepancies observed.

Our findings show that a common region of mPFC, including pACC, is activated when a person evaluates the nature of
their own emotional experience, whether it is determined that emotion has been experienced or not (i.e. including neutral
responses). The location in the paracingulate region (Frith & Frith, 2006) in the context of this experiment, as well as the
associated activations in the posterior cingulate, both suggest considerable overlap between the regional brain activity asso-
ciated with evaluating one’s own emotional state and that of representing the emotional state of others (mentalizing). This is
consistent with the idea that in order to understand the emotional states of others we must simulate those emotions within
ourselves (Barsalou, 2008; Kiefer & Barsalou, 2013; Niedenthal, 2007; Prinz, 2002; Schnell et al., 2011).

Another major finding was the observation that subtraction of the neutral condition from the pleasant or unpleasant
condition reveals ventromedial prefrontal cortex (vmPFC). One reason the pACC and more superior mPFC regions do not
activate in this contrast may be that the general emotional attention/evaluation functions of the task are common to both
conditions, and are thus eliminated in the subtraction. This suggests that pACC/mPFC may be associated with more general,
valence-independent mechanisms of emotional attention/evaluation. The fact that vmPFC is greater in valenced than neutral
emotional responses further suggests a unique role for this structure in representing valence. The role of vmPFC in the rep-
resentation of valence is consistent with previous studies (Grimm et al., 2006; Moran, Macrae, Heatherton, Wyland, & Kelley,
2006), and a recent meta-analysis concluded that the ventromedial PFC has the function of generating affective meaning
(Roy et al., 2012) by virtue of its function in integrating contextual, visceral and subcortically-generated affective informa-
tion. Our findings suggest that when the vmPFC is activated it is associated with a valenced conscious feeling state. When
that feeling is focally attended to and evaluated, however, the mPFC and pACC are also engaged. Together these findings sug-
gest that the latter areas are involved in representing emotional experiences.

These findings are interpretable from an evolutionary perspective. One of the few brain areas that is consistently larger in
humans than non-human primates is BA10 (Aldridge, 2011), an area robustly activated in this study. Evolutionary expansion
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of BA10 corresponds to the size and complexity of the social network within which individuals operate (Aldridge, 2011;
Semendeferi, Armstrong, Schleicher, Zilles, & Van Hoesen, 2001). Relatedly, humans have advanced mentalizing capacities
that exceed those of non-human primates. Unlike non-human primates, humans have the capacity to imagine or mentally
represent how conspecifics think or feel independent of or in contradiction to immediately observable behavior (Steklis &
Lane, 2012). Indeed, the sine qua non of advanced mentalizing capacity is the ability to perform the ‘‘false belief’’ task, in
which participants predict the behavior of another person based on that person’s beliefs (which the participant knows to
be false) – a task which non-human primates cannot perform successfully. Given the proximity to other mentalizing func-
tions (Amodio & Frith, 2006), the ability to mentally represent one’s own emotions as shown in this study may highlight a
close connection between the evaluation of one’s own mental states and mentalizing capacity. The ability to reflect upon
how self or other is feeling (by means of accessing similar neural representations of emotion in each case), and to use this
information in deciding how one should act and in turn regulate one’s actions, is arguably the basis for civilization. Moreover,
the ability to collaborate, which involves understanding the experiences of self and other and integrating them toward com-
mon goals (Tomasello, Carpenter, Call, Behne, & Moll, 2005), is arguably essential for art, science, and culture more generally.

Such nuanced and complicated behavior likely does not arise from inhibitory suppression alone, but can be better under-
stood if pACC acts both to represent conscious emotional states and also uses this information to modulate subcortical emo-
tion-related mechanism. This dual-role would be consistent with the suggestion of Mitchell and colleagues (Mitchell &
Greening, 2011; Mitchell, 2011) that pACC can act to both facilitate and suppress subcortical emotional output depending
on context. Indeed, the current findings shed light on the complicated and confusing issue of whether medial prefrontal cor-
tex can contribute to the experience of emotion given that it has a predominantly top-down modulatory function in relation
to subcortical structures such as the amygdala (Milad & Quirk, 2012; Motzkin et al., 2014; Phelps et al., 2004). The type of
prefrontal modulatory function addressed by Mitchell and colleagues is captured in this study by the comparison of the emo-
tional vs. neutral external focus conditions (indoor vs. outdoor) in which the emotional content must be ignored in order to
successfully perform the task. The experimental conditions in Etkin and colleagues’ emotional conflict paradigm (2006) also
involve attending to emotional faces in the context of congruent or conflicting emotional word distracters. In both cases, the
focus of the experiments is on ignoring or suppressing the emotional content of a stimulus, which is quite different from
focusing one’s attention on what one is feeling, as in the internal focus conditions of the current study. If one considers that
the medial prefrontal cortex is a more recent phylogenetic acquisition that regulates structures that perform related func-
tions, it makes sense that it has a modulatory influence on structures lower in the neural hierarchy. This regulatory influence
is likely modulatory rather than purely suppressive, however. Indeed, the medial PFC has been shown to consistently be pos-
itively correlated with cardiac vagal tone (Thayer et al., 2012), which involves inhibition of cardiovascular arousal, and this
inhibitory function likely contributes to the differentiation and complexity of emotional experience (Thayer & Lane, 2000,
2009). Additional support for this conclusion comes from evidence that greater emotional awareness is associated with
greater activity in the medial PFC/pACC during script-driven imagery (Frewen et al., 2008) and the finding that emotional
numbing in PTSD is associated with reduced mPFC activity (Frewen et al., 2012). Thus, under certain circumstances the mod-
ulatory function of the medial PFC likely contributes to greater emotional awareness rather than less.

As hypothesized, our findings here comparing emotional and neutral stimuli during an external focus add support to this
nuanced account of mPFC function by demonstrating that right pACC is significantly more active in the emotional than neu-
tral external focus conditions when subjects must ignore the emotional content within the images. Indeed, as illustrated in
Fig. 4, the fact that right pACC is more active during exposure to emotional stimuli in the external condition appears to
explain why bilateral pACC was observed for the contrast of neutral responses > normatively neutral external focus, but only
left pACC was observed for the two other internal > external emotional contrasts. These results together suggest a more com-
plex and nuanced role of mPFC that accounts for both its modulation and representation-related activity. That is, our results
suggest both that total activity in mPFC is greater during evaluation of one’s own internal states relative to an external focus,
as well as that its top-down modulatory activity during an external focus differentiates between the presence of emotional
and neutral stimuli.

4.2. Other significant findings

The insula and amygdala were also observed in this study to increase in activity in response to pleasant and unpleasant
responses compared to neutral responses, suggesting a role in the encoding of valence. These structures have also been
shown in many other studies to be associated with emotional responses (Kober et al., 2008; Lee & Siegle, 2009). A recent
intracranial stimulation study of the left and right amygdala in epilepsy patients further reported the reliable induction
of both positive and negative subjective emotional responses due to left amygdala stimulation as well as negative emotional
responses due to right amygdala stimulation (Lanteaume et al., 2007). In a recent review, the insula has also been implicated
in the explicit evaluation of one’s own emotional responses (Lee & Siegle, 2009). Therefore the findings of this paper further
support the role of the amygdala and insula in positive as well as negative emotion, but cannot address the question of
whether activity in each area alone is sufficient for the experience of a conscious feeling.

Posterior/retrosplenial cingulate cortex (PCC) was also observed in this study to increase in activity during emotional rel-
ative to neutral subjective emotional responses. This structure is also consistently activated by imaging tasks that involve
both emotion, self-reflection, and mentalization (Johnson et al., 2006; Lombardo et al., 2010; Maddock, 1999; Maddock,
Garrett, & Buonocore, 2003). Earlier work suggested that this region may play a primarily evaluative role potentially
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mediating interactions between emotion and episodic memory (Vogt, Finch, & Olson, 1992). More recently evidence has
been put forth suggesting that the posterior cingulate may be primarily associated with experiential, non-instrumental
reflections (Johnson et al., 2006). Our study further clarifies that PCC activity is greater during an internal than external
reflective focus and confirms its preferential activation by emotional stimuli.

Finally, this study also demonstrated significantly greater activity for neutral responses compared to emotional responses
in several dorsal and lateral frontal regions bilaterally, as well as in the dACC. A possible explanation for this observed dif-
ference may relate to the difficulty in determining neutrality of subjective experience, which could involve recruitment of
these additional regions. This possibility is supported by our observation of significantly longer reaction times to neutral
stimuli and the fact that the dACC has been shown to be engaged in cognitive tasks related to attention and emotion-related
conflict monitoring (Amodio & Frith, 2006; Etkin et al., 2006; Shackman et al., 2011). More generally, the neutral > emotion
contrast highlighting dorsal ACC and the emotion > neutral contrast highlighting vmPFC are reminiscent of the distinction
previously made between cognitive and affective divisions, respectively, of the ACC (Bush et al., 2000). Shackman et al.
(2011) have more recently proposed that the dACC has a key role in regulating negative affect, pain and cognition, and
our current findings further refine the concept of the ‘‘affective division’’ by distinguishing between valenced emotional rep-
resentation (vmPFC) and pACC regions which engage during the evaluation of one’s own emotions independent of whether
or not they are present.

5. Limitations

The present study included 9 women and 1 man, raising a concern about whether our findings are specific to women. This
is unlikely as the original PET study by Lane et al. involved 10 men, the study by Silani involved 26 men and 4 women, and
the studies by Ochsner (13 subjects) and Gusnard (24 subjects) were equally divided between men and women (Gusnard
et al., 2001; Ochsner et al., 2004; Silani et al., 2008). A second concern is that the sample size of 10 was relatively small. How-
ever, the findings were strong and consistent and replicated previous results. A third concern is that this study did not dis-
tinguish between emotional stimuli with social vs. non-social content. Doing so will be of value in further exploring the loci
for representation of the emotional states of self and others.

6. Conclusion

Across all three valence conditions BOLD activity was observed in the pACC/mPFC (BA10/32). The fact that evaluation of
neutral internal responses was associated with significant mPFC activity provides important support for this region’s pro-
posed role in the representation of one’s own internal states. Activity of the vmPFC, insula, amygdala, and posterior cingulate
were greater in both valenced conditions compared with the neutral condition, providing a potential link between positive
and negative feelings, autonomic and visceral activity, and the context-dependent emotional responses known to be sub-
served by these regions. The findings that right pACC is activated by emotional stimuli in the external focus condition pro-
vides additional support for its further modulatory role in emotion perception and demonstrates how this further role
harmonizes with its role in representing internal states. The current findings may also provide new leads in elucidating
the role of pACC dysfunction in depression and may extend knowledge about the distinction between attended and unat-
tended emotional states, phenomena that are central to several major forms of psychotherapy and to the more general
capacity for emotion self-regulation.
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Abstract The neural processes associated with becoming
aware of sad mood are not fully understood. We examined
the dynamic process of becoming aware of sad mood and
recovery from sad mood. Sixteen healthy subjects underwent
fMRI while participating in a sadness induction task designed
to allow for variable mood induction times. Individualized
regressors linearly modeled the time periods during the attain-
ment of self-reported sad and baseline “neutral” mood states,
and the validity of the linearity assumption was further tested
using independent component analysis. During sadness

induction the dorsomedial and ventrolateral prefrontal corti-
ces, and anterior insula exhibited a linear increase in the blood
oxygen level-dependent (BOLD) signal until subjects became
aware of a sad mood and then a subsequent linear decrease as
subjects transitioned from sadness back to the non-sadness
baseline condition. These findings extend understanding of
the neural basis of conscious emotional experience.

Keywords FunctionalMRI . Sadmood . Prefrontal cortex .

Insula . Awareness

Introduction

The neural basis of conscious mood states, and sadness spe-
cifically, is not completely understood. Previous studies de-
signed to examine neural correlates of the self-reported expe-
rience of various mood states have typically employed induc-
tion methods involving autobiographical recall or the presen-
tation of auditory and/or visual stimuli (Baumgartner et al.
2006; Colibazzi et al. 2010; Damasio et al. 2000; Habel et al.
2005; Lee and Siegle 2009; Mitterschiffthaler et al. 2007;
Schneider et al. 1997), and there have been some neuroimag-
ing studies employing mood induction paradigms specifically
for sadness in healthy controls (George et al. 1995; Mayberg
et al. 1999; Northoff et al. 2000; Pardo et al. 1993), as well as
in the context of clinical depression (Liotti et al. 2002). In
general, such studies have tended to report increased activity
during self-reported sad relative to neutral states within sev-
eral cortical and subcortical regions including the midline
cerebellum, dorsal and ventral pons, amygdala, hypothala-
mus, thalamus, caudate and lenticular nucleus, bilateral ante-
rior insula, and multiple regions of the anterior and posterior
cingulate and orbitofrontal cortex, as well as decreased activ-
ity for sad relative to neutral states within other regions of
posterior cingulate, regions of somatosensory cortex, and
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widespread decreases in lateral frontal, temporal, and parietal
cortex.

While the imaging paradigms for investigating sad mood
cited above have furthered scientific understanding regarding
its neural basis in both healthy and clinical populations, these
studies have tended to focus on contrasts in neural activity
between images acquired during self-reported sadness com-
pared to a baseline condition. This strategy, however, does not
provide insight into neural activity specifically associatedwith
becoming aware (i.e. being able to report) that one has entered
a new mood state, as it only reveals differences between two
steady states. When considering the extensive body of re-
search demonstrating widespread implicit, unconscious, or
preconscious neural processing of emotional information in
several of these regions (Bechara et al. 1997; Dimberg et al.
2000; Etkin et al. 2004; Gyurak et al. 2011; Lane 2008; Morris
et al. 1998;Williams et al. 2006), it appears likely that many of
the neural activations reported to be associated with sadness
are either not necessary or not sufficient for conscious aware-
ness of sadness. Given the significance of the conscious
experience of sad mood in emotional disorders, a better un-
derstanding of the period of transitioning between mood states
(Holtzheimer and Mayberg 2011; Lane et al. 2013) and the
neural structures and processes specifically associated with
sadness reaching the level of reportable awareness could be of
clinical value.

In this study, we examined whether becoming aware of a
change in mood is associated with a building-up of regional
brain activity to reach a noticeable change in affective expe-
rience, similar to neural models of perceptual decision-making
which involve the building-up of a neural signal until it
reaches a decision threshold (Purcell et al. 2010; Schall et al.
2011). Based on this previous literature, we modeled attaining
awareness of a change in mood state as a neurally represented
accumulation of introspective evidence leading to the decision
to change the verbal classification of one’s internal emotional
state.

