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Editorial on the Research Topic
 Insights in emotion science




This century has witnessed unprecedented increasing interest and growth in the field of Emotion Science. The goal of this special edition Research Topic (RT) was to (1) shed light on recent progress made in this field, by providing a thorough overview of the state of the art in this area of research, (2) identify the greatest challenges in its various sub-disciplines, and (3) propose solutions addressing these challenges. This RT solicited forward-looking contributions from the editorial board members that would inspire, inform, and provide direction and guidance to researchers in the field. A total of 12 manuscripts have been accepted for inclusion in this RT, covering a wide variety of topics—from aspects related to emotion-cognition interactions in healthy functioning and clinical conditions to the role of Artificial Intelligence in emotion processing—and manuscript formats (reviews, empirical reports, opinion, articles, etc.).

The 12 contributions can be organized around two main loosely defined themes: Emotion-Cognition-Behavior Interactions (7 articles) and Emotion Processing in Social Contexts (5 articles). Regarding the first theme, central to the efforts in the field are investigations of emotion-cognition interactions and the associated neural mechanisms (Figure 1). Five articles of the present RT focus more specifically on aspects circumscribed by this general area of research. First, the review by Dolcos et al. discusses opposing effects of emotion on cognition at multiple levels of analysis and emphasizes the need to consider the various factors that can influence enhancing and impairing effects of emotion on cognition. Although identification of a coherent theoretical framework that covers all levels of emotion-cognition interactions was beyond its scope, the review by Dolcos et al. pointed to emerging theoretical accounts resulted from research aimed at reconciling divergent patterns in specific domains. For instance, it introduces the readers to a new model of dual enhancement of associative memory by emotion (i.e., the DEAME model; Bogdan et al., 2024).
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FIGURE 1
 Emotion-cognition interactions in the brain and their relation to adaptive and maladaptive outcomes. The diagram illustrates opposing effects of emotion on cognition at increasing levels of complexity in emotion-cognition interactions. The involvement of brain mechanisms at all these levels is suggested by the background brain image. The effective vs. dysfunctional engagement of regulatory mechanisms in emotion-cognition interactions are depicted by the blue and red arrows, linked to adaptive vs. maladaptive outcomes, respectively. Finally, these interactions occur in the larger context circumscribed by interplays between genetic and environmental factors influencing them. Adapted from Dolcos et al., with permission.


Second, also investigating emotion-memory interactions, the mega-analysis by Ventura-Bort et al. specifically focusses on the impact of emotion on source memory, based on data from multiple studies using a similar design. The results point to dissociating effects of arousal on memory for contextual information of events (source memory) vs. memory for specific neutral aspects of events (item memory). Namely, consistent with available evidence (reviewed in Bogdan et al., 2024), results showed a recollection-based retrieval advantage for pleasant and unpleasant source contextual details, but there was no evidence for significant influence of the context's affective category on item memory. Third, on a related topic regarding the impact of emotion on cognition, but in the context of distracting effects (Iordan et al., 2013), the study by Ferrari et al. investigated whether the behavioral interference of emotional distraction is attenuated following repeated (trained) exposure to novel task-irrelevant emotional pictures. Results showed attenuated interference from emotional distracters after sustained training, but the electrophysiological markers of affective processing, as measured with EEG recordings, were unaffected by the training. This points to a possible dissociation between behavioral and neural effects in the impact of emotional distraction.

Two other articles expand the discussion of emotion-cognition-behavior interactions specifically linked to the impact of emotion on decision-making. The perspective article by Buelow et al. examines decision-making as a complex executive function involving affective, cognitive, and personality aspects, and also proposes that reconceptualization of decision-making by integrating affective and cognitive aspects can improve task psychometrics and clinical utility. The authors identify limitations of previous decision-making research (low validity and reliability of the tasks) and also provide suggestions for improvements, including the need to: (a) assess decision-making as a specific cognitive ability, (b) further assess the test–retest reliability of decision-making tasks, and (c) reimagine future research by considering implications for both basic research and clinical investigations. The mini review by Ha and Lim explores the link between emotion and eating decisions and behaviors. The authors discuss emotional eating as linked to disinhibited decisions driven by heightened reward values to eat palatable foods, in response to negative emotions and social isolation. Emotional eating is also examined as a potentially maladaptive coping strategy under negative emotion and stress, linked to dysfunctional interactions between the brain reward system (involved in hedonic eating decisions) and the brain systems associated with executive control (involved in health-oriented eating decisions).

The last two contributions of this theme explore basic physiological and behavioral effects of emotion associated with two fundamental dimensions of affective stimuli and experiences: arousal (i.e., intensity) and valence (i.e., pleasantness/unpleasantness; Russell, 1980). Focusing on physiological responses associated with experienced affective states, the study by Leung and Romano challenges the common notion that the Autonomous Sensory Meridian Response (ASMR), associated with goosebump-inducing situations, is exclusively interpreted as linked to positive valence. Instead, their findings show that ASMR can occur linked to both positive and negative emotional situations, suggesting a more general link to emotional arousal rather than to positive valence only. The authors also highlight the therapeutic relevance of considering valence-related differences in experiencing and interpreting ASMRs. The article by Marin and Gingras discusses, through evolutionary lenses, how music-induced emotions can influence sexual attraction and behavior, and highlights how vocalizations and music contribute to the communication of emotions. The authors also point to the music's ability to increase emotional arousal and influence mate selection and aesthetic display, and also discuss evidence of cross-modal transfer of arousal from music to other sensory/perceptual domains. This report also suggests investigation of this topic through triadic interactions of emotion (through music), cognition, and decision-making.

Regarding the second main theme covered in the present RT, three of the contributions cover more generic aspects of social cognition and learning in healthy functioning and clinical groups and the other two specifically focus on empathy. First, the article by Jellema et al. emphasizes social intuition as instrumental in successful human interactions, with a focus on the implicit, involuntary, nature of social intuition, rather than on higher-level explicit Theory-of-Mind processes. The authors argue that traditional implicit learning tasks are insufficient due to their lack of social context and affective components, and propose a new paradigm associating valences with identities through implicitly learned bodily cues. This article also discusses neural mechanisms associated with social intuition (i.e., the mirror neuron system) and also points to clinical conditions in which impairments in implicit social/affective learning are relevant (e.g., autism spectrum disorder). Second, the study by Namba et al. used computational models to investigate value learning and detection of emotionally-valued neutral faces in young and older adults. The authors conclude that the sensitivity of learning feedback decreases with age. They found that the learning rates for reward and punishment were higher for younger than for older participants, who also showed reduced sensitivity to negative faces. Namely, older participants did not show different learning rates between reward and punishment trials, unlike the young participants who had higher learning rate parameter values for punishment than for reward trials. Third, the research by Abo Foul et al. examined emotion perception from incongruent face-body composites in three groups: Parkinson's (PD), schizophrenia (SZ), and healthy controls (HC). When presented with conflicting cues, the PD group tended to categorize the emotion based on the body expression, whereas the HC group relied more on the facial expression and the SZ group showed no consistent prioritization pattern. These findings were independent of the ability to recognize isolated face or body emotions, cognitive function, depression, or motor symptoms in the PD and SZ groups, and have implications for the way these individuals interpret emotions in others.

Finally, the last two contributions of this theme focus on empathy in humans and AI agents. The review by Mansur and DeFelipe explores empathy from an artistic perspective, as a fundamental way of conveying emotions in humans. Basing their discussion of empathy on da Vinci's work (both in arts and human anatomy), the authors also make connections to the German romanticism, renaissance, and the philosophy of art creation. The authors also highlight the importance of interdisciplinary approaches in social neuroscience, to explore the neural basis of empathy, thus bringing us closer to realizing da Vincis's vision of uniting artistic perception with scientific explanation. On the other hand, the opinion article by Tagesson and Stenseke discusses the skepticism surrounding the empathic abilities of AI agents, particularly related to the negative perception arising when people realize that the empathy is AI-generated. Inspired by the correspondence article by Perry (2023), and consistent with a broader aversion toward the prospect of artificial empathy (AE), the authors suggest that human attitudes toward AI can change to perceive AE as genuine. They argue that, as AI sophistication increases and human attitudes evolve, [aspects of] AE could be seen as “real empathy.”

Overall, we are confident that this eclectic collection of contributions from editorial board members of Emotion Science will inform, inspire, and provide direction and guidance to researchers in the field.
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This century has witnessed unprecedented increasing interest in the investigation of emotion-cognition interactions and the associated neural mechanisms. The present review emphasizes the need to consider the various factors that can influence enhancing and impairing effects of emotion on cognition, in studies of both healthy and clinical groups. First, we discuss advances in understanding the circumstances in which emotion enhances or impairs cognition at different levels, both within the same processes (e.g., perception, episodic memory) and across different processes (i.e., episodic vs. working memory). Then, we discuss evidence regarding these opposing effects of emotion in a larger context, of the response to stressors, and linked to the role of individual differences (personality, genetic) affecting stress sensitivity. Finally, we also discuss evidence linking these opposing effects of emotion in a clinical group (PTSD), where they are both deleterious, and based on comparisons across groups with opposing affective biases: healthy aging (positive bias) vs. depression (negative bias). These issues have relevance for understanding mechanisms of emotion-cognition interactions in healthy functioning and in psychopathology, which can inspire training interventions to increase resilience and well-being.
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1 Introduction

Emotion can enhance or hinder various aspects of our cognition and behavior. For instance, the emotional charge of an event can increase attention to and memory for that event, leading to enhanced memory, whereas task-irrelevant emotional information may lead to increased distraction and hence can impair cognitive performance. The overarching goal of this review is to discuss evidence regarding factors that influence opposing effects of emotion on cognitive processing at different levels (Figure 1), and the associated neural mechanisms, and to highlight the need to consider such factors in studies investigating emotion-cognition interactions in healthy and clinical groups. These issues have relevance for understanding mechanisms of emotion-cognition interactions in healthy functioning and in emotional disturbances, where such opposing effects1 of emotion tend to be exacerbated and deleterious. Notably, we do not aim to present the available evidence regarding the impact of emotion on different aspects of cognition as part of a coherent theoretical framework. The main rationale for our approach is to increase awareness of the fact that such effects can occur and be identified at different levels. This is because the tendency is to be treated in isolation, in separate literatures (e.g., attention, perception, memory). Hence, the present review provides a more comprehensive image of these divergent effects and of their possible links.
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FIGURE 1
 Emotion-cognition interactions in the brain and their relation to adaptive and maladaptive outcomes. The diagram illustrates opposing effects of emotion on cognition at increasing levels of complexity in emotion-cognition interactions. The involvement of brain mechanisms at all these levels is suggested by the background brain image depicting activations in brain regions that are part of two main neural systems: a dorsal neural system involved in “cold” cognitive/executive processing (illustrated by cold-colored brain activations) and a ventral system involved in “hot” emotion processing (illustrated by warm-colored brain activations). The effective vs. dysfunctional engagement of regulatory mechanisms in emotion-cognition interactions are depicted by the blue and red arrows, linked to adaptive vs. maladaptive outcomes, respectively. Finally, these interactions occur in the larger context circumscribed by interplays between genetic and environmental factors influencing them. It should be noted that the latter interplays are indirect, as genes do not affect directly our environment and the environment does not actually affect our genetic code. Instead, the genes making up the genetic code (genotype) are expressed in phenotypes that affect the environment, which in turn affects transcription and gene expression (epigenetics). The brain image was adapted from Dolcos and McCarthy (2006), with permission.


The basic idea that emotion can have divergent effects on different cognitive aspects is not completely novel. Instead, what is novel is identification and consideration of such effects at different levels. Our first attempt to increase awareness about this goes back more than 10 years ago, when we organized a Frontiers Special Issue/Research Topic (the first in the Emotion Science section) tackling for the first time this matter in a comprehensive way. Our initiative was very well received and has resulted in a collection of 60+ manuscripts, received from a large number of outstanding contributors (200+, in total), pointing to divergent patters in a variety of aspects. Summarized in an Editorial and compiled in an edited book (Dolcos et al., 2015, respectively), our special issue has been at the top of popularity among the Frontiers Research Topics. Importantly, by all accounts, our initiative was very successful in increasing awareness of such patterns in the impact of emotion on cognition.

The efforts to increase awareness have contributed to further clarification of the circumstances in which emotion enhances or impairs cognition and prepared the ground for further theoretical advancements. A concrete example, which we are also highlighting here, is the recent reconciliation of evidence regarding opposing effects of emotion on relational memory (Bogdan et al., 2024). Initially, a pattern was emerging in the emotional memory literature, whereby the enhancing effects of emotion were not systematically observed in all aspects of memory (e.g., central vs. peripheral; Kensinger, 2009). Then, more recently, evidence pointed to opposing effects of emotion on item (what) vs. relational memory (item-context associations), whereby emotion enhanced item memory but impaired memory for item-context associations (Bisby and Burgess, 2017). However, we recently provided further evidence regarding the circumstances in which emotion enhances or impairs relational memory, and proposed a new theoretical account (Bogdan et al., 2024). It should be noted that, although there are various accounts proposing to explain the impact of emotion on episodic memory, no single theory covers all aspects of emotion-memory interactions. In section 2.2.4, we illustrate the difficulty in reaching a comprehensive theoretical account, even within the same domain (Figure 4), which makes it even more difficult identification of a coherent theoretical framework that covers all levels of emotion-cognition interactions. Hence the present goal of increasing awareness that such divergent patterns can be identified at different levels, while also pointing to emerging theoretical accounts resulted from research aimed at further understanding these divergent patterns in specific domains (see Figure 6, which introduces a new model of emotion-memory interactions).
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FIGURE 2
 Experimental paradigms used to investigate the link between the timing of emotion processing and opposing effects of emotion on visual perception. (A) A briefly presented emotional cue (e.g., fearful face) enhances visual processing of neutral targets (e.g., low-contrast gratings) following a short interval (50 ms), resulting in reduced threshold of detecting the orientation of the neutral targets. From Phelps et al. (2006), with permission. (B) Emotional distracters impair visual processing of neutral target following a longer interval (100 ms), thus resulting in impaired ability to identify a neutral target. Notably, this impairment progressively diminishes as the time interval between the emotional stimulus and the neutral target is increased and, ultimately, identification of a neutral target is again enhanced by emotion. From Ciesielski et al. (2010), with permission.
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FIGURE 3
 Increased amygdala sensitivity and enhanced behavioral performance linked to low spatial frequency emotional stimuli. (A) Amygdala shows increased sensitivity for low compared to high spatial frequency emotional information (e.g., fearful faces displayed with different frequency filters). The top view displays the bottom part of a coronal section of the brain, at the level of the amygdala (white circles). Red areas identify regions showing a significant emotional expression (fearful vs. neutral) x spatial frequency (high vs. low) interaction, evident in the bar graph. Adapted from Vuilleumier et al. (2003), with permission. (B) Opposing effects of emotional cues linked to spatial frequency of the targets. Fearful cues enhanced detection of low and impaired detection of high spatial frequency targets following after a short interval (40 ms). From Bocanegra and Zeelenberg (2009b), with permission.


[image: A six-panel chart summarizing different memory theories related to emotion and context binding. Top-left: Dual-Representation Account emphasizes strong memory for negative items but weak item-context binding. Top-middle: Emotional Binding Account highlights emotion-based item binding. Top-right: Trade-off Models focus on central over peripheral details. Bottom-left: Enhanced Recollection by Emotion notes memory enrichment through sensory features. Bottom-middle: Retrieved-Context Models discuss context maintenance. Bottom-right: Arousal-Based Competition accentuates binding of high-priority details. Each panel includes icons and color-coded arrows for illustration.]

FIGURE 4
 Disagreement among models of relational memory, emphasizing the need for unifying theoretical accounts. Figure developed in collaboration with Deborah Talmi, Daniela Palombo, and Mathias Weymar for a symposium at the Cognitive Neuroscience Society Annual Meeting (Dolcos and Talmi, 2024). PTSD, Post-traumatic stress disorder; NEVER, Negative Emotional Valence Enhances Recapitulation; GANE, Glutamate Amplifies Noradrenergic Effects. The green arrows indicate enhancing effects of emotion on memory; the red arrows indicate impairing effects of emotion on memory; the black arrows indicate no effects of emotion on memory (neither enhancing not impairing).


[image: Bar graphs showing recognition rates. Graph A compares Item and Background recognition rates for Negative and Neutral conditions, with Item having higher recognition, especially in Negative. Graph B compares recognition rates for Prioritize Oddball-1 and Prioritize Oddball, showing higher rates for Prioritize Oddball-1, particularly in Negative. Asterisks indicate statistical significance.]

FIGURE 5
 Opposing effects of emotion on episodic memory. (A) Central vs. Peripheral memory trade-off for items and background pictures. Negative items were remembered better than neutral items, but memory for backgrounds was lower when presented with negative items than when presented with neutral ones. Adapted from Waring et al. (2010), with permission. (B) Opposing effects of emotion on memory linked to prioritization. Neutral objects were better remembered when followed by negative compared to neutral oddball images, if participants prioritized the neutral objects (Prioritize Oddball-1 Condition). However, memory was worse when subjects prioritized the oddballs, instead (Prioritize Oddball Condition). Adapted from Sakaki et al. (2014a), with permission. *Significant differences.
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FIGURE 6
 The DEAME model. Paths 1 & 2 show bottom-up influences from emotion- (AMY) and perception-related (PPA) areas on memory-related MTL regions. Path 3 shows top-down PFC influences on activity in MTL regions. Challenging the view positing agonistic (1a) vs. antagonistic (1b) influences of AMY on brain regions involved in item (PRC) vs. relational (HC) memory, respectively, we show that both paths (1a & 1b) have synergistic engagement leading to enhanced RM, together with path 2. Also, paths 1 & 2 are both susceptible to influences from the left vlPFC. AMY, Amygdala; HC, Hippocampus; PRC, Perirhinal Cortex; ERC, Entorhinal Cortex; PPA, Parahippocampal Place Area (part of the Parahippocampal Cortex Proper); PFC, vlPFC, Ventrolateral Prefrontal Cortex.


Ten years after the conclusion of our special issue focusing on these aspects (Dolcos et al., 2015), many topics are still current. Below, we will briefly introduce and then discuss them in detail. First, enhancing and impairing effects of emotion can be identified within the same cognitive processes/domains, such as perception and episodic memory (i.e., memory for specific personal events). Opposing effects of emotion in perception can be identified linked to the context in which emotional information is processed (goal-relevant or irrelevant) (Ohman et al., 2001a; Ohman et al., 2001b), linked to the timing of its processing (simultaneous or asynchronous) (Bocanegra and Zeelenberg, 2009a, 2011b; Ciesielski et al., 2010; McHugo et al., 2013; Ohman et al., 2001a; Phelps et al., 2006), and linked to the spatial frequency of visual information (high or low spatial frequency) (Bocanegra and Zeelenberg, 2009b, 2011a; Vuilleumier et al., 2003). Regarding episodic memory, opposing effects of emotion can be attributed to different accounts, including central vs. peripheral effects (Kensinger, 2009) and high vs. low prioritization of information (Mather and Sutherland, 2011). Moreover, an important topic of research in this area concerns opposing effects of emotion on associative or relational memory (Chiu et al., 2013), which may be differentially affected in both healthy functioning and clinical condition, including neurological (Alzheimer’s), affective (mood and anxiety disorders), and other disturbances (schizophrenia).

Second, there is also emerging evidence of opposing effects of emotion across cognitive processes/domains, which also emphasizes the link and dissociation between immediate and long-term effects of emotional distraction on perception and working memory (Dolcos, 2013; Shafer and Dolcos, 2012), on the one hand, and episodic memory, on the other hand. For instance, task-irrelevant emotional information can impair ongoing cognitive processing, while also enhancing long-term memory for the distracters themselves. Seeing the scene of a tragic accident while driving may temporarily distract us from the main task (driving), while also leading to better memory for the distracting information (the totaled cars). Novel brain imaging evidence regarding these phenomena points to both overlapping and dissociable neural mechanisms mediating these opposing effects of emotion (Dolcos et al., 2013; Shafer and Dolcos, 2012), and highlights the role of other factors, such as the load of the main cognitive task (Shafer and Dolcos, 2012; Shafer et al., 2012).

Third, in a larger context of the stress response, emotional stressors can lead to opposing effects depending on the context and degree. Optimal levels of stress may temporarily increase cognitive performance (e.g., nervousness about an upcoming important exam may motivate us to study harder), whereas high levels of stress can impair performance (e.g., overwhelming worry in the anticipation of, or during, a difficult exam may impair our ability to stay focused and perform optimally) (Diamond et al., 2007). Moreover, chronic and/or extreme levels of stress can lead to clinical conditions (Arnsten, 2009; Roozendaal et al., 2009), such as post-traumatic stress disorder (PTSD), which are associated with longer-lasting cognitive impairments. An interesting emerging finding in this area points to the role of subjective or objective control upon stressful situations (Henderson et al., 2012; Kerr et al., 2012; Mereu and Lleras, 2013), in determining the beneficial or detrimental impact on cognitive processing. In addition, recent research is also considering the role of individual differences in response to stressors, which can lead to adaptive or maladaptive consequences. Thus, it is important to consider both factors related to the stressors themselves and factors related to variations (personality, genetic) in the individuals’ responses to stressful situations.

Fourth, the co-occurrence of enhancing and impairing effects of emotion is probably most evident in affective disturbances, such as PTSD, which are characterized by increased sensitivity to emotional distraction and impaired cognitive control (Hayes et al., 2012). Thus, both of these opposing effects of emotion are exacerbated and deleterious. For example, uncontrolled recollection of traumatic memories in PTSD may interfere with ongoing cognitive processing. Evidence from PTSD studies points to altered interactions between the mechanisms that are typically responsible for enhancing vs. impairing effects of emotion in healthy functioning (Dolcos, 2013). Specifically, as discussed in Section 5, there is evidence suggesting that non-specific responses to cues for trauma-related memories, presented as task-irrelevant distraction (Morey et al., 2009), may reflect non-specific initial encoding of decontextualized memories for the traumatic events due to heightened arousal (Hayes et al., 2011).

Finally, there is also intriguing converging evidence from across-fields comparisons of findings from groups with opposing emotional biases, such as healthy aging (showing a positive bias, Mather, 2012; Mather and Carstensen, 2005) vs. depression (showing a negative bias). Interestingly, these opposing biases are linked to opposite effects on the ability to control emotions in these groups – enhanced emotion regulation in healthy aging (Mather, 2012; St Jacques et al., 2010; Dolcos et al., 2014) vs. impaired emotion control or emotion dysregulation in depression (Mayberg, 1997). Thus, direct comparisons of these groups with opposing emotional biases and emotion regulation abilities, along with studies aiming at elucidating the mechanisms of enhanced emotional resilience in healthy aging, provide an exciting possible research avenue to address mental health issues. All these issues will be discussed in detail in the next sections. The review ends with concluding remarks and a discussion of open issues and future directions.



2 Opposing effects of emotion within the same cognitive domain

The findings discussed in this and the next section are based mainly on manipulations of transient emotional responses, which typically elicit phasic influences on cognitive processing, and we only briefly reference tonic effects of longer-lasting emotional states, such as mood and stress. Complementing this body of evidence, Section 4 specifically focuses on the impact of stress on cognitive processing. Of note, emotional reactions and states are separable phenomena, with the former being relatively more intense and short in duration and the latter being relatively more diffuse and prolonged, and they may exert different influences on cognition and behavior (Olsson and Öhman, 2009; Rottenberg and Gross, 2003; Watson, 2000).


2.1 Opposing effects of emotion on visual perception and attention

Investigation of the impact of emotion on visual perception and attention has shown that visual processing of affective information is prioritized over non-affective information. Evidence for this prioritization is provided by research using detection, visual search, attentional capture, and attentional blink paradigms. Human and non-human primate investigations of emotion processing have provided evidence that the impact of emotion on visual perception and attention is largely linked to the amygdala (AMY) (Anderson and Phelps, 2001; Lim et al., 2009; Phelps, 2006). While the routes by which AMY influences processing in sensory cortices to alter stimulus processing in the human brain remain debated (see Pessoa, 2013, for a review), both human lesion and neuroimaging data show that this brain region plays a pivotal role in low-level perceptual and attentional modulations by emotion (Anderson and Phelps, 2001; Lim et al., 2009). Evidence from studies investigating the effect of prioritization of emotion processing show that emotion can both impair and enhance performance, but the directionality of these effects depends on a number of factors. Below we will discuss evidence regarding the role of the following three aspects in determining enhancing or impairing effects of emotion on visual perception and attention: (1) the context of emotion processing (task-relevant vs. irrelevant), (2) the timing of emotion processing (simultaneous vs. asynchronous), and (3) the spatial frequency of visual emotional information (low vs. high spatial frequency).


2.1.1 Context of emotion processing (task-relevant vs. task-irrelevant)

An important factor in determining the impact of emotion on perception and attention is whether emotional stimuli serve as targets (task-relevant) or distracters (task-irrelevant). Rapid serial visual presentation paradigms (RSVP) and the attentional blink phenomenon (Dux and Marois, 2009; Raymond et al., 1992) offer good examples of how altering the context of emotion processing results in a different impact of emotion on behavior. In RSVP studies, streams of stimuli (words or pictures) are presented in a rapid succession, with individual stimuli presented one at a time, typically displayed for 80–125 ms each and with no interstimulus interval (ISI). In such paradigms, a so-called attentional blink occurs when the processing of an initial target stimulus (T1) presented in the stimulus stream impairs the ability to detect another target stimulus (T2) that is presented soon after the first target stimulus. Interestingly, when T1 is emotional, and no report of T1 is required, T1 becomes a “distracter” stimulus, and the time interval during which the ability to detect T2 becomes longer (i.e., the “blink”) (McHugo et al., 2013). This is also referred to as “emotion-induced blindness” (Most et al., 2005). However, when T2 is emotional, the ability to accurately detect T2 is enhanced and the duration of the “blink” produced by processing T1 is reduced (Keil and Ihssen, 2004).

This example emphasizes a generalization that can be made about the effect of emotion on perception and attention. When an exogenous emotional stimulus is task-relevant, the prioritization of processing for affective information results in task-enhancement, whereas when task-irrelevant, the boost in processing resources received by the now distracting emotional stimulus depletes the resources available for initial or continued processing of a target stimulus. These opposing effects observed behaviorally seem to be linked to the same neural mechanisms that allow increased mobilization and allocation of processing resources associated with the prioritization of affective information and involve AMY.



2.1.2 The timing of emotion processing (simultaneous vs. asynchronous)

A related factor that influences the effects of emotion on perception and attention is the timing of presenting emotional and non-emotional stimuli. There are predominantly two main ways in which tasks are designed to examine the impact of emotion on perception and attention. In one approach, emotional stimuli are (i) presented simultaneously with other stimuli, whereas in the other emotional and non-emotional stimuli are presented asynchronously and are either (ii) distributed evenly across the screen or are (iii) limited to specific screen locations. Each of these approaches can result in either an impairing or enhancing effect of emotion on perception and attention, in relationship to the factor described above – i.e., whether the emotional information is task-relevant or not.

An example of the first approach (i) is the pop-out visual search, where emotional stimuli serve as either targets (task-relevant) or distracters (task-irrelevant). In pop-out visual search, a number of items are displayed at the same time, with all items, but one, identical. The non-identical item differs from the identical items to a degree that makes it easily identifiable and is, therefore, said to “pop-out” of the display. As highlighted above, when an emotional item is presented as target, the time required to detect it is reduced. Alternatively, when emotion is presented as distraction, the time required to detect a non-emotional target is impaired (Ohman et al., 2001b). Therefore, when emotion is presented simultaneously with non-emotional items, the direction of emotion’s impact will also be dependent on whether the emotional stimulus is the target (task-relevant) or serves as distraction (task-irrelevant).

Converging findings from investigations that incorporate asynchronous presentation of emotional and non-emotional items shows that differences in the stimulus duration and the length of the interstimulus interval (ISI) determine whether task-irrelevant emotional information enhances or impairs performance of an asynchronously presented non-emotional target. For example, in the case of (ii), briefly presented and distributed fear stimuli with a short ISI between the fear stimulus and a non-emotional target stimulus facilitate the perceptual processing of the non-emotional target and therefore enhance performance (Bocanegra and Zeelenberg, 2009b, 2011a; Phelps et al., 2006). Moreover, in the case of (iii), if fear stimuli also serve as spatial cues for the location of subsequent non-emotional targets, the affective and attentional information of the cue interact to boost perceptual processing of the non-emotional target even further (Figure 2A) (Phelps et al., 2006).

Interactions between the timing of presenting emotional stimuli and manipulations of their task-relevance can also be influenced by variations in the duration of the interval between an emotional stimulus and a target stimulus. For instance, in the context of the findings regarding the attentional blink discussed above, if the stimulus duration for an emotional item and the interval between an emotional item and a target item are longer, then the perceptual processing is impaired (Figure 2B) (Ciesielski et al., 2010; McHugo et al., 2013). However, if the interval is extended even further (i.e., after the attentional blink period), then emotion again shows an enhancing effect on target detection (Bocanegra and Zeelenberg, 2009a; Ciesielski et al., 2010). Consequently, when emotion is task-irrelevant but presented briefly and immediately prior to a non-emotional target, the non-emotional target receives a boost in processing and performance is enhanced. However, if more in-depth processing of task-irrelevant processing is allowed to occur, as a result of longer stimulus durations, and the target has as larger temporal gap separating it from the task-irrelevant emotion, the processing resources available to detect the non-emotional target are depleted and hence performance is impaired. Importantly, however, this impairment is only momentary and non-emotional targets presented immediately after the “blink” period also receive a boost in processing resources and performance is enhanced.

The differential impact of emotion depending on the temporal delay between emotional stimuli and non-emotional targets may, at least in-part, be explained by the time course of emotion-attention interactions on visual processing, and also involves AMY. For instance, investigations exploring the temporal aspects of emotion and attention on visual processing of task-irrelevant emotional information in the AMY, under different conditions of attentional demand in the main task (low vs. high demand), have shown differences in the susceptibility of the AMY response to affective and attentional information, over the time course of the response epoch (Luo et al., 2010; Pourtois et al., 2010). Specifically, the initial modulation occurring early in the time course was due to emotion and was invariant to the attention demands of the main task. In contrast, the later modulation was sensitive to the interaction between the emotion and attentional demands, such that an emotion response was found only when the task demands were low (Luo et al., 2010) or the emotional stimuli were task-relevant (Pourtois et al., 2010).

Regarding the neural mechanisms, the enhancement in target detection immediately following an emotional stimulus (Bocanegra and Zeelenberg, 2009b, 2011a, 2011b; Phelps et al., 2006) could result from an early, attention invariant, emotional response in the AMY, whereas the subsequent impairment in target detection could result from the later dampening of the AMY’s response to emotion by concurrent attentional demands, coupled with the possibility that continued higher-ordered processing of the emotional stimulus diminishes the resources available for later perceptual processing of a target stimulus. The two different time windows in the AMY response modulation by emotion and attention map onto the first two time windows of target presentation, where opposing behavioral effects are identified (i.e., immediate enhancement and subsequently impaired). However, it is unclear how AMY activity relates to the later stage enhancement in target detection. One possibility is that this later enhancement is due to the release of resources that were “consumed” by the emotional relative to neutral processing. In this regard, it is also possible that, when “releasing” the emotional stimulus, the system does not gradually reset to baseline where there is a balance between bottom-up and top-down processing, but slightly oversets toward a ready-state for bottom-up processing.

Finally, an often ignored but important aspect related to such emotion-cognition interplay is the timing of neurochemical modulations associated with these phenomena, which are most evident in investigations manipulating the stress response.2 Indeed, converging evidence from animal and human studies (reviewed in Hermans et al., 2014) points to multiple waves of neurochemical events, such as catecholamine and corticosteroid release, that influence widely distributed neuronal populations and may have opposing effects at different time scales. For instance, animal studies have demonstrated an association between prompt increases of central catecholamine levels (e.g., norepinephrine and dopamine) and enhanced scanning of the environment, following exposure to a stressor (Aston-Jones and Cohen, 2005), whereas, in humans, stress induction has been associated with enhanced detection of the second target in the attentional blink paradigm (Schwabe and Wolf, 2010). Such phenomena have been linked to a shift in locus coeruleus activity (Sara and Bouret, 2012), the main supplier of central norepinephrine, which may in turn exert opposing influences on AMY (enhancement) and the prefrontal cortex (impairment), via adrenoreceptors (Birnbaum et al., 1999; Wang et al., 2007). On the other hand, corticosteroids potentiate short-term catecholamine release under stress and also exert slow genomic effects (>1 h after stressor exposure), by altering gene transcription (Joels et al., 2012). This effect has been linked to downregulation of AMY response (Henckens et al., 2010) and enhanced response in the prefrontal cortex (PFC), coupled with improved cognitive performance (Henckens et al., 2011). Thus, future research needs to carefully dissociate between influences of emotion on cognitive processing at different time scales and better control for such temporal factors.