Based on previous literature uniquely implicating the ante-
rior insula (AI), ventrolateral prefrontal cortex (VLPFC) and
dorsomedial prefrontal cortex (DMPFC) in emotional aware-
ness (Craig 2009; Grimm et al. 2006; Kober et al. 2008; Lane
et al. 1997), and that these regions are further implicated in
current neuroscientific theories of consciousness due to their
role in working memory and executive functioning (Baars and
Franklin 2003; Baars 1997a, 2002, 2005; Dehaene and
Naccache 2001; Linden 2007; Mitchell 2007; Prinz 2012),
we designed this study with the a priori hypothesis that acti-
vation in subregions of these three structures would be asso-
ciated with gaining conscious access to a change in mood
state. Given that these structures have been shown to increase
and decrease in activity with increasing and decreasing expe-
rience of emotional intensity respectively (Grimm et al. 2006),
and as they also play a role in multiple emotion-related

cognitive and executive functions (Craig 2009; Ochsner
et al. 2002; Ochsner and Gross 2005; Phillips et al. 2003a, b,
2008; Venkatraman et al. 2009), we hypothesized that these
structures would increase in activity during sadness induction
until subjects became aware (i.e. made a conscious judgment)
that they had achieved a sad mood, and that, after attaining a
sad mood, these regions would show a decrease in activity
during a subsequent neutral mood induction until subjects
became aware that they no longer felt sad and had returned
to their baseline state.

Materials and methods

Participants

The processes underlying successful transition periods be-
tween mood states may be of significant relevance to research
on emotional disorders (Holtzheimer and Mayberg 2011;
Lane et al. 2013). Therefore, to address our intention for this
paradigm to be useful in clinical populations who range wide-
ly in terms of age, gender, and handedness, and due to recent
research highlighting the need for greater generalizability in
the findings of psychological research (Henrich et al. 2010),
we chose not to restrict our sample in terms of these demo-
graphic variables. Therefore, we recruited 16 healthy volun-
teers from the local community ages 18 to 57 (mean=32 years,
standard deviation=11.3 years). These subjects included 11
right handed (8F/3M) and 5 left-handed (3M/2F) individuals.
All participants were screened to exclude any cognitive or
health problems, including neurological or medical disorders.
Psychiatric disorders, including use of current medications or
history of depression were excluded using the Research Ver-
sion of the Structured Clinical Interview for Non-Patients for
DSM-IV Disorders (SCID-I NP) (First et al. 2002). All par-
ticipants provided written consent which was approved by the
hospital’s Institutional Review Board.

Task design

This task design (Smith et al. 2011) was developed to inves-
tigate neural changes in the subjective feeling of sadness, with
a companion “attentiveness” task that was used to control for
other task-related changes. Both the sadness and attentiveness
tasks were based on the same design. An Adobe Flash pro-
gram (capable of millisecond-level precision timing and re-
sponse recording) was developed that continuously and ran-
domly presents auditory and visual stimuli of a given emo-
tional valence (sad or a “neutral” or baseline conditions) until
the participant signals with a button press that they have
achieved the desired mood state. This button press initiates a
time-stamped 30 s “block” of the same stimuli after which the
program switches to auditory and visual stimuli to generate
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the other mood state. Once the participant presses the button to
signal that the new mood state is achieved, a 30 s block of that
state is initiated. Alternating sad and “neutral”mood induction
periods are repeated three times each per task run, and each
subject performed two runs. By using this design, the time to
attain a change in mood state is allowed to vary from trial to
trial and among individuals in order to ensure that each
participant obtains a subjective sad state. We explicitly
instructed participants that the purpose of the stimuli was to
help them achieve the target state (e.g., feeling sad or “neu-
tral”). As “neutral” is a fairly ambiguous term in this context,
it was further explained to the participants that it was appro-
priate to indicate that they felt neutral as long as they were
fairly relaxed and did not feel noticeably sad. We began each
session with the “neutral” or relaxed state in order to expose
the participants to this baseline condition. Participant instruc-
tions were to “monitor your emotional state while passively
observing the sad images and indicate by button press when
you experience a noticeable change in yourmood from feeling
neutral to feeling sad, and, after the stimuli switch to being
neutral images, push the button again to indicate when your
mood changes back from feeling sad to feeling neutral again.”
It was further clarified that these changes in stimulus valence
would repeat several times. While subjects are aware that the
task is designed to induce sadness, they are not instructed to
facilitate (or resist) a sad state. Therefore, this task is designed
to examine attainment of subjectively-defined sadness rather
than to explicitly tap into voluntary emotion regulation pro-
cesses. To control for activation associated with task idiosyn-
crasies such as general decision-making mechanisms, expo-
sure to people/faces, and monitoring one’s inner states, as well
as a general increase in attention/arousal associated with dif-
ferent emotional states, we compared activation in the sadness
task with an attentiveness task with the same design. Instead
of sad images and sad music, pictures of people socializing
were accompanied by upbeat jazz music, and instructions
were to “monitor your internal state while passively observing
the images of social scenes, and indicate by button press when
you experience a noticeable change in your attention or inter-
est in the images from feeling neutral to feelingmore attentive,
and, after the stimuli switch to being neutral images, push the
button again to indicate when you experience a return to a less
attentive, neutral state.” “Neutral”was here clarified to refer to
a relaxed state without any noticeable feeling of sadness,
attention, or interest. These blocks of attentiveness alternated
with the same neutral baseline condition as the sadness task.

Task stimuli

Examples of images from the sad, neutral, and attentiveness
conditions are illustrated in Supplementary figure S1. Task
images were rated for normative valence and arousal by 100
participants over the age of 18 from a web-based recruitment

site, Amazon’s ‘Mechanical Turk’, or Mturk. Participant lo-
cation was restricted to the United States. The average age was
41 (standard deviation=±13.5) and the sample was 65 %
female. Three scales ranging from 1 to 8 were used: sad
valence (1 = not sad; 8 = very sad), arousal (1 = very calm;
8 = very stimulated) and pleasantness (1 = not pleasant; 8 =
very pleasant). On average, “Sad” images were given a score
of 6.7 (±1.53) for sadness level, 5.1 (±1.94) for arousal level,
and 1.4 (±0.9) for pleasantness level. “Neutral” images were
given a mean score of 1.3 (±0.9) for sadness level, 2.3 (±1.87)
for arousal level, and 6.4 (±1.64) for pleasantness level. “At-
tentiveness” images were given a mean score of 1.7 (±1.24)
for sadness level, 2.8 (±1.6) for arousal level, and 4.8 (±1.84)
for pleasantness level. For a subset of participants (7/16) with
fMRI data, sad valence and arousal ratings were also obtained
immediately following task performance.

Task auditory stimuli included sad Celtic music for the sad
condition, relaxing music (such as soothing harps) for the
neutral condition, and upbeat jazz music for the attentiveness
condition. These songs were also rated for normative valence
and arousal by 100 participants over the age of 18 fromMturk.
Participant location was restricted to the United States. The
average age was 38 (standard deviation=±13.6) and the sam-
ple was 67 % female. Three scales ranging from 1 to 8 were
used: sad valence (1 = not sad; 8 = very sad), arousal (1 = very
calm; 8 = very stimulated) and pleasantness (1 = not pleasant;
8 = very pleasant). On average, “Sad” songs were given a
score of 5.0 (±2.0) for sadness level, 3.1 (±1.75) for arousal
level, and 4.0 (±1.8) for pleasantness level. “Neutral” songs
were given a mean score of 2.9 (±1.97) for sadness level, 2.6
(±1.82) for arousal level, and 4.9 (±2.0) for pleasantness level.
“Attentiveness” songs were given a mean score of 2.0 (±1.47)
for sadness level, 5.4 (±1.91) for arousal level, and 5.7 (±1.90)
for pleasantness level.

Scanning protocol

Participants were scanned in a 3.0 T GE Signa HDX system
with an eight channel head coil. Scan parameters for gradient
echo echo-planar imaging (EPI) are as follows: TE=25 ms,
TR=3,000 ms, flip angle=80°, FOV 24 mm, in-plane resolu-
tion 64×64, with 4-mm-thick slices covering the entire brain.
A high resolution structural 3-D T1 sagittal image was also
obtained for each participant: TE=2.5 ms, TR = minimum,
flip angle=8°, FOV=26 cm, 256×256 matrix, 1.2 mm thick
slices.

Statistical analyses

Preprocessing steps were performed using statistical paramet-
ric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm)
implemented in MATLAB 7.1 (MathWorks Inc., Natick,
MA, USA). All scans were realigned to correct for motion
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during tasks, normalized to the MNI template, smoothed to
8 mm3, and subsequently high-pass filtered (128 s) during 1st
level statistical analyses. No data showed motion within the x,
y, or z directions in excess of ±1.0 mm. Each subject’s scans
were first analyzed at the individual level in order to produce
activation maps for subsequent use in a random effects group
analysis. For each subject, using a single regressor we
modeled a monotonic increase from neutral to sad (while
viewing sad stimuli) and a similar monotonic decrease from
sad to neutral (while subsequently viewing neutral stimuli);
therefore, we used a linear statistical model as a general
specification of this function based on a gradual “building
up” of neural activity leading to the decision to indicate that
one’s mood has changed, similar to neural models of percep-
tual decision-making that involve the gradual accumulation of
sensory evidence to a decision threshold (Purcell et al. 2010;
Schall et al. 2011), as noted above. For the single linear
regressor entered into the 1st-level analysis of each subject,
equal increments from 0 to 1 were used to model the increase
from the start of the presentation of sad stimuli (after subjects
first confirmed they felt neutral) until the button press indicat-
ing that the subject had achieved a sad state. Equally spaced
decreasing increments from 1 to 0 were then assigned to scans
from the subsequent start of the presentation of neutral stimuli
until subjects reported that they had returned to a neutral state.
These increment values were derived by dividing by the
number of scans taken during each mood transition period.
Given our focus on the neural basis of becoming aware of
sadness (and baseline “neutral” mood), the scans acquired
during the 30 s steady-state periods following each button
press, in which condition-same stimuli continued to be pre-
sented, were removed from each subject’s time-series prior to
the 1st-level, single subject analysis (see Fig. 1 for illustration
of design). Thus a single regressor modeling these repeated
mood transitions was used to examine the transition periods of
each subject, such that the regions highlighted by the analysis
would only include those within each subject that showed
both a linear increase during the presentation of sad stimuli
(until indicating awareness of sadness) and a linear decrease
during the subsequent presentation of neutral stimuli (until
indicating awareness of a return to a neutral mood). The same
analyses were applied to the data from the “attentiveness”
control task.

The subsequent group-level random effects analyses
consisted of two contrasts (i.e. voxels positively correlated
with the subject’s sadness regressor and, separately, voxels
positively correlated with the subject’s attentiveness regres-
sor) each entered into a one-way t-test analysis to examine
common group activations, as well as into a paired t-test
analysis to assess activations that were greater in the sadness
task than in the attentiveness control task. Voxels found to be
significant in both the sadness regressor- and the attentiveness
regressor-analyses (i.e. the one-way t-tests) were assumed to

be due to task-related changes in attentiveness/arousal, com-
monalities in the decision-making procedures, non-specific
changes in mood (as the attentiveness stimuli were mildly
pleasant), stimuli exposure time, or other task idiosyncrasies.
Voxels instead found to be significantly greater within the
sadness task than in the attentiveness task (i.e. in the paired
t-test) were assumed to represent the changes uniquely asso-
ciated with attaining awareness of sadness. We only report
activations whose peak or cluster-level significance reached
an FWE-corrected value of p≤0.05. Due to our a priori hy-
pothesis regarding DMPFC, VLPFC and AI involvement in
conscious awareness of mood, small volume corrections were
performed in both DMPFC and VLPFC regions as well as the
AI bilaterally. The Talairach atlas system (Lancaster et al.
2000) was used to confirm the anatomical locations
(Brodmann areas) of observed activation clusters.

Independent component analyses

To test the validity of the linearity assumption in our model,
we also performed independent component analyses (ICA) for
each of our subject’s image series during the sadness task.
This allowed us to confirm whether a data-driven, as opposed
to theory-driven, analysis would highlight a component within
each subject that covaried with their self-reported transitions
in mood, and to see whether the choice of linear model would
correlate well with such components if they were present. We
hypothesized that each subject would have at least one com-
ponent time course which correlated significantly (threshold:
p<0.05) with their linear regressor and included our a priori
hypothesized PFC and AI regions. Group ICA for fMRI
Toolbox (GIFT; http://icatb.sourceforge.net) was used to
decompose the data into components (Calhoun et al. 2001).
The functional data for each subject was first reduced using
three consecutive steps of principal component analysis
(PCA). The number of independent components (ICs) was
estimated using the minimum description length (MDL) cri-
terion (Rissanen 1983). An ICA decomposition using the
Infomax algorithm was used to extract the number of ICs, as
determined by MDL, consisting of spatial maps and related
time-courses. After reconstruction, spatial maps were convert-
ed to z values, with the intensities of the image representing
the degree to which the component contributed to the data.
The ICs were temporally sorted using the linear regressors
specific to each participant’s transitional periods between
moods, and the significance of the correlation between each
subject’s component time courses and linear regressor was
calculated.

Demographic and other analyses

In order to verify that our imaging results are not confounded
by heterogeneity in demographic variables, we performed
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correlation analyses and two-sample t-tests to determine if
significant relationships exist between the contrast estimate
values obtained in the fMRI analyses and the age, gender, and
handedness of the participants.

We further ran a correlation analysis between each subject’s
mean time to switch moods across task runs and their contrast
estimate values, to rule out the possibility that exposure time
differences might confound our imaging findings.

Results

Behavioral data

As expected, all participants indicated increased levels of
sadness relative to the neutral conditions within both task runs.
Specifically, participants rated their emotional experience dur-
ing self-reported sad states as significantly more sad than
during self-reported neutral, t(6)=10.58, p<0.0001, or atten-
tive, t(6)=6.93, p=0.0004, states. Sad and attentive states
were both rated more arousing than neutral states (Sad vs.
Neutral: t(6)=3.03, p=0.02; Attentive vs. Neutral: t(6)=3.06,
p=0.02), but did not differ from each other on arousal level,
t(6)=1.66, p=0.15. The time to transition from neutral to sad
mood states varied from 9 and 96 s across subjects (mean=
33.6 s, exposure to about five images), whereas shifting from
sadness toward neutral took between 15 and 105 s (mean=
32.1 s, exposure to about five images). The time required to

shift toward sadness and back to a neutral state was not
significantly different, t(15)=0.57, p=0.58. These variables
were also significantly correlated, r=0.63, p=0.009. Further,
the average absolute value difference between the time taken
to attain a sad and a neutral state for each subject was about
one extra image exposure (6 s). In other words, individual
differences in the time required to transition between mood
states were observed, but were consistent within individuals,
irrespective of the mood state. During the control task,
transitioning from neutral toward attentiveness took between
9 and 210 s across subjects (mean=34.4 s; exposure to about
six images), whereas transitioning from attentiveness toward
neutral took between 6 and 138 s (mean=28.5 s, exposure to
about five images). It therefore took slightly longer on average
(6 s) for individuals to shift toward an attentive state than back
to the neutral state, t(15)=2.35, p=0.03. These variables were
also significantly correlated, r=0.75, p=0.001. The average
absolute value difference between the time taken to acquire an
attentive state and to a neutral state for each subject was only
7.4 s (exposure to about one image). Therefore, we found that
there are also stable individual differences in the time required
to transition between attentional states. No significant differ-
ence was observed between the time needed to achieve a sad
state and the time needed to achieve an attentive state, t(15)=
−0.17, p=0.87, or between the time needed to return to a
neutral state from either of these target states, t(15)=1.44,
p=0.17. Further, there was a significant correlation between
the time needed for participants to achieve a sad state and the
time needed to achieve an attentive state, r=0.44, p=0.01.

Fig. 1 Illustration of the task design that is flexible to accommodate for
individual variability in the time necessary to achieve sadness induction.
Stimuli are presented until the participant indicates by button press that
they have achieved the target mood state (sad or neutral), at which time a
30 s standardized block of the same stimuli is presented. Following this, a
set of new stimuli are presented until the participant indicates by button

press that the new target mood state has been achieved, which subse-
quently initiates a standardized 30 s block of the same stimuli. To assess
BOLD changes with increasing (and decreasing) sadness, linear regres-
sors are modeled with values between 0 and 1 during the transition period
between neutral and sad mood states (i.e. 0 = “neutral mood”; 1 = “sad
mood”)
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Across all individuals, the total scan times across the four runs
(2 sad, 2 control) ranged from about 5 to 10 min per task.
Individuals were generally consistent between runs. There
was no evidence of habituation during or across task runs
(e.g., participants did not take longer to attain sadness as the
task progressed or on the subsequent run).

BOLD response

Peak voxel coordinates for all significant clusters from the
group analysis indicating BOLD signal changes positively
correlated with linear transitions toward sadness and attentive-
ness are listed in Tables 1, 2, and 3.

Regions positively correlated with transitions from a neu-
tral to a sad state included (bilaterally unless otherwise indi-
cated) the DMPFC, the AI and VLPFC, the posterior hippo-
campus and parahippocampal cortex, the retrosplenial cingu-
late, and the occipital and fusiform cortices (Table 1).

The regions that positively correlated with transitioning
from a neutral to attentive state included (all bilaterally) the
occipital and fusiform cortices, and the auditory cortices (su-
perior temporal gyrus) (Table 2).

Direct comparison of the sadness and attentiveness con-
trasts revealed that the right DMPFC, as well as the right AI/
VLPFC were both significantly greater in the sadness com-
pared to the attentiveness conditions (p<0.05, FWE-
corrected; Table 3 and Fig. 2). That is, during sad mood
induction BOLD signal increased within these regions until
participants reported attaining a sad mood and during subse-
quent neutral mood induction BOLD signal decreased until
participants reported returning to a neutral mood; BOLD
signal in these regions did not covary with increases and
decreases in the “attentiveness” control task in this same
manner. No brain regions were observed which were signifi-
cantly greater in the attentiveness condition than in the sadness

condition. In addition, no brain regions were observed to
significantly negatively correlate with the regressors in either
the sadness or attentiveness analyses.

ICA results

In each of our 16 subjects, one or more independent compo-
nents were found that significantly (p<0.05) correlated with
their self-reported transitions in mood and included DMPFC
and VLPFC/AI regions (either separately or in the same
component). Further, our GIFT analyses demonstrated that
the linear regressors used in our voxel-based statistical analy-
ses were able to account for a statistically significant amount
of the variance in the time courses of these components.
Table 4 lists the R2 values of the component for each subject
that included DMPFC (average R2=0.37). Illustrations of four
representative subject time courses, and their fit to the linear
regressor, are shown in Fig. 3. Illustrations of all remaining
subject time courses are further displayed in supplementary
figure S2.

Demographic analyses

To control for the possibility that variance in participant de-
mographics may have contributed to our results, we extracted
contrast estimate values for the sadness contrasts for each
subject from the peak voxel listed in each cluster within
Tables 1, 2, and 3 of the results. We performed correlation
analyses and two-sample t-tests to test for significant relation-
ships between these contrast estimate values and each sub-
ject’s age, gender, and handedness. No significant correlation
was found between subject age and contrast estimate value for
any significant region listed in Tables 1, 2, and 3. No signif-
icant difference was found between right and left handed
participants or between male and female subjects in the

Table 1 Location of regions that show a linear increase during induction of sadmood and a linear decrease during subsequent induction of neutral mood

Brain region Brodmann
area

Peak voxel
coordinate

Cluster
size (kE)

Peak significance
(FWE—corrected,
threshold=p=0.05)

Z-score T-score Cluster significance
(FWE—corrected,
threshold=p=0.05)

Right anterior insula/VLPFCa 13, 47 46, 24, −8 304 P=0.001 4.44 6.58 P=0.003

Bilateral DMPFCa 9 2, 50, 30 307 P=0.002 4.08 5.67 P=0.002

Left anterior insula/VLPFCa 13, 47 −44, 26, −10 174 P=0.007 3.68 4.79 P=0.002

Bilateral visual/fusiform cortex 17, 18, 19 40, −60, −14
−36, −80, −22
10, −84, 4

11,441 P=0.01
P=0.02
P=0.04

4.99
4.90
4.63

8.22
7.93
7.08

P=0.003

Left and right posterior hippocampus/
parahippocampal gyrus

36 −8, −36, 0
24, −32, −2

2,049 P=0.03
Not significant

4.75
4.24

7.45
6.05

P=0.002

Bilateral retrosplenial cingulate cortex 31, 23 −4, −60, 22 Not significant 3.69 4.82

Threshold: p≤0.001, uncorrected
a Small volume correction applied based on a priori hypothesis
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DMPFC, right AI/VLPFC, or fusiform cortices, however the
left AI/VLPFC activity was found to be significantly greater
in male subjects (p=0.02). Further, when we removed all left
handed participants from the voxel-based analysis in SPM,
activation patterns did not change.

Due to the gender difference in the left AI/VLPFC sug-
gested by the two-sample t-test mentioned above, we added
gender as a covariate in our analyses. The addition of this
covariate did not alter the location or presence of significant
clusters in any of the results listed in Tables 1, 2, and 3, and
resulted in a slight increase in cluster size within the left AI/
VLPFC (326 voxels) from that reported in Table 1.

To address the possibility that our results could plausibly
reflect differences in exposure time to stimuli, we ran a corre-
lation analysis between each subject’s mean time to switch
moods across task runs and their contrast estimate values for
the significant voxels listed in Tables 1, 2, and 3. No signif-
icant correlation was found between stimuli exposure time
differences and the activity in any of the regions reported.

Discussion

In this study, we investigated the neural processes during
mood induction leading up to one’s becoming consciously
aware of having entered a sad mood state, as well as becoming
aware of no longer feeling sad. We demonstrated that specific
circumscribed regions of the DMPFC andAI/VLPFC increase

and decrease in activity during the transition periods between
becoming aware of entering sad mood and becoming aware of
recovering from sad mood, respectively. Specifically, regions
within the DMPFC and in the right AI and adjacent VLPFC
increased in BOLD activity during sadness induction until
participants became aware of entering a sad mood, and sub-
sequently decreased in activity during neutral mood induction
until participants became conscious of having recovered from
sad mood.

Consciousness and mood

The present findings regarding conscious awareness of mood
are consistent with research on consciousness more generally.
There is a substantial body of interdisciplinary work in cog-
nitive psychology, neuroscience, and philosophy which sug-
gests that conscious experience requires that mentally repre-
sented information become accessible to cognitive systems
associated with deliberation, decision-making and the goal-
directed selection of action (Baars et al. 2003; Baars 1988,
1997a, b, 2002, 2005; Baddeley 2007; Carruthers 2013;
Dehaene and Naccache 2001; Dehaene 2003; Kouider et al.
2007; Kreiman et al. 2003; Newman and Baars 1993; Prinz
2012). As VLPFC and DMPFC are both considered important
structures for working memory, cognitive control, and related
goal-driven executive functions (Baddeley 2007; Linden
2007; Mitchell 2007), the fact that these regions are associated
with becoming aware of a change in mood provides added
support to the more general posit that consciousness requires

Table 2 Location of regions that show a linear increase during induction of attentiveness and a linear decrease during subsequent induction of neutral
mood

Brain region Brodmann
area

Peak voxel
coordinate

Cluster
size (kE)

Peak significance
(FWE—corrected,
threshold=p=0.05)

Z-score T-score Cluster significance
(FWE—corrected,
threshold=p=0.05)

Bilateral visual cortex/right
fusiform cortex

17, 18, 19 48, −74, −6
14, −90, −2

3,735 P=0.003
P=0.05

5.32
4.62

9.46
7.06

P<0.002

Left fusiform cortex 19 −42, −76, −20 518 Not significant 4.32 6.26 P=0.002

Left auditory cortex 22 −50, 2, −8 743 Not significant 4.3 6.2 P=0.002

Right auditory cortex 22 62, −20, 8 414 Not significant 3.83 5.1 P=0.002

Threshold: p≤0.001, uncorrected

Table 3 Brain regions significantly greater in the sadness compared to attentiveness conditions

Brain region Brodmann
area

Peak voxel
coordinate

Cluster
size (kE)

Peak significance
(FWE—corrected,
threshold=p=0.05)

Z-score T-score Cluster significance
(FWE—corrected,
threshold=p=0.05)

Right DMPFCa 9 14, 56, 28 7 P=0.02 3.39 4.25 P=0.007

Right anterior insula/VLPFCa 13, 47 46, 26, −2 25 P=0.008 3.75 4.94 P=0.04

Threshold: p≤0.001, uncorrected
a Small volume correction applied based on a priori hypothesis
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that information be made available to cognitive/executive
control systems (Baars 2002; Prinz 2012).

In further support of the connection between awareness and
cognitive accessibility (Baars 2002; Prinz 2007), diverse lines
of research specifically implicate DMPFC and VLPFC as
structures which link bottom-up (stimulus-driven) affective
processing with deliberative cognitive control. The DMPFC
is associated with self-related processing (Gusnard et al.
2001), including awareness of one’s emotions (Lane 2000),
theory of mind regarding empathy for the emotions of others
(Schnell et al. 2011; Bruneau et al. 2012), and making infer-
ences about one’s own emotional states (Paradiso et al. 1999).
It is also a key structure in emotion-related decision-making

(Venkatraman et al. 2009), and both VLPFC and DMPFC are
implicated in central aspects of top-down emotion regulation
(Ochsner et al. 2002; Ochsner and Gross 2005; Phillips et al.
2008). One recent meta-analysis has proposed that VLPFC
detects emotional salience and uses this information to signal
the need for emotion regulation to dorsal prefrontal structures
(Kohn et al. 2014). Another neural model of emotion regula-
tion based on the extant structural and functional literature has
suggested that the DMPFC may use inputs from orbitofrontal
cortex to continuously monitor internal states in order to select
appropriate behavioral responses (Phillips et al. 2003a, 2008),
and previous anatomical and functional imaging research
suggests that the AI region observed in this study might also
provide these PFC regions with emotional state information
related to its processing of visceral afferents (Barbas and
Pandya 1989; Craig 2002, 2009; Kober et al. 2008; Krawitz
et al. 2010; Medford and Critchley 2010; Paulus and Stein
2010). It therefore seems plausible that activity within VLPFC
and DMPFC would be influenced by information regarding
changing intensity levels of sadness for use in their role in
cognitive, emotion regulation, and decision-making functions.

This hypothesis gains further support from the study by
Grimm et al. (2006), which gathered emotional intensity ratings
during the presentation of emotional pictures and then exam-
ined neural activity which correlated with increasing intensity.
The two regions showing significant positive correlations with
intensity in their study were the DMPFC and the VLPFC,
consistent with our findings that these two regions increase
linearly prior to a subject’s decision to alter the categorization
of their present mood. It is consistent with their work that, as
these structures participate in top-down emotion regulation, the
VLPFC and DMPFC likely need to encode changes in emo-
tional intensity in order to subserve this function.

Fig. 2 Illustration of the results reported in Table 3 showing brain regions
associated with transitioning between conscious mood states that did, and
did not, include sadness (Threshold: p≤0.001). BOLD activity in the
anterior insula (AI), VLPFC, and DMPFC was found to increase linearly
during sadness induction until participants reported they had attained a
sad mood, as well as to decrease linearly during neutral mood induction

until participants reported a return to their original “neutral” mood state
which lacked conscious sadness. These regions were significantly less
activated by the “attentiveness” control task, suggesting these results
cannot be attributed to other differences in sad and “neutral” mood
induction stimuli or the general internal monitoring and decision-
making aspects of the sadness induction task

Table 4 Proportion of
variance in each subject’s
independent component
that is explained by that
subject’s self-reported
shifts between sad and
neutral mood (linearly
modeled)

**P<0.001

*P=0.005

Subject R-squared

1 0.67**

2 0.37**

3 0.25**

4 0.38**

5 0.71**

6 0.39**

7 0.3**

8 0.26**

9 0.05*

10 0.61**

11 0.14**

12 0.37**

13 0.21**

14 0.27**

15 0.73**

16 0.13**
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The findings of this paper also resonate with a recent
review regarding the joint roles of AI and dorsal anterior
cingulate cortex (dACC) in subjective awareness (Medford
and Critchley 2010). Medford and Critchley review a large
number of studies and related theoretical models regarding the
anatomy and physiology of AI and dACC regions, and
demonstrate converging evidence that these structures are
functionally and structurally connected and that they may
jointly act as the afferent and efferent limbs of a network
underlying conscious awareness. They agree with Craig
(2009) that AI activity re-represents body states as subjective
feeling, but they argue further that awareness of these feeling
states is also associated with dACC gaining access to these AI
representations such that they can be used to inform dACC
control of subsequent autonomic, attentional, and other cog-
nitive and behavioral reactions. This work is consistent with
the suggestion of the present paper that AI activity, in con-
junction with cognitive control structures, is associated with
becoming aware of a change in mood. While Medford and
Critchley emphasize dACC in this efferent control aspect of

awareness, the VLPFC and DMPFC regions highlighted in
this study are implicated in several related cognitive and
emotional control functions (Fletcher and Henson 2001; Lin-
den 2007; Ochsner and Gross 2005; Phillips et al. 2003a, b,
2008).

A meta-analysis of 162 neuroimaging studies of emotion
(Kober et al. 2008) identified the DMPFC as an important
locus of activation across these studies, and concluded that
DMPFC and adjacent ACC regions are likely involved in both
the generation and regulation of emotion. DMPFC specifical-
ly was associated with cognitive representation and context-
generated emotion, and it was the only cortical region ob-
served to consistently co-activate with subcortical regions that
have been associated with emotion generation (the hypothal-
amus and periaqueductal grey). Another recent review
(Amodio and Frith 2006) has separately highlighted the im-
portance of DMPFC across several studies in the process of
mentalizing, or the ability (also termed theory-of-mind) to
simulate the beliefs, desires, and intentions of others in order
to understand and predict their actions. This ability to

Fig. 3 ICA analyses. Example independent component time courses from four subjects, and their fit to the linear regressors used in the primary analysis
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mentalize is especially important for social cognition, as adap-
tive decision-making and subsequent behavior in social situ-
ations depends upon inferring such internal states (Amodio
and Frith 2006). These results dovetail with those suggesting
an affective role of DMPFC in monitoring internal states,
regulating emotion, and engaging in emotion-related decision
making that were reviewed above, because the mentalizing
process specifically requires the cognitive representation of
emotion for use in adaptive decision-making and context-
sensitive control of emotional/visceral responsivity. That is,
theory-of-mind, if thought of as an adaptive ability to infer
another’s intentions by representing their beliefs and desires,
clearly requires the representation of emotion. It therefore
appears plausible that DMPFC would be involved in becom-
ing aware of a change in one’s emotional state, as the present
study suggests, as the process of becoming aware appears to
involve information becoming available for use in goal-driven
decision-making and behavioral control, and this region ap-
pears to perform this function for information about the emo-
tional states of self and others. Thus these results provide
added support for an affective component of theory-of-mind,
and may provide insights that help integrate the separately
observed roles of DMPFC in mentalizing, emotion, and ex-
ecutive control.