2.1.3 The spatial frequency of emotional information (low vs. high spatial frequency)

Another important factor in determining the impact of emotion on processing visual information is the spatial frequency of the stimuli. Simply put, spatial frequency is a measure of the density of visual information in a fixed area of space. Less dense or coarse space has low spatial frequency, whereas more dense or fine-grained space has high spatial frequency. The visual system is organized to differently accommodate these two types of visual information. Magnocellular cells and pathways are tuned to respond to low spatial frequency information, and parvocellular cells and pathways are tuned to high spatial frequency information. Investigations of amygdalar anatomy in non-human primate show that there is a predominance of magnocellular efferent projections from AMY to the visual cortices, suggesting a bias in the type of information that is enhanced (Amaral et al., 2003). Consistent with this idea, investigation of human AMY response to low vs. high spatial frequencies showed that AMY is more sensitive to low spatial frequencies (Figure 3A) (Vuilleumier et al., 2003). Therefore, it may be the case that the initial boost in perceptual processing of emotional information and/or non-emotional targets that immediately precede an emotional stimulus is found only for low spatial frequency information, while high spatial frequency information is impaired. A study examining this idea found that a fearful cue enhanced the ability to accurately identify a low spatial frequency target, but impaired accuracy for a high spatial frequency target (Figure 3B) (Bocanegra and Zeelenberg, 2009b).

When considering the function of a quick detection system to identify potential threat, from a survival perspective, it is more beneficial to first determine the presence of a potential threat, rather than the exact nature of the threat. Hence, in this sense, the “what is it” question matters once quick action is taken based on the initial detection, and being at a safe distance will then allow for continued processing. Indeed, the visual system is designed for a quick detection of threat with magnocellular neurons, responding faster and being linked to peripheral vision, and with parvocellular neurons, responding slower and being linked to foveal vision (Maunsell et al., 1999). As a result, a fine-grained distinction of a potential threat will only occur after fixation which is subsequent to initial detection. Along this line, and based on inherent trade-offs across these two pathways (i.e., peripheral vs. foveal concentration, fast vs. slow response, crude vs. fine-grained information), a boost in magnocellular-based visual processing should also increase temporal resolution, while a boost in parvocellular-based visual processing should impair temporal resolution. This idea was investigated using a temporal gap detection task (Bocanegra and Zeelenberg, 2011a). In this task, the low spatial frequency information in a distributed emotional cue was found to enhance the detection of a temporal gap in the presentation of a target stimulus, relative to a neutral cue. Moreover, this study also differentiated the effects of low spatial frequency emotional information on temporal vs. spatial resolution. While temporal resolution was enhanced, the low spatial frequency information of a distributed emotional cue impaired the ability to detect high spatial resolution differences in target stimuli.

Overall, the evidence reviewed in this section shows that the opposing effects of emotion on visual perception and attention have been identified in terms of dissociations between task-relevant and task-irrelevant emotional stimuli, simultaneous vs. asynchronous presentation of stimuli, and low vs. high spatial frequency information. These factors may be considered either independently or as interacting with one another, and future research should consider these factors and their possible interactions in predicting and interpreting findings regarding opposing effects of emotion on visual processing.3




2.2 Opposing effects of emotion on episodic memory

There is strong evidence from both animal and human research that emotional events are overall better remembered than neutral events (Dolcos and Denkova, 2008; Dolcos et al., 2012; Dolcos et al., 2006; McGaugh, 2005; Phelps, 2004). The effects of emotion on episodic memory in humans have been typically investigated using experimenter-generated stimuli, such as lists of words or sets of pictures, varying in their emotional content, which participants are encoding in laboratory settings and then their memory is tested at different intervals (e.g., from minutes to several months). Such investigations have provided strong evidence that enhanced memory for emotional stimuli is linked to amygdala’s involvement and its interaction with memory-related medial temporal lobe (MTL) regions (hippocampus and the associated entorhinal, perirhinal and parahippocampal cortices). In addition, the memory-enhancing effect of emotion can also benefit from the engagement of higher order cognitive brain regions (e.g., the prefrontal and parietal cortices), through their involvement in semantic, working memory, and attentional processing (Dolcos and Denkova, 2008; Dolcos et al., 2012; Dolcos et al., 2017a).

However, there is also evidence that not all aspects of an event benefit from such enhancement by emotion (Kensinger, 2009). Whereas emotion enhances memory formation for isolated or intrinsic properties of emotional items, it can also impair memory for other extrinsic aspects or memory for items in relation to other items (relational or associative memory) (Kensinger, 2009; Mather, 2007). Some evidence suggests that these opposing effects of emotion4 are due to central vs. peripheral trade-offs (Kensinger, 2009), and other studies emphasize the level of priority (high vs. low) of emotional information in understanding enhancing vs. impairing effects of emotion on memory (Mather and Sutherland, 2011). Additionally, it has also been proposed that the opposing effects of emotion on memory might also depend on the type of associations (Chiu et al., 2013). Below, we discuss evidence regarding these three aspects, as well as novel evidence reconciling the opposing effects of emotion on item vs. relational memory (Bogdan et al., 2024). The latter findings also point to possible training interventions to reduce unwanted attentional biases and increase memory specificity and well-being (e.g., in affective disorders and aging).

Notably, despite various attempts, there is no unifying theory that accounts for all behavioral patterns regarding the impact of emotion on various aspect of episodic memory (see Figure 4). Although some models can account for more of the available evidence than others, no single theoretical account can explain the variety of findings. Although the amygdala has a central role in modulating emotional memories in all models, its engagement is not instrumental in the same way. For instance, a prominent view suggests that impaired relational memory by emotion is due to inhibitory/antagonistic effects exerted by the amygdala on hippocampal activity (Bisby and Burgess, 2017). However, challenging this view, as discussed below, we propose a new model (Bogdan et al., 2024) positing that emotion enhances relational memory through synergistic/agonistic engagement of the amygdala and hippocampus (see Figure 6). We expect that the findings by Bogdan et al. (2024) will fuel future research aimed at further clarifying the circumstances in which emotion enhances or impairs episodic relational memory.


2.2.1 The central vs. peripheral trade-off in the impact of emotion on memory

The observation that emotion enhances memory for central aspects and impairs memory for peripheral details has been initially reported in the eyewitness memory literature, which has coined the term “weapon focus effect.” This refers to the tendency in crime witnesses to focus on the weapon and miss other details of the event (Christianson, 1992; Loftus et al., 1987). More recent research of emotional memory has referred to this phenomenon as the central vs. peripheral trade-off (Kensinger, 2009), the narrowing effect of emotion on memory (Reisberg and Heuer, 2007), or as tunnel memory (Safer et al., 1998). For example, Kensinger et al. (2007a) suggests a trade-off effect in memory, in which central aspects of stimuli are better remembered at the expense of remembering peripheral details (for reviews, see Kensinger, 2009; Steinmetz and Kensinger, 2013). Thus, the trade-off refers to increased memory for emotional vs. neutral items, and decreased memory for backgrounds associated with emotional vs. neutral items (see Figure 5A).

This effect is typically investigated by presenting emotionally aversive or neutral objects against neutral backgrounds (e.g., an alligator by a river, and a squirrel in a forest). Such investigations showed better memory for emotional than for neutral objects, but worse memory for neutral backgrounds when paired with emotional objects than when paired with neutral objects (Kensinger et al., 2007b; Mickley Steinmetz et al., 2012; Waring and Kensinger, 2009; Waring et al., 2010). Brain imaging studies investigating the neural correlates of these effects have shown that AMY is involved in memory-enhancing effects for aspects that are intrinsically linked to the emotional items themselves, but not for other aspects, such as the context/background in which they are encoded (Dougal et al., 2007; Kensinger et al., 2007a; Kensinger and Schacter, 2006).



2.2.2 The role of prioritization in the impact of emotion on memory

Complementary evidence suggests that opposing effects of emotion on memory are related to prioritization processes, as emphasized by the ABC (Arousal-Biased Competition) Theory (Mather and Sutherland, 2011). According to this theory, emotional arousal enhances encoding of high priority5 information at the expense of low priority information (Mather and Sutherland, 2011). In a series of studies investigating the effects of emotional arousal as a function of prioritization, Mather et al. showed that emotional stimuli can enhance learning for preceding prioritized neutral objects, but impairs memory for preceding non-prioritized objects (Figure 5B) (Lee et al., 2012; Lee et al., 2014; Sakaki et al., 2014a; Sutherland and Mather, 2012). Neural evidence points to dissociable AMY involvement according to whether information is prioritized or not, as suggested by recent brain imaging studies identifying greater coupling between AMY and perceptual areas for processing high-priority stimuli (Lee et al., 2014). The ABC model can also be linked to accounts considering motivational factors to clarify the impact of emotion on memory (Levine and Edelstein, 2009; Sander et al., 2005).



2.2.3 Unitization vs. complex associations in the impact of emotion on memory

Another potential explanation for the opposite effects of emotion on episodic memory (Chiu et al., 2013) can be linked to the dissociation between memory for isolated items vs. memory for relations among items (associative or relational or memory) (Cohen and Eichenbaum, 1993; Cohen et al., 1999; Eichenbaum and Cohen, 2001). There is growing evidence from both animal and human memory research that various memory-related MTL regions can play differential roles in memory for item vs. associations (e.g., memory for an object and memory for the association between the object and its color, size, or context). Specifically, whereas the perirhinal cortex is important for encoding individual items or objects from an experience, the hippocampus (HC) is important for binding distinct item representations into memory (Brown and Aggleton, 2001; Davachi et al., 2003; Ranganath et al., 2004; Tubridy and Davachi, 2011). Further evidence also revealed that the perirhinal cortex may also contribute to some simpler forms of associative learning (Staresina and Davachi, 2010), based on unitization (Graf and Schacter, 1989). Moreover, communication between the HC and PFC plays an important part in the formation and retrieval of association-rich (episodic) memories (Moscovitch et al., 2016). Notably, the PFC regions important for association memory are also involved in emotion processing and emotion regulation (Berkers et al., 2016; Shafer and Dolcos, 2012). Therefore, the unitization of information that involves for instance assembling together different aspects of an event into a single representation via complex associations (e.g., between an object and its color) can be disrupted by emotional information, as memory supporting PFC regions can be “hijacked” by their involvement in emotion regulation operations. Importantly, in some instances, memory for isolated items and for unitized items (where different aspects of the same object are linked into a single representation) can be mediated by similar mechanisms. This is unlike the case of memory representations for more complex associations of different components of an event, as well as associations between temporally separate events, which rely heavily on hippocampal mechanisms (Ezzyat and Davachi, 2014).

Considering such possible dissociations in the available evidence, Chiu et al. (2013) has proposed that emotion enhances memory for both separate and unitized items, but it impairs memories involving more complex, HC-dependent, representations. Consistent with this idea, recent evidence points to increased engagement of the AMY and decreased engagement of the hippocampus linked to opposite effects of emotion on memory for items vs. associations, respectively (Bisby et al., 2016). These findings are also consistent with the emotional binding model, which posits that item-emotion binding depends on the AMY and is accompanied by slower forgetting, while item-context associations depend on the HC and are prone to more rapid forgetting (Yonelinas and Ritchey, 2015). However, the idea of differential impact of emotion on memory for unitized items vs. complex associations has yet to be tested rigorously. Also, because most of the studies have tended to focus on associations learned in laboratory settings, it remains unclear how emotion influences reactivation of previous memory representations for real-life events, in forming new associations (Sakaki et al., 2014b).



2.2.4 Reconciling opposing effects of emotion on item vs. relational memory

As mentioned above, the effects of emotion on episodic memory are not uniform. There is agreement that emotion enhances memory for individual items, but how it influences memory for the associated contextual details, or relational memory (RM), has been an issue of debate (reviewed in Bogdan et al., 2024). A prominent view suggests that emotion impairs RM (Bisby and Burgess, 2017), but there is also evidence that emotion enhances RM (Dolcos et al., 2017a). To reconcile these diverging results, a recent investigation by Bogdan et al. (2024) performed three studies incorporating the following features: (1) tested RM with increased specificity, distinguishing between subjective (recollection-based) and objective (item-context match) RM accuracy, (2) accounted for emotion-attention interactions via eye-tracking and task manipulation, and (3) used naturalistic stimuli with integrated item-context content. Challenging the view that emotion always impairs RM, this report identified both enhancing and impairing effects. Specifically, emotion enhanced subjective RM, separately and when confirmed by accurate objective RM. Emotion impaired objective RM through an attention capturing effect, but it enhanced RM accuracy when attentional effects were statistically accounted for using eye-tracking data. Third, emotion also enhanced RM when participants were cued to voluntarily focus on contextual details during encoding, likely by increasing item-context binding, as a results of disengaging from the attention-capturing emotional content. Finally, functional MRI data recorded from a subset of participants showed that emotional enhancement of RM was associated with increased activity in the medial temporal lobe (MTL) and the left ventrolateral prefrontal cortex (vlPFC), along with increased intra-MTL and vlPFC-MTL functional connectivity (Bogdan et al., 2024).

Interestingly, contrary to the view that emotion impairs memory for contextual details by inhibiting recollection-processing brain regions (HC) (Bisby and Burgess, 2017), this study found evidence of synergistic involvement of MTL regions involved in emotion (AMY) and recollection (HC) processing associated with enhanced RM by emotion. Moreover, the fMRI results point to MTL and PFC mechanisms consistent with a model of dual enhancement of associative memory by emotion (the DEAME model, Figure 6), linked to the MTL engagement orchestrated by left vlPFC influences. Specifically, maximized enhancement of subjective confirmed by objective RM when focusing on emotional aspects of stimuli was predicted by the engagement of an emotion-to-memory MTL route, reflected in increased activation of the AMY and HC along with functional coupling between these regions. In contrast, maximized enhancement of objective RM (item-context binding) when focusing on the contextual details of emotional stimuli was predicted by the engagement of a purported perception-to-memory MTL route reflected in heightened HC activation and connectivity with the PPA. Importantly, both routes are susceptible to top-down modulation from a left vlPFC area (Bogdan, et al., 2024).

These findings disrupt the status quo and have important practical applications. Affective disorders, such as depression and anxiety, along with PTSD are associated with maladaptive memory processing, resulting in memory decontextualization Enhanced RM by emotion through voluntary attentional focus points to possible evidence-based solutions on how these patients could grapple with unwanted emotional troubles via redirecting their attention. It is also worth noting that, outside of affective disorders, some of the strongest declines in memory, such as those associated with aging, are linked to RM. Hence, our findings also inform potential attention-based techniques that can be taught to help older adults counteract memory declines. Finally, this research also points to the role of attention in focusing on positive aspects of our experience (Denkova et al., 2015), not just away from negative ones, to increase memory and well-being.

Overall, opposing effects of emotion on episodic memory6 have been identified in terms of dichotomies involving three main dissociations: central vs. peripheral, high vs. low priority, and item vs. associations. Future research should consider such dissociations, to further delineate the impact of emotion on memory and the associated neural correlates, according to the type of associations, and linked to effects of emotional stimuli vs. emotional states and to modulations by previous memory representations (Sakaki et al., 2014b). This section also discussed novel evidence reconciling opposing effects of emotion on RM, which revealed fMRI findings consistent with a DEAME model of dual enhancement of associative memory by emotion in the MTL. Finally, because voluntary focus on contextual details during encoding reduces the typical attentional bias (and the associated experienced emotions; Dolcos et al., 2020a, Dolcos et al., 2020b) and enhances associative memory (Dolcos et al., 2020a; Dolcos et al., 2020b; Bogdan et al., 2024), the findings discussed here also point to possible attention-based training interventions to increase RM specificity in healthy functioning, PTSD, and aging, by promoting item-context binding and diminishing memory decontextualization.

It should be noted that congruent effects of emotion (e.g., enhancing) at different neurocognitive levels likely involve overlapping processes. For instance, prioritization of processing emotional information at a perceptual level leading to enhanced memory for emotional information is associated with overlapping engagement of neurochemical (noradrenergic), cognitive (attentional), and neural (amygdalar) aspects. This is similar to the link discussed in the next section, but there the overlapping mechanisms were identified linked to divergent effects of emotion across different processes (e.g., working vs. episodic memory). Interestingly, in both cases, dissociable mechanisms mediating within- and across-domains opposing effects of emotion were also identified.





3 Opposing effects of emotion across cognitive domains

Available evidence also suggests that opposite effects of emotion can be identified when linking immediate (impairing) and long-term (enhancing) effects of distracting emotional information across different domains. Specifically, there is evidence that task-irrelevant emotional distracters can impair ongoing cognitive processing (e.g., perceptual), while also leading to enhancement of memory for the distracters themselves. As discussed below, brain imaging studies have identified common and dissociable neural mechanisms for these opposing effects of emotional distraction. These studies provide neurobiological support for linking possible opposing effects of emotion in real-life situations. As alluded to earlier, task-irrelevant emotional information (passing the scene of a tragic accident while driving) may temporarily distract us from the main task (driving), while also leading to better memory for the distracting information (increased memory for the totaled cars).


3.1 Opposing effects of emotion on perception vs. episodic memory

Studies examining these effects are still scarce, but available evidence suggests that emotional distraction can, indeed, have an immediate impairing effect on perceptual processing (Shafer et al., 2012), while leading to long-term enhanced memory for the distracters themselves (Shafer and Dolcos, 2012). This study manipulated both the perceptual processing load of the main cognitive task and the emotional charge of the distracting information, and showed differential effects of the two factors on the immediate and long-term effects of emotion. Importantly, this study provided evidence that immediate/impairing and long-term/enhancing effects of emotional distraction are differentially influenced by the availability of processing resources. Specifically, the strongest immediate impairment of emotional distraction occurred when perceptual load was low, and thus more resources were available to process the distracters. However, the strongest enhancement of memory for the emotional distracters occurred when processing resources were least available (high load). Neurally, links between the two opposing effects were observed in both basic emotion processing (AMY) and higher-order processing (e.g., ventrolateral PFC; Figure 7, left panel) regions, showing overlapping effects of emotion on perception and memory. Instead, dissociations were observed mainly in higher order cognitive brain regions, showing involvement only in the immediate impairing (medial PFC) or long-term enhancing (superior parietal cortices, SPC) effects (Figure 7, right panel). Given that the medial PFC is sensitive to emotional stimuli (Keightley et al., 2003; Scheuerecker et al., 2007) and SPC is part of the attentional network (Corbetta and Shulman, 2002), their involvement in the opposing effects can be attributed to increased emotional and goal-relevant processing of the distracters, respectively.
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FIGURE 7
 Overlaps and dissociations between brain regions involved in opposing effects of emotion on perception and episodic memory. Left panel shows overlapping responses in cortical brain regions linking the immediate/impairing effect of emotional distraction and the long-term/enhancing effect of emotional memory (shown in magenta); cut-out in the left hemisphere reveals similar responses in the AMY. Right panel shows responses dissociating between the two opposing effects of emotion, with the mPFC involved only in immediate impairment (in red) and SPC involved only in long-term enhancement (in blue). Activation maps are superimposed on high resolution brain images displayed in 3-D views using MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/). AG, angular gyrus; AMY, amygdala; mPFC, medial prefrontal cortex; SPC, superior parietal cortex; TOC, temporo-occipital cortex; vlPFC, ventrolateral PFC; L, Left. Adapted from Shafer and Dolcos (2012), with permission.




3.2 Opposing effects of emotion on working memory vs. episodic memory

Emotional distraction can produce detrimental effects not only in tasks involving lower-level perceptual processing, but also in tasks involving higher-level processing, such as working memory (WM) (Dolcos et al., 2008; Dolcos and McCarthy, 2006; Dolcos et al., 2007). Again, studies linking immediate and long-term impact of emotion on working vs. episodic memory are scarce, but evidence from a study concomitantly investigating these opposing effects within the same participants revealed that emotional distracters presented during the delay interval between memoranda and probes in a WM task had immediate impairing effects on WM performance, while enhancing long-term memory for the distracters (Dolcos et al., 2013). This provides further evidence for the idea that emotional distracters can divert processing resources from the main WM task to processing emotional distracters (Dolcos and McCarthy, 2006), while simultaneously initiating processing that leads to better memory for the distracters themselves (Dolcos et al., 2013).

At the brain level, trials producing both effects (impaired WM and enhanced episodic memory) were associated with decreased activity in dorsolateral PFC (linked to immediate/detrimental impact on WM performance) and increased response in MTL regions (linked to long-term/increased episodic memory performance) (Figure 8A). Of note, the same AMY region was linked to both of these opposing effects (see middle panel). Interestingly, trials associated with enhanced episodic memory performance for emotional distracters that did not disrupt WM performance were linked to increased involvement of top-down PFC mechanisms (i.e., ventrolateral PFC; Figure 8B). This suggests that enhanced memory performance for emotional distracters also benefits from the engagement of coping mechanisms engaged to deal with the presence of emotional distraction during the WM task (Dolcos et al., 2013), possibly involving deeper encoding due to more elaborative processing of the distracters (Dillon et al., 2007).
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FIGURE 8
 Brain activity linked to working memory (WM) impairment and/or episodic memory (EM) enhancement by emotional distraction. (A) Greater deactivation in the dorsolateral prefrontal cortex (dlPFC, blue area, left panel) and increased activity in both amygdala (red area) and hippocampus (green area, middle panel) were linked to impaired WM but enhanced EM performance. (B) Increased activity in the ventrolateral prefrontal cortex (vlPFC, red area, right panel) was also linked to enhanced WM and EM. Interestingly, subregions of the AMY and vlPFC (white areas) also had differential contribution to the impact of emotional distraction on WM, with AMY activity predicting impaired WM performance (showing a negative correlation with WM scores) and vlPFC predicting enhanced WM performance (showing a positive correlation with WM scores). The bar graphs show brain activity from peak activation voxels in the highlighted regions. The activation maps are superimposed on high-resolution brain images displayed in sagittal views. R = Right; L = Left; Emo = Emotional distraction; Neu = Neutral distraction. AMY = amygdala; HC = hippocampus. Adapted from Dolcos et al. (2013), with permission.


Overall, these findings demonstrate that the immediate impairing impact of emotional distraction on perception or WM and the long-term enhancing impact of emotion on episodic memory are mediated by overlapping and dissociable neural systems, involving both bottom-up and top-down mechanisms. Interestingly, the link and dissociation between the opposing effects of emotion across cognitive processes/domains could also be seen as downstream consequences of within-domain processing bias, if attention is considered the “domain” of reference. Indeed, the attention-capturing effect of emotion, leading to impaired perception/working memory by task-irrelevant emotional information, can also be responsible for enhanced episodic memory for the distracters themselves. This interpretation is complementary to the view linking the opposing effects of emotion across cognitive processes, leading to impairing immediate vs. enhanced long-term effects, as both have in common an attentional bias in processing emotional distraction.




4 Opposing effects of emotion in the stress response


4.1 Complex stress-brain interaction orchestrated by neuromodulator action

The impact of emotion on cognition can also be investigated in the context of the response to stressors.7 Converging evidence from human and animal studies suggests that the effect of acute stress on cognition, specifically on memory, follows an inverted U-shape function, with moderate levels of stress leading to memory enhancement, and extremes levels of stress (too low or too high) leading to memory impairment (Diamond et al., 2007; Park et al., 2006; Sandi and Pinelo-Nava, 2007). Interestingly, similar effects were also observed in the hippocampal function, in the stress response (Nadel and Jacobs, 1998). Importantly, as also discussed in the next section, highly intense acute emotional events and/or chronic exposure to stressful experiences can create traumatic memories, resulting in long-lasting states of hyperarousal and in the development and persistence of affective disorders (depression, anxiety, PTSD). Indeed, while normal levels of temporary/acute stress can have adaptive function for survival, repeated and prolonged stress can be deleterious for health and survival (McEwen, 1998a, 1998b, 2007). Acute stress can lead to transient hyperarousal, which promotes threat detection and memory for emotional events, through the involvement of the AMY and its connections with memory-related brain structures (McGaugh, 2000, 2004), and hence can have an adaptive outcome. By contrast, chronic stress can lead to a state of continuous physiological arousal and have deleterious effects on the HC (Roozendaal et al., 2009) and PFC regions (Arnsten, 2000a; Arnsten, 2009; Hains and Arnsten, 2008), hence leading to maladaptive outcomes. It is also important to note that, while historically the exposure and level of stress have been the primary topics of the majority of human and animal neuroscience stress research, recently there has also been an increased effort to understand the role of individual differences in the response to stressors (see Sections 4.2 and 4.3). The main focus here is on acute regulatory processes, as opposed to chronic stress, and the specific effects of acute stressors on cognition are also discussed linked to stress controllability and the role of individual differences (personality, genetic) in stress sensitivity.

Stressful experiences trigger activation of the hypothalamus-pituitary–adrenal (HPA) axis (Joels and Baram, 2009; Lupien et al., 2007), which affects the functioning of both emotion processing brain regions (AMY) (Roozendaal et al., 2009) and regions involved in cognitive processing (HC and PFC) (Lupien et al., 2009; Roozendaal et al., 2009). These three regions are also among the brain areas most sensitive to stress hormones, due to high density of glucocorticoid receptors, and hence not surprisingly they are also the main brain structures involved in emotional learning and memory. Stressors trigger distinct waves of spatially and temporally specific neurochemical changes that affect processing in both affective and cognitive domains (reviewed in Hermans et al., 2014). Initial exposure to stressors is first associated with increased levels of catecholamines (e.g., norepinephrine and dopamine), whose levels get back to normal shortly after stressor offset. Noradrenergic changes are widespread, affecting the whole cerebral cortex, the amygdala, thalamus, and the hypothalamus (Foote and Morrison, 1987), and may have opposite effects on neural functioning in cortical (PFC) vs. subcortical (AMY) regions (Arnsten, 1998; Arnsten, 2000b; Qin et al., 2009; van Marle et al., 2009). Dopaminergic changes occur mostly in the PFC, but also affect responses in the basal ganglia, both in ventral (nucleus accumbens) and in dorsal (caudate nucleus) striatal regions (Abercrombie et al., 1989).

In addition to the fast increases in catecholamine levels, the stress response is also associated with increases in corticosteroid levels. Corticosteroids (cortisol in humans) start to reach the brain after several minutes and when neurons are reached, they exert fast non-genomic and slower genomic effects. At a non-genomic level, corticosteroids interact with membrane-bound mineralocorticoid and glucocorticoid receptors, which are co-expressed in the hypothalamic paraventricular nucleus, AMY, and HC, but the glucocorticoid receptors are predominant in most brain regions, including the PFC (de Kloet et al., 2005). Corticosteroids also interact with catecholamines, increasing norepinephrine levels in AMY (McReynolds et al., 2010), potentiating the effects of stress on dopamine release (Saal et al., 2003), regulating dopaminergic projections within the PFC (Butts et al., 2011), and enhancing AMY function (Roozendaal et al., 2006; Roozendaal et al., 2008). The slow genomic effects are based on transcription modulation affecting levels of multiple proteins that, in turn, affect neuronal function in multiple brain regions, over the course of hours. For instance, genomic effects modulate PFC activity and connectivity (Yuen et al., 2011) and dorsal HC activity (Karst and Joëls, 2005), a few hours after stress induction or corticosteroid application, in a way that they contribute to a normalization in the aftermath of an acute stressful event (Henckens et al., 2010, 2011; Henckens et al., 2012).

Turning to the behavioral consequence of stress responses, there is a large body of evidence from animal and human research showing that stress can have both beneficial and deleterious effects on learning and memory, reflected in enhanced encoding and consolidation of emotional events vs. impairing memory retrieval and working memory, respectively (Lupien et al., 2007; Roozendaal et al., 2009). As mentioned above, while normal levels of temporary/acute stress can have adaptive function for survival, repeated and prolonged stress can be deleterious for health and survival (McEwen, 1998a, 1998b, 2007). Opposing effects in the response to stressors can also be observed in smaller time windows. Evidence points to time-dependent manner of stress influences on brain function, affecting activity and connectivity of visual, emotional, and cognitive processing brain regions in an opposite manner, in order to overall serve adaptation to changing environmental demands. Temporal effects of cortisol on affective and cognitive functions have started being investigated relatively recently (Henckens et al., 2010, 2011; Henckens et al., 2012; Hermans et al., 2014). For instance, Henckens et al. (2012) investigated the time-dependent impact of cortisol on the neural correlates of attentional processing by using a randomized, double-blind, placebo-controlled approach, involving the following 3 groups: placebo, fast cortisol, and slow cortisol. First, results indicated that the rapid effects of corticosteroids were associated with increased bottom-up/stimulus-driven attentional processing, which caused impaired selective attention (as reflected in increased emotional interference). Neurally, these effects were associated with increased AMY activity and increased AMY-PFC connectivity while processing aversive relative to neutral distraction. These findings from the fast cortisol group suggest that the rapid corticosteroid effects cause stimulus-driven behavior, and can contribute, together with those of catecholamines, to a state of hypervigilance (Joels and Baram, 2009; Roozendaal et al., 2006).

Second, the slow effects of corticosteroids modulated the neural correlates of sustained attention, by reducing bottom-up processing. Specifically, the slow cortisol group showed reduced activation in visual brain regions linked to sustained attentional processing, as well as reduced negative connectivity between activity in the AMY and insula. These findings suggest that the slow corticosteroid effects might counteract the rapid effects by reducing automatic visual/stimulus-driven processing, and enhance the engagement of more controlled processing, to restore brain functions following stress (Dolcos, 2014). Therefore, this study proposes a more adaptive view on the impact of cortisol on attention and emotion according to the temporal profile of action, with an initial effect optimizing detection of potential threat at the cost of impaired cognitive processing, and a delayed effect normalizing cognitive brain functions following stress (Hermans et al., 2014; Joels and Baram, 2009).

Overall, extant evidence highlighting carefully orchestrated effects on executive control regions such as the PFC, and on limbic structures, such as AMY, suggests that exposure to acute stress increases activity in brain regions involved in fear and attentional vigilance, at the cost of executive control regions’ function. This allocation of resources to the affective vs. executive control function reverses, as the stress subsides, normalizing the emotion-cognition balance in the aftermath of stress (Hermans et al., 2014). Notably, while these effects might allow for optimal responding to stressful situations and subsequent recovery in healthy functioning, they are likely impaired in clinical conditions such as PTSD, which is characterized by a continuous state of hypervigilance (Dolcos, 2013), as discussed in Section 5.



4.2 Presence vs. absence of controllability in the stress response

Interestingly, the effects of stress on cognition are also influenced by other factors, such as the subjective or objective controllability8 of the stress. This may explain why in some circumstances and/or individuals stress impairs cognition, whereas in others it may enhance it. There is evidence that the presence of controllability can improve cognitive performance, whereas in uncontrollable situations extremely subjective experience of stress can have detrimental effects on cognitive functioning. The feeling of controllability appears to affect the functioning of the PFC, which inhibits the stress response in the AMY and hence can lead to resilient behavior (Buetti and Lleras, 2012; Henderson et al., 2012; Kerr et al., 2012). For instance, Henderson et al. (2012) investigated the effects of stress controllability and subjective perception of stress on performance on a color-word Stroop task separated by a stress induction block, which was controllable for some participants and uncontrollable for others. Interestingly, controllable stress that was experienced as moderately intense was linked to improved performance (reduced interference), whereas uncontrollable or extreme stress impaired performance (Figure 9). Similarly, even just the subjective feeling of control seems to affect performance (Buetti and Lleras, 2012; Mereu and Lleras, 2013). Buetti and Lleras (2012) investigated the effects of the feeling of control on time perception (estimated duration) of emotional events, and showed that in situations of feeling of control emotion does not impact time perception, whereas in the absence or low feeling of control, time perception is impacted by emotion – that is, negative events are perceived as longer-lasting than positive events, regardless of their level of arousal.
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FIGURE 9
 Stroop interference as a function of controllability and subjective stress. (A) In the group with controllable stress (CSt), moderate levels of subjective stress were associated with improved Stroop performance (reduced interference), whereas low or high levels of subjective stress were related to impaired Stroop performance (left panel). (B) In the group with uncontrollable stress (USt), subjective stress was not related to Stroop performance (right panel). From Henderson et al. (2012), with permission.


At the neural level, the presence of stress controllability has been associated with the involvement of the ventromedial PFC (vmPFC) (Kerr et al., 2012). Investigation of the effects of stress controllability on the neural correlates of anticipatory response to aversive stimuli in snake-phobic participants showed that controllable anticipatory responses were associated with increased vmPFC activity (Kerr et al., 2012). This finding provides evidence for its involvement in reducing stress responses when stress is controllable, likely by inhibiting AMY responses and promoting resilient behavior. On the other hand, decreased activity in vmPFC has been observed during repeated stressful tasks in subjects who had experienced early-life stress (Wang et al., 2013), which could also be linked to stress uncontrollability in those participants. Specifically, during a repeated stressful task, subjects who had experienced early-life stress, and were also high in trait rumination, had reduced vmPFC activity in the later compared to earlier stressful trials. However, subjects who had experienced early-life stress, but were high in trait mindfulness showed sustained vmPFC activity, and subjects without history of early-life stress had an increased vmPFC response over time. Together, these findings suggest that the presence of control (or the feeling thereof) during stressful situations engages PFC mechanisms that regulate emotional reactions in AMY, and the engagement of these mechanism is affected by previous stress history and personality traits.