The results presented here may also help to distinguish
between the widespread neural activity which often co-
occurs with self-reported sad and neutral moods, and the
subset of this neural activity which these self-reported con-
scious states actually depend upon. For example, while sev-
eral midline cortical and subcortical activations, as well as
broad lateral cortical de-activations appear to accompany con-
scious sad relative to neutral moods (Damasio et al. 2000), it is
unlikely that all of these activations and deactivations are
strictly necessary for the experience of sadness. Indeed, sev-
eral neuroimaging studies of unconscious emotional process-
ing suggest that many of these subcortical and cortical regions
activate in relation to emotional stimuli or emotion-related
responses in the absence of conscious awareness (Bechara
et al. 1997; Dimberg et al. 2000; Etkin et al. 2004; Gyurak
et al. 2011; Lane 2008; Morris et al. 1998; Williams et al.
2006), and the observed lateral cortical de-activations may, at
least in part, relate to the consequences of an emotional focus
of attention (Lane et al. 1997). Therefore, the present results
provide additional support to the notion that, while many
cortical and subcortical changes in neural activity co-occur
with different conscious moods, one’s ability to report a
change in mood may only depend more narrowly on a change
in emotional response being made available to relevant cog-
nitive control systems.

To our knowledge, this is the first study to use fMRI to
investigate the neural processes leading up to one’s becoming
aware of entering into and recovering from a sad mood.
However, there have been two somewhat related studies

whose results are relevant to the present findings. One study
(Harrison et al. 2008) examined connectivity changes as sub-
jects transitioned from neutral to sad states. Remarkably, this
study demonstrated that as sadness increased, connectivity
increased between the AI and the dACC. This finding com-
plements the results of the present study by highlighting
connectivity increases that are consistent with the interpreta-
tion we provide here of the linear activity increases/decreases
found within the present subjects in AI and DMPFC. A
second study (Goldin et al. 2005) used film clips to induce
sadness or amusement. The task was then repeated outside the
scanner, and subjects were asked to continuously indicate
changes in felt sadness/amusement intensity. These retrospec-
tive ratings were then used to create regressors specific to each
individual’s changes in these emotions over time. This study
reported widespread activation across several cortical and
subcortical regions positively correlated with sadness intensi-
ty, many of which have been previously implicated in emo-
tional processing, includingMPFC, fusiform, and the superior
temporal cortex, findings that overlapped with the current
study. However, that study did not ask subjects to indicate
when they became aware of a change in mood, and it also did
not control for co-occurring changes in attention and other
task demands in the way the present study did. Thus their
widespread activations may map onto modulations due to
attention and arousal as well as many cortical and subcortical
processes which co-occur with, but are not necessary or suf-
ficient for, becoming aware of a change in mood.

Methodological considerations

It has been suggested that mood states function to detect
consistent patterns, or trends, in emotional responses, and to
adaptively modulate cognition and behavior in response to
such trends (see chapter 8, Prinz 2006). This is consistent with
the fact that, while the normativeMTurk image data presented
above indicates that participants found each individual image
in the sadness condition to be considerably sad, the presenta-
tion of several sad images in a row was still necessary for
fMRI participants to indicate becoming aware of entering a
sad mood. In this study we chose a parsimonious model
reflecting a monotonic increase while subjects underwent this
transition from neutral to sad mood, but it is possible that these
transition periods could be modeled in an exponential or
otherwise nonlinear manner and therefore other statistical
analysis could detect different patterns. However, the ICA
analyses we performed demonstrated both that the self-
reported mood shifting pattern in our results was detectable
in a data-driven, atheoretical approach, and that the linear
models explain significant amounts of the variance in each
subject’s IC that covaried with self-reported mood changes,
adding support that this linear model adequately represents the
transition period between mood states. No other ICs were
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observed within subjects that suggested such exponential or
otherwise nonlinear patterns were present. It is also possible
that behavioral monitoring during the attainment of sadness
might improve future studies with regard to this issue, al-
though introducing further decision-making during acquisi-
tion is likely to add confounding neural activity associated
with additional cognitive processing of emotional status.

We attempted to control for BOLD changes due to social
settings, faces, non-specific mood changes, and attentiveness/
arousal by using an attentiveness task. While this control task
likely accounts for possible increases in activity due to such
factors, there are still differences between the neutral, atten-
tive, and sad stimuli which may not have been fully controlled
for. For example, while both the “sad” and “attentiveness”
images were reported to be more arousing than the “neutral”
images, the normative data gathered (from MTurk) suggests
that our “sad” images may still have been more arousing than
our “attentiveness” images. Therefore arousal may only have
been partially controlled for. Further, pictures depicting be-
reavement and loss are likely different from images of upbeat
social settings or landscapes in ways independent from the
emotions they provoke. Although all participants reported
achieving a sad state, since we have limited information
regarding the intensity of sadness upon subjects becoming
aware of it, we cannot determine whether the level of sadness
attained on this task interacts with the change in brain activity.
However, our results implicate the same DMPFC and VLPFC
regions previously demonstrated to correlate with increasing
emotional intensity judgments (Grimm et al. 2006), providing
support that when our subjects transitioned into and out of sad
mood states, their judgments reflected a noticeable increase in
the intensity of their sadness from their baseline “neutral”
state. It is unlikely that our imaging results merely reflect
intensity changes, however, as subjects were instructed to
indicate by button press when they became aware of having
entered a sad mood. Therefore the intensity changes which
correlate with our regressors most likely represent uncon-
scious increases which lead up to the awareness of a change
in mood.

The present design also contained potential confounds with
regard to stimulus exposure time and sample heterogeneity.
However, our findings regarding the relation between activity
of these frontal and paralimbic regions and an awareness of
change in mood do not appear attributable to exposure time
differences, as exposure times varied between subjects and
these exposure times did not correlate with subject contrast
estimates. The results further do not appear to vary systemat-
ically in relation to the heterogeneous demographics in our
sample, with the exception of slightly greater left AI/VLPFC
in men. This could potentially reflect previously observed
gender differences in emotion regulation (McRae et al.
2008), but as our task involves making passive decisions
regarding changes in emotional experience and contains no

instructions to actively regulate one’s emotions, it is un-
clear whether voluntary emotion regulation strategies are
involved. Further, this gender difference was not observed
in the right AI/VLPFC or the DMPFC, which are the two
regions observed to be unique to becoming aware of sad-
ness. It would also be expected that any added variance
associated with sample heterogeneity would negatively
affect significance; therefore, our findings support the no-
tion that across these demographic differences there may
be some common brain mechanisms associated with con-
scious awareness of mood. These results also suggest the
potential usefulness of mood induction paradigms such as
this in studying clinical populations given that we did not
restrict the range of demographic factors in a way that
would hinder generalizability to patients.

Conclusion

Consistent with previous literature, we observed that
BOLD activity in specific regions within the right
DMPFC, VLPFC, and AI was specifically related to
becoming aware of a sad mood. As these regions are
known to monitor emotional intensity (Grimm et al.
2006), as well as play key roles within working memory
(Baddeley 2007; Fletcher and Henson 2001; Linden
2007; Mikels et al. 2008), decision-making (Venkatraman
et al. 2009), mentalizing (Amodio and Frith 2006), and
top-down regulation (Goldin et al. 2008; Ochsner and
Gross 2005; Phillips et al. 2003a, b, 2008), these find-
ings suggest that conscious awareness of a change in sad
mood is associated with information about meaningful
emotional intensity changes becoming available to cog-
nitive systems which can make use of that information in
decision-making and behavioral control. Thus these re-
sults support the idea that consciousness is associated
with the cognitive accessibility of perceptual information
(Baars and Franklin 2003; Baars 2002; Prinz 2012) and
may reflect a neural signature representing the accumu-
lation of introspective evidence leading to the decision to
change the verbal classification of one’s internal emo-
tional state.

These findings may also be significant in light of research
suggesting that depression may be associated with difficulties
in transitioning out of a sad mood (Holtzheimer and Mayberg
2011; Lane et al. 2013; Smith et al. 2014). A better under-
standing of the neural underpinnings of transitions between
conscious mood states within psychiatric populations could
eventually lead to improved diagnostics and targeting strate-
gies for treating affective disorders. Therefore, this paradigm
should be extended to individuals with emotional disorders in
future studies.
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a b s t r a c t

Background: We tested the hypothesis that subgenual anterior cingulate cortex (sgACC) participates in
concurrently regulating shifts in both affective state and cardiac vagal control.
Methods: Eleven healthy adults and 8 depressed subjects performed the Emotional Counting Stroop
task in alternating 15-second blocks of emotion words and neutral words while undergoing functional
magnetic resonance imaging (fMRI) and electrocardiography (ECG). We measured the absolute value of
change between adjacent 15-second blocks in both cardiac vagal control and the BOLD signal in specific
regions of interest.
Results: Strong positive correlations were observed in healthy control participants between changes in
cardiac vagal control and changes in BOLD signal intensity in sgACC (BA25) (right: r¼ .67, po .02; left
r¼ .69, po .02), as well as other key structures in the medial visceromotor network. Depressed subjects
showed no significant correlations between cardiac vagal control and BOLD signal intensity within
BA25 or any other brain region examined. During the transition from depression-specific emotion
blocks to neutral blocks, the correlation between BOLD signal change in BA25 and cardiac vagal control
change was significantly greater in controls than in depressed subjects (po .04).
Conclusions: Findings in healthy volunteers suggest that sgACC participates in affective state shifting.
The latter function appears to be altered in depressed individuals, and may have implications for the
unvarying mood and vagal dysfunction associated with depression.
Limitations: Limitations include a small sample size, an inability to disentangle afferent versus efferent
contributions to the results, and the lack of a whole-brain analysis.

Published by Elsevier B.V.

1. Introduction

A newly emerging literature is demonstrating that self-reported
depressive symptoms are associated with a variety of adverse
health outcomes, including increased mortality among depressed
individuals with coronary artery disease, breast cancer, stroke and
diabetes (Frasure-Smith and Lesperance, 2005; Katon et al., 2005;
Lane, 2008; Onitilo et al., 2006). A major challenge for brain-body
medicine is to identify the brain mechanisms that may contribute
to these associations. With advances in our understanding of the
brain systems involved in depression, functional neuroimaging
provides important new opportunities to elucidate such mechan-
isms. Although a network of brain structures appears to be

involved in clinical depression, the subgenual anterior cingulate
cortex (BA25) appears to play an especially significant role in this
network. The purpose of this study was to test a hypothesis about
the role of BA25 in contributing to the association between self-
reported depressive symptoms and adverse health outcomes.

The importance of BA25 in depression became unequivocally
established with the landmark report that deep brain stimulation
(DBS) of BA25 induces significant clinical improvement in
two-thirds of patients with highly treatment-resistant depression
(Mayberg et al., 2005). It is now established that BA25 is
hyperactive in depression relative to control subjects, that this
hyperactivity correlates positively with the severity of depression
and that this hyperactivity is reversed with successful treatment
of depression, whether treatment is by antidepressant medica-
tion, ECT or DBS (Mayberg et al., 2005; Kennedy et al., 2007;
Mayberg et al., 1999; McCormick et al., 2007; McCormick et al.,
2009). BA25 is the principal site of autonomic regulation in the
frontal lobe and is a key node in the medial visceromotor network
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that has monosynaptic connections to the hypothalamus and
periacqueductal grey in the brainstem, among other areas
(Drevets et al., 2008; Frysztak and Neafsey, 1994; Ongur and
Price, 2000). As such, BA25 plays a key regulatory role in
autonomic, neuroendocrine and, by extension, immune function
(Critchley et al., 2011; Thayer and Sternberg, 2010). Alterations in
these functions may provide some insight into the mechanisms
that link depression with adverse health outcomes.

A complication arises, however, when considering the
phenomenology of depression. BA25 likely contributes to the
neurovegetative symptoms of depression, including disturbances
of sleep, appetite, energy and libido (Mayberg et al., 1999).
However, it is not currently thought to play a role in the mood
disturbance associated with depression. This conclusion is sup-
ported by evidence that BA25 is activated during implicit proces-
sing of subliminally-presented fearful faces and that activity in
neighboring ventromedial prefrontal cortex activity is greater
during implicit relative to explicit processing of fearful faces
(Williams et al., 2006). Further support that BA25 may regulate
autonomic responses in the absence of a corresponding emotional
experience comes from work of Bechara and colleagues, who
demonstrated in a gambling paradigm that ventromedial pre-
frontal cortex generates skin conductance responses to risky
choices before the subject is aware that the choices are risky
(Bechara et al., 1997). In light of these and other findings, a recent
review has suggested that the VMPFC may be critical for the
generation of emotional meaning (Roy et al., 2012). VMPFC
therefore plays a role in evaluating the emotional significance of
stimuli automatically and without awareness, and BA25, a sub-
structure within VMPFC, plays an important role in making the
physiological adjustments that are associated with these evalua-
tions. The evidence that BA25 activity appears to execute its
functions in the absence of conscious emotional experience raises
questions about the relevance of BA25 activity to self-reported
depressed mood and other depressive symptoms.

VMPFC is well known to mediate extinction of conditioned
fear through direct communication with the amygdala and is
essential for affective reversal learning, i.e., the ability to shift
affective sets (Fellows and Farah, 2003; Schiller and Delgado,
2010). The latter conclusion was derived from a study by Fellows
and Farah (Fellows and Farah, 2003) who showed that the
affective value of a stimulus could only be altered (e.g. from
rewarding to penalizing, or the reverse) if the VMPFC was intact.
Given the role of VMPFC in evaluating the emotional significance
of stimuli in an ongoing way, and the role of BA25 in making
associated physiological adjustments, we hypothesized that
VMPFC and associated BA25 participate in the ability to shift
affective states. If so, persistent depressed mood could arise due
in part to a relative inability to shift affective states, as in
persistent depressed mood (Rottenberg, 2007; Holtzheimer and
Mayberg, 2011). A dysfunction involving automatic shifts in
affective state could thus explain how impairments involving an
implicit function could influence the occurrence of self-reported
depressed mood, while not being essential for conscious
emotional experience per se.

Consistent with the role of VMPFC in top-down inhibition of
amygdala function, activity in BA25 has been associated with the
inhibition of peripheral physiological activation. Critchley and
colleagues showed that activity in BA25 was negatively correlated
with spontaneous skin conductance responses (a sympathetic
response) during a biofeedback task (Critchley, 2002; Critchley
et al., 2000). Gianaros and colleagues showed that activity in
BA25 correlated positively with cardiac vagal control (as mea-
sured by high-frequency heart rate variability) during perfor-
mance of the n-back memory task (Gianaros et al., 2004).
Similarly, Matthews and colleagues showed that cardiac vagal

control correlated with BOLD activity in BA25 during a counting
Stroop task (Matthews et al., 2004). A recent meta-analysis
(Thayer et al., 2012) showed that BA25 participated in regulating
cardiac vagal control during emotional as well as cognitive and
motor tasks. Given that changes in cardiac vagal control can occur
on the order of milliseconds, whereas sympathetic changes are
considerably slower, changes in cardiac vagal control appeared to
be a particularly good autonomic index of changes in affective
state. Furthermore, cardiac vagal control has been shown to be
reduced in depression and recovers to normative levels with
successful treatment of depression, whether the treatment is
with antidepressant medication or cognitive-behavioral therapy
(Chambers and Allen, 2002), although not all studies find such
effects (Rottenberg, 2007). Correlations between vagal control
and ventral frontal activity have also been observed to be
different in depressed subjects compared to controls in motor
and cognitive tasks (Nugent et al., 2011). Moreover, lower levels
of cardiac vagal control are associated with a variety of adverse
health outcomes, including coronary artery disease and diabetes
(Julu, 1993; Manfrini et al., 2008; Taylor et al. n.d.; Thayer et al.,
2010).

A number of studies have examined the neural substrates of
intentional changes in affective state. For example, Ochsner and
colleagues examined the neural substrates of voluntary changes
in affective state through reappraisal or suppression (Ochsner and
Gross, 2005). Other studies have examined the neural correlates
of intentional changes in the intensity of emotional experience
(Goldin et al., 2008). To date, however, a study designed to
examine the neural substrates of stimulus-induced (non-inten-
tional) changes in affective state with concomitant fMRI and
assessments of cardiac vagal control has not been reported.

A validated task that captures this function is the emotional
counting Stroop task (Whalen et al., 1998). In this task, emotional
or neutral words appear on a screen one, two, three or four times
and the subject’s task is to report the number of times the word
appears on the screen. Emotional or neutral words are presented
in 15-second blocks of stimuli of the same type, and the transition
from an emotion block to a neutral block or the reverse consti-
tutes a change in affective state. Since the items are presented
briefly and attention is directed to counting words and not the
meaning of words, the change in affective state is automatic,
which corresponds to the mode in which BA25 is thought to
operate.

With the ultimate goal of better understanding the neural
basis of depression, we sought to establish the brain systems
involved in automatic affective state shifts in healthy volunteers.
We operationalized affective state shifting as the change in BOLD
signal from emotion to neutral blocks or the reverse as subjects
performed the emotional counting Stroop task. We hypothesized
that in healthy volunteers the change in BOLD signal magnitude
in BA25 during the automatic shifting of affective states would
correlate with the change in cardiac vagal control during the
corresponding time intervals, and that these correlations would
be specific to BA25 relative to other candidate structures. We also
explored whether this relationship was altered in depressed
individuals.

2. Methods

2.1. Subjects

Eleven healthy volunteers (6 females and 5 males; age 19–34,
mean¼26 years) with no psychiatric or medical conditions (and
who were not taking any centrally acting medications) and
8 individuals diagnosed with Major Depressive Disorder (6
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females and 2 males; age 18–56, mean¼34 years) were recruited
from the local community. Initial screening for the depressed
group used the Hamilton Depression Scale in which subjects were
required to have a score of 17 or higher to qualify. The diagnosis
of major depressive disorder was further confirmed using the
Mini International Neuropsychiatric Interview (MINI). Depressed
subjects were screened for prior head injury or other health
problems, and none were currently taking any psychotropic
medications.

2.2. Imaging parameters

All participants were scanned on the same 3.0 T GE Signa VH/I
system with an 8-channel head coil. Scan parameters for the
gradient echo spiral in-out pulse sequence are as follows:
TR¼3000 ms, TE¼30 ms, flip angle¼901, FOV¼22 cm, 64"64
matrix, with 3 mm-thick slices covering the entire brain.

A high resolution structural T1 image was also obtained for
each participant: TR¼650 ms, TE¼13 ms, FOV¼22 cm. All func-
tional images were realigned, spatially normalized into standar-
dized Montreal Neurological Institute (MNI) anatomical space,
and smoothed using a Gaussian kernel (full-width half-maximum
[FWHM]: 8 mm) using SPM2 (http://www.fil.ion.ucl.ac.uk/spm).

2.3. Heart rate variability assessments

To obtain electrocardiographic (ECG) data, an In Vivo 3150M
Magnitude MRI Patient Monitor was routed to Biopac-based
MP100WSW system and acquired with Acqknowledge software,
collecting ECG (from a lead II configuration) and also respiration.
The subsequent analysis of cardiac vagal control was performed
using QRStool to extract the inter-beat interval (IBI) series and
Cardiac Metric X software (CmetX) to derive the resulting metrics
(available from John J.B. Allen at www.psychofizz.org). ECG data
for each subject was converted to text format within Acqknow-
ledge and then imported into QRStool. Individual R-spikes were
detected and marked within QRStool, hand edited to ensure
accuracy, and the IBI series was then input into CMetX, which
provided an estimate of RSA for each emotional counting Stroop
task segment. CMetX creates a time-series representation of the
IBI series and then filters the series in the .12–.40 Hz band (the
typical respiratory frequency), and finally takes the natural log of
the variance of this filtered time series as the estimate of
respirator sinus arrhythmia (logRSA). LogRSA values for each
ECG time segment of interest were used as the measure of cardiac
vagal control in what follows. The metric of RSA derived from
CMetX, which uses the time domain approach, correlates.99 with
high frequency power using a spectral approach and the same
.12–.40 Hz band. LogRSA is thus virtually synonymous with high-
frequency heart rate variability (HF-HRV) derived by spectral
methods.

2.4. fMRITask and statistical analyses

While undergoing fMRI and ECG recording, subjects were
asked to perform a variant of the emotional counting stroop task.
In this task subjects are exposed to a word of a given emotional
valence that appears either one, two, three, or four times on the
screen and the task is to indicate how many times the word was
displayed. Counting is therefore in the attentional foreground
whereas the emotional valence of the word is in the attentional
background. In the task each subject was exposed to alternating
15 s blocks (ten 1.5 s word stimuli) of a given valence, and each
emotional block (each consisting of positive, negative, or
depression-specific words) was separated with an emotionally
neutral block between them. There were a total of 64 blocks

(including 16 blocks of cognitively congruent [the word ‘‘two’’
written two times] and incongruent [the word ‘‘two’’ written
three times] stimuli that were not included in this analysis) given
over four runs of the task, 48 of which were emotional or
emotionally neutral. This resulted in 40 affective state shifts
(neutral to emotional or emotional to neutral) which were
subsequently analyzed.

The MARSBAR tool (http://marsbar.sourceforge.net/) was used
within SPM2 to extract mean BOLD signal values for each
emotional block for 10 regions of interest (ROIs) within the
frontal lobe (see Fig. 1). These ROIs included the dorsal ACC,
rostral ACC, and left and right BA25, BA46, BA47, and anterior
Insula. Left and right BA25 and BA46 ROIs were taken from
MRIcro’s atlas of anatomical and BA brain regions. The modified
BA47 ROI was drawn under the guidance of Joel Price (Ongur and
Price, 2000). The anterior insula’s posterior boundary was estab-
lished under the personal guidance of A.D. (Bud) Craig according
to the following articles (Brooks et al., 2002; Dunckley et al.,
2005; Schweinhardt et al., 2006; Varnavas and Grand, 1999;
Wager et al., 2005). The dACC and rACC ROIs were drawn based
on the diagrams in the following articles (Bush et al., 2000;
Kitayama et al., 2006; Woodward et al., 2006). The ROIs were
selected because of their location within the medial visceromotor
network or their contribution to emotion regulation and/or
cardiovascular regulation.

Using MARSBAR a mean BOLD value from each ROI was thus
extracted for each of the 48 emotionally valenced or neutral
blocks. Difference scores were then obtained by subtracting the
mean BOLD value of a given block from the value of the block that
followed it. This resulted in a BOLD value difference score for each
of the 40 affective state shifts. CmetX was used in conjunction to
calculate mean logRSA values for each of these same blocks, and
RSA difference scores were obtained by subtracting the mean
logRSA value of a given block from the value of the block that
followed it.

To address the question of whether BOLD-signal changes due
to affective state shifts would be mirrored in changes in vagal
influence on the heart (LogRSA), a summary metric for each
subject was derived to reflect the magnitude of these changes.
Because we were interested in the magnitude of the shifts, and
because shifts across segments could reflect changes to a more
positive or a more negative affective state, the absolute value of
each BOLD change and the absolute value of each RSA change
were used to create summary BOLD change metrics and summary
RSA change metrics for each subject. These summary scores,

Fig. 1. Depiction of frontal lobe regions of interest used for the analyses.
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reflecting the magnitude of change due to state shifts, were
computed for each specific type of affective shift as well as for
all 40 shifts combined. For each type of affective state shift, and
for the entire collection of state shifts, a correlation was obtained
reflecting the degree to which the magnitude of BOLD signal
changes were associated with the magnitude of RSA signal
changes. These correlations we computed separately for healthy
controls and for depressed participants.

3. Results

All correlations and associated significance levels between the
magnitude of BOLD signal change and the magnitude of RSA
change for each ROI are listed in Table 1. When all shifts were
considered, significant correlations were found in the healthy
control group within the left subgenual anterior cingulate
(r¼ .748, p¼ .008), the right subgenual anterior cingulate
(r¼ .670, p¼ .024), left BA47 (r¼ .757, p¼ .007), and the left
anterior insula (r¼ .617, p¼ .043) (see Table 1a). By comparison,
no significant correlations for this analysis were observed within
the depressed group (see Table 1b). Multiple significant or near
significant correlations were also found in the control group but
not the depressed group for shifts between specific valences
considered alone (Supplemental Table 2a,b).

Since the ability to shift from a depressed to a neutral state
may represent a core deficit in depression, we further chose to
test a focal hypothesis regarding the existence of a significant
difference between depressed and control subjects in the correla-
tion between BA25 BOLD shift values and RSA shift values during
this valence-specific shift (from depression-specific words to
neutral words). The correlations between the magnitude of
LogRSA change and of BOLD signal change during depression-
specific to neutral shifts were found to be significantly greater in

controls than in depressed in BA25 (left: Z¼2.09, p¼ .04; right:
Z¼2.18, p¼ .04; see Table 1a,b).

4. Discussion

This study was motivated by the observations that deep brain
stimulation of BA25 is an effective intervention for treatment-
refractory depression, that BA25 plays a principal role in regulat-
ing autonomic and visceral functions, and that other structures
such as ventromedial prefrontal cortex, pregenual anterior cingu-
late cortex and insula are more typically implicated in the
reportable mood disturbance associated with depression.
To reconcile these observations we hypothesized that BA25 may
contribute to depressed mood by regulating the autonomic
foundation for mood state. We hypothesized that BA25 alters
this autonomic foundation by changing cardiac vagal control, that
it does so while evaluating the emotional significance of stimuli,
and that these changes in evaluation and physiology are
associated with automatic changes in emotional state that may
be considered background feeling (i.e. emotional states that are
conscious but in the attentional background because they are not
attended to or reflected upon). In order to capture that psycho-
logical state experimentally we had subjects perform the emo-
tional counting Stroop task so that emotional content would be in
the attentional background. Using a unique data analytic strategy
that captured the magnitude of shifts in BOLD signal in different
prespecified regions and their correlation with the magnitude of
shifts in cardiac vagal control, we found that among healthy
volunteers the magnitude of BOLD activity shifts in BA25, left
BA47 and left insula were associated with the magnitude of shifts
in cardiac vagal control. The combination of covarying BOLD
changes and RSA changes supports our hypothesis that BA25
participates in affective state shifts. We conclude from this that as

Table 1a
Correlations (Pearson’s r) between the absolute value of shifts in BOLD and HRV during affective state shifting in healthy controls (N¼11). n

All shifts Depression-specific to neutral

BA25_L 0.748 (p¼ .008) 0.743 (p¼ .009)nn

BA25_R 0.670 (p¼ .024) 0.660 (p¼ .027)nn

dACC 0.533 (p¼ .091) 0.137 (p¼ .687)
rACC 0.261 (p¼ .438) 0.219 (p¼ .518)
BA46_L 0.451 (p¼ .164) 0.174 (p¼ .609)
BA46_R 0.445 (p¼ .170) 0.109 (p¼ .749)
BA47_L 0.757 (p¼ .007) 0.067 (p¼ .846)
BA47_R 0.508 (p¼ .110) "0.112 (p¼ .743)
AntInsula_L 0.617 (p¼ .043) 0.228 (p¼ .500)
AntInsula_R 0.349 (p¼ .292) "0.399 (p¼ .224)

n Scores in bold indicate statistical significance. Scores which are underlined indicate near-significant results (po .1).
nn Correlation is significantly different between depressed and control group (p¼ .04).

Table 1b
Correlations (Pearson’s r) between the absolute value of shifts in BOLD and HRV during affective state shifting in depressed subjects (N¼8).n

All shifts Depression-specific to neutral

BA25_L 0.329 (p¼ .427) "0.229 (p¼ .585) nn

BA25_R 0.221 (p¼ .598) "0.424 (p¼ .296) nn

dACC 0.240 (p¼ .567) "0.391 (p¼ .338)
rACC 0.152 (p¼ .719) "0.323 (p¼ .435)
BA46_L 0.026 (p¼ .951) "0.490 (p¼ .217)
BA46_R "0.140 (p¼ .741) "0.302 (p¼ .467)
modBA47_L 0.166 (p¼ .695) "0.305 (p¼ .462)
modBA47_R 0.484 (p¼ .225) "0.039 (p¼ .927)
AntInsula_L 0.269 (p¼ .520) "0.102 (p¼ .810)
AntInsula_R 0.049 (p¼ .908) "0.379 (p¼ .354)

n Scores in bold indicate statistical significance. Scores which are underlined indicate near-significant results (po .1).
nn Correlation is significantly different between depressed and control group (p¼ .04).
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exteroceptive stimuli are evaluated for emotional significance by
a network of structures including BA25, a change in affective state
occurs automatically that concomitantly involves a change in
autonomic activity supporting that change in affective state.