4.3 The role of individual differences in the stress response

Although research showed that stress can have important consequences on cognition and behavior, and hence can impact physical and psychological well-being, it is also known that stress is not experienced the same way by different individuals (Johnstone and Feeney, 2015). Here, we briefly discuss personality-related differences and then highlight evidence regarding genetic differences in the stress response. Regarding personality differences, neuroticism has been probably the most studied trait regarding individual differences in the response to stressful situations (Canli, 2004; Everaerd et al., 2015; Gunthert et al., 1999), and there is also evidence that high neuroticism is also linked to clinical conditions, such as anxiety and depression (Ormel et al., 2013). As discussed above, there is evidence pointing to individual differences in personality traits indexing coping mechanisms (Wang et al., 2013), and their link with brain functioning associated with early-life stress exposure. The differential vmPFC activity in individuals who experienced early-life stress and were high in trait rumination vs. high in trait mindfulness, highlight the response of this region as an important neuroimaging marker distinguishing stress vulnerability vs. resilience in individuals with early-life stress. In addition, early-life stress exposure can also interact with individual differences linked to traits reflecting habitual use of emotion regulation strategies, such as reappraisal, which has been linked to better mood and more adaptive stress responses (Khawli et al., 2017).

Hence, consideration of individual variations would help better understand why in the same circumstances, some people may be more susceptible to stress effects and even develop affective disorders, while others are more resistant against aversive effects of stress. Related to this, an important emerging area of research (McEwen, 2016) targets ways of building resilience, particularly in the case of high-demand, high-risk occupations, such as Army service members and first responders (de Terte and Stephens, 2014). Consistent with the evidence mentioned above, one such successful way of achieving this has been through mindfulness training (Jha et al., 2010). Indeed, mindfulness training in soldiers has been associated with benefits to both cognitive and affective functioning (Jha et al., 2015; Jha et al., 2010). Moreover, increased mindfulness has also been linked to increased resilience and less burnout in first responders (Kaplan et al., 2017). Other training programs targeting emotion control strategies have also proven successful in increasing resilience and well-being (Dolcos et al., 2021).

In addition to individual variations linked to personality, subjective perception, or previous history of stress, genetic variations can also modulate the effects of stress. Evidence suggests that the opposing effects of stress on memory could be linked to variations in the gene encoding Catechol-O-methyltransferase (COMT), which are linked to individual differences in basal catecholaminergic availability (Qin et al., 2012). For instance, Qin et al. (2012) investigated how COMT genotype (COMT Met homozygotes vs. Val carriers) modulates the effects of moderate stress on WM performance and the associated neural correlates. Behavioral and fMRI data were recorded while participants performed an N-back WM task preceded and followed by either stressful or neutral movies. The results revealed COMT genotype-dependent effects of stress on WM performance and on WM-related activations, in the PFC, and deactivations in the MTL. Specifically, moderate stress led to negative impact in COMT Met homozygotes (characterized by higher baseline catecholaminergic activity), and positive impact in Val carriers (Figure 10).
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FIGURE 10
 Model illustrating the effects of COMT genotype and moderate stress on WM-Related activations in dorsolateral PFC (A) and Deactivations in MTL (B). The model reveals opposite patterns in the effects of moderate stress on dorsolateral PFC activation and MTL deactivation, in Val carriers and Met homozygotes (Met/Met), linked to the basal level of catecholamines. In Val carriers, characterized by suboptimal baseline catecholaminergic activity (see left side of the curve in A, grey-dashed line pattern), moderate stress has positive effects by increasing catecholaminergic activity (top of the curve in A, red-dashed line pattern). This leads to optimal activity in PFC and stronger deactivation in MTL (bottom of the curve in B, red-dashed line patterns). By contrast, in Met homozygotes, characterized by already higher level baseline catecholaminergic activity (top of the curve in A, grey-full line pattern), moderate stress leads to even stronger elevation of catecholamines (right side of the curve in A, red-full line pattern). This results in altered functioning of PFC and less deactivation in MTL (right side of the curve in B, red-full line pattern). PFC, prefrontal cortex; MTL, medial temporal lobe. From Qin et al. (2012), with permission.


These effects appear to depend on the baseline catecholaminergic activity, and to follow an inverted-U curve. Val carriers start with a lower (sub-optimal) baseline level of catecholaminergic activity and under moderate stress this activity increases to optimal levels so that it leads to optimal performance and increased dorsolateral PFC activation together with stronger deactivation of the MTL, extending to the AMY. The opposite pattern is observed in Met homozygotes, which start already with higher baseline levels of catecholamines, and moderate stress induction leads therefore to their stronger elevation resulting in impaired performance and decreased PFC activation together with less deactivation in the MTL. Overall, these findings suggest that COMT Met-homozygotes are more susceptible to detrimental effects of stress, whereas Val-carriers are more resilient.

Collectively, evidence regarding the impact of stress on cognition suggests opposite effects linked to the level of stress, the presence or absence of controllability, and linked to individual differences in personality traits and genes. Namely, optimal and controllable levels of stress can have beneficial effects on cognition and behavior, whereas extreme and repeated stress impairs cognition and may lead to the development of affective disturbances. Neurally, the available evidence suggests that the actual/objective presence, or just the mere subjective feeling, of control over stressful situations engages PFC mechanisms that regulate emotional reactions in the AMY. Moreover, PFC functioning in response to stressors has been also linked to individual variations in personality traits indexing vulnerability to (trait rumination) or resistance against (train mindfulness) emotional dysregulation, as well as to genetic differences associated with susceptibility to (COMT Met-homozygotes) or resilience against (Val-carriers) stress. This sections also points to training interventions to increase resilience and well-being (Dolcos et al., 2021; Jha et al., 2010).




5 Linking opposing effects of emotion on cognition in affective dysfunctions: the case of PTSD

In vulnerable individuals, stressful life events may cause PTSD, which is associated with highly intense and intrusive memories and thoughts that disrupt normal daily functioning. This clinical condition is characterized by changes in both emotional and cognitive processing, typically reflected in increased emotional reactivity (hypervigilance toward potential threats in the environment) and uncontrollable recollection of traumatic memories, which reflect impaired cognitive/executive control (Brown and Morey, 2012; Hayes et al., 2012; Rauch et al., 2006; Shin and Liberzon, 2009). These changes are reflected in regions associated with functions that may be enhanced (AMY) or impaired (PFC) by emotion. Findings from a fMRI study of emotional memory showed reduced activity in the AMY-MTL memory system, during memory encoding, suggesting dysfunction of the mechanisms typically involved in emotional memory. Interestingly, this altered brain activity during encoding was accompanied by increased false alarm rates during retrieval, in PTSD participants compared to a trauma exposed control participants (Hayes et al., 2011). This is consistent with non-specific (gist-based) memory for trauma-related material in PTSD, likely due to dysfunctional engagement of the MTL mechanisms during encoding, due to hyperarousal (Figure 11A). In addition, findings from a fMRI study of WM with emotional distraction showed that the PTSD group also had greater trauma-specific activation than the control group in main emotion processing brain regions, including the AMY and vlPFC, as well as in perceptual brain regions susceptible to emotion modulation (e.g., fusiform gyrus) (Morey et al., 2009). Importantly, though, the PTSD group also showed greater non-specific disruption of activity to both combat-related and neutral task-irrelevant distracters in brain regions that subserve the ability to maintain focus on goal-relevant information, including the dlPFC (Figure 11B). This undifferentiated dlPFC response to combat and non-combat distracters in PTSD is consistent with the hypervigilance hypothesis that may explain enhanced response to, and distracting effect of, neutral stimuli.
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FIGURE 11
 Changes in MTL and prefrontal regions activity pointing to a possible link between enhancing and impairing effects of emotion, in PTSD. (A) Reduced memory-related activity for trauma-related pictures in the anterior hippocampus (HC) linked to increased symptoms of arousal suggests impaired encoding of traumatic memories. Adapted from Hayes et al. (2011), with permission. (B) Comparison of brain activity in dlPFC during the active maintenance period of a working memory task in the PTSD and Trauma-Exposed Control (TEC) groups points to non-specific disruption of dlPFC response to salient task-irrelevant distracter scenes in the PTSD group, which unlike the TEC groups showed an undifferentiated response in the dlPFC to combat and neutral distracters. dlPFC = dorsolateral prefrontal cortex. Adapted from Morey et al. (2009), with permission. (C) Diagram illustrating a possible link between the impact of emotion on long-term memory and working memory in PTSD, which could be initiated and maintained due to non-specific effects of heightened arousal. From Dolcos (2013), with permission.


This evidence suggests a link between the initial impact of emotion influencing episodic memory and the impact of their retrieval triggered by trauma-related pictures presented as task-irrelevant distracters during the WM task (Figure 11C). Specifically, reduced AMY-HC engagement during the formation of memory for trauma-related pictures in the episodic memory study may be explained by initial non-specific encoding of gist-based, decontextualized representations, instead of specific and detailed contextual details of the trauma-related memories, due to hyperarousal. This, in turn, leads to non-specific responses in dlPFC, when trauma-related and neutral stimuli (external or internal; Dolcos and McCarthy, 2006; Iordan et al., 2019) are presented as task-irrelevant distracters, and to symptoms of hypervigilance, which contribute to the maintenance of a hyperarousal state and to non-specific (re)encoding of traumatic memories, in a continuous vicious cycle (Dolcos, 2013). This view is consistent with possible interpretation of PTSD symptoms (e.g., enhanced threat detection, disrupted executive control) as context dependent outcomes linked to a common cause — i.e., over-prioritization of threat-related external stimuli and internal trauma-related thoughts that can disrupt cognitive processing (e.g., Hirsch and Mathews, 2012).

In summary, this evidence points to general and specific emotional and cognitive disturbances in PTSD, which are linked to alterations in the neural circuitry underlying emotion-cognition interactions, and impact both immediate and long-term effects of emotion on working and episodic memory, respectively.



6 Comparing opposing effects of emotion on cognition across fields: healthy aging vs. depression

Evidence for opposing influences on emotion can also be identified in comparisons across groups with opposing emotional biases, such as healthy aging (showing a positive affective bias) vs. depression (showing a negative affective bias). Direct comparisons of the neural mechanisms underlying such opposing affective biases could help determine whether the biases observed behaviorally are also reflected in the neural responses associated with differences in the ability to control emotions observed in these two groups (i.e., impaired in depression vs. enhanced in healthy aging). Aging is associated not only with well-known co-morbidities and losses but also with relatively high levels of emotional well-being, possibly as a result of a positive affective bias in processing emotional information (Mather, 2012; Mather and Carstensen, 2005). The idea of a positivity bias in aging is supported by evidence showing that older adults tend to (i) pay attention to and remember more positive information (Charles et al., 2003; Isaacowitz et al., 2006; Mather and Carstensen, 2003) and (ii) show reduced processing of negative information, compared to young adults (Grühn et al., 2007; Wood and Kisley, 2006). From a clinical perspective, older adults have lower rates of depression and anxiety disorders compared with younger adults, indicating cohort differences that may reflect an aging-related decrease in negative affect (Jorm, 2000; Kryla-Lighthall and Mather, 2009). However, older adults’ ability to shield their thoughts and emotions from negative situations suggests an enhanced ability to control emotions (Dolcos et al., 2014; Gross et al., 1997). Notably, similar to the contrast discussed in the case of PTSD, the opposing affective biases observed in healthy aging vs. depression could also be seen as potentially reflecting context dependent outcomes linked to a common process — i.e., opposing valence-dependent prioritization in processing affective information.

Neuroimaging evidence confirms the emotion-regulation account for the positivity bias (for a review, see Nashiro et al., 2012), and points to the role of the medial PFC (mPFC) and the adjacent anterior cingulate cortex (ACC) in the regulation of negative and positive emotions (Dolcos et al., 2014; Gutchess et al., 2007; Kensinger and Schacter, 2008; Leclerc and Kensinger, 2008; St Jacques et al., 2010; Tessitore et al., 2005). Moreover, there is also evidence of increased functional connectivity between the ACC and AMY in healthy older adults, who also showed overall reduced emotional ratings in response to viewing negative pictures (St Jacques et al., 2010) (Figure 12A).
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FIGURE 12
 Converging evidence from healthy aging and depression regarding the role of ACC in emotion regulation. Comparison of findings from populations showing contrasting affective biases in the domain of emotion regulation point to similar neural circuitry linked to enhanced (healthy aging; A & B) vs. diminished (depression; C) cognitive control of emotion. (A) Increased functional connectivity between the amygdala and the anterior cingulate cortex (ACC) in the healthy aging group, who also showed reduced emotional ratings in response to viewing negative pictures. The y-axis represents the difference in trial-level correlations between negative and neutral conditions; adapted from St Jacques et al. (2010), with permission. (B) Increased activity in ACC linked to reduced ratings for negative pictures in healthy older adults, consistent with habitual engagement of emotion regulation strategies in this group; adapted from Dolcos et al. (2014), with permission. (C) Decreased ACC activity in patients diagnosed with major depressive disorder (MDD), who also showed impaired ability to disengage from processing mood-congruent sad distracters; adapted from Wang et al. (2008), with permission.


Interestingly, the age differences in the ACC-AMY interactions were associated with changes in the perceived emotional content of negative pictures, reflected in more “neutral” ratings given by the older participants to the negative pictures (St Jacques et al., 2010). This suggests a role of this region in down-regulating the response to negative stimuli, possibly by reducing AMY activity when regulation is successful. This idea was recently confirmed by evidence that activity in similar ACC areas was negatively correlated with the behavioral ratings for negative stimuli in older adults (Dolcos et al., 2014) (Figure 12B), thus providing further support for a role of this region in spontaneous down-regulation of negative emotions in healthy aging.

Interestingly, available evidence links similar brain regions to diminished ability to disengage from processing task-irrelevant negative emotional information in depression (Wang et al., 2008), which is associated with in a negative affective bias in processing emotional information (Gotlib et al., 2005; Koster et al., 2005; Siegle et al., 2002). Clinical studies have linked impaired executive control and enhanced emotional distractibility observed in depression to dysfunctional interactions between neural systems involved in cognitive/executive and emotion processing (Drevets, 2001; Mayberg, 1997; Mayberg et al., 1999). Studies using fMRI in depressed patients have reported activity changes in the medial frontal regions (Price and Drevets, 2009), particularly the ACC, as well as in the AMY and other limbic structures (see review by Drevets, 2001). Several studies have also described transient exaggerated activity in ventral frontal and limbic regions, including the AMY (Fu et al., 2004; Sheline et al., 2001; Siegle et al., 2002), in young adults with depression during processing of negative emotional stimuli, although this enhanced activity is not always found (Davidson et al., 2003). Similarly, transient increases or decreases in the dlPFC activity have been reported in depressed patients while performing cognitive tasks (Harvey et al., 2005; Matsuo et al., 2007; Siegle et al., 2007; Wagner et al., 2006). Interestingly, consistent with reduced emotion control in depression, recent evidence (Wang et al., 2008) points to dysfunctional ACC responses following emotional distraction, in areas overlapping with those identified in healthy aging as showing increased response linked to enhanced ability to control emotions (Figure 12C).

The role of these medial frontal regions in the depressive symptomatology is further emphasized by the results of therapeutic interventions showing normalizations of mPFC and AMY activity following pharmacological and non-pharmacological treatments. For instance, pharmacological antidepressant treatments typically report normalization of pre-treatment activity differences in mPFC (Fitzgerald et al., 2008; Mayberg et al., 1999) and AMY (Anand et al., 2007; Sheline et al., 2001). Notably, similar effects in restoring brain function have also been obtained using non-drug therapy, such as cognitive behavioral therapy. Namely, there is evidence of normalized mPFC and AMY activity, following cognitive behavioral therapy, and of a link between increased mPFC activity at baseline and treatment-related improvements (Ritchey et al., 2011). Again, the medial frontal area sensitive to these effects is located in close vicinity to the ACC areas linked to dissociable ability to control emotion in healthy aging (enhanced) vs. depression (impaired) illustrated in Figure 12. Consistent with mPFC/ACC activity as a possible neural marker of treatment-related improvement, there is also evidence of normalized resting-state functional connectivity between mPFC and AMY, consistent with reduced bottom-up influences from emotion processing regions, following emotion control training (Dolcos et al., 2021).

Together, this evidence from groups with opposing emotional biases identify activity in the mPFC/ACC as a biological marker of emotional resilience vs. vulnerability in healthy aging vs. depression, respectively, hence linking its response to differential ability to control emotional responses in these groups. Importantly, therapeutic interventions improve emotion regulation processes in depressed patients by normalizing activity in these areas. Therefore, direct comparisons of these groups with opposing emotional biases and emotion regulation abilities provide an exciting research avenue in addressing mental health issues associated by emotional dysregulation. Such studies can lead to identification of additional neural markers that can be targeted in therapeutic interventions.



7 Conclusions and future directions

The overarching goal of the present review was to discuss emerging findings from studies identifying enhancing and impairing effects of emotion on cognition at different levels of analysis. Available research provides evidence that these opposing effects of emotions can be observed within the same cognitive domains, across cognitive domains, at the more general level of the response to stressors, as well as within clinical groups and across groups with opposing affective biases. Importantly, these multilevel9 relations are also influenced by individual differences, which underlines the need for adopting a comprehensive view in studies examining emotion-cognition interactions, in both healthy and clinical populations. The main conclusions of the present review are summarized below and followed by open questions for future research.

Investigation of the opposing effects of emotion within the same cognitive domains focused mainly on enhancing and impairing influences on perceptual/attentional and episodic memory processes. Findings concerning the impact of emotion on visual perception and attention point to the critical role of intrinsic factors, such as prioritization of emotional information processing and differential susceptibility to modulation by attention along the time-course of the emotional response, in eliciting enhancing and impairing effects. In addition, task-related contingencies, such as the context of the emotional information (task-relevant vs. irrelevant) and its presentation timing relative to non-emotional information (simultaneous vs. asynchronous), also play a substantial role in these effects. Neurally, these opposing behavioral effects are predominantly linked to the involvement of the AMY, which is sensitive to initial bottom-up prioritization and influences allocation of cortical resources to process emotional information. Similarly, the opposing effects of emotion on episodic memory have been linked to dissociable engagement of the AMY according to the differential impact of arousal on various aspects of the information to be remembered (e.g., central vs. peripheral, high- vs. low-prioritized). More generic dissociations between singular or unitized items’ encoding and formation of complex associations, also contribute to the opposing effects of emotion on different aspects of episodic memory. In this more comprehensive perspective, emotion may lead to memory enhancement of separate as well as unitized items, but to impairment of more complex HC-dependent memory representations. However, novel evidence provides reconciling evidence regarding the impact of emotion on RM, which highlights the importance of considering different aspects of emotional events and their complex interactions that lead to successful memory formation and retrieval.

Evidence from studies investigating impairing and enhancing effects of emotion across cognitive domains, such as perception and WM vs. episodic memory, points to both overlapping and dissociating mechanisms involved in the two opposing effects. Bottom-up AMY-MTL mechanisms are involved in both the impairing and enhancing effects of emotion on perception/WM vs. episodic memory. Top-down PFC mechanisms dissociate between the enhancing and impairing effects, pointing to a dorsal-ventral distinction between PFC mechanisms involved in maintenance of goal-relevant information (dlPFC), and the ones involved in coping with emotional distraction linked to enhanced episodic memory for the distracters themselves (vlPFC).

The opposing effects of acute stress on cognition have been linked to a variety of factors, ranging from the objective properties of the stressors and the subjective experience of stress to individual variations in personality traits and genotype, reflected in a differential engagement and interplay between MTL and PFC mechanisms. Available evidence points to carefully orchestrated neuromodulatory effects on executive control regions such as the PFC, and the limbic and subcortical structures such as the AMY, involved in emotional and attentional vigilance. Initial involvement of the latter comes at the cost of the engagement of the former, but as the stress subsides allocation of resources to the affective and executive control function reverses, hence normalizing the emotion-cognition balance in the aftermath of stress.

The opposing effects of emotion tend to co-occur and are both deleterious in affective disorders, such as PTSD, where uncontrolled recollection of distressing memories leading to impaired cognition due to emotional distraction could be linked to non-specific effects of heightened initial and perpetuated arousal. These effects also point to alterations of both bottom-up and top-down mechanisms in affective disorders. Finally, evidence from across-fields comparisons of groups with opposing emotional biases, such as healthy aging (showing a positive bias) vs. depression (showing a negative bias), identified the mPFC/ACC as biological markers of emotional resilience/vulnerability. This evidence links enhanced response in this region with increased ability to control emotions, characterizing healthy aging, and decreased response with impaired emotion control characterizing depression. Findings from these groups with opposing emotional biases highlight the benefits of across-group comparisons and suggest that capitalizing on the “elders’ wisdom” in emotion control is a viable strategy in addressing mental health issues.

Despite significant progress in clarifying the mechanisms underlying opposing effects of emotion, important open questions still remain. In the reminder of this section, we will elaborate on some of the most prominent emerging topics that need to be considered in future investigations.

	1. Future research on the enhancing and impairing effects of emotion on visual perception and attention could examine how inter- and intra-individual differences, and/or availability of attentional resource at the time of emotion processing, influence the magnitude of these effects. For example, it would be informative to determine if the relation between individual differences and the degree of emotion’s impact is dependent upon the specific effect examined (i.e., enhancing vs. impairing). There is evidence that enhancing effects (better memory for emotional events) are more stable and systematically observed across individuals, whereas impairing effects (increased emotional distraction) are more susceptible to individual variations (Dolcos et al., 2013). However, it is not known whether individual differences in emotional or cognitive domain (or their interaction) are more predictive of impairing effects, and maybe differentially suited for modulating the link between opposing effects of emotion, linked to various cognitive aspects. That is, it is possible that inter-individual differences in the emotional domain may more optimally explain opposing effects of emotion linked to the attention-insensitive time window of the emotion response, whereas inter-individual differences in the cognitive domain may better explain opposing effects related to time window(s) that are more attention sensitive. Aside from clarifying inter-individual differences, it is also relevant to examine the role of intra-individual/state differences, such as linked to menstrual cycle (Sacher et al., 2013), sleep deprivation (Krause et al., 2017), different developmental stages (Ladouceur, 2012), or recent (traumatic) experiences (Hayes et al., 2012), in the interplay between emotion and cognition. Finally, while the influence of the attentional resources on the impact of emotion on lower level perceptual processes has been clarified (Shafer et al., 2012), it is less clear how manipulation of attentional resources within higher level cognitive processes can modulate the impact of emotion (but see Clarke and Johnstone, 2013) and how they are modulated by intra- and inter-individual differences.
	2. Regarding episodic memory, an important issue concerns the opposing effects of emotion on associative or relational memory. The idea of differential impact of emotion on memory for items vs. their associated context has only recently been tested more rigorously (Bogdan et al., 2024). By accounting for attention effects (both with eye-tracking and through task manipulation) and also measuring memory for associations more completely (both subjectively and objectively), Bogdan et al. (2024) demonstrated the circumstances in which emotion impairs or enhances RM. Notably, the latter evidence points to ways in which forgetting the contextual details of intense emotional circumstances or stressful events can be prevented. These findings not only disrupt the status quo at the theoretical level, but also has practical implications about what we can do to control, channel, and capitalize on the emotions’ energy to remember better. Moreover, this study also identified the involvement of specific MTL and vlPFC mechanisms, whose engagement and interaction result in enhanced RM by emotion. The findings reported by Bogdan et al. (2024) are consistent with a model of dual enhancement of associative memory by emotion (DEAME) in the MTL, but more research is needed to identify the contribution of the two MTL routes mentioned above (emotion-to-memory and perception-to-memory). Other aspects that deserve further attention are related to the clarification of the emotion’s effects on memory for other associations, such as those assessed by tests of source memory (see Ventura-Bort et al., 2024, in the present Research Topic), as well as those involving temporal associations (Bogdan et al., 2023a; Talmi and Palombo, 2024) and spatio-temporal integration.
	3. Further insights regarding opposing effects of emotion within and across processes could be provided by linking the interplay between enhancing and impairing effects of emotion with interactions between the main functional networks of the brain. Converging evidence from investigations of large-scale brain organization and from affective neuroscience suggests that emotion-cognition interactions elicit specific patterns of response in brain regions associated with the major brain networks. Current models of brain organization (e.g., Bressler and Menon, 2010; Seeley et al., 2007; Yeo et al., 2011) typically describe several major functional networks, such as the central-executive, salience, and default-mode networks, which implement domain-general functions, such as executive control, orienting toward motivationally salient stimuli, and self-referential processing, respectively (for alternative but compatible conceptualizations, see Dosenbach et al., 2006; Dosenbach et al., 2008; Dosenbach et al., 2007; Gordon et al., 2014; Power et al., 2011; Power and Petersen, 2013). Although subtle separations between these networks are still a matter of debate (Gordon et al., 2014; Yeo et al., 2011), evidence suggests substantial overlaps between the dorsal executive and ventral affective systems identified by investigations of emotion-cognition interactions (Iordan et al., 2013) and the central-executive and salience networks, respectively. The default-mode network has been implicated in various functions linked to emotion, such as retrieval of personally-significant memories and self-regulation (Cabeza and St Jacques, 2007; Denkova et al., 2015; Iordan et al., 2019). In this view, the enhancing and impairing effects of emotion may emerge from synergistic or antagonistic interactions among the large-scale brain networks. Among these networks, the salience network appears to most reliably track the emotional response (Lindquist and Barrett, 2012). However, executive aspects of processing involved in the response to emotional distraction (e.g., coping with distraction) seem to involve the cingulo-opercular network, which is anchored in the fronto-insular and anterior cingulate cortices (Gordon et al., 2014). Clarification of these overlaps and dissociations warrants further research.
	4. Separation into functional domains subserved by the salience and executive control networks also provides a useful framework for better understanding adaptive changes in behavior associated with the impact of stress on cognition, at different time scales (Hermans et al., 2014). According to this model, in the acute stress phase, up-regulation of the salience network and suppression of the executive control network promotes rapid responses essential for short-time survival, such as fear and vigilance, based on more rigid patterns of behavior, and at the expense of elaborate cognitive control (Hermans et al., 2011). After the stressor subsides, during the recovery phase, a reverse shift occurs which promotes normalization of emotional reactivity and enhancement of higher-order cognition, important for long-term survival (Henckens et al., 2011). Hence, investigating the conditions leading to the recruitment of the salience network in conjunction or in conflict with the other brain networks provides a promising avenue for determining links and dissociations between the opposing effects of emotion and their relevance for psychopathology (Menon, 2011; Sylvester et al., 2012; Uddin, 2014).
	5. Furthermore, comparing the brain mechanisms engaged by emotional distraction would potentially allow a more fine-grained dissociation between the network components of the dorsal-executive and ventral-affective neural systems, in the context of active task performance. Although the study of large-scale neural networks (e.g., Dosenbach et al., 2007; Power and Petersen, 2013; Seeley et al., 2007; Yeo et al., 2011) has become possible as a result of assessing resting-state functional connectivity, this method has limited ability to capture dynamic interactions among these networks, and thus it provides only a “static picture” of their connectivity. By contrast, specific task manipulations used by studies of emotion-cognition interactions (reviewed in Dolcos et al., 2011; Iordan et al., 2013) have proven effective in eliciting active dissociations among the major brain networks. Hence, such dual tasks with cognitive/ executive and emotional components provide a useful way of studying active interactions between the large-scale brain networks. For instance, there is evidence suggesting that the salience network mediates the interactions between the fronto-parietal and default-mode networks (Di and Biswal, 2013; Goulden et al., 2014). Biasing toward processing of internal or external information by manipulating the originating source of emotion in the context of dual cognitive-emotional tasks (e.g., Iordan et al., 2019) could provide a direct way of testing this hypothesis. Investigation of these networks could also benefit from the employment of novel approaches designed for enhanced interpretability and effectiveness at relatively limited sample sizes of the typical fMRI studies (Bogdan et al., 2023b).
	6. Finally, future investigations of the brain mechanisms involved in the response to and coping with emotional distraction in both healthy and clinical populations would benefit from considering not only distracters coming from the outside world (external distraction) but also distracters originating from the internal environment, such as memories or thoughts about distressing events (internal distraction). Although previous investigations by us and by others (reviewed in Dolcos et al., 2011; Iordan et al., 2013) provided basic evidence concerning the behavioral and brain mechanisms by which irrelevant emotions interfere with on-going cognitive performance, they focused only on the effects of external distraction, such as emotional pictures, and thus it is unclear whether internal distraction produces similar effects. This issue is important because cognitive interference can be elicited also internally (Smallwood and Schooler, 2006), and is exacerbated in affective disturbances (Dolcos, 2013). Hence, clarifying the role of the internal environment in the impact of emotional distraction on cognitive processing could provide insights into the mechanisms of cognitive interference produced in affective disorders by rumination on distressing memories (Cooney et al., 2010; Nolen-Hoeksema, 1991), which can act as a potent internally-generated emotional distraction (Iordan et al., 2019). Notably, training programs that involve exposure to both internal and external emotional challenges provide the opportunity to strengthen emotion regulation and coping strategies, which can result in increased resilience and well-being (Dolcos et al., 2021). The effectiveness of such training programs could be further increased by complementing them with neuromodulation interventions targeting key brain regions identified by neuroimaging studies (Dolcos et al., 2021; Bogdan et al., 2024).

Overall, the present review emphasizes the need to consider the various factors that can influence opposing effects of emotion on cognition and identifies new avenues for future investigations of emotion-cognition interactions. These issues have relevance for understanding mechanisms of emotion-cognition interactions in healthy functioning and in clinical condition where such opposing effects of emotion tend to be exacerbated and deleterious. The ultimate goal of research in this field is identification of the factors that allow for optimal emotion-cognition interactions, which result in happy, healthy, and productive lives.
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Footnotes

1   Enhancing vs. impairing effects of emotion may be associated with beneficial vs. detrimental effects, respectively, and hence to some extent these notions can be used interchangeably. However, this is not always the case, as dissociations can also be identified. For instance, attending to task-irrelevant emotional distraction may impair performance in cognitive tasks at hand. However, from an evolutionary perspective, having in place neural systems sensitive to emotional information whose detection and processing is relevant for survival (e.g., in threatening situations) is adaptive and hence beneficial. Therefore, the impairing effects of emotional distraction may be seen as “necessary side-effects” (or by-products) of enhancing effects of emotion on attention and perception, which overall are beneficial for survival. In the case of psychopathology, on the other hand, exacerbation of both enhancing and impairing effects of emotion are context inappropriate and thus indeed detrimental. Specifically, at a basic level, enhanced emotional memory retrieval is beneficial for survival, if it helps us predict/avoid dangerous situations. However, if it causes suffering, such as in the case of PTSD patients, who may inappropriately re-experience memories for traumatic events in actually safe situations, such enhanced memory is maladaptive and hence deleterious. This clarification is important, because a rigid view that impairing effects of emotion (or stress for that matter) on cognition are always detrimental hampers research progress. Hence, in the present discussion, enhancing/impairing effects refer to the impact of emotion on the cognitive processes or performance measures of interest (perception, memory, etc.), rather than to beneficial/detrimental effects in general, or from an evolutionary standpoint.

2   Literature regarding the influence of stress on cognitive processing is discussed in more detail in Section 4.

3   It is important to note that this section we only discussed research investigating the effects of emotion linked to the characteristics of the stimuli, rather than to the emotional state one may be in. Indeed, one’s emotional state can also impact cognition and behavior, and there is evidence that emotional state can affect visual attention and perception. Perhaps the more widely known phenomenon is the influence of mood on attentional scope, with positive mood linked to increased distributed attention and negative mood to more focused attention (Vanlessen et al., 2016; Whitmer and Gotlib, 2013). Additionally, and perhaps lesser known, is the effect of mood and emotional state on perception. Specifically, loudness, height, and distance judgements have all been shown to be influenced by one’s emotional state (Anderson et al., 2011; Riener et al., 2011; Siegel and Stefanucci, 2011; Stefanucci and Proffitt, 2009; Zadra and Clore, 2011).

4   The opposing effects of emotion on episodic memory discussed here refer to the characteristics of the information to be remembered (central vs. peripheral; prioritized vs. non-prioritized, items vs. associations), rather than to different memory stages (encoding vs. retrieval). Effects of emotion on different memory stages are discussed in detail elsewhere (Dolcos et al., 2017a; Dolcos et al., 2017b).

5   Of note, priority can be assigned by bottom-up salience (e.g., emotional) or by top-down (goal-relevant) relevance (Lee et al., 2012; Sakaki et al., 2014a).

6   Similar to the case of perception and attention, one’s emotional state can also impact episodic memory (Fitzgerald et al., 2011; Greene et al., 2014; Lewis et al., 2005). In short, available research suggests that emotional states can lead to differential effects depending on their congruency with the emotional information to encode and retrieve, a phenomenon known as mood-congruent memory (Blaney, 1986). For instance, memory is enhanced when the mood valence is consistent between encoding and retrieval, or when there is congruency (during encoding or retrieval) between the subject’s mood and the valence of the information to be encoded/retrieved (Fitzgerald et al., 2011). The differential impact of emotional stimuli vs. emotional state is still an open question, as research trying to delineate these effects is scarce (Cohen et al., 2016). Hence, clarification of this issue is a fruitful avenue for future research, both in normal functioning and in affective disorders, which are characterized by an overall negative mood and a negative affective bias in attention, perception, and memory (Drevets, 2001).

7   Other psychophysiological states, such as being hungry or sleep deprived, may also influence cognitive processing (Benau et al., 2014; Killgore, 2010). However, due to space limitations, in this section we focus only on stress, as a representative emotional state, whose influence on cognition extends beyond the transient effects typically investigated in studies of emotion-cognition interactions (discussed in Sections 2 & 3). See also the associated footnotes from previous sections, pointing to literatures focusing on state-related effects of emotion on perception/attention and episodic memory.

8   Although some definitions of stress imply uncontrollability, here we refer to studies specifically manipulating controllability.

9   As discussed, emotional information can enhance or impair cognition depending on various factors, including its relevance to the present goals. For instance, emotion can help perception and memory, when task-relevant, or it can be distracting, when task-irrelevant. In this context, although not the focus of the current review, it is worth mentioning that emotional information also influences the behavioral consequences of affective processing, reflected in motor control/action. Interestingly, recent evidence shows that the valence of emotional facial (Mancini et al., 2022; Mirabella et al., 2023; Montalti and Mirabella, 2023) and body postures (Calbi et al., 2022) expressions elicit a consistent behavioral effect only when they are goal-relevant, regardless of the effectors used to provide responses (e.g., hand, arm, legs) or the type of required responses (i.e., moving or refraining from moving). In contrast, when the stimuli’ emotional content is task-irrelevant, it does not affect motor control; see also Mirabella et al. (2024), for evidence regarding the neural correlates associated with the task-relevant effects mentioned above. Overall, this evidence adds nuance to the present discussion regarding opposing effect of emotion of various aspects of cognitive processing and further points to the importance of also considering the behavioral consequences of emotion processing.
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Introduction: It has long been known that highly arousing emotional single items are better recollected than low arousing neutral items. Despite the robustness of this memory advantage, emotional arousing events may not always promote the retrieval of source details (i.e., source memory) or associated neutral information.
Methods: To shed more light on these effects, we pooled data from seven different studies (N = 333) to investigate the role of emotion on item-context binding in episodic memory, as well as potential interacting factors (e.g., encoding instructions, type of retrieval task, or acute stress). In all studies, participants incidentally encoded common neutral objects (i.e., items), overlaid on different pleasant, neutral, or unpleasant background scenes (i.e., contexts). One week later, the encoded objects were presented intermixed with new ones and memory for item and source contextual details was tested, also considering the contribution of recollection and familiarity-based processes.
Results: Linear mixed models revealed a recollection-based retrieval advantage for unpleasant and pleasant source contextual details compared to neutral ones. Bayes hypothesis-testing analysis further indicated decisive evidence in favor of a relevant role of emotional arousal and recollection in source contextual memory. Regarding item memory, linear mixed models revealed enhanced recollection-based memory for items encoded in pleasant contexts compared to their neutral and unpleasant counterparts. However, Bayes analysis revealed strong to moderate evidence for models without affective category (or its interactions), indicating that the affective category of contexts in which objects were paired during encoding had little influence on item memory performance.
Discussion: The present results are discussed in relation to existing evidence and current neurobiological models of emotional episodic memory by also emphasizing the role of predictive processing as a useful conceptual framework to understand the effects of emotion on memory for source details and associated neutral information.
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Introduction

Whereas, most everyday experiences remain in our memory for only a few moments, highly arousing (i.e., pleasant and unpleasant) events such as the first bike ride, a wedding, or an injuring car accident may accompany us forever, as if they “almost left a scar in our cerebral tissue” (cf. James, 1890). Empirical evidence has well established the memory advantage for highly arousing single items (Bradley et al., 1992; Dolcos et al., 2005, 2017, 2020; Schiller et al., 2023; Weymar et al., 2009, 2011; Weymar and Hamm, 2013; Williams et al., 2022). This affective enhancement of memory is less associated with a familiarity-based (i.e., retrieval of an event without specifics) and more with a recollection-based experience (i.e., an elaborate process that includes the retrieval of specific details of the encoding event; Dolcos et al., 2005; Weymar and Hamm, 2013). In real-world situations, however, single items are rarely encountered in isolation, but are rather temporally dynamic (Palombo and Cocquyt, 2020; Bogdan et al., 2023), encoded with other information (Ranganath, 2010), and embedded in a particular context (Chiu et al., 2013). One question, thus, arises as to whether emotion also enhances the retrieval of details that are part of the emotional event (e.g., the how, when, or where, and associated neutral information)—i.e., source memory (Chiu et al., 2013; Dolcos et al., 2017; Mather and Sutherland, 2011; Mather et al., 2016; Murray and Kensinger, 2013; Squire et al., 2007). Available evidence suggests that despite the robustness of the memory enhancing effects of emotion on single items, affectively-laden information may sometimes enhance (D'Argembeau and Van der Linden, 2005; Doerksen and Shimamura, 2001; Graciela et al., 2016; Guillet and Arndt, 2009; Henson et al., 2016; Luck et al., 2014; Maratos and Rugg, 2001; Mather et al., 2009; Mather and Knight, 2008; Minor and Herzmann, 2019; Nashiro and Mather, 2011; Rimmele et al., 2012; Smith et al., 2004, 2005; Ventura-Bort et al., 2016a,b) or impair (Bisby et al., 2015; Bisby and Burgess, 2014; Cook et al., 2007; Ferré et al., 2019; Guo et al., 2018; Kensinger et al., 2007; MacKenzie et al., 2015; Madan et al., 2017, 2012; Mao et al., 2015; Mather et al., 2006, 2009; Mather and Knight, 2008; Nashiro and Mather, 2011; Rimmele et al., 2011; Touryan et al., 2007) the retrieval of source details (e.g., colors, spatial location, contexts, and temporal order of presentation) and associated neutral material (e.g., objects, words). These heterogeneous findings related to the effects of emotion on item-context binding in episodic source memory may be due to various factors (Mather et al., 2016; Bogdan et al., 2024), of which we consider the following two as critical: (1) the prioritization that the to-be-retrieved information receives and (2) the retention interval between encoding and retrieval.

According to the Arousal-Biased Competition (ABC) Theory (Mather and Sutherland, 2011), the modulatory effects of emotion on memory details depend upon the attentional priority that the critical information receives during encoding (e.g., via bottom-up perceptual salience, top-down attentional focus, or prior experience with particular stimuli). Emotion can enhance memory for source details or associated neutral items if they are highly prioritized, integrated in, or unitized with affective information, and can impair it if less prioritized or perceived as a competitor for resources against affective information (Mather et al., 2016; Mather and Sutherland, 2011). Neurobiological mechanisms for these opposing effects have been proposed in the glutamate amplifies noradrenergic effects (GANE) model (Mather et al., 2016). The GANE model suggests that prioritization of information occurs as a result of positive (or negative) feedback between glutamatergic neurons and noradrenergic varicosities of the locus coeruleus (LC) that potentiates (or diminishes) the neuronal activation associated with the mental representation of the prioritized (or non-prioritized) information. Importantly, the LC has widespread projections to brain regions that are thought to modulate encoding and consolidation of emotionally relevant information, including the hippocampus (e.g., Harley, 2007; Mello-Carpes and Izquierdo, 2013) and the amygdala (e.g., Chen and Sara, 2007; Clayton and Williams, 2000; McIntyre et al., 2012; Ventura-Bort et al., 2021; Williams et al., 1998), which are tightly linked to affective episodic memory (Dolcos et al., 2004, 2005, 2017; LaBar and Cabeza, 2006). It has, thus, been proposed that the enhancing effects of prioritization on source details or neutral items encoded with highly arousing information is supported by a positive interaction between glutamate and noradrenaline (NA) in these memory-sensitive regions (Mather et al., 2016).

In parallel to the fast, central phasic noradrenergic release that occurs after the encoding of affectively relevant information, slower physiological responses are initiated, resulting in the release of adrenal stress hormones (epinephrine and glucocorticoids). This peripheral hormonal release modulates central NA and corticosteroids levels in the amygdala and hippocampus (Henckens et al., 2009; McGaugh, 2000, 2004; McIntyre et al., 2012; Schwabe, 2017; Schwabe et al., 2022; Strange and Dolan, 2004), exerting special influence on memory consolidation processes (McGaugh, 2004; McIntyre et al., 2012; Schwabe et al., 2013; Strange and Dolan, 2004). Indeed, when memory for emotional and neutral items is tested after short retention intervals (e.g., 3–5 min after encoding)—diminishing the influence of peripheral catecholamines and glucocorticoids release in modulating central activity—, the recognition advantage for highly arousing vs. neutral items is less pronounced (Sharot et al., 2004; Sharot and Yonelinas, 2008; Schümann et al., 2017) compared to when tested after longer retention intervals (>24 h; Dolcos et al., 2005; Ritchey et al., 2008; Schümann et al., 2017; Segal and Cahill, 2009; Sharot et al., 2004; Sharot and Yonelinas, 2008; Weymar et al., 2009, 2010). These effects that may be mediated by enhanced consolidation processes may further extend to source memory retrieval as a memory advantage for source details paired with highly arousing (particularly unpleasant) compared with non-arousing information, has been found after long, but not short, retention intervals (Pierce and Kensinger, 2011).

Under the assumptions that high prioritization and long retention intervals may boost the impact of emotion on source memory and associated neutral items, we investigated—across a series of studies—their effect on emotional item-context binding on behavioral and neural level (Ventura-Bort et al., 2016a,b, 2020b, 2024 see also Table 1 for unpublished studies). In the first session, participants incidentally encoded common neutral objects (i.e., items), overlaid on different pleasant, neutral, or unpleasant background scenes (i.e., contexts). Later, the encoded objects were presented intermixed with new ones and memory for items and source contextual details were assessed.1 Critically, high prioritization was promoted by presenting the neutral objects prior to the scenes to ensure that they capture attentional resources. In addition, to facilitate the item-context binding, objects were not visually separated from the background scenes (Jaeger et al., 2009; Jaeger and Rugg, 2012; Smith et al., 2004, 2005), but directly overlaid on top of them. In addition, most studies included an encoding instruction to imagine the object as a part of the scene further facilitate item-context binding (Ventura-Bort et al., 2016a). Furthermore, we used a long retention interval (i.e., 1 week) to promote consolidation processes. To differentiate between familiarity and recollection processes we further used the Remember/Know procedure (Tulving, 1985) in most of the studies. In this task, participants indicate whether they can retrieve rich contextual details of the contiguous attributes of the encoding episode (i.e., Remember judgments), a process associated with recollection, or whether their retrieval lacks contextual specifics (i.e., Know judgments), a phenomenon associated with familiarity. Across studies, we observed consistent recollection-driven source memory enhancement for highly arousing source contextual information, but the expected memory advantage for items integrated in pleasant and unpleasant contexts was less reliable (e.g., Ventura-Bort et al., 2020b, 2024). In some cases, the memory advantage for objects from both pleasant and unpleasant contexts was observed (Ventura-Bort et al., 2020a), in others, these effects were exclusively found for items encoded in pleasant contexts (Ventura-Bort et al., 2016a,b), and in some studies, no differences were found in memory performance between items encoded in arousing and neutral contexts (Ventura-Bort et al., 2020b, 2019b; Wirkner et al., 2015; Buchwald et al., 2022). These findings indicate that even when high prioritization and long retention intervals are promoted, other factors may need to be considered to clarify the role of emotion in the retrieval of associated neutral information (Madan et al., 2017, 2019, 2020; Ventura-Bort et al., 2020a,b). Some such factors may be related to methodological differences between studies (see also Bogdan et al., 2024), which, in the current case, included variations in the encoding instructions, material used, lab environment, retrieval task employed, or the application of a standardized stress protocol.


TABLE 1 Summary of the study characteristics.

[image: A table summarizes various studies, listing references, study numbers, gender ratio, mean age, protocol, groups, shortened names, sample sizes, encoding instructions, scene categories, mean valence, mean arousal, environment, retrieval tasks, source location, number of new items, and number of old items per category. The studies vary in design, involving stress protocols, different environments like EEG and MRI labs, and tasks involving either remembering or recognizing items.]

One useful approach in investigating this issue is data pooling, which provides an opportunity to comprehensively characterize the effects of emotion on long-term source memory. By increasing overall sample size, the pooling of independent studies with relatively homogeneous experimental designs may favor the exploration of interacting effects and the generalizability of the findings (Boedhoe et al., 2019; Giraudier et al., 2022). Therefore, we conducted a mega-analysis of seven studies (N = 333; methodological details of each individual study are summarized in Table 1), to clarify the impact of emotion and potentially interacting factors (i.e., encoding instructions, retrieval task, environmental settings, and stress protocol) on long-term memory performance for emotionally arousing contexts and associated neutral items.

Given that source memory and memory for associated neutral items embedded in emotional contexts may benefit from high prioritization and long-term retention periods (as promoted in the study designs), evidence for a better recollection-based, source contextual memory performance for both pleasant and unpleasant contexts compared to neutral contexts is expected. Similarly, evidence for recollection-driven enhancing effects for items encoded in highly arousing contexts is also hypothesized.



Methods


Participants

We pooled data from previously published and unpublished studies that investigated the effects of emotion on item/context binding in episodic memory. The total sample consisted of 333 healthy young adults (Mage = 23.5; female = 260, male = 73; Table 1 for gender distribution across samples). All participants provided informed written consent for the experimental protocol, which was approved in accordance with the declaration of Helsinki (Ethic's Approval number: MW 032014_rev_1). A summary of the studies is provided in Table 1.



Stimulus material

In all studies, neutral objects were used as items and pleasant, unpleasant, or neutral pictures as contextual background scenes. Objects were extracted from two different datasets, The Bank of Standardized Stimuli (BOSS; Brodeur et al., 2012, 2014) and the Ecological Adaptation of Snodgrass and Vanderwart set (Moreno-Martínez and Montoro, 2012). Objects belonged to a variety of different semantic categories (e.g., office supplies, electronics, and household objects) and were grouped in six different sets carefully matched in terms of semantic category, familiarity, object agreement, and manipulability, according to the normative ratings of the standard samples (see BOSS and ecological adaptation of Snodgrass and Vanderwart norms). Background scenes were chosen from the International Affective Picture System (IAPS; Lang et al., 2008). Normative valence and arousal ratings were used to categorize the images as pleasant, unpleasant, and neutral. Each contextual background scene was paired with one item. To ensure that all items were equally paired with the different contextual background categories, item/context category pairings were counterbalanced across participants by creating different lists (for details of list construction see Ventura-Bort et al., 2019a, 2020b), in which items were assigned to different experimental conditions across lists (as old items paired with pleasant, neutral, or unpleasant contexts or as new items; see for details, Ventura-Bort et al., 2020b). Each participant was randomly assigned to one of the lists.



Encoding task

During encoding, items were superimposed on contextual background scenes (Figure 1). The number of item/context pairings encoded varied across studies (see Table 1). Each trial began with the presentation of an item in one of the four quadrants of a black screen. After 3,000 ms, a pleasant, unpleasant, or neutral contextual scene was added as background. The presentation of the item/context pairing lasted 5,000 ms. During that time—in studies 1, 3–7—participants were instructed to imagine the object as a part of the scene—to facilitate item-context binding—and to indicate whether the imagination was successful or not by pressing a button after item/context offset (e.g., Ventura-Bort et al., 2016a,b). In study 2, the item/context pairings were presented in a free viewing condition without an active binding instruction (Ventura-Bort et al., 2019a, 2020a). In all studies, a fixation cross was presented continuously during all item/context trials, to which participants were instructed to look at during the task. Participants were never informed about the subsequent retrieval task (i.e., incidental encoding).


[image: Flowchart depicting an encoding and retrieval process. Left side shows "Encoding" with images viewed for 3000 to 5000 milliseconds, instructing to imagine the object as part of the scene. Right side shows "Retrieval" one week later with objects displayed for various times, asking if they are remembered, known, or new, and to rate pleasantness.]
FIGURE 1
 Schematic representation of the task design. During encoding, participants incidentally viewed different, everyday objects (office supplies, electronics, and household objects) presented in one of the four quadrants of the screen, overlaid on different background scenes that were either pleasant, neutral or unpleasant. In most studies (1, 3–7; except study 2) participants were also instructed to imagine that the object is a part of the scene during viewing the object/scene combination. During retrieval, participants viewed the encoded objects intermixed with new objects and performed a recognition task, using either a Remember/Know paradigm or an Old/New paradigm. If objects were recognized as old [i.e., Remember (R), Know (K), or Old judgments], participants were asked to retrieve the associated scene background (pleasant, unpleasant, or neutral).




Retrieval task

Approximately 1 week after encoding, participants came back to the lab to perform the retrieval task in which previously encoded items were presented intermixed with new ones in a pseudo-randomized fashion (Figure 1). The number of new items varied across studies (see Table 1). In each recognition trial, an item was presented in the center of the screen without context for 3,000 ms. After item offset, a question was shown to which participants were instructed to indicate whether the item was seen during encoding. In studies 2, 3, 5–7, the Remember/Know procedure was implemented (Tulving, 1985) and the “Remember/Know/New?” question was asked here. For that, participants were instructed to press the “Remember” button when they recognized the item as shown during encoding and could bring back specific associated information that occurred during encoding (e.g., thoughts evoked by the object when seen for the first time). The “Know” button was required when the item was recognized as presented during encoding but without retrieval of specific associated information, and participants were instructed to press the “New” button when the item was not seen during encoding.2 In studies 1 and 4, participants were presented with the “Old/New?” question and instructed to press the “Old” button if they recognized the item as old or else the “New” button.

If participants made “Old” judgments (“Remember” or “Know” judgments in studies 2, 3, 5–7), follow-up questions about source information were presented. In all studies, participants were instructed to indicate the category (e.g., pleasant, unpleasant, and neutral) of the contextual background scene that was paired with the item during encoding. In studies 1, 2, and 4, prior to the context-related question, participants were asked to retrieve the location the item was presented at during encoding (i.e., which quadrant of the screen). In all studies, tasks were programmed with Presentation (Neurobehavioral Systems Inc., Albany, CA, USA).



Lab environment

The included studies took place in three different lab environments. Studies 1–4 were carried out in an EEG lab. These experiments took place in a sound-attenuated, dimly lit room and participants were seated in a comfortable chair (e.g., Ventura-Bort et al., 2016a,b). Participants in studies 5 and 6 performed both the encoding and retrieval session in the MRI scanner (Ventura-Bort et al., 2016a,b). Study 7 took place in an eye-tracking lab. Here, the participants' head was positioned in an eye tracker and eye movements were continuously recorded during encoding and retrieval.



Stress protocol

In studies 3, 4, and 6, participants underwent a stress protocol prior to the encoding session. In each of the three studies, participants were randomly assigned to either a stress or control condition. In the stress condition, participants were exposed to the Socially Evaluated Cold Pressure Test (SECPT; for stress and control protocol, see Schwabe et al., 2008; Schwabe and Schächinger, 2018) followed by a difficult mental arithmetic test (see for similar test, Smeets et al., 2012). The stress induction lasted 15 min. After, participants were informed about the two-part protocol by a cold and unsociable experimenter, in the first part, they were asked to immerse their right hand down to the wrist into ice water (temperature: 0–3°C) for 3 min (or until they could no longer tolerate it). During hand immersion, participants were instructed to look straight into a camera because their faces were videotaped. They were told that video recordings would later be analyzed for facial expressions. Thereafter participants performed the second part of the stress condition protocol consisting of a difficult 5-min mental arithmetic test in which they had to count backwards as fast and accurately as possible in steps of 17 starting at 2043. Whenever they counted too slowly or mistakenly, they received negative feedback (i.e., to count faster or start over again at 2043).

In the control condition, participants were received by a friendly and socially interacting experimenter. Firstly, participants immersed their right hand down to the wrist for 3 min in warm water (35–37°C). They were not videotaped. Secondly, they performed a simple arithmetic task in which they had to count consecutively from 1 to 25 at their own pace and had to start anew at 1 when having reached 25. In all three studies, participants in the control and stress condition performed the encoding session ~30 min after the stress induction (control) protocol. A subgroup in study 2 (stress delay), performed the encoding session 180 min after the stress induction.



Behavioral data recording and analysis

Behavioral performance for items and source contextual information was recorded using Presentation (Neurobehavioral Systems Inc., Albany, CA, USA) and analyzed using RStudio. Data preprocessing was conducted using tidyverse (Wickham et al., 2019). Memory performance for items (i.e., objects) and source contextual details (i.e., emotional category of background scenes) was examined in two different sets of analysis. D prime [d'; z(P Old) – z(P False Alarm)] was used as an index for item memory. For source contextual memory, which was assessed based on participants' responses to the emotional category of the contextual background scene that was paired with the object during encoding, the unbiased hit rate (Hu) was calculated (Ventura-Bort et al., 2020a; Wagner, 1993). The Hu index takes into account not only the stimulus performance but also the judge performance and is defined as the conjoint probability of the correct identification of a stimulus and the correct use of a response (Wagner, 1993; see for details Ventura-Bort et al., 2020b).

In the first set of analyses, memory performance was coded independently of memory type. Therefore, Remember and Know judgments that were obtained in studies using the Remember/Know procedure, were indistinctively coded as “Old” judgments.

In the second set of analyses, a distinction between Remember and Know judgments was made. It is important to note that analysis of familiarity and recollection processes in explicit memory retrieval is constrained by the assumption that both processes are interrelated. However, this relation can be exclusive or independent (Yonelinas and Jacoby, 1995). Theoretical proposals and empirical data clearly support the independence assumption as a more appropriate index to differentiate between recollection and familiarity processes (Yonelinas and Jacoby, 1995; Yonelinas, 2002). Thus, we decided to control for dependency (see for details Ventura-Bort et al., 2020a). d' was therefore calculated under the independence assumption for both Remember (d′ Recollection = z(P Remember) – z(P False Alarm Remember)) and Familiarity:

[image: Equation showing two expressions: z-score transformation of the probability of knowing the hit rate divided by one minus the probability of remembering the hit rate, minus the z-score transformation of the probability of knowing the false alarm divided by one minus the probability of remembering the false alarm.]

For source memory, the interaction effects of context and memory processes were analyzed by calculating the Hu indexes for each affective category and memory judgment, separately. Specifically, the Hu indexes for Remember and Know judgments, were calculated by only taking into consideration items that were judged as remembered or known, respectively. For instance, for neutral contexts of objects restricted to Know judgments, the Hu was calculated as follows:

[image: A mathematical formula depicted with a fraction: "Hit Know Neutral Context" over the sum of "Hit Know Neutral Context" and "Incorrect Know Neutral Context", multiplied by the fraction of "Hit Know Neutral Context" over the number of times Neutral Context is chosen under Know judgments.]

Hit Know Neutral Context = Number of objects paired with neutral contexts retrieved based on Know judgments and whose background category was correctly identified; Incorrect Know Neutral Context = Number of objects paired with neutral contexts retrieved based on Know judgments and whose background category was not correctly identified; N° of times Neutral Context is chosen under Know judgments = Number of objects whose background was labeled as “Neutral,” including those whose background was wrongly identified.

For each participant, memory performance was averaged across affective category (e.g., pleasant, neutral, and unpleasant) and, when required, split by memory type (i.e., Remember, Know).

The effects of affective category on memory for items (as indexed by d') and source contextual details (as measured by Hu) were tested with linear mixed models (LMM) using lme4 (Bates et al., 2012). In the first set of analysis, as fixed effects, we specified Affective category (e.g., pleasant, neutral, and unpleasant), Encoding instructions (i.e., binding, free viewing), Group (i.e., control, stress, and stress delay), Retrieval task (Old/New, Remember/Know procedure), N new items (i.e., number of new items presented during retrieval), and Environment (i.e., EEG, MRI, and Eye tracker) and their associated interactions. In the second set of analyses, the fixed factor Memory type (i.e., Remember, Know) was further added. Participant as well as a new dummy variable called Study group consisting of a combination of Group (i.e., control, stress, and stress delay) and Study (i.e., studies 1–7) were modeled as random effects.

Because the main focus of this mega-analysis was to clarify the role of potential factors modulating memory performance, particularly in interaction with Affective category, the effects of methodology-related factors were included in the analyses (i.e., Encoding instructions, Retrieval task, N new items, Environment, and Group) using a parsimonious model selection [following the general recommendations by Bates et al. (2012) and without knowledge or consideration of fixed-effect estimates]. Notably, the parsimonious model selection always considered the fixed-effect estimates of Affective category. For model comparisons, the χ2-distributed likelihood ratio and its associated p-value was used. All analyses were conducted using full information maximum likelihood modeling. If significant effects were found (or exploratory analysis conducted), they were followed up by post-hoc comparisons using lsmeans (Lenth, 2016), correcting for multiple comparisons (Tukey's honest significant difference; HSD; Tukey, 1949).

Although the significant effects (p < 0.05) that could arise from the mixed model analyses may inform about the probability, under the assumption of no difference between conditions (H0; i.e., no effects of affective category on memory performance are observed), of obtaining a result equal to or more extreme that what was actually found, they do not inform about the extent of acceptance/rejection of the alternative hypothesis (H1; i.e., positive effects of affective category on memory performance) per se (Greenland et al., 2016; Held and Ott, 2018). To address this issue, we additionally used Bayes analysis (Wagenmakers et al., 2018) to evaluate our hypotheses. Using a Bayesian approach for hypothesis testing encompasses the calculation of the predictive adequacy of two competing models, to quantify the evidence provided by the data for one model over the other (Wagenmakers et al., 2018). To test the evidence in favor of the alternative hypotheses, we calculated the Bayes factor (BF10) on the significant effects by comparing final models to null models (i.e., models without the significant effects of interest). For instance, to test the effects of Affective category on item memory, the model including such a factor will be tested against an identical model without the Affective category factor. To interpret the results of the Bayes factors, the following classification was used (Lee and Wagenmakers, 2013): a BF10 larger than 100 provides decisive evidence in favor of H1, a value between 30 and 100, indicates very strong evidence for H1, a score between 10 and 30 provides moderate evidence for H1, a value between 1 and 3 indicates anecdotal evidence for H1, a BF10 of 1 provides no evidence for either H1 or H0. On the other hand, values between 0.3 and 1 provide anecdotal evidence for H0, values between 0.1 and 0.3 indicate moderate evidence for the H0, scores between 0.03 and 0.1 show strong evidence for H0, values between 0.01 and 0.03 indicate very strong evidence for H0, and values lower than 0.01 provide decisive evidence for H0.




Results

Tables 2–5 contain the results of the linear mixed models for all analyses.


TABLE 2 Linear mixed model predicting memory performance for items independently of memory type (N participants = 333; N observations = 943).

[image: A table presents the results of a D prime analysis for various predictors, including categories like affective category, encoding instructions, retrieval task, and lab types. Each predictor lists values for b, SD, CI, t, and p. Significant effects are in bold, with p-values under 0.005. Notable entries include pleasant (p = 0.002), binding (p < 0.001), old/new retrieval task (p < 0.001), and MRI lab (p < 0.001).]


Memory for items
 
Effects of affective category independently of memory type

The most parsimonious model that described the data best included—in addition to Affective category—the factors Encoding instructions, Retrieval task, and Environment as fixed factors (Table 2). Interactions between fixed factors did not improve the model and were thus not included.

Results showed an effect of Affective Category, with higher memory performance for items from pleasant (but not from unpleasant) compared with neutral contextual background scenes (Figure 2A). Follow-up analysis revealed higher memory performance for objects encoded in pleasant, compared to both neutral, t(610) = 3.18, p = 0.004, and unpleasant contexts, t(610) = 2.66, p = 0.02, but no memory differences were found between objects from unpleasant and neutral backgrounds, t(608) = 0.55, p = 0.84. However, the Bayes factor indicated strong evidence in favor of a model without the Affective Category factor (BF10 = 0.24; see Table 6).


[image: Four bar charts labeled A through D compare response types with D-prime values. Chart A shows three colored sections: P, N, U. Chart B compares Bind and View. Chart C contrasts MRI, Eye, and EEG. Chart D shows ON and R/K. Each chart includes colored dots with error bars for different conditions, as indicated by a legend.]
FIGURE 2
 Main significant effects for memory for items, independently of memory type. Dots depict averaged values across study and group. Error bars represent standard errors. Bar plots depict the estimated means from the linear mixed model. (A) Main effect of affective category; (B) Main effect of encoding instructions; (C) Main effect of retrieval task; (D) Main effect of Environment. O/N, Old/New task; R/K, Remember/Know procedure.


A significant effect of Encoding instructions revealed better memory performance when participants were instructed to bind objects and background scenes, compared to when they were asked to attentively view the item/context pairings (Figure 2B). An effect of Retrieval task was also found, indicating that memory performance was better when the Old/New task was used, in comparison to the Remember/Know procedure (Figure 2C). Finally, a significant effect of Environment revealed higher memory performance in the MRI scanner (but not in the Eye tracker environment), compared to the EEG lab (Figure 2D). Post-hoc comparison confirmed differences between the EEG and MRI environment, t(5.04) = 4.29, p = 0.017, but no differences were observed between either the EEG and eye tracker, t(5.87) = −1.31, p = 0.44, or MRI and eye tracker environments, t(5.65) = 1.73, p = 0.27. The effects of Encoding instructions, Retrieval task, and Environment were supported by decisive evidence in favor of inclusion of these factors in the model (BF10s > 100).



Effects of affective category as a function of memory type

The simplest, best fitting model included—in addition to Affective category– the factors Memory type, Encoding instructions, and Environment as fixed factors. Including interactions between Memory type and Affective category improved the model significantly. No other fixed factors or interactions between fixed factors explained the data better and were thus not included (Table 3).


TABLE 3 Linear mixed model predicting item memory performance as a function of memory type (N participants = 247; N observations = 1,481).

[image: Table showing predictors, with columns for b, SD, CI, t, and p values related to D prime. Significant predictors are in bold, including Intercept, Remember under Memory type, and Binding under Encoding instructions. MRI from Lab shows significance. Bold indicates p < 0.005.]

A Memory type effect revealed higher memory performance under Know than Remember judgments. As in our previous model, significant effects of Encoding Instructions and Environment were found (see also Table 6 for Bayes factors). Interestingly, in the absence of a significant main effect of Affective Category, a significant interaction effect between Memory type *Affective category was found, indicating higher memory performance for objects embedded in pleasant backgrounds compared with neutral ones, particularly when memory was based on recollection (Remember judgments; Figure 3). These results were confirmed in follow-up analyses, indicating no differences between affective categories in Know judgments [pleasant vs. neutral: t(1, 229) = 0.54, p = 0.85; pleasant vs. unpleasant: t(1, 229) = 0.52, p = 0.86; unpleasant vs. neutral: t(1, 229) = 0.01, p = 0.99], but higher memory performance for objects from pleasant contexts for Remember judgments [pleasant vs. neutral: t(1, 229) = 4.13, p < 0.001; pleasant vs. unpleasant: t(1, 229) = 2.33, p = 0.05]. However, no differences were found between objects from unpleasant and neutral contexts: t(1, 229) = 1.80, p = 0.17. Despite the significant interacting effects, the Bayes Factor indicated moderate evidence in favor of a model without the interaction Memory type * Affective Category (BF10 = 0.1).


[image: Bar and scatter plot comparing D-prime scores for "Know" and "Remember" across conditions P, N, U. Each condition has color-coded bars and dots representing different groups (18, 20, 53-60, 97) with error bars. Y-axis shows D-prime values from 0 to 1.5; legend at the top right indicates group colors.]
FIGURE 3
 Interacting Affective category and Memory type effects on memory performance for items. Dots depict averaged values across study and group. Error bars represent standard errors. Bars depict the estimated means from the linear mixed model for the interaction Affective category * Memory type.





Memory for source contextual details
 
Effects of affective category independently of memory type

The simplest, best fitting model included –in addition to Affective category– the fixed factors Encoding instruction, and Retrieval task. Because interaction effects did not improve the model, they were not included. Results revealed a significant effect of Affective category, indicating higher memory performance for neutral, compared to pleasant and unpleasant contexts (Table 4, Figure 4A). However, no differences between pleasant and unpleasant contexts were observed, t(608) = −0.79, p = 0.71. Moreover, Retrieval task effects revealed higher source memory performance when participants executed the Old/New task, in comparison with the Remember/Know procedure (Figure 4B). The Bayes factor indicated decisive evidence in favor of the inclusion of the three factors in the model (BF10s > 100).