The finding that BA25activity correlates in this way is signifi-
cant in light of its likely role in context setting and the generation
of emotional meaning (Roy et al., 2012). While the amygdala acts
to identify the early biological significance of a stimulus, the
VMPFC (including BA25) modulates this responsivity by assigning
value to a stimulus and placing it within its context through its
connections with memory of past outcomes. Bodily feedback is a
significant part of this contextual assessment, and VMPFC has been
shown to adjust bodily response in preparation for actions
consistent with the assessed meaning of the situation for the
individual (Bechara et al., 1997). Our findings regarding BA47
and the left anterior insula are also consistent with the functions
in which they are implicated by previous research. BA47 is
adjacent to BA25 within the orbitofrontal cortex and these two
structures share significant connectivity as they are both nodes
within the medial visceromotor network (Price, 1999). The left
insula is a principal site for afferent visceral processing and is
significantly involved in monitoring visceral activity for use in its
regulation (Craig, 2009). It therefore makes sense that the shifts in
activity in these structures would covary with shifts in cardiac
vagal control.

Affective state shifting as operationalized in this study has not
been previously described in the emotion regulation literature,
which has been dominated by intentional processes such as
reappraisal and suppression. Automatic emotion regulation
would include processes such as conditioned fear extinction
which is already known to involve the VMPFC and its connections
with the amygdala (Sotres-Bayon et al., 2009; Phillips et al.,
2008). VMPFC is known to be involved in the at-times rapidly
shifting on-line assessment of emotional significance. VMPFC is
also implicated in the related function of reversal learning
(Fellowsand Farah, 2003). The findings of this study thus extend
the literature in linking the role of the VMPFC in autonomic
regulation to affective state shifting.

The results of this study also provide preliminary data suggesting
alterations in this circuitry in major depression. We hypothesized that
depression is associated with a deficit in the ability to shift affective
states. Based on the findings in healthy volunteers, one would expect
that such BOLD-RSA correlations would not be present in depressed
individuals, and that is what the data showed. Further, the BOLD-RSA
correlations were significantly different in depressed and healthy
control participants within BA25 specifically for shifts from a
depressed to a neutral state. These findings are significant as they
may provide a novel correlate of the emotional dysregulation seen in
depression. Recent evidence indicates that an impaired ability to
deactivate BA25 during a demanding cognitive task is associated with
increased depressive symptom severity, implicating deficient inhibi-
tory control processes by the subgenual ACC in clinical depression
(Matthews et al., 2009). This evidence suggests that MDD symptom
severity may relate to the ability to turn off the subgenual ACC, an
effect induced by deep brain stimulation. More generally, the
inhibitory function of this structure appears needed for discrete and
adaptive emotional experiences that are not excessively prolonged.
Further evidence suggests that in MDD, activity in the PFC-amygdala
circuit during emotional control is dysregulated. Specifically, prior
evidence suggests that individuals with MDD do not show the inverse
relationship between the ventromedial PFC and amygdala during
affect regulation, but rather the opposite relationship whereby greater
ventromedial PFC activation is associated with greater amygdala
activation (Johnstone et al., 2007).

There is significant evidence linking affective flexibility to
health outcomes (Rozanski and Kubzansky, 2005). The findings

in this study provide a link between the ability to shift emotional
states, the neural activity within specific brain regions, and the
associated variability in peripheral autonomic responses mea-
sured by cardiac vagal control. It is possible then that the present
findings suggest a potential neural correlate that may underlie the
observed connection between affective flexibility and health
outcomes (Thayer and Lane, 2009). In such a model, dysfunction
in BA25 and related structures in the medial visceromotor net-
work would be associated with relatively persistent and unvary-
ing states of arousal which could over time contribute to bodily
disease states.

5. Limitations and conclusion

There are multiple limitations to the present study. Firstly, the
methodology used is incapable of disentangling afferent and
efferent contributions to the results. Therefore, future research
should address whether the observed BOLD-RSA correlations
reflect a causal link from heart to brain or vice versa, or if it is
due to a third entirely independent mediating variable. Secondly,
since we chose an ROI approach we are also incapable of drawing
any inferences about other brain regions. There may be other
neural regions whose activity also relates significantly to the task
but that our methodology was unable to detect in the absence of a
whole-brain analysis.

To conclude, the present findings demonstrate that in a
healthy control group the magnitude of BOLD change when
shifting between emotional background states is significantly
correlated with the magnitude of change in RSA within BA25
and other medial visceromotor network regions. These findings
support the view that MDD involves a dysregulation in the
central-autonomic network, and may suggest a mechanism by
which MDD confers increased risk for a variety of adverse health
outcomes. By focusing on state shifts, the results assessed whether
flexibility in brain systems participating in background affective
state shifts was mirrored in autonomic flexibility, and found that
this coherence was present only in healthy volunteers. Whether
successful treatment of MDD restores this coherence remains an
empirical question, with important implications for whether
MDD treatment may alter risk for subsequent adverse health
outcomes.
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a b s t r a c t

Regions of the medial visceromotor network (MVN) participate in concurrently regulating shifts in both
affective state and cardiac vagal control in the attentional background, and this regulatory ability may be
impaired in depression. We examined whether the relationship between changes in BOLD within MVN
regions and changes in cardiac vagal control (VC) during affective state shifting changed with depression
treatment. Ten depressed and ten control subjects performed an emotional counting Stroop task
designed to trigger affective change in the attentional background while undergoing functional magnetic
resonance imaging and concurrent electrocardiography (ECG) on four occasions: week 0 (pre-treatment)
and weeks 2, 6 and 12 of treatment on sertraline. We measured the absolute value of change between
adjacent emotional and neutral conditions in both VC and the BOLD signal in specific regions of the
MVN. Over time consistent increases were observed in BOLD–VC magnitude correlations in depressed
subjects in subgenual ACC and left DLPFC, which strongly correlated with depressive symptom
improvement. Symptom improvement over time was also associated with decreases in the magnitude
of both BOLD shifts and VC shifts within-subjects. This suggests that as depressive symptoms improve on
sertraline, subgenual ACC and DLPFC may more efficiently regulate visceral states during affective state
shifting.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Recent research has demonstrated that major depressive dis-
order (MDD) is associated with increased mortality rates in several
medical conditions, including stroke, breast cancer, diabetes, and
coronary artery disease (Frasure-Smith and Lesperance, 2005;
Katon et al., 2005; Onitilo et al., 2006; Lane, 2008). Decreased
heart rate variability (HRV) has also been observed in depressed
relative to healthy subjects (Kemp et al., 2010), and low HRV has
also been associated with adverse health outcomes in relation to
stress (Thayer et al., 2012). However, brain–body medicine is
currently lacking, and would greatly benefit from, an increased
understanding of the physiological mechanisms that contribute to
such adverse health outcomes in depression. Further, it is not
currently understood whether antidepressant treatment alters
disease risk. A better understanding of the mechanisms by which

treatment for depression reduces somatic health risks could lead
to more informed deployment of existing treatments and could
facilitate development of novel treatments.

Combining neuroimaging techniques with peripheral physiological
measures has provided a novel means of addressing these questions. A
network of brain structures has been implicated in both emotional
processing and the monitoring and/or control of HRV and other
visceral bodily states by means of connections with the autonomic
nervous system (Craig, 2009; Thayer and Lane, 2009; Roy et al., 2012;
Thayer et al., 2012). Many key regions that are a part of, or linked to,
this medial visceromotor network (MVN) have also been found to be
functionally or structurally abnormal in depression, including the
insula (Sprengelmeyer et al., 2011), anterior cingulate (ACC)/medial
prefrontal cortex (MPFC) (Mayberg et al., 1999; Kennedy et al., 2007;
Lozano et al., 2008; Pizzagalli, 2011), dorsolateral prefrontal cortex
(DLPFC) (Fales et al., 2009; Koenigs and Grafman, 2009; Smith et al.,
2013), and amygdala (Sheline et al., 2001; Frodl et al., 2002). These
structures therefore provide an attractive starting point in the search
for mechanisms that link depression and systemic medical disorders.

One key structure to emerge from this research is the subgenual
ACC, also known as Brodmann area 25 (BA25). BA25 is hyperactive in
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depression and this hyperactivity has been shown to normalize with
successful treatment including antidepressant medication, electro-
convulsive therapy (ECT), or deep brain stimulation (Mayberg et al.,
1999, 2005; Kennedy et al., 2007; McCormick et al., 2007, 2009;
Lozano et al., 2008). BA25 participates in the generation of the
context-dependent affective meaning of stimuli (Roy et al., 2012), as
well as the regulation of autonomic, neuroendocrine, and immune
function through its influence on the hypothalamus and periaque-
ductal grey (Frysztak and Neafsey, 1994; Ongur and Price, 2000;
Drevets et al., 2008; Phillips et al., 2008; Thayer and Sternberg, 2010;
Critchley et al., 2011). Inspired by these findings, we recently
investigated the strength of the correlation between the magnitude
of change in vagal control (VC) of heart rate (as measured by
respiratory sinus arrhythmia or RSA) and the magnitude of change
in the blood oxygen level dependent (BOLD) signal in multiple
anterior brain regions when subjects shifted between different
emotional states during an emotional counting stroop task. This task
was selected in order to keep emotion in the attentional background
to specifically target the role of subgenual ACC (and surrounding
ventral MPFC) in the automatic (unconscious) regulation of emotional
and concomitant visceral states (Bechara et al., 1997; Fellows and
Farah, 2003; Williams et al., 2006; Schiller and Delgado, 2010; Roy
et al., 2012). We observed that the subgenual ACC bilaterally, the left
anterior insula, and left BA47 each had significant correlations with
VC in healthy subjects (Lane et al., 2013). Moreover, the correlations in
subgenual ACC during state shifts from a depression-specific to
neutral condition were significantly smaller in depressed than in
control subjects. These findings are consistent with the known
autonomic dysregulation in depression and suggest that this para-
digm for assessing affective state shifting may provide a novel
measure of dysregulated brain–autonomic coupling. The results
further supported other work suggesting that a key deficit in
depression may be the inability to shift out of a depressed mood
(Holtzheimer and Mayberg, 2011) and that ventromedial frontal
regions, including BA25, play a critical role in this form of automatic
emotion regulation (Fellows and Farah, 2003; Phillips et al., 2008).
As multiple anterior regions, including subgenual ACC, and insular
cortex, have been shown to be dysfunctional in depression (Mayberg
et al., 1999, 2005; Kennedy et al., 2007; Sprengelmeyer et al., 2011), as
well as to participate in visceral regulation (Thayer and Lane, 2009;
Thayer et al., 2012), our findings appeared to converge with previous
literature regarding the neural basis of depression.

Based on these preliminary findings, and the key role of
subgenual ACC in MDD and visceral regulation, we used this same
paradigm to examine the relationship between BOLD signal change
magnitude and VC change magnitude during affective state shifting
among depressed participants during the course of 12 weeks of
antidepressant treatment. In addition to depressed participants,
control subjects were also assessed repeatedly, with the primary
interest being the correlations between BOLD signal magnitude and
vagal control magnitude over the 12-week antidepressant treat-
ment course. Based on our previous findings (Lane et al., 2013) we
performed the present study with the specific hypothesis that, in
depressed subjects, changes over time in the correlations between
reactivity in vagal control and reactivity in subgenual ACC during
affective state shifting would predict response to treatment, and that
changes in this reactivity would mirror symptomatic improvement.
Specifically, we hypothesized that BOLD–VC correlations in subgen-
ual ACC would increase as depressive symptoms decreased over a
12-week sertraline treatment course. Moreover, based on previous
findings suggesting a role for dorsal prefrontal structures in emo-
tional disorders as well as in emotion regulation (Ochsner and Gross,
2005; Phillips et al., 2008), we further hypothesized that the
functional BOLD–VC relationship during affective state shifting
would also increase in the DLPFC as a function of sertraline
treatment. We also chose to examine these measures in the other

MVN and emotion regulation-related regions, as in our previous
study (Lane et al., 2013).

2. Methods

2.1. Participants

The study protocol was approved by University of Arizona's Human Subjects
Protection Program. After being given a full description of the study, the subjects
gave written informed consent. Ten patients with MDD (mean age, 36.8þ9.3 years,
one male and nine females) were recruited from the Depression Clinic in the
Department of Psychiatry, as well as through Tucson newspaper and radio
advertising. An MDD diagnosis was established by a clinician trained in using the
Hamilton Depression Inventory (HAM-D; minimum required score¼16) and the
MINI International Neuropsychiatric Interview (MINI) at intake. This diagnosis was
subsequently confirmed in a clinical interview with a study psychiatrist. Ten
healthy controls (mean age, 35.67þ12.3 years, one male and nine females)
without a history of psychiatric illness were recruited via advertising on University
of Arizona campuses (main campus and the health sciences complex).

2.2. Procedure

At study onset no subjects had been on antidepressant medication. Patients
were required to not have taken any SSRI for the past month, and if patients were
using any other centrally acting medications they were required to have discon-
tinued their use at least five half-lives prior to study onset and remained off of
them throughout the study. After week 0 assessment and imaging, depressed
patients began treatment with sertraline. Sertraline was started at 50 mg and
prescribed on a schedule that escalated as needed based on weekly Montgomery–
Asberg Depression Rating Scale (MADRS) ratings up to a maximum of 200 mg.
Patients treated with sertraline were seen weekly by a study psychiatrist. Due to
the vicissitudes of clinical research, however, not all depression scores were
available for each subject at every time point in the study.

2.3. Measures

2.3.1. Hamilton Depression Scale (HAM-D)
The 24-item HAM-D was administered at baseline (Week 0) only to assess

depressive symptoms over the past 7 days.

2.3.2. Montgomery–Asberg Depression Rating Scale (MADRS)
The MADRS served as the dependent measure of depression severity during the

course of treatment. The MADRS has 10 items and each is rated from 0 to 6
(maximum score 60). At Week 0 and each week during the testing period the
MADRS was administered by a research clinician blind to the patient's diagnostic
and treatment status. These ratings were obtained prior to the treatment session
and shared with the treating clinician. We accomplished rater blinding by using
different clinicians for weekly ratings and intake assessments.

2.3.3. Beck Depression Inventory (BDI)
This 21-item self-report measure of depressive symptoms was obtained at

Week 0, 2, 6 and 12 in conjunction with the clinical ratings performed on
those weeks.

We chose to separate depression rating scales for entry (HAM-D) and for
outcome (MADRS and Beck Depression Inventory (BDI)) in order to diminish the
phenomenon of “rating inflation,” in which investigators may give patients higher
scores to maximize recruitment into the study. In the face of such “inflation,” there
is a greater likelihood of regression to the mean, which in turn obtunds the ability
of a study to detect a true treatment effect. The HAM-D, the MADRS, and the BDI
are well established in depression treatment trials.

2.4. Imaging parameters

All participants were scanned at each of the four time points on the same 3.0 T
GE Signa VH/I system with an eight-channel head coil. Scan parameters for the
gradient echo spiral in–out pulse sequence are as follows: TR¼3000 ms,
TE¼30 ms, flip angle¼901, FOV¼22 cm, 64#64 matrix, with 3-mm-thick slices
acquired in the coronal plane.