TABLE 4 Linear mixed models predicting source memory performance independently of memory type (N participants = 333; N observations = 940).

[image: Table displaying statistical analysis results for various predictors with columns labeled: b, SD, CI, t, and p. Predictors include intercept, affective category (pleasant, unpleasant), encoding instructions (binding), and retrieval task (old/new). Significant effects are noted with bold values and p < 0.005.]
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FIGURE 4
 Main effects of source memory independently of memory type. Dots depict averaged values across study and group. Error bars represent standard errors. Bar plots depict the estimated means from the linear mixed model. (A) Main effect of Affective category; (B) Main effect of Retrieval task. O/N, Old/New task; R/K, Remember/Know procedure.




Effects of affective category as a function of memory type

When memory was split into Remember and Know judgments, the best fitting model included –in addition to Affective category– the fixed factors Memory type, Environment, and Encoding instructions. The interactions between Memory type and Affective category, between Memory type and Environment, and between Memory type, Affective category, and Group were also included, given that they improved the model fit (Table 5). A significant main effect of Affective category revealed overall higher memory performance for neutral contexts. A main effect of Encoding instructions was also observed, with better source memory performance when object/scene pairings were actively bound during encoding. The Bayes factors indicated decisive evidence in favor of the inclusion of these factors in the model (BF10s > 100; see Table 6). A significant interaction between Memory type * Affective category revealed higher memory performance for both pleasant and unpleasant contexts when memory was mediated by recollection (Remember judgments; BF10 > 100). Follow-up analyses confirmed higher memory performance for objects receiving Remember, compared to Know judgments, for pleasant, t(1, 216) = 8.13, p < 0.001, and unpleasant contexts, t(1, 215) = 6.07, p < 0.001, but not for neutral ones, t(1, 215) = 0.31, p = 0.75. Environment also interacted with Memory type, showing higher source memory performance related to Remember judgments in the MRI scanner and Eye tracker lab compared to the EEG environment (BF10s > 100). Post-hoc comparisons showed higher contextual memory under Remember than Know judgments in the three environments, ts > 3.71, ps < 0.001, but recollection-based memory was higher in the MRI, compared to the EEG environment, t(4.05) = 5.91, p = 0.009. No other differences were observed (|ts| < 2.15, ps > 0.205).


TABLE 5 Linear mixed model predicting source memory performance for source details as a function of memory type (N participants = 247; N observations = 1,479).

[image: A data table showing results of a regression analysis with predictors, coefficients (b), standard deviations (SD), confidence intervals (CI), t-values (t), and p-values (p). Significant effects are bolded with p < .005, including factors like 'Remember*Pleasant', 'Remember*Unpleasant', and 'Remember*Pleasant*Stress'.]


TABLE 6 Summary of the main findings of the Bayes factor to test for the significant effects observed in the best fitting models for item memory and source contextual memory.

[image: Table displaying Bayes factor output (BF₁₀) for memory models, categorized by items and contexts. Columns include affective category, encoding instruction, retrieval task, lab, memory type, and various interactions. Values show dependencies and effects, featuring numbers such as 0.024, 0.027, and greater than 100.]

Finally, a three-way interaction between Memory type* Affective Category* Group revealed source memory performance for pleasant and unpleasant contexts based on Remember judgments, especially for participants in the stress group (Figure 5). Following-up on the interacting effects, we carried out post-hoc comparisons between groups on source memory for each memory type and affective category, separately. For familiarity-based contextual memory, no differences between groups on any of the affective categories were observed (ps > 0.99; Figure 5A). However, for recollection-based memory, a trend emerged, indicating that participants in the stress, compared to the control, showed higher memory performance for unpleasant contexts: t(21.5) = 3.86, p = 0.057 (Figure 5B). No further significant differences were found (|ts| < 2.20, ps > 0.73). Bayes factor provided moderate evidence in favor of a model without the triple interaction effect (BF10 = 0.29).
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FIGURE 5
 Interacting effects of Affective category, Memory type, and Group for memory for source details. Dots depict averaged values across study and group. Error bars represent standard errors. Bar plots depict the estimated means from the linear mixed model. (A) Depicts know judgments and (B) remember judgments both split by group: stress (S; left), control (C; middle), and stress delay (SD; right).






Discussion

The primary goal of the current study was to further our understanding of the effects of emotion on memory for source contextual details and associated neutral items. Capitalizing on a large sample size (N = 333) derived from pooling together data from seven different studies with similar experimental designs, we investigated the modulatory effects of emotion as well as potential interacting factors (e.g., encoding instructions, type of retrieval task, lab environment, or the application of a stress protocol) on memory binding for associated items (objects) and source contextual details (emotional category of background scenes). Linear mixed models revealed a recollection-based retrieval advantage (i.e., uniquely for Remember judgments) for unpleasant and pleasant source contextual details compared with neutral ones. Bayes hypothesis-testing analysis further indicated decisive evidence in favor of the interacting affective category (pleasant vs. unpleasant vs. neutral) and memory type (recollection vs. familiarity) effects, providing support for a relevant role of these factors in source contextual memory. Regarding item memory, linear mixed models uncovered enhanced memory for items encoded in pleasant contexts compared with their neutral and unpleasant counterparts, particularly for Remember judgments. However, Bayes analysis revealed strong to moderate evidence for models without Affective Category (or its interactions), indicating that the affective context in which objects were placed during encoding had little influence on item memory performance. Furthermore, we observed decisive evidence for modulating effects of encoding instructions, retrieval task, and lab environment. Below, we will discuss these results with regards to available evidence and the current neurobiological models of emotional episodic memory and also add predictive processing as a theoretical framework that may be useful in understanding the effects of emotion on memory for source details and associated neutral information.

Based on the existing neurobiological models of emotional episodic memory (e.g., McGaugh, 2004; Mather et al., 2016), the current studies (all part of the mega analysis) were designed to promote the positive effects of emotion on source memory, by facilitating item-context integration (i.e., high prioritization of items) and fostering consolidation processes. Under these circumstances, a recollection-based memory advantage for highly arousing (both pleasant and unpleasant) source contextual details was observed in our pooled data analysis. Contrary to our hypothesis, however, no evidence was found for effects of emotion on memory for associated neutral information (i.e., item memory). Neuroimaging studies have shown that the hippocampus, as well as connected cortical regions within the posterior parietal cortex (King et al., 2015; Ranganath and Ritchey, 2012; Rugg and Vilberg, 2013) may play an important role in recollection-based processes (Eichenbaum et al., 2007; Yonelinas et al., 2002), especially for highly arousing material (Maddock et al., 2001, 2003). Interpreted within the above-mentioned models (Mather et al., 2016; McGaugh, 2004), high prioritization and long retention period may have facilitated the initial encoding of emotionally relevant information (Kensinger, 2009; Salsano et al., 2024), by engaging limbic and para-limbic regions (e.g., Pedale et al., 2019) and the subsequent NA and corticosteroids action in memory sensitive regions, such as the hippocampus, favoring both encoding and consolidation of affectively-laden contextual details that led to better recollection-based retrieval.

Although no evidence in favor of additional interacting effects of affective category with other experimental manipulations was found, memory performance was modulated by encoding instructions, retrieval task, and environmental settings in isolation. Participants' memory performance was better when they were instructed to actively bind objects and background scenes relative to when they just attended to pairs of stimuli, individually. During the “binding” instructions, participants were asked to effortfully combine item/context pairings which likely triggered deeper encoding than during the relatively effortless “just viewing” instructions. These findings are in line with earlier studies showing that the depth of processing enhances subsequent memory retrieval (Craik and Tulving, 1975; Hanslmayr et al., 2009).

In addition to the instructions given during encoding, the task used during retrieval also modulated memory performance. Specifically, memory for items and contexts was better when using the simpler Old/New task compared to the Remember/Know procedure. Previous studies testing the effects of retrieval tasks on memory performance have consistently found differences between these two paradigms (Eldridge et al., 2002; Gardiner et al., 1998; Hicks and Marsh, 1999). The usage of a single Remember/Know procedure compared with a two-step procedure (i.e., the Old/New question followed by the Remember/Know question), has been associated with a more liberal response bias (Hicks and Marsh, 1999) and more false alarms, particularly for “Know” judgments (Eldridge et al., 2002), suggesting that memory judgments are susceptible to differences in task instructions. Our findings replicate these observations showing decreased discriminability of item and source information under the Remember/Know procedure.

We also found that memory performance was modulated by the environment in which the task was conducted. Memory for items was enhanced in the MRI compared to the EEG environment. In the same vein, higher recollection-based memory for contextual scenes was found in the MRI setting. One of the unique characteristics of the MRI environment in relation to other experimental settings is the loud scanner noise that is constantly delivered during the task. This noise, which is often perceived as annoying, aversive or stressful could influence cognitive processes while participants perform tasks in the scanner. Previous studies have shown that the scanner environment not only increases cortisol levels (Tessner et al., 2006) but such a moderately stressful event might also favor task engagement, leading to performance improvements (Plessow et al., 2011). To systematically test whether the influence of MRI noise on cognitive performance, Hommel et al. (2012) investigated whether task performance in an MRI environment was modulated by the presence vs. absence of MRI noise. The authors observed that scanner noise favors cognitive control by reducing the influence of potential distractors (Hommel et al., 2012). Our results may thus indicate that the MRI environment helped participants stay focused on the encoding and retrieval tasks, resulting in better memory performance, particularly compared to the EEG environment.

Altogether, our findings emerging from the mega-analysis of prior individual studies suggest that highly arousing contexts facilitate the encoding and subsequent retrieval of source contextual details. Existing neurobiological models of emotional memory postulate that under high prioritization and long retention intervals that promote consolidation processes (Mather et al., 2016), and as such, the memory enhancing effects of emotional events may extend to associated neutral information. However, inconsistent with the prior interpretation, for item memory we found strong evidence in favor of models without the Affective Category factor (or interactions), suggesting that alternative perspectives may also have to be considered to understand the relationship between emotion and memory source details and associated neutral information (see also Bogdan et al., 2024, for evidence regarding the impact of emotion on item-context binding when the emotional information is manipulated in the items' content).

An alternative view explaining our emotional source memory findings could be the Predictive Processing account (e.g., Clark, 2013; Friston et al., 2017; Hutchinson and Barrett, 2019; Hohwy, 2013), which posits that the brain is an active entity that is continuously making predictions about the future (e.g., Bastos et al., 2012; Friston, 2010; Rao and Ballard, 1999; Sterling and Laughlin, 2015). Relevant for the present study, predictive processing has been integrated into recent accounts of affective processing as well as its impact on learning and memory, and the associated neural mechanisms (Cross et al., 2018; Ferreira-Santos, 2016; Kalbe and Schwabe, 2020, 2022; Meaux et al., 2019; Rouhani et al., 2023; Strube et al., 2021).

Critically, the predictive processing framework can be used to further understand the current inconsistent memory findings for item and source contextual details. Because the brain is constantly generating predictions about incoming sensory inputs based on past experience and encoding prediction errors, brain activity and ensuing mental experience in a given trial occur as a function of what one has experienced in previous trials, suggesting that brain activity and affective experience observed over the course of an experiment are temporally dependent. Furthermore, predictions about sensory stimuli can develop over a longer timescale (e.g., across the lifespan), which inevitably vary from one subject to another and may be hard to modify through exposure to stimuli in a laboratory setting (Lee et al., 2021). One possibility, therefore, is that the processing and subsequent retrieval of contextual scenes is influenced by previously encountered events that determine the probability of their occurrence to a greater extent than that of isolated items (e.g., Strube et al., 2021). The recollection-based advantage for emotionally arousing source contextual details observed in the present data pooling study could thus be partly the consequence of their unpredictability (i.e., prediction error) in comparison to neutral contexts (Schwartz, 1997; Schwartz et al., 2002). On the other hand, the formation of item-context associations may be simultaneously influenced by different factors that have opposing effects on memory. Although emotional (unpredictable) contexts may favor the storage of the encountered information, the resources devoted to process the details of the composition (i.e., precision signals) could both enhance the memory of the associated items, if such resources are dedicated to item processing, or diminish it if invested in the processing of other details. The interplay of these opposing effects could have, thus, also led to the lack of evidence of emotional effects on item memory. Future studies may therefore also use a predictive processing framework to interpret the effects of emotion on memory for source details and associated neutral information and also considering sources of variability (e.g., chain of previously seen events, personal experiences with similar contexts; c.f., recent work on source memory: e.g., Ben-Yakov et al., 2022; Greve et al., 2017; Kafkas and Montaldi, 2018; Kalbe and Schwabe, 2020, 2022; Ortiz-Tudela et al., 2021; Quent et al., 2022; Van Kesteren et al., 2012).

In contrast to individual studies, the mega-analysis approach used here benefits from a larger sample size to draw more solid conclusions. However, it should be noted that the samples of the current studies were relatively homogeneous and included young healthy adults, mostly women. The homogeneity of the collapsed samples may pose constraints for the generalization of the results to older and more gender-balanced populations. This is particularly important considering that previous studies have reported gender (Canli et al., 2002; De Goede and Postma, 2008; Guillem and Mograss, 2005) and age differences in memory retrieval (Rhodes et al., 2019). Future studies investigating the impact of these demographic characteristics on emotional source memory would lead to further insights in this field. Additionally, future studies should also consider combining mega-analysis with other machine learning-based validation approaches like cross-validation leave-one-out approaches that could further inform about the reliability and generalizability of the results across samples.



Conclusions

In the current study, we aimed at extending our understanding of the effects of emotion on item/context memory binding. Pooling data from seven different studies (N = 333), we observed a recollection-based emotional enhanced source contextual memory, in line with existing neurobiological models of emotional episodic memory (Mather et al., 2016; McGaugh, 2004). However, for item memory Bayes hypothesis-testing revealed strong evidence in favor of models without the Affective Category factor. The current findings also invites to consider alternative perspectives, such as the predictive processing, to better understand the relationship between affective relevance and source memory. Future work might benefit from considering sources of variability (e.g., chain of previously seen events, personal experiences with similar contexts) that are otherwise labeled as random error in clarifying when and why affective relevant information might show differential effects on source memory.
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Footnotes

	1 In source memory studies, item memoranda are usually cued, and participants must indicate whether they were previously seen or not during the encoding episode. Source memoranda refer to the recognition of associated information and is typically assessed only when items have been identified as old (e.g., Smith et al., 2004). Additionally, although source and relational memory have been interchangeably used (Eichenbaum et al., 2007) methodological differences between source and relational memory studies have been pointed out (e.g., Chiu et al., 2013). Source memory studies typically examine how, when or where a stimulus was presented (that is the source). These studies use a limited number of alternative choices for each modality (e.g., for when: first or second block; for where: upper or lower part of the screen). On the other hand, relational memory studies assess a more association between items and details of the encoding episode that implies a one-to-one relationship. That is, relational information is trial-unique and as numerous as trials presented (Chiu et al., 2013; Bogdan et al., 2024). Acknowledging these methodological differentiations, here, we refer to source memory when talking about memory for contextual categories and to item memory when describing memory for objects.
	2 As part of the instructions, participants were also given the following example: Imagine that you are in the supermarket, and in front of you there is a person with a red t-shirt that is talking to her partner about their holidays. Few days later, you see the same person on the street. If you can then recognize the person and retrieve any contextual information about the first encounter (where you saw her for the first time, what she was wearing, what she was talking about, what you thought when you saw her), that is an example of “remembering” her. However, if you can recognize her, but are not able to identify from where, or retrieve any specifics, then is an example of “knowing” her.
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Sustained training with novel distractors attenuates the behavioral interference of emotional pictures but does not affect the electrocortical markers of emotional processing
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Introduction: Research has recently shown that behavioral interference prompted by emotional distractors is subject to habituation when the same exemplars are repeated, but promptly recovers in response to novel stimuli. The present study investigated whether prolonged experience with distractors that were all novel was effective in shaping the attentional filter, favoring stable and generalizable inhibition effects.
Methods: To test this, the impact of emotional distractors was measured before and after a sustained training phase with only novel distractor pictures, and that for a group of participants depicted only a variety of neutral contents, whereas a different group was exposed only to emotional contents.
Results: Results showed that emotional interference on reaction times was attenuated after the training phase (compared to the pre-test), but emotional distractors continued to interfere more than neutral ones in the post-test. The two groups did not differ in terms of training effect, suggesting that the distractor suppression mechanism developed during training was not sensitive to the affective category of natural scenes with which one had had experience. The affective modulation of neither the LPP or Alpha-ERD showed any effect of training.
Discussion: Altogether, these findings suggest that sustained experience with novel distractors may attenuate attention allocation toward task irrelevant emotional stimuli, but the evaluative processes and the engagement of motivational systems are always needed to support the monitoring of the environment for significant cues.
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1 Introduction

In our daily life, whether we are exploring the environment in search of something or someone, or navigating the web, it often happens that we run into important stimuli that involuntarily capture attention and interrupt ongoing goal-directed activities. Selective attention enables individuals to commit cognitive resources to significant elements in the visual environment while filtering irrelevant sensory input (Egeth and Yantis, 1997; Folk, 2015). It is well established that there are certain classes of stimuli that, when they are distractors, are more resistant to inhibition than others (Folk, 2015). Emotional stimuli are an example, especially those depicting sexual or blood/wound contents (Most et al., 2007; De Cesarei and Codispoti, 2008), which have a high attentional priority. Research has shown that emotional pictures engage attentional resources, and hence disrupt performance (i.e., elongate reaction time) in a variety of concurrent tasks (Hartikainen et al., 2000; Schimmack, 2005; Most et al., 2007; De Cesarei and Codispoti, 2008; Ferrari et al., 2017).

According to several studies, the viewing of emotional pictures activate corticolimbic motivational systems (appetitive and aversive) that, in turn, enhance attention allocation to efficiently process the stimulus itself (Öhman, 1992; Hamm et al., 2003; Bradley, 2009; Gottlieb, 2012; Codispoti et al., 2016; Mulckhuyse, 2018). In terms of electrocortical activity, it is well established that emotional pictures (pleasant and unpleasant) elicit a larger late positive potential (LPP) and Alpha event-related desynchronization (Alpha ERD) than neutral images (Schupp et al., 2006; De Cesarei and Codispoti, 2011; Ferrari et al., 2020; Schubring and Schupp, 2021; Ferrari et al., 2022), and these cortical modulatory effects have been interpreted as reflecting both the engagement of attentional resources by emotional stimuli and the activation of motivational systems (Schupp et al., 2006; Lang et al., 2008; Ferrari et al., 2011; Weinberg and Hajcak, 2011; for a review focusing on similarities and differences between these measures see Codispoti et al., 2023).

It has been suggested that being repeatedly exposed to irrelevant events leads to more efficient filtering of those events (Kelley and Yantis, 2009; Vecera et al., 2014). Mere stimulus repetition is also effective in attenuating attentional capture by emotional distractors (Codispoti et al., 2016; Ferrari et al., 2022). However, emotional interference recovered when novel stimuli were presented after the habituation phase, indicating that the filtering mechanism was finely tuned regarding the specific stimulus used throughout habituation and did not apply to similar emotional exemplars, such as those presented in the novel phase (Wendt et al., 2011; Codispoti et al., 2016).

Research seems to indicate that attentional capture by emotional distractors can be attenuated even with novel stimuli (i.e., never repeated) by increasing the overall distractor frequency (Micucci et al., 2020). When participants were rarely exposed to distractors (20% of total trials, 10% emotional, 10% neutral), emotional pictures captured more attentional resources compared with neutral images, causing a behavioral interference (RT slowdown) with the ongoing task. However, this RT emotional interference (emotional vs. neutral) decreased when the overall frequency of distractors increased (80% of total trials, 40% emotional, 40% neutral). The emotional interference was attenuated by distractor frequency even when rare emotional distractors appeared among frequent neutral distractors (80% of total trials, 10% emotional, 70% neutral). In the same study (Micucci et al., 2020), distractor frequency (using entirely novel stimuli), moreover, did not attenuate the affective modulation of the late positive potential, suggesting that the high occurrence of distractors does not proactively prevent the processing of emotional task-irrelevant cues. Distractor repetition (same exemplar) was, on the other hand, effective in reducing both behavioral interference as well as the LPP modulation (Ferrari et al., 2022) when distractors were task-irrelevant pictures presented in peripheral vision while a central discrimination task was being performed.

These series of studies support the hypothesis that attentional capture prompted by emotional stimuli is a flexible mechanism that can be temporarily affected by contextual factors (distractor frequency) and learning (habituation), with effects at different response levels (i.e., behavioral interference and LPP). Here, we aim to extend the assessment of experience-related factors that can be effective in attenuating the interference of emotional distractors, with a specific question regarding whether the experience with distractors that accumulates over time is effective in shaping the attentional filter, favoring stable and generalizable inhibition effects. In other words, can attentional capture by novel and emotional distractors be attenuated through prolonged experience over time? We already know that experience with the same distractors (same exemplars repeated multiple times) is only effective in attenuating the interference of those distractors, but it does not generalize toward new, subsequently presented, distractors. The literature, on the other hand, indicates that when the trained distractors are variable, the attentional filter encodes multiple features and encompasses broad representations, with the advantage of generalizing suppression more easily beyond the specific trained exemplars to other potential novel stimuli (Dixon et al., 2009; Kelley and Yantis, 2009, 2010; Vatterott and Vecera, 2012; Vatterott et al., 2018). Therefore, the present study introduced sustained experience with distractors that were all new (novel exemplars) in that they were never repeated throughout the study, and tested whether this experience affected the emotional interference of subsequently appearing distractors. Thus, similar to previous studies, emotional and neutral pictures consisted of task-irrelevant stimuli presented in peripheral vision while a central discrimination task was being performed. After an initial block of trials (pre-test) in which the enhanced interference of emotional distractors was measured in terms of behavioral and brain responses, the same task continued to be performed in a practice phase, which had the goal of providing a sustained and prolonged experience with distractors (twice as many trials as the pre-test). A final block (post-test) was then introduced to assess the amount of attentional capture by emotional pictures compared to the pre-test. Thus, the main question of the study was whether emotional interference may benefit from sustained experience with novel distractors. The second question concerns the specific content of distractors during the practice phase. Do observers need specific practice (experience) with emotional distractors in order to effectively inhibit their processing? Given the obligatory nature of emotional processing, we may expect that general experience with distractors is not sufficient to efficiently shield the attentional set from distraction. More sustained experience with wholly novel emotional distractors might help tune a specific filter based on the perceptual similarities within the semantic category (e.g., erotica), creating a situation that is more similar to that of repeated distractors (habituation paradigm, Ferrari et al., 2022) which is highly effective in preventing emotional interference. The goal of the present study was to investigate whether the filtering becomes effective with general experience with simply neutral (non-emotional) distractors, or whether specific emotional practice is needed to prompt a stable distractor inhibition mechanism. Thus, one group of subjects underwent a practice phase with solely neutral distractors, whereas a different group had experience with distractors that were all emotional (a between-subject design, where only the type of distractors used in the practice phase differed).

Distractor filtering may occur at various stages of processing. Therefore, besides behavioral interference, indexed by RTs, we also examined two cortical indexes of emotional processing, the LPP and Alpha-ERD, to better clarify at which stage the filter can operate. Sustained exposure to task-irrelevant distractors may affect the activation of motivational systems, preventing the cascade of perceptual and motor responses that are typically prompted by the detection of emotional stimuli. Alternatively, motivational systems might continue to be engaged after an extensive exposure to novel distractors to support some fundamental sensory processing, without necessarily interfering with the ongoing task performance. Although a reduction in emotional interference can be predicted by both these scenarios, emotional effects at the cortical level may reveal the extent to which frequent distractors are actually ignored.

Research has shown that Alpha-ERD emotional modulation is unaffected by top-down factors, such as task-related processes (Schubring and Schupp, 2019; Codispoti et al., 2023), or picture repetition (Ferrari et al., 2015; 2020; 2022; Schubring and Schupp, 2021). The affective modulation of the LPP is affected by stimulus repetition (Codispoti et al., 2007; Mastria et al., 2017), and there is evidence of stronger habituation when pictures are outside the attentional focus, and behave as distractors (Ferrari et al., 2022). Similarly, a prolonged experience with novel distractors may result in a narrowing of the attentional focus, with an effect also at the level of the LPP and Alpha ERD modulation.

While the topography of the overall LPP (regardless of picture content) does not vary depending on the hemifield of picture presentation, alpha activity has been repeatedly shown to decrease more in the hemisphere contralateral to the stimulus/target location (Bacigalupo Izquierdo and Luck, 2019; Murphy et al., 2020; Arana et al., 2022; Ferrari et al., 2022). Therefore, in the present study, we examined whether sustained experience with novel distractors resulted in reduced contralateral Alpha-ERD, possibly reflecting distractor filtering associated with an enhanced attentional focus on (central) target processing.

In previous studies, these cortical and behavioral (RTs: emotional vs. neutral interference) measures were used interchangeably (to some extent) to examine the effects of emotion on attention (MacNamara and Hajcak, 2009; Weinberg et al., 2021), and it has also been suggested that LPP and emotional interference are associated with each other during affective picture processing (Weinberg and Hajcak, 2011; Weinberg et al., 2021). A further aim of the present research is to explore the relationships among these neural and behavioral markers of emotional processing.



2 Method


2.1 Participants

A total of fifty-four (27 females; mean age = 25.2 years, SD = 4.6) healthy students participated as volunteers in the study, and all signed the informed consent before starting the experiment. Twenty-six students were randomly assigned to the “neutral training” protocol, and twenty-eight to the “emotional training” protocol. Because of technical problems, data from one participant in the neutral practice protocol were not included in the overall analysis. The study was approved by the Ethical Committee of the University of Parma. All participants had normal or corrected-to-normal visual acuity. We estimated sample size using GPower* (Faul et al., 2007), aiming to determine the number of participants necessary, in an ANOVA with one between-participant factors with two levels (neutral vs. emotional training group) and two within-participant factors (each one with two levels, Phase and emotional vs. neutral), to observe an effect size of at least η2p = 0.07 (medium effect size, Cohen, 1988), with 0.05 alpha-error probability, 80% power, and a correlation among repeated measures of 0.6. This analysis yielded 24 as the result.



2.2 Material

A total of 900 pictures of natural scenes were selected from the International Affective Picture System (IAPS; Lang et al., 2008), and from public domain pictures available on the Internet. Of these pictures, 30 depicted pleasant contents (erotica), 30 unpleasant contents (injured bodies) and 60 showed people in neutral contexts, and all of these were always presented in the pre-test or in the post-test (all pictures were counterbalanced across conditions). 480 stimuli depicted neutral contents from a wide variety of semantic categories, such as objects, animals, means of transportation, and outdoor or indoor scenes. Of these, 180 pictures were used as neutral fillers in the pre- and post-test for both groups (neutral and emotional groups). The remaining 300 were used for the neutral training group. For the emotional training group only, 300 pictures depicting emotional contents (erotica and injured bodies, equally distributed) were selected from public domain pictures available on the Internet to be presented during the practice phase.

Pictures of natural scenes served as distractor stimuli and were positioned to either the left or right of a central Gabor patch (sinusoidal gratings with a Gaussian envelope). The distance between the inner edge of the distractor image and the center of the Gabor patch was 4°.

The Gabor patch subtended a 5.3° × 5.3° visual angle and it could be horizontally or vertically oriented. Gabor patches were generated using custom MATLAB software by overlapping two distinct Gabor patches with the same frequencies but different orientation (0.94 and 9.4 cycles per degree of visual angle, respectively). Stimuli were displayed on a gray background.

Stimuli were presented on a 16-in monitor at 1024 × 768 resolution and at a refresh rate of 120 Hz. Stimulus presentation and data collection were performed using E-Prime software (Schneider et al., 2002).



2.3 Procedure

Upon arrival at the laboratory, participants signed an informed consent form. They were then seated in a recliner in a small, sound-attenuated, dimly lit room, and the EEG sensor net was attached. Participants sat in front of the computer monitor with their head supported by a chinrest. For all subjects the distance between their eyes and the monitor was 51 cm.

The experimental session consisted of three main phases: an initial Pre-Test, a Training Phase, and a final Post-Test. The Pre-Test and Post-Test phases were identical and consisted of 300 trials each in which distractors appeared randomly in 50% of the trials (n = 150). Of these distractors, 30 pictures depicted emotional (half pleasant and half unpleasant) contents, 30 neutral people, and the remaining 90 distractors were pulled from the neutral filler category. The training phase consisted of 600 trials, in which, again, distractors appeared in 50% of the trials and were exclusively neutral scenes for the neutral training group, and only emotional distractors for the emotional training group. Across participants of both groups, four stimulus sets with different pictures were equally rotated across conditions (pre-test and post-test) to make the results more generalizable in terms of stimulus exemplars.

Figure 1 shows the trial and the sequence of events of the experimental paradigm. In each trial, a Gabor patch appeared in the center of the screen for 150 msec. The participant’s task was to determine, as quickly and accurately as possible, whether the Gabor patch was vertical or horizontal by pressing the corresponding keys with the index finger of the dominant hand. The intertrial interval was variable (1,000, 1,550, or 1,750 msec) and consisted of a gray screen. During this period, behavioral responses to the orientation task were collected. In distractor-present trials, a distractor picture was presented simultaneously with the Gabor patch, appearing equally often in the left or right visual field. Participants were explicitly informed that there would be a distractor in some trials and that it should be ignored. The task remained the same throughout the whole experiment. Before the beginning of the experiment, participants performed a short practice session (150 trials), in order to familiarize themselves with the task. Between each block a 5-min break was given. The experiment lasted for approximately 52 min.

[image: Diagram showing two training pathways: "Neutral training" and "Emotional training," both bookended by Pre-Test and Post-Test phases, each with 300 trials. Neutral has 600 trials, Emotional has 600 trials. To the right, a trial sequence chart displays image durations: 500 milliseconds for a blank screen, 150 milliseconds for an image, and 1000 to 1750 milliseconds for another blank screen, illustrating the timing of the trials.]

FIGURE 1
 Schematic diagram showing the sequence of events in the present study. The trial sequence was the same over the whole experiment, with an initial dark-gray blank screen appearing for 500 msec, followed by a Gabor patch (target stimulus) presented for 150 msec. In half of the trials with a random occurrence, one picture of a natural scene appeared as a distractor stimulus simultaneously with the Gabor patch, flanking it to the left or right, and stayed on the screen until the Gabor patch disappeared. Participants were instructed to focus their attention on the Gabor patch and to determine its orientation (vertical or horizontal) by pressing one of two buttons while ignoring the distracting scenes. In the pre-test as well as in the post-test distractors were pictures depicting both emotional and neutral contents. In the practice phase, distractors were only neutral pictures for group 1 or only emotional pictures for group 2.




2.4 EEG recording and processing

Electroencephalogram (EEG) was recorded at a sampling rate of 1,000 Hz using a 59 channel Electro-Cap connected to a SA Instrument CO (San Diego, CA) UF-64/72BA amplifier and in-house developed software. Impedance of each sensor was kept below 10 kΩ. Eye movements were recorded at a sampling rate of 500 Hz from two bipolar couples of electrodes, one pair placed 1 cm above and below the right eye, and the other 1 cm from the external corner of both eyes. Both EEG and ocular signal were on-line filtered from 0.01 to 100 Hz. E-prime software synchronized the presentation of the stimuli and triggered EEG recording in each trial. Off-line analysis was performed using Emegs (Peyk et al., 2011). First, eye movements were subtracted from the EEG on a trial-by-trial basis, based on the data from the monopolar horizontal and vertical EOG, using a regressive procedure (Gratton et al., 1983). Data were low-pass filtered at 30 Hz. Trials and sensors containing artifacts were detected through a statistical procedure (Junghofer et al., 2000). In each trial, if a high number of neighboring bad sensors was present, then the whole trial was discarded; for the remaining trials, sensors containing artifacts were replaced by interpolating the nearest good sensors. The percentage of good trials was 85%, and this percentage did not significantly change across blocks or conditions. Finally, data were re-referenced to the average of all channels. The average of the 200 ms pre-stimulus baseline was subtracted to the obtained waveform. Processed data were averaged for each Phase (Pre-test and Post-test) and Trial type (distractor absent; emotional and neutral distractors). ROI and time interval of interest were identified both through visual inspection and according to previous studies (Micucci et al., 2020; Ferrari et al., 2022). The LPP was scored as the average of the ERP waveform in the 450 and 900 msec period after stimulus onset at the centro-parietal sensor group (see Figure 2 for the scalp topography of the LPP emotional modulation).
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FIGURE 2
 The effects of distractor occurrence on the LPP amplitude. (A) Grand-averaged ERP waveforms (average across the sensor cluster) for emotional and neutral distractors in the pre-test block. Insets show the scalp topography (450–900 msec) of the difference in the LPP between emotional and neutral distractors. (B) The bar graphs show the mean of the LPP amplitude (window 450–900 ms) for distractor-absent, emotional, and neutral distractors in the pre- and the post-test.


For time-frequency analysis, no low-pass filtering was applied on the EEG signal, but the correction of eye movements, as well as the artifact detection and sensor interpolation, was similar to the ERP analysis. Data were convolved using complex Morlet’s wavelet, varying in time and frequency with a Gaussian shape. The time frequency analysis was performed on single trial data using FieldTrip software through EMEGS (Peyk et al., 2011). The Morlet wavelet had a Gaussian shape, where the f/SD(f) ratio was set to 7, and the number of wavelet cycles was set to 5 (Tallon-Baudry et al., 1997). The range of analysis was from 4 to 80 Hz and analysis was performed in time windows from 1,000-ms before picture onset to 1,500 ms after picture onset in steps of 10 ms. As frequency resolution is maximal for low frequencies and minimal for high frequencies (Roach and Mathalon, 2008), the step between successive frequencies varied linearly from 0.5 Hz for the lowest frequencies to 5 Hz for the highest frequencies. All data were baseline corrected by subtracting the average alpha power of the pre-stimulus baseline (− 300 to −100 ms) from each data point. The baseline was calculated slightly earlier than stimulus onset to avoid the burst of oscillatory activity that starts before the onset of the stimulation, due to the artifact of the filter algorithm (Herrmann et al., 2005). The resulting event-related change in total power values (relative to baseline) are in decibels (dB) (Delorme and Makeig, 2004). Analyses of Alpha-ERD (8–14 Hz) were performed on a bilateral occipito-temporal sensor group (see Figure 3) over the same temporal window of the LPP (450–900 ms).

[image: Graph A shows a line graph of late positive potential over time in milliseconds, comparing emotional (red) and neutral (green) conditions. A scalp topography inset illustrates brain activity. Graph B presents a bar graph comparing microvolt changes in absent (white), emotional (red), and neutral (green) conditions in pre-test and post-test phases, with error bars for variance.]

FIGURE 3
 The effects of distractor occurrence on the Alpha-ERD. (A) Time-frequency plot of the emotional-neutral difference at occipitotemporal sensor sites, regardless of distractor laterality. (B) Topography of alpha power changes (450–900 ms window) for emotional and neutral distractors appearing on the left or on the right of the visual hemifield. (C) The bar graphs show the mean of the alpha power changes (window 450–900 ms) for distractor-absent, emotional and neutral distractors in the pre- and the post-test.




2.5 Data analysis

RT and EEG analyses were performed only on accurate trials (overall accuracy 96,4%), that is, when the orientation of the central gabor was correctly detected. For each participant, phase, and trial type, RTs above or below 3 SDs from the mean were discarded as outliers. Considering trials exclusion due to EEG artifacts or behavioral errors/outliers, the EEG signal (both LPP and Alpha-ERD) was analyzed on average over 24 trials per condition.

The same statistical design was applied to all measures analyzed in this study, with two within-subject factors: Phase (2: Pre-test, Post-test) and Trial type (3: distractor absent, emotional, neutral); one between-subject factor represented by the two groups of participants who underwent a different training protocol, one with entirely neutral distractors, the other with all distractors containing emotional content (training type). For each ANOVA test, we reported the partial η2 squared statistic (η2p) indicating the proportion of variance that is explained by experimental conditions over the total variance.




3 Results


3.1 Behavioral data

Figure 2 illustrates the behavioral interference as a function of distractor content. The ANOVA performed on the whole statistical design (Phase x trial Type x Group) revealed a main effect of trial type F(2,50) = 62.545, p < 0.0001, η2p = 0.714, showing an expected RT slowdown with the occurrence of all distractor pictures, compared to distractor absent trials Fs(1,51) > 76; ps < 0.0001, η2p > 0.741. Distractor interference was enhanced for emotional compared to neutral distractors, F(1,51) = 30.605, p < 0.0001, η2p = 0.375.

There was also an overall decrease of RT across the two phases F(1,51) = 14.854, p < 0.001, η2p = 0.226, and the interaction phase x trial type F(2,50) = 8.482, p < 0.001, η2p = 0.253 indicated that this decrement that followed the training phase significantly affected the RT emotional interference, which was smaller in the post-test compared to the pre-test (phase x emotional vs. neutral distractors, F(1,51) = 13.161; p < 0.001, η2p = 0.205). Although reduced, emotional interference was still highly significant in the post-test, F(1,51) = 13.198, p < 0.001, η2p = 0.206. The between-subject factor that refers to the different distractor category (all neutral or all emotional) used during the training phase did not show any significant effect, suggesting that the attenuation of emotional interference after the sustained training session was not specifically related to the type of experience with distractor content [2 × 3 × 2, F(3,50) = 2.359, p > 0.05, η2p = 0.09]. Moreover, a specific test on the affective modulation, that is, on the difference between emotional and neutral distractors, with the two factors, phase x group (training type), revealed no significant interaction effect, F(1,51) < 0.1, p = 0.454, η2p = 0.011.

The ANOVA on accuracy did not reveal any significant effects involving the three factors, or their interactions.



3.2 Late positive potential (LPP)

Figure 3 illustrates the LPP enhancement for emotional, compared to neutral, distractors, over the centro-parietal region. The ANOVA in the LPP window revealed a main effect of Trial Type, F(2,50) = 37.928, p < 0.0001, η2p = 0.603, and of Phase, F(1,51) = 13.742, p < 0.001, η2p = 0.212. Distractor occurrence [any distractor, Fs(1,51) > 7.591, ps < 0.01, η2p > 0.130] prompted a significant increase in the LPP magnitude, compared to distractor absent trials, and the largest positivity was found for emotional distractors, compared to neutral people, F(1,51) = 54, p < 0.0001, η2p = 0.515. Although over time (pre-test vs. post-test) the overall LPP amplitude was attenuated, this decrease did not differ as a function of distractor content [phase x trial type, F(2,50) <1, p = 0.283, η2p = 0.49], indicating that the LPP affective modulation (difference between emotional and neutral distractors) was unaffected by the extended practice with novel distractors. Accordingly, the type of distractors used in the training did not prompt any difference in the LPP modulation between the pre- and the post-test either [phase x trial type x group, F(2,50) = <1, p = 0.883, η2p = 0.005]; in fact, the two groups of participants showed no significant difference in cortical modulation between the two phases, regardless of what kind of practice they had carried out with distractors.



3.3 Brain oscillations: Alpha-ERD

Figure 4 illustrates Alpha ERD as a function of distractor content and position (left and right hemifield). The power in the Alpha band was clearly reduced compared to the baseline when a peripheral distractor was present compared to absent, and this desynchronization was enhanced for emotional, compared to neutral, pictures in the pre-test, as well as in the post test.
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FIGURE 4
 RTs in the discrimination orientation task for each trial type. Behavioral interference is plotted as a function of block, showing that the RT slowdown was maximum with the occurrence of emotional distractors, compared with neutral distractors or trials with no distractors. The emotional interference was clearly attenuated in the post-test. Error bars show ±1 SEM calculated within participants using the method of O’Brien et al. (2014). The inset shows the single subject plots of the emotional interference (emotional minus neutral) in the pre and post-test for each training group.


The ANOVA in the alpha band revealed a significant modulation as a function of trial type, F(2,50) = 19.968, p < 0.0001, η2p = 0.444, with the largest desynchronization for trials with the occurrence of emotional distractors, and the smallest for distractor absent trials. Alpha-ERD for neutral distractor trials was significantly larger compared to distractor absent trials, F(1,52) = 17.297, p < 0.001, η2p = 0.253, and significantly smaller compared to emotional trials, F(1,52) = 17.727, p < 0.001, η2p = 0.254. The overall Alpha-ERD was slightly attenuated in the post-test compared to the pre-test, F(1,51) = 5.144, p < 0.05, η2p = 0.092, but the magnitude of this effect did not differ across trial type conditions. The between-subject factor (training type) was not involved in any significant interaction.

An additional analysis focused on the contra/ipsi lateral Alpha-ERD to distractor-present vs. distractor-absent trials, in order to evaluate whether the alpha activity in response to lateralized distractors was affected by the training. The distractor contralateral alpha activity (distractor minus absent) did not vary between the pre-test and the post-test, F(1,48) = 1.86, p = 0.179, η2p = 0.037. Similarly, the distractor ipsilateral alpha activity (distractor minus absent) did not vary between the pre-test and the post-test, F(1,48) = 2.28, p = 0.137, η2p = 0.045.



3.4 Cortical (LPP and Alpha-ERD) and behavioral interference: between-subject correlations

In order to directly assess the relationship between different indices of emotional processing (behavioral interference, LPP, and Alpha-ERD), Pearson’s correlation coefficients were calculated using the difference scores (emotional minus neutral), separately for the pre- and the post-test. None of the correlations were significant in the pre-test (−0.18 > rs < 0.07, ps > 0.19) or in the post-test (−0.25 > rs < 0.19, ps > 0.06).




4 Discussion

The goal of the present study was to investigate the effects of training on the emotional interference of novel distractors depicting natural scenes. The extended experience with distractors throughout several blocks of trials prompted an attenuation of emotional interference between the post-test and the pre-test. This effect was independent of the type of experience with distractor content, since it occurred to the same extent in both groups of participants, for those whose training involved neutral distractors as well as for those who were exposed to emotional pictures during training. Unlike the behavioral interference, the affective modulation of both cortical indexes of emotional processing, the late positive potential and the Alpha-ERD, was unaffected by the amount and type of distractor exposure.

Previous repetition studies reported emotional distractor suppression after several repetitions of the same exemplars (Ferrari et al., 2022); here, the emotional interference was reduced over trials despite distractors consisting of a variety of novel natural scenes that were never repeated across the experiment. These results are in line with what was found in a similar paradigm in which the exposure to novel distractors varied as a function of distractor frequency occurrence (Micucci et al., 2020), suggesting that sustained experience with distractors can affect emotional capture even when distractors are novel stimuli (never repeated). A possible factor accounting for these effects could be the narrowing of spatial attention: Is the decline of emotional interference due to a specific inhibition of any sensory stimulus appearing in the distractor locations, preventing the identification of the affective category of the stimulus and the consequent engagement of motivational systems? In this respect, findings from cortical measures help to rule out this hypothesis. Indeed, the emotional nature of the distractors modulated both LPP and Alpha-ERD without showing any training effect, indicating that the reduction in the emotional interference effect cannot be explained in terms of a spatially specific inhibition of the distractor locations. Consistently, we did not find a reduction in the controlateral Alpha-ERD between the pre- and the post-test. These findings suggest that repetitive experience attenuates emotional interference, but it does not proactively prevent the processing of emotional distractors. A similar pattern of results was observed when the exposure to distractors was manipulated through distractor frequency occurrence (Micucci et al., 2020). Moreover, these findings are not consistent with a mere attention-capture interpretation of the affective modulation of the LPP and of Alpha-ERD, but provide further support that these cortical markers reflect the engagement of corticolimbic motivational systems in a mandatory fashion, even when further allocation of attention to emotional stimuli is attenuated.

It should be noted that while in previous studies emotional interference disappeared after a few distractor repetitions (Codispoti et al., 2016; Ferrari et al., 2022), here extensive experience with distractors determined a decrease in this effect which, however, continued to persist in the post-test, after over 900 trials. Moreover, it is well established that after substantial affective habituation, the occurrence of new stimuli in a final block (novel phase) was sufficient to reinstate an emotional effect (dishabituation) on several orienting measures (i.e., heart rate, skin conductance, pupil dilation, LPP; see also emotional interference). These findings, together with the somewhat weak effects of training with novel distractors observed in the present study, indicate that it is likely that the orienting mechanism is tuned on the specific exemplar that we directly experience, without generalization that spreads to the entire semantic category to which natural scenes belong, or to simple features that are shared between scenes, e.g., blood in unpleasant pictures (Gati and Ben-Shakhar, 1990). This interpretation is supported even more convincingly by the absence of an enhanced effect of the training involving emotional images, compared to the neutral training session, once again proving that the implicit learning to ignore emotional distractors, unlike other forms of implicit learning (e.g., Gordon and Holyoak, 1983), is built on the stimuli experienced, and does not generalize to similar exemplars.

It has also been suggested that behavioral interference by emotional stimuli may be solidly associated with the affective modulation of the LPP, both of these indexing attention allocation (Weinberg and Hajcak, 2011; Weinberg et al., 2021). The present study indicates that, although LPP, Alpha-ERD, and RTs are modulated by motivational significance (emotional arousal) during the viewing of novel pictures, they are differentially affected by sustained experience with novel distractors. Additionally, in the present study, there is no significant or close-to-significant correlation between behavioral interference and the LPP/Alpha ERD (neither regarding the absolute values nor for the emotional vs. neutral differentials). Moreover, a dissociation between the LPP and behavioral interference has been described in previous habituation studies, in which behavioral emotional interference waned after only a few presentations of the same distractor, whereas the LPP amplitude was still enhanced for emotional, compared with neutral, distractors despite picture repetition (Codispoti et al., 2006, 2016; Ferrari et al., 2022). These results do not support the hypothesis that the affective modulation of the LPP indexes attentional engagement with visual stimuli uniquely associated with the subsequent behavioral interference (RT slowdown) as previously proposed by Weinberg and colleagues (Weinberg et al., 2021).

Although the LPP and the Alpha-ERD share some similarities in terms of emotional modulation (De Cesarei and Codispoti, 2011; Ferrari et al., 2022), both being unaffected by training, they may reflect partially distinct processes engaged in emotional picture processing. Indeed, no correlation was found across participants between the emotional modulation of the LPP and the Alpha-ERD in the present study, or in previous studies (De Cesarei and Codispoti, 2011; Parvaz et al., 2015; see also Li et al., 2020, for dissociation in pain perception).

From the present study, it emerges that the visual perceptual system is extremely efficient in detecting and processing novel complex natural scenes, even when they are completely irrelevant to the ongoing task and outside the attentional focus defined by the target occurrence. This initial stage of processing is very sensitive to perceptual novelty and it implies an automatic categorization process based on the motivational relevance of the stimuli, revealing what the mandatory task of the perceptual system is, namely monitoring the environment for potential threats or rewards (Donchin et al., 1978). In fact, at this stage, top-down mechanisms, such as task-relevance or experience, do not seem to play any role, as shown by the absence of any training effect on the LPP and the Alpha-ERD modulation. On the other hand, the behavioral interference depends on a more flexible mechanism.
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Decision-making is an executive function, tapping into cognitive, emotional, and personality-based components. This complexity, and the varying operational definitions of the construct, is reflected in the rich array of behavioral decision-making tasks available for use in research and clinical settings. In many cases, these tasks are “subfield-specific,” with tasks developed by cognitive psychologists focusing on cognitive aspects of decision-making and tasks developed by clinical psychologists focusing on interactions between emotional and cognitive aspects. Critically, performance across different tasks does not consistently correlate, obfuscating the ability to compare scores between measures and detect changes over time. Differing theories as to what cognitive and/or emotional aspects affect decision-making likely contribute to this lack of consistency across measures. The low criterion-related validity among decision-making tasks and lack of consistent measurement of the construct presents challenges for emotion and decision-making scholars. In this perspective, we provide several recommendations for the field: (a) assess decision-making as a specific cognitive ability versus a taxonomy of cognitive abilities; (b) a renewed focus on convergent validity across tasks; (c) further assessment of test–retest reliability versus practice effects on tasks; and (d) reimagine future decision-making research to consider the research versus clinical implications. We discuss one example of decision-making research applied to clinical settings, acquired brain injury recovery, to demonstrate how some of these concerns and recommendations can affect the ability to track changes in decision-making across time.
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1. Introduction

Decision-making belongs to a group of higher-order, complex cognitive abilities linked to the prefrontal cortex (PFC) (Lezak et al., 2004) known as executive functions (EF). Decisions that are more emotion-based often activate ventromedial prefrontal cortex (VMPFC) (Ernst et al., 2002; Cho et al., 2012; Paulsen et al., 2012), whereas decisions that are more cognition-based activate dorsolateral prefrontal cortex (DLPFC) (Krain et al., 2006; Rolls and Grabenhorst, 2008). Yet both VMPFC and DLPFC can contribute to either type of decision-making. The brain’s reward pathway links the PFC with the limbic system and midbrain (Glimcher et al., 2009; Galvan, 2012), and decision-making activates this pathway (Jessor, 1991; Elliott et al., 2008; Curtis and Lee, 2010; Reyna, 2012). But aspects of the limbic system (Dalgleish, 2004; Fossati, 2012) and PFC (Baker et al., 1997) are linked to the processing of emotions, demonstrating that cognition and emotion utilize similar circuitry. Should we disentangle cognition and emotion in decision-making, or do we need to consider these two components together when defining the construct? It is possible that keeping emotion out of cognition (and vice versa) when defining decision-making has led to some of the current issues affecting the field. In the following sections, we provide a review of the current status of several important issues for decision-making as an individual differences variable and provide recommendations for the field moving forward. As applicable, we discuss where there may be different needs for those in the research versus clinical realms.



2. Specificity versus taxonomy of decision-making

Although a full review of the history of decision-making, and all the relevant theories of it, is outside the scope of this perspective, several reviews and key pieces are available regarding signal detection theory (Stanislaw and Todorov, 1999), expected value- and utility-based theories (Von Neumann and Morgenstern, 1944; Machina, 1987), prospect theory (Kahneman and Tversky, 1979), and dual (Tversky and Kahneman, 1983; Metcalfe and Mischel, 1999; Reyna, 2004; Evans, 2008) and triple (Wood and Bechara, 2014) process system theories of decision-making. A key component of several of these theories is the extent to which utilizing cognitive factors (e.g., working memory, knowledge of probabilities, abstract reasoning; Reyna et al., 2009; Weber and Johnson, 2009; Curtis and Lee, 2010; Reyna and Brainerd, 2011; Brand et al., 2014) and emotional factors (Suhr and Tsanadis, 2007; Roiser et al., 2009; Buelow et al., 2013) can affect decisions. A differing emphasis on emotion versus cognition can lead to differences in the overall conceptualization of decision-making and, subsequently, in how it is assessed.

Is decision-making a specific cognitive ability, or does it instead represent a taxonomy of related cognitive abilities that are tied to the PFC, limbic system, and their subcortical connections? Is decision-making similar to the other executive functions, in that it is made up of different aspects of the construct rather than one overarching ability that is applied in every situation? To the extent that a decision is made in a consistent manner, across situations and across time, then decision-making may be more of a specific cognitive ability. Yet as many show (e.g., Schoemaker, 1993; Ert and Yechiam, 2010; Figner and Weber, 2011; Yechiam and Ert, 2011), individuals do not consistently weigh gains and losses (or risks and benefits) across situations. How questions are worded/framed (e.g., gain-framing versus loss-framing; Tversky and Kahneman, 1981; Yechiam and Ert, 2011) can lead to different decisions. These inconsistencies may also occur based on the specific type of risk, the extent to which cognitive and emotional factors come into play, and one’s own risk-taking propensity (e.g., Figner and Weber, 2011). These inconsistencies lead us to wonder if decision-making mimics executive functions, in that it serves as a taxonomy for a series of ‘subcomponents’ that make up the overarching construct. Several of these subcomponents may be activated in one situation but not in another, which could account for the inconsistencies when performance is assessed across tasks. Moving forward, the field should consider the overarching construct of decision making and whether it is a specific ability or a higher-order classification for a set of cognitive abilities.



3. Convergent validity across tasks

If decision-making is a specific cognitive ability, and did not represent a taxonomy like the executive functions, then tasks assessing decision-making should show strong convergent validity. A task such as the Iowa Gambling Task (IGT; Bechara et al., 1994) should show strong correlations with the Balloon Analog Risk Task (BART; Lejuez et al., 2002), Game of Dice Task (GDT; Brand et al., 2007), and others. Some previous research finds such correlations (Brand et al., 2007; Henninger et al., 2010; Koritzky and Yechiam, 2010; Upton et al., 2011; MacKillop et al., 2014; Brown et al., 2015), but most instead show weak/small (Skeel et al., 2007; Mäntylä et al., 2012; Brunell and Buelow, 2017) or no (Mäntylä et al., 2012; Pletzer and Ortner, 2016) correlations between decision-making tasks designed to assess individual differences in the construct. If decision-making instead represents a taxonomy of cognitive abilities, then these inconsistencies make sense. Tasks that pull for more “cold” executive functions may correlate more with each other than with tasks that pull more for “hot” executive functions. We see this relationship when assessing correlations between the Wisconsin Card Sort Task, a measure of cold EF linked to the DLPFC (Lezak et al., 2004), as it correlates with decision-making tasks assessing more cold cognitions (e.g., Columbia Card Task, GDT; Brand et al., 2007, 2014; Buelow, 2015) but not with more hot/emotion-based tasks (e.g., IGT; Bechara et al., 2001; Reynolds et al., 2019). Factor analyses also demonstrate this lack of convergent validity (Buelow and Blaine, 2015).

Research investigating cognitive models of decisions on behavioral tasks point toward a better understanding of decision-making and convergent validity across tasks. Previous research points to factors such as sensitivity to gains/rewards (Yechiam and Busemeyer, 2008; Ert and Yechiam, 2010; Brevers et al., 2014), sensitivity to losses/risks (Bishara et al., 2009; Ert and Yechiam, 2010), frequency of gains and losses (Lin et al., 2009), choice consistency (Stout et al., 2004; Yechiam et al., 2005; Lin et al., 2016), discounting of versus learning from feedback (Yechiam et al., 2005; Prause and Lawyer, 2014; Byrne and Worthy, 2016), and individual differences in risk perception and acceptance (Wallsten et al., 2005; Ert and Yechiam, 2010; Figner and Weber, 2011; Yechiam and Ert, 2011) can affect decision-making across multiple tasks. It is possible that the relative lack of convergent validity across tasks to date is partly due to the nature of decision-making itself (e.g., specificity versus taxonomy) and partly due to the use of total/net scores to assess decision-making. Future research should continue to investigate these cognitive modeling-based commonalities across tasks, as there may be more convergence than it appears.



4. Test–retest reliability

How does performance on decision-making tasks change across time? Is decision-making a relatively stable construct, or does it change across time or based on other factors? To assess the stability of decision-making, we can assess the test–retest reliability of various behavioral tasks. Estimates of test–retest reliability vary across specific tasks, samples, and time periods, but overall there are often moderate to strong correlations between tasks administered days (Johnson and Bruner, 2013; Weafer et al., 2013), weeks (Buelow and Barnhart, 2018), months (Forster et al., 2016; Peng et al., 2018), and years (Kirby, 2009; Yechiam and Ert, 2011) apart. Although these correlations are relatively high, interpretation of them as evidence in favor of strong test–retest reliability depends on the context. Portney and Watkins (2015)‘s guidelines for clinical measures are that correlations across time of 0.50–0.75 are poor/moderate while those over 0.75 are acceptable. Few—if any—of these correlations meet that criterion. In addition, there are some tasks that are single-use, as there is some element (e.g., learning the risks/benefits of the decks on the IGT) that cannot be ‘unlearned’ to allow for a second, future administration. On the IGT in particular, evidence of these learned practice effects is evident even years after the initial administration (e.g., Waters-Wood et al., 2012; see Buelow, 2020, for review). Although lab-based studies of healthy control or clinical participants may require a one-time assessment of current decision-making skills, real-world clinical evaluations can require multiple assessments over time. Tracking decision-making over time is difficult when (a) tasks lack test–retest reliability and convergent validity and (b) there are no clinically-available tasks (i.e., those that have been validated in clinical samples and for which normative data is available) that can be used in a longitudinal assessment. As we will discuss in the next section, concerns about reliability and validity may differ based on the implications of a research study.



5. Reliability, validity, and experimental designs

As the field of decision science moves forward, the noted concerns about reliability and validity can point in different directions for new experimental designs, in part due to the basis for or reasoning behind a new research study. Is the intent to predict behavior? Document impaired decision-making based on a situational factor, individual differences factor, or psychological or medical/neurological diagnosis? Assess potential for change in the future? Understand decision-making or other cognitive/emotional process? Although in some cases it may be sufficient to document a one-time only assessment of decision-making impairment due to a diagnosis or other factor, in other cases the findings may have implications for treatments to improve decision-making skills among, for example, those with an acquired brain injury.

Acquired brain injury (ABI) is one example where more research is needed into both test–retest reliability and convergent validity, as tracking changes in cognitive difficulties across time is important for the patient with an ABI. ABI refers to any injury to the brain, such as what occurs in the course of traumatic (TBI; e.g., from accidents or falls) or nontraumatic (e.g., stroke) injury (Cullen et al., 2008). Although cognitive and emotional consequences of ABI vary due to the specific regions affected, the PFC is often negatively impacted (McAllister, 2011). Following ABI, patients may experience difficulties with attention, memory encoding and retrieval, processing speed, and EF (Allanson et al., 2017; Watson et al., 2020); however, these cited meta-analyses do not assess how hot EFs, such as decision-making, change post-ABI. Many clinically-available EF tasks focus on cold cognitive processes, even though OFC, VMPFC, and medial PFC may also be affected. Results of EF assessments predict long-term outcome for patients post-ABI (Allanson et al., 2017), yet this is often predicated on results of cold (non-emotion based) EF assessment. Individuals with ABI can also experience changes in emotional experience and expression (Gouick and Gentleman, 2004; de Sousa et al., 2012; with Phineas Gage as an early example).

In their Jose et al. (2020) review, Jose and colleagues examined the current understanding of EF in ABI. They divided decision-making into a set of skills that include value coding, social context, and emotional dysregulation, with moral reasoning and working memory as related cognitive functions. Research suggests that VMPFC, DLPFC, and OFC are involved in each of these decision-making components, despite the belief that each structure is specific to one cognitive (or emotional) function. They point out that focusing on a specific/small area of cognition can result in a loss of the bigger picture in ABI, such as by focusing on value coding one loses sight of the working memory and emotion regulation difficulties that could also affect decision-making.

Following ABI, individuals are typically assessed in the acute recovery phase to (a) predict pre-morbid functioning; (b) determine their strengths and weaknesses post-injury; and (c) develop a treatment plan. This gives a single snapshot of that individual’s cognitive history, yet it is often used for future comparison. Although important to identify cognitive deficits, it is also important to document if those deficits resolve. The IGT is currently the only behavioral task with available normative data to guide interpretation of task performance in clinical populations (Bechara, 2007), with a recent meta-analysis supporting its utility to assess decision-making impairments post-ABI (regardless of lesion location; Moore et al., 2023, under review)1. However, even 1+ years after initial assessment, practice effects remain (not specific to ABI samples; Tuvblad et al., 2013; Xiao et al., 2013). If there were additional tasks that demonstrated strong convergent validity with the IGT, they could instead be used to assess decision-making change over time. But there is a lack of convergent validity across decision-making tasks, creating difficulty showing improved decision-making as individuals recover from ABI. And while there is a typical recovery period post-ABI, especially from traumatic etiologies (Cullen et al., 2008), our inability to track decision-making changes across time limits what we can learn about EF recovery and how decision-making strategies may change post-ABI.

Outside of ABI and other clinical diagnoses where repeatable decision-making tasks can be of benefit, within-subjects study designs can also benefit from repeatable tasks. As just one example, multiple studies have shown that participants’ current mood or emotional state can affect decision-making (e.g., Mitchell and Phillips, 2007; Tamir and Robinson, 2007; Buelow et al., 2013; Forgas, 2013). In most of the lab-based manipulations of mood, decision-making was assessed post-manipulation only. If there was a repeatable decision-making task, it could be utilized in a pre-post manipulation, within-participant study design. This would additionally allow researchers to assess the extent to which the mood manipulation interacted with prior characteristics of the individual and their decision-making ability to affect subsequent performance.



6. Conclusion

The cognitive and emotional conceptualizations of decision-making need to be more precise: when should cognition and emotion be integrated, and when should they be assessed separately? Applications of dual process theory suggest cognition and emotion inform each other, but many current tasks rely on operational definitions of decision-making focused on only cognition or only emotion. Emotion can inform our understanding of cognition, and cognition can inform our understanding of emotion. VMPFC and DLPFC pathways are functionally connected, forming a prefrontal-cingulate cortex network that combines elements of hot and cold (“hot-cold”) decision-making (Jose et al., 2020; Salehinejad et al., 2021). Even tasks designed to examine emotion-based decision-making are correlated with measures of EFs and other cognitive abilities, indicating you cannot take cognition out of emotion either. Continuing to ‘silo’ cognitive and emotional theories of decision-making limits our ability to understand why individuals take risks and make suboptimal decisions. Utilizing an integrated conceptualization of decision-making and better centering it within other EFs may help researchers develop new tasks with adequate psychometrics that can be used to track recovery from an acute TBI, for example.

We believe the field of decision science still has much to offer our understanding of decision-making processes. However, the field’s impact is constrained by the lack of good psychometrics for many tasks and inconsistencies in conceptualizations of decision-making leading to differences in explaining task performance. The incorporation of cognitive and affective components of decision-making into a single taxonomy will methodologically increase reliability and validity of decision-making measures, as tasks born out of this conceptualization should, at their core, be assessing an overarching conceptualization that includes the assessment of both cognitive and affective components of decision-making.
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Footnotes

1   Moore, S., Naragon-Gainey, K., Pestell, C.F., Becerra, R., Buelow, M.T., and Fynn, D.M. (2023). The level and nature of impairment on the Iowa gambling task following acquired brain injury: a meta-analysis. (under review).
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Introduction

Emotions affect human behavior in various ways, such as motivating goal-directed behaviors, anticipating future outcomes, and supporting reward learning (Dolan, 2002). Emotions also can influence our food consumption and eating decisions regarding how much and when to eat certain foods (Meule and Vogele, 2013). Research has shown that the interplays across different types and intensity of emotions (e.g., negative vs. positive), eating styles (e.g., emotional eating—a tendency to eat in response to negative emotions; restrained eating—cognitive and behavioral restriction of food intake to control body weight; external eating—high susceptibility to food cues that results in craving for high-caloric, palatable foods), weight status, and types of foods (e.g., energy-dense, low-nutritious, unhealthier foods vs. nutritious, healthier foods) lead to different eating behaviors. Yet, emotion-eating mechanisms have not been fully identified. The mechanisms underneath emotion-related changes in eating behavior are multifaceted due to high variabilities across individuals and emotions (Macht, 2008). We focused on current findings exploring the impact of negative emotions on eating behavior and the decision-making mechanism in emotional eating, which provided perspectives on future research directions.



Emotions and their impacts on eating behavior

More often than not, negative emotions tend to decrease food consumption, while positive emotions increase it (Evers et al., 2018; Reichenberger et al., 2018). However, negative emotions can evoke external eating in high-emotional eaters than in low-emotional eaters (Blechert et al., 2014). Negative emotions can increase food consumption in restrained eaters as well due to disturbed cognitive inhibition of food intake (Evers et al., 2018). Furthermore, negative emotions do not necessarily induce increased eating among emotional eaters or individuals with overweight or obese (Evers et al., 2018; Zhou and Tse, 2020).

To explain the inconsistency and varying impacts of negative emotions on eating, recent studies have proposed the importance of individual differences including individualistic emotion-eating experiences and the impact of discrete emotions (Altheimer and Urry, 2019). They emphasized a learned association between discrete negative emotions and eating, rather than general negative emotions, which can vary across individuals (Altheimer and Urry, 2019). People who have previously formed an association between emotion and eating (food consumption or restriction) are more likely to engage in emotional or restricted eating in response to discrete negative emotions like depression and anxiety. For example, sadness increased food consumption more than joy in women high-emotional eaters, while sadness and joy did not differently influence food intake in low-emotional eaters (van Strien et al., 2013). Moreover, depression was related to weight gain regarding body mass index (BMI) change in only women emotional eaters, but not in men emotional eaters as well as external eaters and restricted eaters in either sex (van Strien et al., 2016).

Recent research has elucidated individual differences in how emotions impact hedonic eating (i.e., taste-oriented intake of high-caloric and low-nutrient food with high sugar, salt, and fat for pleasure without hunger) and homeostatic eating (i.e., food intake with a hunger for regulating energy balance) in different contexts (Lutter and Nestler, 2009; Reichenberger et al., 2018; Devonport et al., 2019). Induced anger, fear, and sadness increased consumption of sweet foods (Salerno et al., 2014). But when sensitivity to long-term risks of hedonic eating was primed, sadness restricted hedonic eating, which may be relevant to the function of sadness to become more vigilant to a loss or harm (Salerno et al., 2014).