2.5. Vagal Control assessments

To obtain electrocardiographic (ECG) data in the electrically-hostile fMRI
environment, an In Vivo 3150M Magnitude MRI Patient Monitor was routed to
Biopac-based MP100WSW system and acquired with Acqknowledge software,
collecting ECG (from a lead II configuration) and also respiration. The subsequent
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analysis of cardiac vagal control was performed using QRStool to extract the inter-
beat interval (IBI) series and Cardiac Metric X software (CMetX) to derive the
resulting metrics (available at: www.psychofizz.org). ECG data for each subject was
then imported into QRStool. Individual R-spikes were detected and marked in
QRStool, hand edited to ensure accuracy, and the IBI series was then input into
CMetX, which provided an estimate of RSA for each emotion-specific task segment
(see task description below). CMetX creates a time-series representation of the IBI
series and then filters the series in the 0.12–40 Hz band (the typical respiratory
frequency), and finally takes the natural log of the variance of this filtered time
series as the estimate of respiratory sinus arrhythmia (log RSA). Log RSA values for
each ECG time segment of interest were used as the measure of cardiac VC in what
follows. The metric of RSA derived from CMetX, which uses the time-domain digital
filtering approach, correlates 0.99 with high frequency power from spectral
analysis. Log RSA is thus virtually synonymous with high-frequency heart rate
variability derived by spectral methods.

One potential concern in assessing cardiac function using ECG within the MRI
environment is that magnetic influences may interact with cardiac physiology,
reducing generalizability to environments outside of the scanner. However, a
review of studies examining physiological recording during fMRI (Gray et al.,
2009) has concluded that the fMRI environment creates artifact in ECG recordings
through the magnetohydrodynamic effect, but this effect does not significantly
alter heart function itself. Therefore, MRI is considered safe in cardiac patients
generally, and, while it can be more difficult to identify T-waves and R-waves in
such ECG recordings, we used the In Vivo monitor to minimize such artifact and
specifically inspected all of our ECG data very carefully and only included ECG
segments in which R spikes could be clearly identified. The results involving ECG
should therefore be generalizable beyond the MRI environment.

Another concern relevant to cardiac assessment in this study is the possibility
of direct interactions between sertraline and cardiac physiology. It is the case, for
example, that some SSRIs (such as Paxil) have a significant affinity for muscarinic
acetylcholine receptors and can therefore impact autonomic/cardiac activity;
however, this is not true of sertraline (Richelson, 1994). Further, studies have also
shown that sertraline has no impact on heart rate or heart rate variability
(Glassman et al., 2002; Kemp et al., 2010; O'Connor et al., 2010). Therefore, we
are confident that this concern regarding SSRIs generally does not apply in the case
of sertraline specifically.

2.6. fMRI task and statistical analyses

While undergoing fMRI and ECG recording, subjects were asked to perform a
variant of the emotional counting stroop task at baseline (week 0) and at weeks 2,
6, and 12 of the treatment course. In this task subjects are exposed to a word of a
given emotional valence that appears either one, two, three, or four times on the
screen and the task is to indicate how many times the word was displayed.
Counting is therefore in the attentional foreground whereas the emotional content
of the word is in the attentional background. In the task each subject was exposed
to alternating 15 s blocks (ten 1.5 s word stimuli) of a given valence, and each
emotional block (each consisting of positive, negative, or depression-specific
words) was separated with an emotionally neutral block between them. There
were a total of 48 blocks of emotional or emotionally neutral word stimuli
presented over four runs of the task. This resulted in 40 affective state shifts
(neutral to emotional or emotional to neutral) that were subsequently analyzed.

The MARSBAR tool (http://marsbar.sourceforge.net/) was used in SPM8 to
extract mean BOLD signal values for each emotional and emotionally neutral block
for the same 10 MVN regions of interest (ROIs) used in our previous study (Lane
et al., 2013). These ROIs included the dorsal ACC, rostral ACC, and left and right
BA25, BA46, BA47, and anterior insula (for details regarding the empirical basis for
establishing the boundaries of these ROIs, see Lane et al., 2013). The ROIs were
selected because of their location in the medial visceromotor network (dorsal ACC,
rostral ACC, BA25, and BA47) or their contribution to emotion regulation and/or
cardiovascular regulation (BA46 and anterior insula) based upon selected func-
tional clusters reported in previous studies of the relationship between log RSA and
affective (Thayer et al., 2012) or cognitive (Gianaros et al., 2004) states, as well
as a freely available online probabilistic meta-analysis of MVN regions (Yarkoni
et al., 2011).

Using MARSBAR a mean BOLD value from each ROI was thus extracted for each
of the 48 emotionally valenced or neutral blocks. Difference scores were then
obtained by subtracting the mean BOLD value of a given block from the value of the
block that followed it and determining the absolute value of the difference (i.e. all
difference values were positive). This resulted in a BOLD value difference score for
each of the 40 affective state shifts. CMetX was used in conjunction to calculate
mean log RSA values for each of these same blocks, and RSA difference scores were
obtained by subtracting the mean log RSA value of a given block from the value of
the block that followed it and calculating the absolute value of the difference.

To address the question of whether BOLD-signal changes due to affective state
shifts would be mirrored in changes in VC (Log RSA), a summary metric for each
subject was derived to reflect the magnitude of these changes. Because we were
interested in the magnitude of the shifts, and because shifts across segments could
reflect changes to a more positive or a more negative affective state, the absolute
value of each BOLD change and the absolute value of each RSA change were used to
create summary BOLD change metrics and summary RSA change metrics for each
subject. These summary scores, reflecting the magnitude of change due to state
shifts, were computed for all 40 shifts combined (i.e. a single BOLD magnitude and
RSA magnitude score was obtained for each subject representing the sum of the
absolute value of all 40 shifts within that subject). For the entire collection of state
shifts a correlation was obtained across subjects (one BOLD change and one RSA
change value per subject) reflecting the degree to which on average the magnitude
of BOLD signal changes were associated with the magnitude of RSA signal changes
within the group. These correlations were computed separately for healthy controls
and for depressed participants at each of the four time points in the study. Due to
artifact in RSA data certain subjects were removed from the final correlation
analysis at a given week. The final number of subjects included in each analysis
at each week is as follows. Week 0: controls¼9, depressed¼8. Week 2: controls¼
10, depressed¼8. Week 6: controls¼10, depressed¼8. Week 12: controls¼9,
depressed¼8.

Finally, a series of correlational analyses examined potential mechanisms that
might underlie any observed results. We also tested the prediction that changes
over time in the BOLD–RSA magnitude correlation scores were related to changes
over time in depression score as measured by the BDI and MADRS.

Correction for multiple comparisons is clearly appropriate without an
evidence-based reason to predict that a specific brain region will be involved in a
specific task. However, a large amount of previous evidence (reviewed above)
supports the a priori hypothesis that the MVN and related regions we examine
should be implicated in relation to vagal control and depression. We therefore
believe, given the evidence supporting our specific a priori hypotheses, that
correction for multiple comparisons is not needed. Therefore, in assessing the
statistical significance of the relationships we hypothesized between RSA and our
regions of interest, we used the standard significance threshold of po0.05.

3. Results

3.1. Relationship of BOLD and RSA shift magnitudes

Correlations in the depressed subjects between the magnitude
of BOLD signal change and the magnitude of RSA change for each
ROI at each time point are listed in Table 1a. Correlations within
this group at week 0 were nonsignificant across all ROIs. Statistical
comparison with our previous study (Lane et al., 2013) demon-
strated that depressed subjects’ BOLD–RSA correlations at week
0 of the present study were not significantly different from those
in any ROI in the depressed group of the previous study.

BOLD–RSA correlations for controls are listed in Table 1b.
Correlations in this group at week 0 were also nonsignificant
across all ROIs.

Because the results in the control group did not show the same
pattern of significance as in our previous findings (Lane et al.,
2013), we reviewed the characteristics of the present and previous

Table 1a
Correlations (Pearson's r) between the absolute magnitude of shifts in BOLD and RSA during affective state shifting in depressed subjects over 12 weeks of treatment with
sertraline.

Week BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC

0 0.35 0.22 0.30 0.42 0.17 0.24 0.39 0.27 0.62 0.06
2 0.52 0.34 0.47 0.38 0.83n 0.05 0.71n 0.42 0.56 0.54
6 0.71n 0.94n 0.78n 0.64 0.94n 0.93n 0.28 0.84n 0.92n 0.61

12 0.71n 0.39 0.83n 0.48 0.41 0.46 0.43 0.56 0.58 0.70n

n Statistically significant at pr0.05.
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control groups. We performed post-hoc comparisons of age and
gender between the two study samples and ran correlation and
t-test analyses relating BOLD and RSA shifting magnitude to age
and gender.

A two-way t-test confirmed that control subjects in our pre-
vious study were significantly younger than control subjects in the
present study (p¼0.03). Further, our previous study consisted of
five males and six females, whereas the present study contained
nine females and only one male subject.

To investigate whether these demographic differences were
meaningful, we examined correlations between age and gender
and BOLD shifting magnitude as well as age and gender and RSA
shifting magnitude. In the control group of the previous study
males had greater BOLD shifting magnitudes across all ROIs, and
this gender difference was significant in BA25R (p¼0.03), BA46R
(p¼0.04), and BA47R (p¼0.04). In the previous study males in the
control group also had a trend for significantly greater RSA shift
magnitudes (p¼0.1). These effects could not be analyzed in the
current study as there was only one male subject. Regarding
age in the control sample from the previous study, age and BOLD
shifting magnitude were negatively correlated across all ROIs,
and this negative relationship was significant in BA46L (r¼"0.62,
p¼ 0.04), BA46R (r¼"0.62, p¼ 0.04), and dorsal ACC (r¼"0.70,
p¼ 0.02). Further analysis revealed that this effect was largely
driven by male subjects in that correlations with age were larger
in male subjects only (BA46L: r¼"0.95, p¼0.02; BA46R: r¼
"0.94, p¼ 0.02; dorsal ACC: r¼"0.75, p¼0.14).The finding that
age was negatively correlated with BOLD shifting magnitudes was
replicated across all ROIs in the control group at week 0 of the
present study, with significant correlations in BA47L (r¼"0.74,
p¼0.02), and rostral ACC (r¼"0.8, p¼0.01) in this predominantly
female sample. No other significant effects of age or gender
were found for either BOLD shifting magnitude or RSA shifting
magnitude.

3.2. Change in the relationship of BOLD and RSA over time

In confirmation of our a priori hypotheses regarding subgenual
ACC and DLPFC, over time on sertraline treatment there was a
consistent increase in BOLD change magnitude–RSA change mag-
nitude correlations in the depressed group in BA25L, BA46L, and
rostral ACC, and these correlations became significant either by
week 6 or week 12 in all three regions (Table 1a and Fig. 1).
Significant BOLD change magnitude–RSA change magnitude cor-
relations were observed within multiple other ROIs at various time
points within this group (some as early as week 2), but no other
region displayed a stable upward or downward trend over time.

Over time within control subjects BOLD change–RSA change
magnitude correlations remained low and nonsignificant with
the exception of BA47L at week 12 and rostral ACC at week 6
(Table 1b). No ROI within the control group demonstrated con-
sistent increases or decreases over time and each tended to
fluctuate between nonsignificant negative and positive values.

3.3. Relationship of BOLD and RSA to depressive symptom
improvement

Table 2 reports the correlation in the depressed group between
the BOLD change–RSA change magnitude r values at each week of
treatment and the mean depression scores (BDI and MADRS)
aggregated across subjects at those weeks of treatment. These
correlations only reflect four observations (group depression score
and group BOLD–RSA r score for each of the four time points)
and should therefore be interpreted cautiously. As hypothesized,
however, there was a significant relationship observed in the
depressed group between BOLD–RSA correlation score in BA25L
(r¼"0.9, p¼0.05) and BA46L (r¼"0.95, p¼0.025) and group
depression score changes over time. As can be seen in Table 2, the
relationship between BOLD change–RSA change magnitude corre-
lation and depression scores tended to be highly negative across
most ROIs, consistent with the hypothesis of a greater BOLD–RSA
relationship across subjects with decreasing depression severity in
the group on average.

To examine the separate association of BOLD and RSA shifting
magnitude with depression symptoms at baseline, correlations
between HAMD and BOLD shifting magnitudes in depressed
subjects are reported in Table 3. These correlations were signifi-
cant in six ROIs (rZ0.84) and sizable in two others (rZ0.7),
suggesting that the more depressed a given subject was at base-
line, the larger that subject's changes in brain activity were when
shifting between emotional and neutral states. BDI scores were
significantly negatively correlated with RSA shifting magnitude
(r¼"0.77, p¼0.04), indicating that the greater the depression at
baseline the smaller the RSA shifting magnitude. No other sig-
nificant relationship was observed between BDI or MADRS scores
and BOLD or RSA magnitudes at week 0.

These baseline correlations reflect inter-individual relation-
ships, but it is of interest to examine whether changes within
individuals over treatment in BOLD or RSA are related to the
magnitude of treatment response. Therefore we examined the
change in BOLD or RSA shift magnitude between week 0 and week
12 within each subject and correlated these change scores with
the change in depression score (MADRS) between week 0 and 12
in each subject, with the hypothesis that the greatest decreases in
magnitude of shifts over time would be associated with the
greatest decreases in depressive symptoms. The results of this
analysis are reported in Table 4a. As predicted, significant positive
correlations with decreasing depression score were observed with
RSA magnitude change (r¼0.66) as well as with BOLD magnitude
change in BA47L (r¼0.83) and BA47R (r¼0.67), the left (r¼0.85)
and right (r¼0.79) anterior insula, and dorsal ACC (r¼0.83).
Sizable positive correlations (r40.5) were also observed in
BA25L, BA25R, and BA46L.

To examine the prognostic utility of affective state shifting
magnitude, we also tested whether the within-subject change in
depression score over time (MADRS) was predicted by each
subjects’ BOLD or RSA shifting magnitude at week 0 with the
hypothesis that larger baseline shifting magnitudes (i.e. the great-
est physiological reactivity to affective shifting) would be related

Table 1b
Correlations (Pearson's r) between the absolute magnitude of shifts in BOLD and RSA during affective state shifting in control subjects over 12 weeks.

Week BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC

0 0.03 "0.12 "0.20 "0.22 0.10 0.35 "0.01 0.00 "0.26 "0.23
2 "0.16 "0.42 0.16 "0.10 "0.07 "0.09 "0.52 "0.41 0.19 "0.07
6 0.19 "0.22 "0.07 "0.60 "0.11 "0.06 "0.15 "0.42 "0.42 "0.70n

12 0.25 "0.12 0.56 0.36 0.68n 0.61 0.39 0.40 0.44 0.52

n Statistically significant at pr0.05.
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to larger decreases in depression score during treatment (Table 4b
and Fig. 2). As predicted, significant negative correlations were
observed between shifting magnitude at week 0 and change in
MADRS score for RSA (r¼"0.73) as well as for BOLD within BA25R
(r¼"0.65), BA47R(r¼"0.65), the left anterior insula (r¼"0.62),
and dorsal ACC (r¼"0.76). Sizable negative correlations (r4
"0.5) between BOLD shift magnitude and change in MADRS score
were also observed within BA25L, BA46L, BA47L, and right anterior
insula.