Both adults’ depression and emotional eating were related to hedonic eating and a higher BMI (Konttinen et al., 2010). More severe depressive symptoms were linked to less consumption of fruits and vegetables and more consumption of non-sweet energy-dense foods, but not was not related to more consumption of sweet foods when emotional eating was controlled. When depression was controlled, higher emotional eating was linked to more consumption of sweet and non-sweet energy-dense foods. Results demonstrate that experiencing sadness or depressive moods does not necessarily decrease energy intake. Negative emotions are likely to increase overeating of energy-dense foods and decrease consumption of healthier options. Furthermore, the interaction between negative emotions and emotional eating matters. When emotional eating was examined using ecological momentary assessments (EMA) where people reported their emotions and eating behavior for 10 days, emotional eating and BMI influenced hedonic and homeostatic eating (Reichenberger et al., 2018). High negative emotions increased hedonic eating in high-emotional eaters but decreased it in low-emotional eaters; high negative emotions increased homeostatic eating in people with higher BMI. In addition, emotional processing capabilities may be linked to emotional eating in individuals with obesity. Similar to individuals with anxiety disorders or depression who often demonstrate difficulties in recognizing negative emotions (Demenescu et al., 2010), individuals with obesity are more likely to show difficulties in recognizing fearful and angry facial expressions (Scarpina et al., 2021) and describing and regulating emotions (Fernandes et al., 2018). Challenges in emotional processing may reflect emotional avoidance to cope with negative emotions related to body dissatisfaction or weight stigmatization in individuals with obesity (Fernandes et al., 2018), which could lead to emotional eating.

Findings suggest that emotional eating is prone to unhealthier, taste-oriented food choices under negative emotions. Negative emotions tend to focus on short-term gratification at the expense of long-term health risk considerations. Given the relationship between emotional eating and less adaptive coping strategies like emotion-oriented (i.e., coping through regulating negative emotional responses) and avoidant coping (i.e., avoiding or distracting from negative stress responses) (Spoor et al., 2007), hedonic eating could reflect less adaptive coping attempts for mitigating negative emotions in emotional eaters (Goossens et al., 2009).



Food-evoked emotions, reward values, and food decisions

Food consumption is most likely to elicit positive emotions like satisfaction and enjoyment rather than negative emotions (Desmet and Schifferstein, 2008). Conceptually, people associate sweet taste with positive emotion-laden words like happiness, love, grateful, acceptance, hug, and kiss, and bitter taste with negative emotion-laden words like sad, disgust, and rejection (Zhou and Tse, 2020). Sensory experiences can be embodied in psychological states and emotions through repeated associations between taste and emotion (e.g., associations between sweet taste and happiness) from early on in our lives (Zhou and Tse, 2020, 2022).

Individualistic food experiences from prenatal periods may impact sensory preferences. Infants are predisposed to like sweet and salty tastes and dislike sour and bitter tastes (Birch and Fisher, 1998). It has adaptive values that allow infants to find safe food sources like the sweet taste of breast milk. However, in the most modern obesogenic societies of food abundance, a preference for sweet, salty, and fatty foods is more likely to result in poorer nutritious choices and weight gain (Birch and Fisher, 1998). Developing less predisposed-taste-oriented food choices can be critical for physical and mental health. Accepting more nutritious foods (e.g., leafy vegetables and beans) and learning to regulate emotions adaptively could prevent disinhibited overconsumption of sweet, high-caloric, low-nutritious foods in response to negative emotions and stress. Nevertheless, challenges lie in that we are inclined to “eat” palatable and energy-dense foods rather than reject foods for secure energy intake (Ha et al., 2016). Anticipating and consuming palatable foods are associated with pleasure mediated by the brain reward system (Kringelbach et al., 2012; Berridge and Kringelbach, 2013; Volkow et al., 2013; Alonso-Alonso et al., 2015). Moreover, food taste preference is a major determinant of eating decisions (Raghunathan et al., 2006; Gutjar et al., 2015; Ha et al., 2019).

People make eating decisions based on subjective reward values of food attributes, specifically, food taste and health. Decision values of food taste and health attributes are encoded in the ventromedial prefrontal cortex (vmPFC) that involved in reward value computation (Hare et al., 2009; Clithero and Rangel, 2013; Bruce et al., 2016; Lim et al., 2023). Hedonic, pleasure-oriented decisions that predominantly incorporate food taste attributes lead to less nutritious, unhealthier eating and/or weight gain (Lim et al., 2018, 2023). To make more nutritious, healthier decisions, the health attributes of food need to be considered. In health-oriented, self-controlled decisions (i.e., refusing tasty but unhealthy foods or eating not-tasty but healthy foods) mediated by the brain control system (Chib et al., 2009; Hare et al., 2009; Lim et al., 2016, 2023), food health attributes are incorporated early and significant enough during decision process (Sullivan et al., 2015; Lim et al., 2018), which allows people to pursue long-term health benefits rather than immediate pleasure from palatable, but less nutritious and unhealthier foods (Ha et al., 2016, 2021; van Meer et al., 2016; Lim et al., 2018).

Emotional eating is related to impulsive, less self-controlled decisions in response to negative emotions or stress (Elfhag and Morey, 2008; Verstuyf et al., 2013; Zhu et al., 2014). Emotional eating tends to be associated with external eating (e.g., overconsumption in response to external food cues like the smell of food and food advertisements) (van Bloemendaal et al., 2015; van Strien, 2018), which supports lapses of self-control in emotional eating. Overriding immediate pleasure for long-term health goals becomes arduous for emotional eaters when emotional distress increases reward values of palatable, high-caloric foods and sensitivity to those food cues in the brain reward system including the orbitofrontal cortex (OFC) and ventral striatum (Wagner et al., 2012; van Bloemendaal et al., 2015). Under negative emotions or stress, heightened sensitivity to food cues and reward values lead to increased cravings for palatable foods and disinhibited eating in people with obesity as well (Jastreboff et al., 2013). Craving, or motivations for seeking palatable foods are encoded in the mesolimbic dopamine reward system, especially in the substantia nigra (SN) and ventral tegmental area (VTA) (Meye and Adan, 2014). Intranasal oxytocin administration reduces the consumption of palatable foods and decreases activations in the VTA in response to high-calorie food cues in men with overweight and obesity (Plessow et al., 2018). These findings suggest that associations between negative emotion and hedonic eating are linked to changes in the brain reward system, which make people more prone to craving and overconsumption of palatable foods, especially among emotional eaters and people with excessive weight.

Hedonic eating is also linked to affection and social needs. Sweet taste often forms an association with warmth and love (Chan et al., 2013; Ren et al., 2015). Sweet taste and a romantic partner activate similar neural responses in the anterior cingulate cortex that are involved in the reward system (Bartels and Zeki, 2000; Araujo et al., 2003). When people are lacking warmth and love, deprivation of positive emotions and social connection could result in compensatory reward-seeking behaviors, including craving and over-consumption of low-nutritious sweet foods (Henriksen et al., 2014; Tomova et al., 2020; Doan et al., 2022). Loneliness increased craving for sugar-sweetened beverages measured using an EMA in adolescents (Doan et al., 2022). Loneliness increased the consumption of sweet beverages, while perceived social connection decreased the consumption of sweet beverages in pregnant women (Henriksen et al., 2014). In young adults, deprivation of social connection and food evoked similar behavioral and neural responses (Tomova et al., 2020). Acute social isolation resulted in increased negative emotions and increased social craving, and fasting resulted in increased negative emotions and increased food craving and hunger (Tomova et al., 2020). The level of self-reported cravings for social connection and cravings for food after deprivation were strongly correlated. Further, both types of deprivation evoked similar responses in dopaminergic midbrain regions involved in craving and seeking palatable foods, specifically in the SN and VTA.

In sum, food evokes positive emotions. Learned associations between food and negative emotions may heighten emotional eating that is prone to disinhibited eating decisions of seeking palatable foods in response to negative emotions, social isolation, and stress. For better mental and physical health, it will be crucial to develop more adaptive emotion regulation, coping strategies, and health-oriented, self-controlled eating decisions.



Discussion

While much is yet to unfold, recent advances may shed light on new perspectives in understanding the relationship between emotion and eating behaviors.

Exploring pleasure-seeking and eating phenotypes in early life may provide important knowledge about the development of hedonic eating. Food preferences and appetite traits begin to develop from prenatal periods influenced by genetic predispositions and maternal food choices (Ventura and Worobey, 2013). Given that infants transition to adult foods during the first 2 years (Carruth et al., 2004), early food experiences could lay the foundation for food preferences (Domel et al., 1996; Gibson et al., 1998; Howard et al., 2012; Mura Paroche et al., 2017). One of the prominent obesogenic eating phenotypes is sensitivity to external food cues, which often results in overeating that potentially leads to obesity (Carnell et al., 2013). One study demonstrated that 6- to 12-month-olds with rapid weight gain showed higher responsivity (touching) to foods over nonfoods, suggesting that early heightened sensitivity to food cues could influence rapid weight gain (Buvinger et al., 2017). Moreover, 9- to 18-month-old infants with more rapid weight gain (i.e., greater weight-for-length z scores) found a favorite food was more rewarding than nonfood alternatives (a toy and DVD) compared to lean infants. Interestingly, reward values of nonfood alternatives were significantly lower among infants with more rapid weight gain than lean infants. These findings suggest that infants with rapid weight gain have developed heightened food reward-seeking along with a lack of alternative sources for pleasure-seeking, which could contribute to hedonic eating and weight gain in their later lives. It will be worth examining how early preferences to food and other objects are associated with the development of hedonic eating and risks for obesity.

A more holistic understanding of shared neural mechanisms of emotion and eating behavior may shed light on the intervention of hedonic eating. Common neural mechanisms of emotion and eating behavior regulations have been identified (Godet et al., 2022). The vmPFC mediates valuations of emotional food stimuli considering people’s current goals and contexts (Ochsner et al., 2012; Lim et al., 2023). The dorsolateral prefrontal cortex (dlPFC) mediates both emotion regulations (Ochsner and Gross, 2005; Ochsner et al., 2012) and eating regulations (Hare et al., 2009; Hutcherson et al., 2012) by incorporating long-term goals into value representation in the vmPFC (Hare et al., 2009; Hutcherson et al., 2012). Recent research has demonstrated the positive effect of the dlPFC modification using transcranial direct-current stimulation (tDCS) on emotion, such as reduced emotional reactivity to negative emotions (Clarke et al., 2020), enhanced cognitive control of emotion regulation (Feeser et al., 2014), and decreased anxiety and stress responses measured by cortisol levels (Mehrsafar et al., 2020). Similarly, some research demonstrated that the dlPFC modulation using tDCS reduced food craving, liking, and/or consumption in healthy-weight adults with higher food craving (Jauch-Chara et al., 2014; Kekic et al., 2014; Lapenta et al., 2014; Anderson et al., 2023), in adults with overweight and higher food craving (Ljubisavljevic et al., 2016), and adults with obesity and binge eating disorder (Burgess et al., 2016). However, other studies did not find significant changes in food cravings, choice, and consumption (Georgii et al., 2017; Ray et al., 2017; Beaumont et al., 2021). Individual differences in eating and psychological aspects could play a role in inconsistent findings, given results vary depending on the level of susceptibility to hedonic eating, types of eating behaviors, and psychological traits (Ray et al., 2017). For example, the dlPFC modulation via tDCS did not change food cravings and consumption in healthy-weight adults with lower hedonic eating (Beaumont et al., 2021). The dlPFC modulation reduced food liking (pleasure) but not unhealthy food choices in healthy-weight adults with higher food cravings (Anderson et al., 2023). Further research is necessary to determine the effectiveness of neural modulation in food craving and consumption.

Recently, individual differences in interoception and gut microbiome have been considered to provide an insight of the association between emotion and eating. Interoception is the ability to accurately sense internal body signals (Garfinkel et al., 2015; Khalsa et al., 2018). Poorer interoception is linked to worse emotion regulation (Füstös et al., 2012), higher emotional eating and BMI (Robinson et al., 2021), and disordered eating (Ahlich and Rancourt, 2022). Hypersensitivity to interoceptive hunger signals and less accurate detection of satiety and energy balance signals are prone to hedonic eating and obesity (Simmons and DeVille, 2017). The variation in gut microbiome consisted of 1013 to 1014 microorganisms inhabiting the gastrointestinal system (Le Chatelier et al., 2013) including reduced bacterial diversity and altered composition may contribute to delayed satiety setpoint (Yatsunenko et al., 2012), food craving (Alcock et al., 2014), dysregulated energy balance and weight gain (Le Chatelier et al., 2013; Davis, 2016; Torres-Fuentes et al., 2017), and disordered eating (Terry et al., 2022). Via the vagus nerve, some gut microbiota and gastrointestinal signals are delivered to the brain, which bidirectionally influence emotional experiences like anxiety and stress (Breit et al., 2018). The insula integrates projected interoceptive signals with emotional, cognitive, and motivational signals that result in explicit experiences of positive and negative emotions (Namkung et al., 2017). The anterior insula relays saliency signals associated with emotions (e.g., pleasure, pain) to dlPFC for initiating attentive control (Menon and Uddin, 2010) and represents past emotional experiences in similar contexts to vmPFC to evaluate outcomes for future decisions (Namkung et al., 2017). The anterior insula is a part of the primary taste and olfactory cortex (Rolls, 2016), along with the OFC involved in the modulation of taste reactions, affective representation of rewards (e.g., pleasure from palatable foods), and food-evoked emotion (Kringelbach, 2005). Research reported that higher emotional eating was linked to greater activations of the insula and the OFC (Bohon et al., 2009; van Bloemendaal et al., 2015) but see Bohon (2014). These findings may account for the multifaceted role of the insula and the OFC across interoception, emotion generation and modulation, taste perception, and responses to food cues, which suggests overlapping mechanisms under emotion and food processing (Frank et al., 2013).

Altogether, we have addressed commonalities across emotion and eating, while emphasizing the importance of variability and individual differences in understanding the association between emotion and eating behaviors. Further investigations on neural, physiological, and decision-making mechanisms of emotional eating and effective intervention and prevention of hedonic and emotional eating are warranted.
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Introduction: Current research on Autonomous Sensory Meridian Response (ASMR) assumes that ASMR is always accompanied by contentment, and it is distinct from frisson due to positive emotions. Thus, research investigations tend to limit their scope to solely focusing on the sensation of relaxation that ASMR induces. This study explores whether it is possible to have a different emotional experience and still perceive ASMR, testing the theory of ASMR as an amplifier of pre-existing emotion instead of a determination of positive affect.
Methods: The emotional arousal and valence, and mood changes of 180 ASMR-capable and incapable individuals were analysed using questionnaires after altering the affective interpretation associated with auditory ASMR (tapping) with visual priming to examine whether the primed emotion (fearful, relaxing, or neutral) could be amplified.
Results: It was found that an ASMR response occurred in all priming conditions, including the fear priming group. No significant difference was found in the emotional outcome or mood of the neutral and relaxing priming groups. Upon comparison with ASMR-incapable individuals, both the relaxing and neutral priming groups demonstrated the same affect, but greater potent for ASMR-capable. Individuals who appraised ASMR after visual fear priming demonstrated a significant decrease in positive emotional valence and increased arousal.
Conclusion: The findings suggest that ASMR occurs in both positive and negative emotional situations, suppressing contentment induction if ASMR stimuli are interpreted negatively and amplifying contentment when interpreted positively. While more research is needed, the results highlight that ASMR and frisson might describe the same phenomenon, both a physically felt signature of emotion. Therapeutic usage of ASMR should carefully select appropriate stimuli that emphasise contentment to avoid potential health risks associated with negative emotions until a further understanding of ASMR’s affective parameters has been established.
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1 Introduction

Autonomous Sensory Meridian Response (ASMR) is a perceptual response that begins from the scalp or spine and spreads across the body upon exposure to specific external triggers. Similar to frisson, a bodily sensation that involves a pleasurable chill that originates similarly around the head, neck, and spine area (Colver and El-Alayli, 2016), ASMR has been described as a form of “low-grade euphoria” due to its accompaniment with feelings of relaxation (Barratt and Davis, 2015; Fredborg et al., 2017; Poerio et al., 2018). Most research suggests that ASMR triggers vary from person to person, where triggers can be auditory, visual, tactile, or an amalgamation of them all (Barratt et al., 2017; Fredborg et al., 2017). ASMR stimuli are highly accessible through the internet; its accessibility being a key factor in its popularity over recent years.

The definition of ASMR has become ambiguous or overly subjective, promoting difficulties in distinguishing the differences between ASMR and other similar sensations, i.e., frisson or synaesthesia (Poerio et al., 2022). Where for example, synaesthesia, the involuntary perception that crosses over between senses (e.g., one is able to hear sounds and see colors), is common among those perceiving ASMR (Poerio et al., 2022). Descriptions of the ASMR sensation often mirror ones used to describe frisson (Panksepp, 1995; Blood and Zatorre, 2001). The similarity between the descriptions of the two phenomena has raised multiple stances within the research community. Some have argued that ASMR is a gentler subclass of frisson (Fairyington, 2014), whereas others would claim ASMR is unique to frisson and an independent sensation (Fredborg et al., 2017). Although the two are nearly indistinguishable at a descriptive level, empirical evidence has suggested that the differences between them predominantly lay upon the triggers that initiate them. For instance, frisson is mostly reported during music-listening and esthetic experiences compared to ASMR, which is more commonly experienced during mundane activities (e.g., physical examinations; Ahuja and Ahuja, 2019).

Due to the difficulties of distinguishing ASMR definition from frisson aside from ASMR-inducing contentment, research may have neglected contradicting claims related to non-relaxing ASMR experiences to maintain a forced distinction between the two. Although some empirical evidence does suggest that ASMR is associated with relaxation from psychometrics and physiological measurements, investigations tend to limit their scope to solely focus on the sensation of relaxation to avoid variating from the original non-scientific description of ASMR raised from the internet (see Barratt and Davis, 2015; Fredborg et al., 2017).

However, Kovacevich and Huron (2019) conducted a content analysis of the 30 most popular ASMR videos to examine the required features of ASMR. ASMR videos used less music, were quieter, and tended to use private settings as opposed to public settings when compared to control videos that were not ASMR-like in nature. This distinguishes ASMR from frisson, which is often reported to be under situations involving the presence of music and can occur during a loud listening session (Fredborg et al., 2017). However, both ASMR and control video ratings yielded a low Kappa statistic of 0.47, implying only moderate agreement within interrater reliability. Nevertheless, these findings were triangulated with self-report data, which found that using similar triggers induced ASMR in participants across different research studies (Barratt et al., 2017). This, therefore, shows the importance of distinguishing ASMR-like experiences from experiences of frisson. However, there are some similarities between ASMR and frisson, particularly in their physiological symptoms. For instance, pleasurable pilomotor activation (e.g., goosebumps) is shared across both sensations (Blood and Zatorre, 2001), and both would induce an increase in galvanic skin response (Guhn et al., 2007; Poerio et al., 2018). Thus, it is difficult to distinguish whether the bodily sensation is a result of ASMR if the context of triggers is insufficient or ambiguous. This ambiguity in identifying ASMR is even more problematic when research has shown that the triggers vary from person to person (Fredborg et al., 2017). Therefore, it is inherently difficult to distinguish the physiological sensations between ASMR and frisson.

Many have argued that the most critical component of distinguishing ASMR from other bodily sensations is the emotional outcome (Barratt and Davis, 2015; Del Campo and Kehle, 2016; Fredborg et al., 2017). As previously mentioned, ASMR is frequently associated with contentment and improvement in subjective wellbeing (Bishop et al., 2004; Barratt and Davis, 2015). For instance, Lohaus et al. (2023) demonstrated that ASMR sensations triggered simply by viewing ASMR videos are related to higher state relaxation and positive affect scores. This nature of the phenomenon became the primary reason why ASMR gained popularity because of its positive influence on emotion without complicated procedures. This led to comparisons between ASMR and mindfulness, a meditation method that involves distributing attention toward moment-by-moment experiences to repel negative emotions (Bishop et al., 2004). The premise of mindfulness is to gain awareness of the present and reduce reactiveness toward surrounding events or thoughts that may negatively influence our feelings (Lutz et al., 2008). The similarities between mindfulness and ASMR are not limited to the outcome but also procedural elements since recent research has discovered intertwined processes such as attentional control and openness to sensations (Fredborg et al., 2018). Thus, ASMR has caught some attention in the clinical field due to its potential to be an innovative medium for stress management and overall mental wellbeing (e.g., Cash et al., 2018).

However, esthetic chills such as frisson are often associated with excitement and physiological arousal (Grewe et al., 2009; Del Campo and Kehle, 2016). Supported by physiological measurements, the cardiac reaction upon experiencing the two sensations demonstrated a polarizing effect. While esthetic chills increase respiration rate and respiratory depth (Benedek and Kaernbach, 2011), ASMR reduces heart rate (Poerio et al., 2018), which can indicate relaxation (Pittig et al., 2013) since excitement and arousal are often associated with an increase in heart rate (Wulfert et al., 2005). However, Poerio et al. (2018) asked participants about their experiences with ASMR, and they reported increased levels of subjective excitement despite the reduction in heart rate. Regardless, the experience overall is still associated with contentment, which is not a component of frisson. Although distinguishing one phenomenon from another is undoubtedly an informative milestone in ASMR research, findings aligned with people’s expectations have generated unnecessary strictness in bodily sensation classification. This strictness has manifested within internet communities—deeming reported anomalies within ASMR experience as preposterous. Claims regarding individuals experiencing non-relaxing ASMR are often disregarded due to the strict definition that ASMR must be accompanied by contentment. The findings of ASMR research can be misinterpreted by the layperson as findings not only alter the public’s beliefs of ASMR but also the productivity of scientific research. ASMR research relies on content produced by the public, which may be reduced if people deliberately cancel meaningful debates on the topic. Astonishingly, these contradicting claims have remained resilient and begun to surface.

Non-relaxing ASMR has been reported on the internet for an extensive duration but was never acknowledged by the scientific community. For instance, a researcher of this project found that there are a few Reddit forum posts regarding ASMR as accompanied by fear responses. However, these experiences have caught little attention because they differ so strongly from our current understanding of the ASMR paradigm, and therefore, alternative experiences of ASMR have been neglected by public interest. One of these discussions depicted a panic episode when walking alone in the woods at night that was accompanied by ASMR (see I Started to Notice, 2016). Moreover, some YouTube videos have been suggested to be ASMR inducing even though they have unusual triggers; for example, videos of individuals walking into various locations (e.g., Aokigahara “Suicide” Forest & Cemetery; Rambalac, 2018). Although these videos may typically be associated with fear, they were suggested to be ASMR-inducing by both the uploader and the viewers, albeit with some uncertainty due to the divergence from the typical ASMR paradigm.

Another type of non-relaxing ASMR that has been reported is the association of ASMR with feelings of disgust. This experience is far more common than fear-related ASMR and is the reason why many individuals do not enjoy listening to ASMR-related stimuli. Most would argue that the reason for expressing disgust toward ASMR is related to misophonia, which refers to the hatred of sounds (Kovacevich and Huron, 2018). The typical trigger for misophonia is human-generated noises such as eating and breathing (Diamond-Flower, 2018; Rouw and Erfanian, 2018). Upon exposure to ASMR, an individual with misophonia would feel intense disgust, anger, or anxiety as an aversive response to avoid further exposure to the sound source (Wu et al., 2014). This experience of disgust is most prevalent in ASMR eating videos, where viewers either find it incredibly relaxing or disgusting (see Diamond-Flower, 2018; ima-lick-u, 2018).

Smith and Snider (2019) provided multiple references to ASMR artist’s emphasis that ASMR media is intended for relaxation, stress, and anxiety management (Andersen, 2015), and there is undoubtedly a strong influence within the ASMR community to enforce the association between relaxation and ASMR. While most ASMR artists have enforced that the tingling sensation is a “relaxation response” (Andersen, 2015), no empirical findings can be confident that the response itself is relaxing by default. Specifically, based on the literature, we cannot distinguish whether ASMR is an esthetic chill-like experience with a relaxing nature or it is just a frisson generated by perceptual triggers that occur independently from emotions and acts as a physically felt signature of emotion, where contentment is just a by-product of interpretation since Smejka and Wiggs (2022) suggested that ASMR videos induce relaxation regardless of whether one can experience ASMR. However, the potency of relaxation has been shown to be more pronounced in individuals who can experience ASMR, which may indicate that ASMR sensations serve to amplify pre-existing emotions induced by the affective interpretation of the positive ASMR stimuli.

Thus, the assumption of ASMR sensation is not to determine emotion, but rather, to amplify pre-existing emotions. Perhaps one could attempt to manipulate one’s affective positive interpretation of ASMR stimuli and cause ASMR sensation to amplify alternative emotions. Moreover, if such a hypothesis is correct, then there is a need to avoid narrowing our scope in believing that ASMR is always accompanied by relaxation and that there might be a need for re-evaluation in previous literature since most influential research has acquired samples from ASMR-related communities, which can be biased toward interpreting ASMR stimuli as relaxing. Anticipating ASMR as a relaxation response that produces biased positive affect findings is a self-fulfilling prophecy. More importantly, as mentioned earlier regarding the abundance of attention on ASMR being a potential therapeutic tool in the professional scene, if ASMR is indeed a signature or an overwhelming pre-existing emotion, then a stricter framework should be proposed when using ASMR in a therapeutic capacity, as it may be harmful when interpreted negatively. Thus, we intend to test whether it is possible to produce alternative emotional outcomes from ASMR by manipulating one’s affective interpretation of the stimuli.

To test whether ASMR is a physically felt signature of an overwhelming emotion, researchers can prime the interpretation of the context of ASMR triggers to instigate a specific emotion with visual information (i.e., a video) beforehand. The visual information alone should induce an emotion that ASMR will later physically amplify (e.g., finger-tapping noises may be interpreted as blood dripping if primed by gory visuals beforehand, which may induce and amplify fear upon ASMR exposure). The priming material should be congruent to the ASMR trigger, meaning visual information must relate to the auditory ASMR trigger. Otherwise, the discrepancy between visual and auditory information may render priming ineffective.

The current experiment focuses on priming auditory ASMR triggers, specifically finger tapping, to test whether a negative emotion (e.g., fear) can be induced and physically amplified during the ASMR experience. Finger-tapping triggers were chosen due to their popularity and implementation in literature (Barratt et al., 2017; Fredborg et al., 2017). Most importantly, finger tapping is suitable for priming since it is more contextually neutral than triggers such as whispering, which is commonly misinterpreted sexually (Smith and Snider, 2019), or chewing, which may be considered ill-mannered and invoke disgust, for better control of manipulation across conditions. Furthermore, we chose to investigate fear due to its direct polarizing characteristics to contentment for better contrast in findings (McGinn and Kelly, 2018; Gu et al., 2019).

Overall, in this experiment, there will be three priming conditions: relaxation, fear, and neutral emotion (control condition) to evaluate the physical emotion amplification theory. Relaxation conditions will be primed using the conventional ASMR visuals, fear conditions using fear-related visuals, and control using emotionally neutral visuals. Concerning the control group, we hypothesize that the effect of ASMR on emotional amplification may be less potent than individuals primed with contentment-related visuals since previous studies have demonstrated that misophonia is influenced by the amount of contextual information given (see Edelstein et al., 2020). Thus, we hypothesized that control groups would demonstrate contentment induction due to the content impression of ASMR stimuli caused by media, as mentioned earlier, but not as strongly as the relaxation priming condition. Furthermore, individuals who do not normally have ASMR response toward the intended stimuli (i.e., ASMR-incapable group) will be tested for the three conditions as well to provide additional data for comparison with their capable counterparts to further affirm our theory. Thus, we hypothesize that ASMR-incapable individuals of each priming group will exhibit emotional valence and arousal of the same direction in relation to their ASMR-capable counterpart with lessened intensity as the absence of ASMR sensation in the ASMR-incapable group would disable amplification of the primed emotion.



2 Materials and methods


2.1 Participants

A total of 181 participants were recruited from the ASMR Reddit subforums1 and through word-of-mouth. Reddit is a forum bringing together an English-speaking community with rules and terms and conditions written in English. Thus, participants’ English comprehension abilities were assumed to be adequate for the experiment. Participants were entered in a prize draw to win a £10 Amazon voucher for their participation. One participant was excluded due to inappropriate responses during participation, which left 180 valid participants (104 male, 68 female, and 8 others). The ages of the participants ranged from 18 to 55 years (M = 26.47, SD = 6.82). The participant’s origins can be divided into three main groups: 53 were European (29.4%), 79 were Americans (43.9%), and 48 were from other countries (26.7%; e.g., South East Asians, Eastern Asians, Africans, and South Americans). An a priori power analysis was conducted using G*Power version 3.1.9.7 (Faul et al., 2007) to determine the minimum samples size required for 2 × 3 factorial MANOVA at medium effect size ([image: Mathematical expression displaying the function \( f \) squared, represented as \( f^2 \).] = 0.15; Cohen, 1988) and an alpha of 0.05 was 60 samples to achieve a power of 0.80.

Upon participation in the study, participants were labeled according to their ASMR ability (ASMR-capable or incapable) and the type of ASMR stimuli they were triggered by, which were assessed through the initial ASMR checklist (see Figure 1). Individuals who had not experienced ASMR and participants who were not triggered by auditory “tapping” stimuli were placed in the group labeled “ASMR Incapable” for the purpose of the experiment. Participants triggered by tapping were allocated to the “ASMR Capable” group (see Figure 1). The second criterion is crucial given that Fredborg et al. (2017) suggested that trigger type might vary among ASMR-capable individuals; this allows us to identify which participants can be triggered by the experimental stimuli and use ASMR-incapable individuals as a baseline to examine the effect of ASMR.

[image: Flowchart asks if someone has experienced ASMR. If yes, and a specific type is selected, they are labeled ASMR Capable with options Control, Fear, Relax. If no, or type not selected, they're ASMR Incapable, with the same options.]

FIGURE 1
 New SAM ASMR intensity scale (1 = No ASMR, 9 = Extreme ASMR intensity).


After assessing ASMR capability, participants are randomly allocated to either control, fear, or relaxation priming conditions (see Figure 1). Informed consent was obtained from all participants who took part in the study. All data were anonymized, and participants could withdraw at any point in the study. Ethical approval for this research was granted by the Department of Information Study Ethics Chair, University College London.



2.2 Measures


2.2.1 Experiment program

The study was created using an online experiment builder program Gorilla™. The experimental program can be accessed with a desktop, laptop, computer, or tablet. Participants were allowed to activate the program through any platform, but computers were recommended due to better technical optimization.



2.2.2 ASMR audio

Five relaxing tapping ASMR videos were retrieved from YouTube based on view count since the popularity could represent audience engagement and revisitation, which indicates their effectiveness in inducing ASMR. The visuals were removed to preserve only the auditory component, which was shortened to a 20-s audio clip. The same audio was shared across all conditions regardless of ASMR ability. By doing this, we examined if altering the auditory stimuli’s context could affect the emotional outcome of ASMR.



2.2.3 ASMR videos

Eleven muted video stimuli were retrieved from YouTube based on their view count and congruence to the corresponding condition (fear, relaxation, and control) and auditory stimuli (tapping sounds). They were trimmed to 20 s to match the duration of the auditory stimuli. The five videos utilized for the relaxation condition were extracted from the original visuals where the ASMR audio was acquired (i.e., the visuals originated from the ASMR audio) to ensure the condition elicits the intended (positive) ASMR experience from the source material. In addition, five videos were used in the fear condition and picked based on their popularity, which we assumed indicated their capability to induce fear. These clips were obtained from horror movies and fearsome ASMR videos shared on YouTube. They were congruent to the ASMR tapping audio (e.g., raining in a forest at night, stalked by crawly monster steps, haunted house and sewer tour, and monster tapping closet; see Supplementary Appendix A) to ensure a congruent association between the audio and video. Finally, one emotionally neutral video clip was used in the control condition (a ball bouncing at a constant speed; see Supplementary Appendix A).



2.2.4 ASMR checklist

Two questions needed to be answered before proceeding to the experiment to label participants as ASMR capable or incapable: (1) Have you ever experienced ASMR? (Yes/No); (2) Which type of ASMR are you capable of (select from Whispering, Chewing, Brushing, Tapping, Scratching, & Crinkling). Participants who selected “No” for the first question or did not choose “tapping” in the second question were allocated to the “ASMR Incapable” group.



2.2.5 Self-assessment manikin scale

Self-assessment manikin scale (SAM) is a three-item pictorial assessment that measures arousal, valence, and dominance associated with an individual’s emotional reaction when reacting to various stimuli (Bradley and Lang, 1994). The current experiment adapted the 9-point version of the scale, removed the dominance scale, and replaced it with an original scale that accesses ASMR intensity (1 = “No arousal”/"No ASMR”/"Extremely Unpleasant” to 9 = “Extremely aroused”/"Extreme ASMR intensity”/"Extremely Pleasant”; see Supplementary Appendix B). This current assessment consisted of nine images for each scale, and each image of the scale was a visual representation of what each rating should feel like emotionally as a reference.