4. Discussion

4.1. BOLD change–RSA change magnitude covariation in depression

Based on a priori hypotheses derived from our previous work
and a substantial literature on the neural systems dysregulated in
MDD, the present study found that BOLD change magnitudes
within several key regions of the MVN during affective state shifting
have prognostic value for predicting response to antidepressant

Fig. 1. (Top row) Illustrates the increasing correlations over time between BOLD and RSA magnitudes during affective state shifting in left BA25 and BA46. (Bottom row)
Illustrates decreasing mean BDI and MADRS scores in the depressed group which strongly negatively correlate with the increasing BOLD–RSA correlation scores illustrated in
the top row. As depression scores were not available for all subjects at each time point, the number of subject scores contributing to these mean values are as follows. BDI
scores: Week 0¼6, Week 2¼5, Week 6¼4, Week 12¼6. MADRS scores: Week 0¼8, Week 2¼8, Week 6¼7, Week 12¼8. nStatistically significant (pr0.05).

Table 2
Correlations (Pearson's r) between group BOLD-RSA r values reported in Table 1a and mean group depression scores over time on sertraline.

Test BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC
BDI "0.90n "0.48 "0.95n "0.62 "0.12 "0.68 0.50 "0.69 "0.31 "0.73
MADRS "0.87 "0.44 "0.93n "0.60 "0.07 "0.66 0.51 "0.66 "0.28 "0.70

n Statistically significant at pr0.05.

Table 3
Correlations between HAMD score and BOLD or RSA shift magnitude in depressed subjects during affective state shifting at Week 0 (baseline).

BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC RSA

0.78 0.90n 0.85n 0.40 0.84n 0.84n 0.93n 0.84n 0.70 0.04 0.19

n Statistically significant at pr0.05.

Table 4a
Correlations between each subject's change from week 0 to week 12 (week 12 value minus week 0 value) in BOLD or RSA shifting magnitude and each subject's change in
depression score over the same interval during sertraline treatment (N¼7).

Test BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC RSA

MADRS 0.61 0.56 0.63 0.30 0.83n 0.67n 0.85n 0.79n 0.83n 0.16 0.66n

n Statistically significant at pr0.05.
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treatment. Consistent with the role of these structures in the MVN,
with treatment the magnitude of state-related shifts in activity
within the MVN correlated more strongly with the magnitude of
state-related shifts in RSA among the depressed participants. More-
over, a larger magnitude of state-related shifts within the MVN
at baseline, suggesting a greater neural responsivity to affective
information, predicted a more favorable treatment response, and
decreased neural responsivity over time in this network was related
to decreases in depressive symptoms over the same treatment
interval.

The finding that the BOLD–VC magnitude correlation in left
subgenual ACC changes with treatment is consistent with several
reports of both structural and functional abnormalities in this region
associated with depression (Drevets et al., 2008, 1997; Liotti et al.,
2002; Matthews et al., 2009; Mayberg et al., 1999; McCormick et al.,
2009). The finding that altered function in this region is associated
with symptom improvement is also consistent with investigations
of the neural effects of several successful treatment modalities
(Mayberg et al., 1999, 2005; McCormick et al., 2007, 2009; Lozano
et al., 2008). The increasing BOLD change–RSA change magnitude

Table 4b
Correlations between each subject's BOLD or RSA shifting magnitude at week 0 and each subject's change in depression score between week 0 and week 12 of sertraline
treatment (N¼8).

Test BA25L BA25R BA46L BA46R BA47L BA47R L. Insula R. Insula dACC rACC RSA

MADRS "0.60 "0.65n "0.53 "0.48 "0.51 "0.65n "0.62n "0.53 "0.76n "0.09 "0.73n

n Statistically significant at pr0.05.

Fig. 2. (A) Scatterplots illustrating positive relationship between HAM-D score at baseline and BOLD shifting magnitude at baseline in depressed subjects. (B) Scatterplots
illustrating positive relationship between change in BOLD shifting magnitude and change in MADRS score between week 0 and week 12. (C) Scatterplots illustrating negative
relationship between week 0 BOLD shifting magnitude and change in MADRS score between week 0 and week 12. BA47 and dorsal ACC (dACC) are used here as example
cases. As reported in Tables 1a and 1b, these trends were observed across most ROIs as well as in RSA.
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correlations in subgenual ACC across subjects are consistent with the
hypothesis of an increase in regulatory control over autonomic
activity as a result of sertraline treatment. Considerable research to
date suggests that subgenual ACC and surrounding ventromedial
regions are critical for evaluating the context-dependent emotional
significance of stimuli and in turn orchestrating a coordinated
change in both subjective background feelings as well as peripheral
physiological state (Bechara et al., 1997; Lane et al., 2013; Roy et al.,
2012). Dysfunction in this region's ability to adaptively evaluate a
given situation's emotional significance and subsequently regulate
appropriate bodily state changes would provide a potential mechan-
ism whereby MDD subjects might have a deficit in shifting out of a
depressed mood. Consistent with this would be an increased ability
of subgenual ACC to regulate emotion-related bodily state changes
with improvement in depressive symptoms.

The finding that the magnitude of change in BOLD in left DLPFC
during affective state shifting becomes more correlated with
changes in VC as a function of decreases in self-reported depression
symptom level provides further support for the role of dorsal
prefrontal structures in emotional disorders and emotion regulation
(Ochsner and Gross, 2005; Phillips et al., 2008). The observations
that left DLPFC is a successful target for repetitive transcranial
magnetic stimulation (rTMS) treatments of depression (Bermpohl
et al., 2006; Burt et al., 2002; Fitzgerald et al., 2003; Gershon et al.,
2003; Mayberg, 2003), and that multiple gray matter abnormalities,
as well as functional abnormalities, have been observed in this
region associated with depression (Sheline et al., 2001; Taylor et al.,
2004; Bae et al., 2006; Fales et al., 2009; Chang et al., 2011), provide
further support for the notion that function in left DLPFC is related
to depressive symptoms. Recovery from depressive symptoms due
to ECT has also been linked to left DLPFC functional connectivity
changes (Perrin et al., 2012) and amygdala hyperactivity associated
with DLPFC hypoactivity in depression has been shown to reverse
with a successful course of antidepressant medication treatment
(Sheline et al., 2001; Fales et al., 2009). The results of this study
therefore support a model in which emotion regulation deficits
in left DLPFC could be linked to depressive symptoms, and that
successful antidepressant treatment is associated with functional
changes that counteract these deficits.

Previous findings regarding altered DLPFC control of amygdala
reactivity in depression (Sheline et al., 2001; Fales et al., 2009) are
consistent with this treatment-related increase in DLPFC regula-
tion of VC being mediated indirectly through subcortical targets.
This suggests that the increased neurovisceral relationship asso-
ciated with treatment response observed in this study may likely
be related to afferent or efferent connectivity changes (or both)
between cortical regions associated with emotion regulation and
subcortical regions that more directly control autonomic and
visceral activity. A review of the neural basis of emotion regulation
implicates DLPFC regions in voluntary emotion regulation pro-
cesses and VMPFC regions (including subgenual ACC) in automatic
forms of emotion regulation (Phillips et al., 2008), and both of
these regions are thought to regulate emotion by means of direct
and indirect inhibitory control of subcortical regions that more
directly affect autonomic control of visceral states. Therefore it
appears that the findings in this study in the depressed group may
tap into neural changes in emotion regulation mechanisms at both
the automatic and voluntary levels.

Analyses examining prognostic utility indicated that at baseline
the greater the intensity of depressive symptoms the greater the
magnitude of BOLD shifts, further implying a greater physiological
sensitivity to affective shifting with more severe depression.
Further support for the relevance of this physiological sensitivity
was found in our analyses examining the relationship between
BOLD and VC shifting magnitude and within-subject symptom
improvement. Our results indicate that subjects who had the

largest decrease in depressive symptoms during treatment had
both the largest shift magnitudes at baseline and the largest
decrease in shift magnitude over time. This suggests that sertraline
acts to reduce this physiological sensitivity to affective state
shifting and that subjects whose shifting magnitude is greatest
at baseline are most sensitive to this treatment effect (Fig. 2).
These findings suggest the possibility of identifying sertraline-
responsive individuals in larger trials of treatment responsiveness.
These separate relationships between BOLD and VC shift magni-
tude and within-subject symptom change are also consistent with
the potential relevance of our between subjects findings relating
BOLD–VC correlation changes to symptom improvement.

These findings contrast with other studies revealing a lack of
frontal BOLD reactivity in depressed individuals (Siegle et al., 2007;
Brassen et al., 2008; Grimm et al., 2009, 2011). It is important to
consider that our findings are based on absolute values of shifting
across various emotions to provide an omnibus index of reactivity
within these MVN structures, and that if simple arithmetic means
were used no such finding would be observed. Our findings high-
light the importance of studying dynamic responding of key nodes
in the medial visceromotor network in depressed patients both at
baseline and after treatment.

As frontal lobe MVN structures are thought to represent
hierarchical levels of regulatory control over subcortical regions
which more directly control visceral activity (Thayer and Lane,
2000, 2009), a somewhat speculative and complimentary inter-
pretation of these findings is that greater BOLD shift magnitudes in
depressed subjects represent inefficient regulation attempts by
these structures due to a functional disconnection with lower
levels in the regulatory hierarchy associated with depression. In
such a model, frontal regulation attempts would result in afferent
feedback from the body indicating a lack of response, prompting
a stronger second attempt, and hence a larger BOLD response.
According to this model, sertraline may act to improve the
functional connection between frontal lobe MVN structures and
their subcortical targets, thereby increasing the efficiency of
frontal regulatory control and decreasing the magnitude of BOLD
and RSA shift magnitude.

4.2. BOLD–VC covariation in healthy subjects

In our previous study, which involved testing on only one
occasion, we found significant positive correlations in healthy
controls between BOLD and VC in medial frontal and insular
regions. However, no ROI was found to have significant BOLD–
RSA correlations at week 0 in the controls of the present study.
Statistical comparison demonstrated, however, that these correla-
tion differences between the control groups of the two studies
were not significant for any ROI. Thus, there is no actual contra-
diction between these two studies. Overall, the correlations in the
controls of the present study across these ROIs over time also
appeared fairly unstable, but as most did not generally reach
significance this instability may be attributable to the small
sample size. BA47L did reach significance at week 12, and rostral
ACC reached significance at week 6, but these correlations did not
appear to be part of a consistent trend over time.

Because the results in the control group did not show the same
pattern of significance as in our previous findings (Lane et al.,
2013), we reviewed the characteristics of the present and previous
control groups. We performed post-hoc comparisons of age and
gender between the two study samples and ran correlation and t-
test analyses relating BOLD and RSA shifting magnitude to age and
gender.

The post-hoc results of these tests lend support to a potential
explanation for the differences observed in the control groups
between the two studies. The analyses reveal that younger subjects
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and male subjects have significantly greater BOLD shifting magni-
tudes during affective state shifting in comparison to older subjects
and female subjects, respectively. Since the previous control group
was significantly younger and had more men, the current control
group would have tended to exhibit smaller BOLD shifts, which
could potentially have contributed to smaller BOLD–RSA correla-
tions in the present sample. This is further supported by the
observation that BOLD shifting magnitudes in the left insula were
significantly greater in the previous study's control group relative to
the current study (p¼0.01). The left insula was one of four regions
observed to have significant positive BOLD–RSA correlations in the
previous study. In summary, therefore, we found significant age and
gender differences between the two control groups as well as
significant effects of age and gender on shifting magnitude that
may plausibly account for the observed differences between the
two studies.

4.3. Limitations

The present study is limited by a relatively small sample size
and the results should therefore be seen as preliminary and most
useful in the generation of novel research hypotheses. Future
research should attempt to replicate the novel findings we report.
Another potential limitation is that we did not assess our
depressed subjects for possible MDD subtypes such as atypical
or melancholic depression. As MDD is a heterogeneous disorder,
the present study was therefore incapable of assessing whether
different MDD subtypes may interact with our neuroimaging and
cardiac variables in unique ways. Future studies should address
this issue of heterogeneity with regard to the relationships
between regional BOLD signal, RSA, and depression level sug-
gested by the present findings.

4.4. Conclusion

Our previous study was undertaken to better understand how
dysfunction of BA25 could be important for depression given its
role in the regulation of autonomic and visceral function and
evidence that its activity was not directly linked to conscious
distress per se. The observation that BA25 participated in shifting
affective states, and was related to shifts in VC, was consistent
with limitations in the ability to shift out of a negative mood in
depression. Since this is not equivalent to depressive symptoms
per se, it follows that the ability to shift affective states would not
be considered a marker of the depressed state. Indeed, in the
current study the lack of difference between depressed and
healthy individuals at baseline is consistent with this expectation.
As our post-hoc analyses revealed, demographic variables influ-
ence the expression of affective state shifting in healthy controls
and future work should attempt to confirm such effects as well as
to further disentangle age and gender effects.

The value of state-related shifts in brain and autonomic activity
in predicting depressive symptoms in the context of sertraline
treatment, however, is consistent with the concept that decreased
neurovisceral association contributes to the neurovegetative
symptoms of depression and increased BOLD–VC association is
related to symptom improvement. Further, as sertraline has been
previously shown not to increase VC despite resulting in symptom
improvement (Kemp et al., 2010), these results demonstrate how
symptom improvement may be associated with a decreased state-
related shift magnitude in VC (perhaps due to an increase in
frontal regulatory efficiency) which would not necessarily affect
mean VC values. This conclusion could have potential implications
for the deployment of existing therapies as well as the develop-
ment of novel therapies. Specifically, this task explicitly targets
automatic emotion regulation processes, so our results would be

consistent with an effect of antidepressant medications on this
involuntary aspect of regulating emotional responses. Cognitive-
Behavioral Therapy (CBT) instead targets voluntary types of emo-
tion regulation processes, and it is known that subjects who
undergo CBT while on an antidepressant tend to have better
responses to treatment (March et al., 2004). Given that DLPFC
participates in intentional reappraisal, which is a core ingredient
of CBT, one might hypothesize in light of the present results that
DLPFC influences both intentional and automatic emotion regula-
tory processes. Taken together, these findings suggest that the
voluntary emotion regulation mechanisms targeted by CBT are
more effective when automatic emotion regulation mechanisms
are enhanced by antidepressant medication. For example, one
might speculate that the voluntary regulation strategies learned
within CBT help frontal MVN structures to increase their sub-
cortical regulatory effectiveness in spite of a relative functional
disconnection with those structures, whereas sertraline may
instead act to more directly improve this frontal-subcortical
connection. This implication suggests possible avenues for novel
therapeutic methods explicitly designed to coordinate both
aspects of emotion regulation. We conclude, therefore, that
despite the limitations of the present findings in our control
group, affective state shifting represents a potentially fruitful
avenue for characterizing antidepressant treatment effects on
what may be a core domain of dysfunction in major depression.
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