2.2.6 Brief mood introspection scale

This scale is an open-source 4-point Likert mood scale that contains 16 mood adjectives (Mayer and Gaschke, 1988; Lively, Happy, Sad, Tired, Caring, Content, Gloomy, Jittery, Drowsy, Grouchy, Peppy, Nervous, Calm, Loving, Fed up, and Active). Participants had to report to what extent each adjective describes their current mood (1 = “Definitely do not feel,” 2 = “Do not feel,” 3 = “Slightly feel,” 4 = “Definitely Feel”). The data yielded were adjusted by reverse scoring components to reflect the pleasant–unpleasant mood or arousal–calm mood (Mayer and Cavallaro, 2019). Two BMIS were distributed; one was presented before the experiment, and the other was presented after the experiment. An overall pleasant–unpleasant or arousal–calm mood change score was obtained by deducting the BMIS before the experiment with the BMIS after the experiment. The reported Cronbach’s alpha for the questionnaire before and after the experiment were 0.84 and 0.87 for pleasant–unpleasant and 0.42 and 0.44 for arousal–calm, respectively.




2.3 Design

The current experiment used a 2 × 3 factorial design. Independent variables were the participant’s ASMR capability and the allocated priming conditions (i.e., control, fear, and relaxation). The dependent variables were (1) average SAM valence score, (2) average SAM arousal score, (3) average SAM ASMR intensity score, (4) BMIS unpleasant-pleasant mood change, and (5) BMIS arousal-calm mood change.



2.4 Procedure


2.4.1 Pre-experiment phase

Participants were given a link to the web-based experimental program. Once consent was obtained, participants completed demographic information (age, gender, and nationality) and then completed a pre-screening questionnaire to identify as either ASMR capable or incapable. They were then allocated randomly to control, relaxation, or fear conditions and were given the BMIS to measure their mood before ASMR exposure.



2.4.2 Experiment phase

Participants were then shown a muted video clip with the emotional context coherent to their grouping (i.e., neutral, relaxing, or fearsome). Once they watched the clip, participants were presented with a button to continue, which triggered a random audio clip (ASMR tapping) that lasted for another 20 s. Subsequently, participants were brought to four separate screens, where they had to provide their responses in the chronological order of (1) arousal, (2) valence, (3) ASMR intensity (see Supplementary Appendix B), and (4) interpretation of how the auditory stimulus is produced. After they completed SAM, participants were shown another muted video followed by ASMR audio, then SAM. This procedure was repeated five times; the combination of video and audio stimuli was randomly assorted for each trial and each run. All audio and video only appeared once throughout the entirety of the experiment. However, this is slightly different for the control conditions, as only one video was used as the neutral stimulus to serve as a consistent control; therefore, only the audio was randomized between trials and paired with said video.



2.4.3 Post-experiment phase

When all five trials were completed, participants were instructed to complete another BMIS to measure their overall mood after the experiment, and participants were debriefed (see Figure 2).

[image: Flowchart illustrating an ASMR experiment. It includes a pre-experiment phase with ASMR checklist and demographic data, followed by experiment phases with three conditions: Relaxation Priming, Fear Priming, and Control. Each condition precedes exposure to an ASMR Auditory Trigger. Post-experiment, participants complete the Self-Assessment Manikin (SAM) for valence and arousal and an ASMR Intensity Rating, then repeat. The process concludes with a Post-Experiment Questionnaire. Independent variables are the priming conditions, and dependent variables are the SAM and intensity ratings.]

FIGURE 2
 Experimental procedure.





2.5 Data analyses

Statistical analyses were carried out using the software IBM SPSS, version 27. The analysis was separated into three stages utilizing two-way ANOVA and one-way MANOVA.


2.5.1 Analysis I

A 2 × 3 MANOVA with Bonferroni correction post hoc analysis is to be conducted to examine the overall differences in SAM valence, SAM arousal, SAM ASMR intensity, unpleasant–pleasant mood change, and arousal–calm mood change between ASMR capability and priming conditions. This would provide an overview of whether there will be significant main effects and interactions between the two independent variables (ASMR capability and emotional priming).



2.5.2 Analysis II

Two one-way MANOVAs with Bonferroni correction post-hoc analysis are to be conducted to compare the same dependant variables, as the first analysis between priming conditions within ASMR capable and incapable conditions separately. Examining the differences in outcomes between priming conditions within the ASMR-incapable group allows for verification of whether our visual stimuli can induce the desired emotional outcome in the absence of ASMR. In contrast, examining the ASMR capable group allows examining how ASMR intensity varies between emotions for capable individuals testing the hypotheses: (1) ASMR is a neutral physiological response that is not exclusive to inducing contentment and (2) ASMR is an emotionally neutral physiological response that is not evoked by emotion.



2.5.3 Analysis III

Three one-way ANOVA analyses will be conducted to compare dependent variables of the same priming condition between ASMR capability groups (e.g., capable fear group vs. incapable fear group). This allows examining the influence of ASMR on emotion and mood when ASMR is present compared to when it is absent. This enables us to test the hypotheses: (1) ASMR is a neutral physiological response that is not exclusive to inducing contentment, and (2) Fear-based ASMR would induce an opposite effect compared to relaxing ASMR, which increases arousal and decreases valence.





3 Results

Descriptive statistics for each group are presented in Table 1, which depicts the mean SAM arousal and valence score across all five trials, as well as unpleasant–pleasant mood change and arousal–calm mood change.



TABLE 1 Descriptive statistic of SAM and BMIS between ASMR capability and priming conditions.
[image: A table displays mean (standard deviation) values for ASMR Incapable (n=51) and ASMR Capable (n=129) subjects across control, fear, and relaxation conditions. The self-assessment manikin (SAM) and brief mood introspection scale (BMIS) are used. SAM includes arousal, valence, and ASMR intensity scores. BMIS shows unpleasant-pleasant and arousal-calm mood changes. Values vary across groups, indicating differences in emotional responses and mood changes.]

A total of 180 data points were analyzed; 51 participants were labeled as incapable of experiencing ASMR (28.3%) and 129 participants were reported to be capable of experiencing ASMR tapping (71.7%). The ASMR incapable group consisted of 16 participants in the control group (31.4%), 16 in the fear condition (31.4%), and 19 in the relaxation condition (37.3%), while the ASMR capable group consisted of 50 participants in the control condition (38.8%), 33 in the fear condition (25.6%), and 46 in the relaxation condition (35.7%). No extreme outliers were identified.

The average SAM arousal score, average SAM ASMR intensity score, average SAM valence score, BMIS unpleasant-pleasant mood change, BMIS, and arousal-calm mood change between ASMR capability group are graphically displayed as a cluster bar chart (see Figure 3).

[image: Clustered bar charts comparing mean arousal, ASMR intensity, valence, unpleasant-pleasant mood change, and arousal-calm mood change across priming conditions. Chart A displays data for ASMR-incapable individuals, and Chart B for ASMR-capable individuals. Both charts have priming conditions labeled as Control, Fear, and Relax, with error bars indicating variability in scores.]

FIGURE 3
 Cluster bar of mean arousal, valence, ASMR intensity, unpleasant–pleasant mood change, and arousal–calm mood changes of ASMR-incapable (A) and ASMR-capable individuals (B).



3.1 Analysis I—main effect and interaction

A 2 × 3 MANOVA analysis was conducted to compare dependent variables (DV) between ASMR capability and priming conditions at a 95% confidence interval. This analysis highlighted that there are significant results within the main effect of ASMR capability [F(5, 170) = 5.82, p < 0.001; Wilk’s Λ = 0.854, η2 = 0.146], whereas univariate analysis suggested there are significant differences between ASMR intensity [F(1, 174) = 13.64, p < 0.001, η2 = 0.073] and valence [F(1, 174) = 15.73, p < 0.001, η2 = 0.083]. However, there was no significant differences for arousal [F(1, 174) = 1.54, p = 0.22, η2 = 0.009] and arousal–calm mood change [F(1, 174) = 0.06, p = 0.81, η2 < 0.001]. Although unpleasant–pleasant mood change was significant within the main effect, it showed a significant effect in Levene’s test of equality of error variances, which indicated unequal variances [F(5, 174) = 4.12, p < 0.05]. Thus, Welch ANOVA will be conducted.

Moreover, a significant main effect was also found in priming conditions [F(10, 340) = 6.36, p < 0.001; Wilk’s Λ = 0.710, η2 = 0.157]. However, univariate analyses suggested that arousal [F(2, 174) = 12.24, p < 0.001, η2 = 0.123], valence [F(2, 174) = 8.05, p < 0.05, η2 = 0.085], and arousal–calm mood change [F(2, 174) = 9.97, p < 0.001, η2 = 0.103] were significantly different between priming conditions except for ASMR intensity [F(2, 174) = 0.17, p = 0.85, η2 = 0.002]. Regarding the interaction between ASMR capability and priming condition, there were no significant multivariate effect [F(10, 340) = 0.66, p = 0.76; Wilk’s Λ = 0.962, η2 = 0.019] nor differences in arousal [F(2, 174) = 0.39, p = 0.68, η2 = 0.004], valence [F(2, 174) = 0.90, p = 0.41, η2 = 0.010], ASMR intensity [F(2, 174) = 1.27, p = 0.29, η2 = 0.014], and arousal–calm mood [F(2, 174) = 0.49, p = 0.61, η2 = 0.006; see Table 2].



TABLE 2 The 2 × 3 MANOVA analysis on main effect and interaction and Welch ANOVA on unpleasant–pleasant mood changes.
[image: Table showing statistical results for ASMR (Autonomous Sensory Meridian Response) factors. Columns include Wilk’s Lambda, degrees of freedom (df), error degrees of freedom, F values, p-values, and eta-squared (η²). Variables analyzed are ASMR capability, intensity, valence, arousal, and mood changes under different conditions (priming and capability). Significant findings have p-values less than 0.05.]

Post-hoc analysis on the main effect of priming conditions using Bonferroni correction tests showed that there was no significant difference in any of the dependent variables between the control and relaxation conditions. In contrast, all dependent variables except for ASMR intensity were significantly different when comparing fear against the control and relaxation conditions. Both control and relaxation had significantly higher (positive) valence, lesser arousal, lower arousal–calm mood, and higher pleasant–unpleasant mood change compared to fear (see Table 1). A lower arousal–calm mood change value refers to a calmer mood, and a higher pleasant–unpleasant mood change value refers to a more pleasant mood. There were no significant differences in ASMR intensity between all three priming conditions. Contrasts between ASMR capability, arousal, and arousal–calm mood change were not significantly different between ASMR capable and incapable samples. However, there were significantly higher levels of ASMR intensity and positive valence within the ASMR capable group than the incapable group (see Table 1).

Welch ANOVA was conducted for unpleasant–pleasant mood change due to unequal variance. This demonstrated that the ASMR capable group had significantly higher unpleasant–pleasant mood changes compared to the ASMR incapable group at F(1, 99.27) = 4.77, p < 0.05. This indicates that the ASMR capable group had a significant increase in pleasantness in mood after the experiment. Furthermore, a significant main effect of the priming condition was also found from Welch’s statistics at F(2,103.97), p < 0.001. Bonferroni post-hoc test suggested no significant differences in unpleasant–pleasant mood change between control (M = 0.91, SD = 4.94) and relaxation conditions (M = 1.85, SD = 4.26). However, the fear condition demonstrated a significantly more unpleasant mood when compared to control and relaxation (M = −3.45, SD = 7.03; see Table 2).



3.2 Analysis II—ASMR capability specific between priming conditions analysis

Two one-way MANOVAs were conducted to examine how priming conditions within ASMR-capable or incapable groups differ from the other priming conditions within the same group. For the ASMR-incapable group, there were significant multivariate effects at F(10, 88) = 2.56, p < 0.05; Wilk’s Λ = 0.601, η2 = 0.225, and univariate analysis suggested significant differences for arousal–clam mood changes [F(2, 48) = 6.52, p < 0.01, η2 = 0.214] and unpleasant–pleasant mood changes [F(2, 48) = 6.84, p < 0.01, η2 = 0.214], and borderline significant difference with valence [F(2, 48) = 3.04, p = 0.057, η2 = 0.562]. However, ASMR intensity demonstrated a non-significant difference at F(2, 48) = 0.55, p = 0.58, η2 = 0.022. Furthermore, arousal scores were found significant in Levene’s statistics at F(2, 48) = 4.30, p < 0.05. This indicates unequal variances, and Welsch’s ANOVA was conducted, which resulted in significant differences at F(2, 28.57) = 3.52, p < 0.05. Bonferroni post-hoc tests suggested that there was no significant difference in arousal, arousal–calm mood change, and unpleasant–pleasant mood change between control and relaxation conditions. However, the fear condition had significantly higher arousal, aroused mood, and unpleasant mood (see Table 1) when compared to the relaxation condition. Furthermore, no significant differences were found in ASMR intensity and valence among all three conditions (see Table 3).



TABLE 3 ASMR capability specific between priming conditions MANOVA analysis.
[image: Table showing statistical analysis results for ASMR incapable and capable groups. Key metrics include Wilk’s Λ, degrees of freedom (df), error df, F-values, p-values, and eta squared (η²) across measures like ASMR intensity, valence, and mood changes. Significant p-values are highlighted for each group.]

With regard to the ASMR capable group, arousal–calm mood change [F(2, 126) = 4.04, p < 0.05] and unpleasant–pleasant mood change [F(2, 126) = 6.91, p < 0.01] were significant in the Levene statistics. Thus, Welch ANOVA tests were carried out where unpleasant–pleasant mood change was significant at F(2, 71.06) = 7.57, p < 0.01, and arousal–calm mood changes were significant at F(2, 71.44) = 3.77, p < 0.05. Significant multivariate effect was reported at F(10, 244) = 5.71, p < 0.001; Wilk’s Λ = 0.657, η2 = 0.190. Arousal and valence were found significant at F(2, 126) = 10.23, p < 0.001, η2 = 0.140 and F(2, 126) = 8.59, p < 0.001, η2 = 0.120. Bonferroni post-hoc test showed no significant difference between control and relaxation conditions for all dependent variables. However, fear conditions demonstrated significantly higher arousal, negative valence, aroused mood, and unpleasant mood compared to control and relaxation, except for ASMR intensity (see Table 1), where all conditions demonstrated no significant differences (see Table 3).



3.3 Analysis III—priming conditions specific between ASMR capability analysis

Three one-way MANOVAs were conducted to compare how the same priming condition differs between ASMR capability groups. First, control conditions demonstrated a significant multivariate effect at F(5, 60) = 0.793, p < 0.05; Wilk’s Λ = 0.793, η2 = 0.207, and significant increased positive valence and pleasantness in the mood when ASMR is present at F(1, 64) = 10.24, p < 0.01, η2 = 0.138 and F(1, 64) = 4.23, p < 0.05, η2 = 0.062. However, no significant differences were identified for arousal [F(1, 64) < 0.01, p = 0.93, η2 < 0.001], ASMR intensity [F(1, 64) = 1.69, p = 0.20, η2 = 0.026], and unpleasant–pleasant mood change [F(1, 64) = 0.06, p = 0.81, η2 = 0.001]. Second, the fear condition did not show a significant multivariate effect [F(5, 43) = 0.85, p = 0.52; Wilk’s Λ = 0.910, η2 = 0.090] nor results for all dependent variables when compared between ASMR-capable and incapable samples. However, arousal is at F(1, 47) = 0.42, p = 0.52, η2 = 0.009, valence at F(1, 47) = 1.07, p = 0.31, η2 = 0.022, ASMR intensity at F(1, 47) = 2.55, p = 0.18, η2 = 0.051, unpleasant–pleasant mood change at F(1, 47) = 0.52, p = 0.48, η2 = 0.011, and arousal–calm mood change at F(1, 47) = 0.57, p = 0.46, η2 = 0.012. Finally, the relaxation condition showed significant multivariate effect at F(5, 59) = 3.29, p < 0.05; Wilk’s Λ = 0.782, η2 = 0.218 and demonstrated that ASMR intensity and valence were significant at F(1, 63) = 12.65, p < 0.001, η2 = 0.167 and F(1, 63) = 8.29, p < 0.01, η2 = 0.118, respectively. However, there were no significant results for arousal [F(1, 63) = 2.10, p = 0.15, η2 = 0.032], unpleasant–pleasant mood change [F(1, 63) = 0.70, p = 0.41, η2 = 0.011], and arousal–calm mood change [F(1, 63) = 0.18, p = 0.68, η2 = 0.032]. Furthermore, arousal demonstrated significant Levene’s statistics at F(1, 63) = 5.59, p < 0.05, indicating unequal variances. Regardless, Welch ANOVA showed a non-significant result for arousal at F(1, 49.77) = 2.91, p = 0.094 (see Table 4).



TABLE 4 Priming conditions specific between ASMR capability MANOVA analysis.
[image: A table displays statistical analysis results with columns for Wilk's Lambda, degrees of freedom (df), error df, F-value, p-value, and eta squared (η²). It includes measures for Control, Fear, and Relaxation conditions, with specific data for ASMR intensity, Valence, Arousal, and mood changes. Statistics like F-values range across different conditions and variables, providing significance levels and effect sizes for various psychological effects.]




4 Discussion

This study employs popular YouTube videos to test the hypothesis that positive emotions are not solely determined by the ASMR sensation itself but rather by the sound that amplifies emotions triggered by visual stimuli, whether positive or negative. We demonstrate that the same ASMR tapping sound, when primed with videos of different emotional valences (fear, relaxation, and control), elicits an amplification effect on subjects, particularly those who are ASMR-capable.

As predicted, fear-based ASMR increased arousal and decreased positive valence compared to relaxation-based ASMR. Although the role of ASMR in a fearful context might require further testing, the results demonstrated that ASMR occurs also under non-relaxed experience. The sensation itself is not responsible for determining the emotional outcome, but it could possibly serve as a physical amplifier of the emotion appraised. If ASMR was a response that was always accompanied by relaxation, fear priming should not have had the effect of reducing positive valence and increasing arousal. The level of ASMR intensity does not significantly differ across priming conditions. This indicates that the difference in emotional outcome is not caused by the absence of ASMR tingling sensation but rather by the emotion perceived in the context.

Meanwhile, both control and relaxation conditions demonstrated significant increases in valence for ASMR-capable individuals, which aligns with our assumption that ASMR acts as a medium that physically amplifies pre-existing emotions since individuals who are ASMR-capable demonstrated the same emotional score direction as ASMR-incapable individuals but to a greater extent.

The study adds its findings to the debate of whether ASMR is, in fact, the same phenomenon as frisson. In the literature, we have seen that it is inherently difficult to distinguish the physiological sensations between ASMR and frisson, with a sensation of contentment being the only differentiator highlighted so far. Thus, being able to feel ASMR in both positive and negative emotional contexts supports the idea that the two might be descriptions of the same phenomenon.


4.1 Alternative interpretations, limitations, and future directions

There is a non-significant difference between control and relaxation priming conditions for ASMR-capable individuals, which could also be evidence of bias in the ASMR community. As Smith and Snider (2019) showcased the community’s encouragement toward the view of ASMR as a relaxation-based sensation, this mainstream impression of ASMR would ultimately provide enough context needed to determine the initial emotion. Subsequently, the capable control group may have decided to anticipate ASMR as a relaxing response, which amplifies their contentment. This could explain the non-significant differences between control and relaxation conditions.

One could interpret the effect induced by fear-based ASMR as suppression of contentment induction when interpreting stimuli negatively. To elaborate further, while the relaxation condition demonstrated that the presence of ASMR leads to improved valence, this effect is absent in the fear condition as none of the dependent variables have shown to be significantly different between the capable and incapable groups. This valence-improving effect in the relaxation condition seems suppressed under a fear-related context. If this is the case, the result would indicate that there is a certain threshold before ASMR becomes ineffective in inducing contentment, which may be an exciting aspect for future investigations wanting to explore the parameters of ASMR as a therapeutic or meditative medium.

Although the results might favor the suppression theory since there were no significant differences in emotions across ASMR capability groups in the fear condition, it is possible that the amplification hypothesis still stands due to a response bias. This assumes that most ASMR-incapable individuals do not know what ASMR-tapping feels like and resort to central tendency bias to avoid giving extreme responses, which causes the non-significant statistics between fear-incapable and capable groups. This is supported by no significant differences in ASMR intensity for the fear priming conditions between ASMR capability groups. Similarly, ASMR intensity does not significantly differ between capability groups for the control condition. We can assume that the problem does not arise from the ASMR capable group since both priming conditions shared the same level of ASMR intensity with the capable relaxation group, which was statistically different than its incapable counterparts. Overall, some non-significant ASMR intensity differences found between the capabilities group (i.e., fear and control conditions) and the average ASMR intensity score in the incapable group being over three points are assumed to be caused by response bias. Regardless, the main effect of ASMR capability on ASMR intensity score remains statistically significant, which indicates that the capability groups are sufficiently different for the analyses.

To confirm and eliminate our suspicion of response bias at play, future research could adapt new baselines with ASMR-capable individuals who would go through the same priming procedure but do not receive auditory ASMR stimulation to eliminate the possibility of experiencing ASMR as part of the ASMR-incapable group (control group). Future incorporation of personality traits measurements may also be useful for sanity checking for grouping errors between ASMR capability groups, as ASMR-capable individuals have shown to have significantly higher scores on openness-to-experience and neuroticism but significantly lower levels of conscientiousness, extraversion, and agreeableness (e.g., Fredborg et al., 2017; McErlean and Banissy, 2017).

Alternatively, more direct measurements could be implemented to investigate fear-related ASMR to counteract questionnaire biases. For instance, fMRI (Smith et al., 2019) or EEG (Fredborg et al., 2021) was used to examine areas such as the right cingulate gyrus, right paracentral lobule, and bilateral thalamus that indicate ASMR experience to ensure appropriate and more precise groupings of ASMR-capable and incapable individuals for better clarity of the true effect with fear-related ASMR when comparing affective differences across capability groups.

Furthermore, measurement errors caused by equipment differences among participants may be present. Since the investigation was conducted online, we had no control over the monitor size or auditory apparatus utilized, and participants’ different monitors or headphones might have influenced their perception of the auditory stimuli or priming material, which in turn may have influenced their emotional ratings. Regarding the perception of auditory stimuli, Koumura et al. (2020) have suggested that the intensity of the frisson-like sensation from ASMR is linked to the acoustic features of the auditory stimuli, such as amplitude, spectral centroid, and spectral bandwidth. The lack of control in audio devices could influence the perceptibility of acoustic components; subsequently, failing to perceive acoustic intricacies could disable the initiation of the ASMR experience. However, significantly higher ASMR intensity for capable individuals would indicate the presence of ASMR, which further implies that participants were able to perceive our auditory material appropriately and that the effect of equipment variance did not significantly impact the results.

Future research could objectively investigate whether ASMR is a susceptibility in physiological response that causes one to be extra sensitive toward certain auditory stimuli, which is independent of emotions. This is not unlike those who are more sensitive to skin contact and are labeled as “ticklish.” Translating this into the context of ASMR, ASMR-capable individuals may simply be more sensitive to a certain pitch, sound patterns, tone, or other auditory properties of the ASMR trigger, which leads to a physical response to the extra sensitivity.




5 Conclusion

In conclusion, ASMR was shown to be present under different emotional states, suggesting that the effect of ASMR can be altered by influencing the affective interpretation of ASMR stimuli, supporting the idea that, similar to frisson, it is a physically amplified, overwhelming emotional experience. With relaxation-based ASMR, the tingling sensations may serve as an amplifier to boost the pre-existing contentment. In contrast, fear-based ASMR seems to suppress contentment induction when the stimuli are interpreted negatively, and significantly higher arousal and negative valence are induced by attaching a fearful context to ASMR stimuli, showing that ASMR does not always induce relaxation.
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More than a century ago, Darwin proposed a putative role for music in sexual attraction (i.e., sex appeal), a hypothesis that has recently gained traction in the field of music psychology. In his writings, Darwin particularly emphasized the charming aspects of music. Across a broad range of cultures, music has a profound impact on humans’ feelings, thoughts and behavior. Human mate choice is determined by the interplay of several factors. A number of studies have shown that music and musicality (i.e., the ability to produce and enjoy music) exert a positive influence on the evaluation of potential sexual partners. Here, we critically review the latest empirical literature on how and why music and musicality affect sexual attraction by considering the role of music-induced emotion and arousal in listeners as well as other socio-biological mechanisms. Following a short overview of current theories about the origins of musicality, we present studies that examine the impact of music and musicality on sexual attraction in different social settings. We differentiate between emotion-based influences related to the subjective experience of music as sound and effects associated with perceived musical ability or creativity in a potential partner. By integrating studies using various behavioral methods, we link current research strands that investigate how music influences sexual attraction and suggest promising avenues for future research.
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1 Introduction

Music, besides language, is one of the main distinctive characteristics of the human species (Benítez-Burraco and Nikolsky, 2023). Whereas language is primarily a means to communicate semantic meaning, music is a powerful elicitor of emotions (e.g., Juslin and Sloboda, 2011; Marin and Bhattacharya, 2011). Music fulfills a myriad of functions in our daily lives (Clayton, 2016) that go beyond pure entertainment and music-induced pleasure (Pinker, 1997). Abundant empirical evidence for a socio-biological basis of music has accumulated over the recent years, which suggests that music may have evolved through sexual and/or natural selection (Huron, 2001; Wallin et al., 2001; Honing and Ploeger, 2012), though the exact selection mechanism has been a longstanding topic of debate (Kleinman, 2015). In this review, we present evidence suggesting that music may have evolved through sexual selection as proposed by Darwin (1871). In our discussion on the putative role of music in mate choice, particular emphasis will be placed on underlying psychological mechanisms based on music-induced emotions in listeners.



2 Origins of musicality

One difficulty encountered when studying the origins of music is that, although music is a phenomenon observable in most, if not all, cultures (Blacking, 1973), it turns out to be difficult to define according to universally observable characteristics such as rhythm or pitch (Savage et al., 2015). Some musical genres have no underlying isochronous pulse (e.g., Tibetan monotone chanting, Bispham, 2009), whereas others do not make use of discrete pitches (e.g., some compositions by Xenakis). Thus, from an evolutionary perspective, it may prove more useful to study the origins of musicality, defined as the set of traits associated with the capacity to produce and enjoy music, defined as the cultural end-product of musicality (Honing et al., 2015).

Another difficulty is that musical practice leaves only few artifacts such as recordings or fossilized vocal organs (Killin, 2018). Consequently, accounts of the origins of music remain in large part interpretative: scientists attempt to reconstitute the past based on scant pre-historical evidence, such as bone flutes that are at least 35,000 years old in Homo Sapiens (Conard et al., 2009) and Neanderthals (Turk et al., 2020), but musical behavior such as singing, drumming and dancing cannot be traced back to fossils. One could tentatively speculate, based on the existence of these bone flutes, that the common ancestor of both species was to some extent already musical 631-789 k years ago (Beerli and Edwards, 2002). However, both species were interbreeding for a while in Europe (Nigst et al., 2014; Vidal-Cordasco et al., 2023), which weakens such speculations. The current archeological evidence is augmented by complementary comparative evidence such as cross-cultural studies, which look for common features or universals (Brown and Jordania, 2013), or cross-species comparisons, which are used to draw inferences about ancestral forms and putative adaptive functions associated with musicality.

Among the current accounts of the origins of music, a broad dichotomy can first be observed between adaptationist and non-adaptationist theories. Whereas the former propose that musicality, as a trait, plays a role in the survival of the human species, the latter consider music to be either a “technology” or a byproduct of other adaptations which plays no evolutionary role (Pinker, 1997). Adaptationist accounts can be further subdivided according to the principal function they ascribe to musicality, or to the mode of selection (natural versus sexual). Sexual selection itself comprises two pathways, namely intrasexual competition, involving dominance and prestige (Fisher and Candea, 2012; Varella et al., 2017), and intersexual selection, associated with fitness indicators as well as aesthetic aspects (see Prum, 2012; Davis and Arnocky, 2022). Modern sexual selection theory discusses several intersexual processes, such as good taste (Davis and Arnocky, 2022), good genes, good partners, and good providers (Buss and Shackelford, 2008), good parents (Kreutz and Feldhaus, 2023) and good relationship maintenance (Evans et al., 2022). Crucially, adaptationist accounts are not necessarily mutually exclusive: although various theories emphasize distinct, and possibly complementary, functions for musicality, they broadly agree that evolutionary pressures played a defining role in the origins of musicality.

In aesthetics, one frequently discussed account is Darwin’s sexual selection hypothesis (Darwin, 1871; Prum, 2012; Renoult, 2016; Kalinowski et al., 2021), according to which music acts as a courtship display in reproductive mate choice. Darwin’s hypothesis, which states that trait-preference covariation may occur without necessarily having a biological function, was revived by Miller (1999, 2000, 2001), who emphasizes the fitness indicator role of the sexually selected trait (see also Sluming and Manning, 2000) and regards music as an honest signal. Supporting this hypothesis, Miller noticed that interest for music peaks in adolescence and that young male musicians produce more music than female musicians (see also Savage et al., 2015). Musicality was also reported to be a preferred trait in romantic partners (Kaufman et al., 2016).

Another longstanding theory is based on the idea that music and language have a common origin (Darwin, 1871), with language subsequently specializing in the communication of semantic meaning, and music primarily conveying emotions (Ma et al., 2019). This account, recently revisited by researchers such as Brown (2000a) and Mithen (1998), has been strengthened by neuroimaging evidence showing that music and language processing share neural resources (Koelsch et al., 2004; Patel, 2008). Language itself may be a product of sexual selection (Worden, 2022), and since both communication systems may have co-evolved (Benítez-Burraco and Nikolsky, 2023), positive effects of music on sexual attraction are probably not a recent phenomenon. Other theories suggest a role for music in promoting group cohesion (Dunbar, 2004; Savage et al., 2021), mood-regulation (Sloboda and O'Neill, 2001), mother-infant bonding (Trehub, 2003; Dissanayake, 2008; Mehr et al., 2021), territorial defense (Hagen and Hammerstein, 2009), or cognitive and social development (Cross, 2001). Future studies should aim to show which aspects of musicality can solidly be ascribed to either natural or sexual selection and which ones cannot. In this process, as long as they are all grounded in natural selection, distinct theories may be easier to subsume under an overarching theory (Savage et al., 2021), but as soon as sexual and natural selection mechanisms both play a role, theory building becomes more challenging (Keller et al., 2023). Another related challenge will be to develop explanatory theories that describe the specific evolutionary mechanisms involved in the emergence of musicality, along with their respective time-scales (see also Novaes and Natividade, 2023).

To be logically consistent with evolutionary theory, adaptive accounts require evidence of the heritability of at least some components of musicality, as well as evidence of the presence of a selectively acquired function (Justus and Hutsler, 2005; McDermott and Hauser, 2005; Croston et al., 2015). While it is difficult to assess the selective pressures faced by our ancestors with respect to musicality (Honing et al., 2015), studies have shown a large phenotypic variability in musicality among humans (Müllensiefen et al., 2014), which is at least partly heritable (Gingras et al., 2015a; Mosing et al., 2015; Wesseldijk et al., 2023). Thus, currently available evidence suggests that adaptationist accounts of the origins of musicality have cleared this initial hurdle, although much work remains to be done.

With respect to Darwin’s sexual selection hypothesis, Mosing et al. (2015) reported that, although some components of musicality, such as pitch, melody, and rhythm perception (as measured by test batteries, see Ullén et al., 2014), were moderately heritable in a sample of over 10,000 Swedish twins, musical ability and mating success were negatively associated. Moreover, Harrison and Hughes (2017) reported similar sexual activity for musicians and non-musicians (but see Lange and Euler, 2014). However, recent experimental studies have provided support for Darwin’s hypothesis (see Section 4).



3 Music-induced emotions

The study of emotions expressed or induced by music has a long history (e.g., Juslin and Sloboda, 2011). Music has repeatedly been shown to induce the expressive, psychophysiological and subjective feeling components of an emotion episode (Krumhansl, 1997; Ogg et al., 2017; Fuentes-Sanchez et al., 2021), as proposed by Scherer (2009) in his component process model of emotion. Indeed, music can induce intense pleasure and chills (Blood and Zatorre, 2001; Grewe et al., 2007) and emotional lacrimation (Wassiliwizky et al., 2017; Mori and Iwanaga, 2021). These strong pleasurable responses are mostly due to music’s ability to activate the human reward system (Ferreri et al., 2019; Fasano et al., 2023) and to induce emotional arousal responses in listeners (Schafer and Sedlmeier, 2011; Gingras et al., 2015b). Arousal has also been found to be a correlate of perceived musical complexity, which is central to Berlyne’s psychobiological model of aesthetic responses (Berlyne, 1960; Marin, 2022). Another key finding is that similar acoustical cues convey emotion communication in speech and music (Juslin and Laukka, 2003), which supports the hypothesis of a common origin of music and speech (see Section 2).

The psychological mechanisms through which music induces emotions are manifold and involve various brain functions. They can be described as brain stem reflex, rhythmic entrainment, emotional contagion, musical expectancy, evaluative conditioning, visual imagery, episodic memory and aesthetic judgment (Juslin, 2013). Each mechanism is hypothesized to have a specific adaptive value and to be associated with specific types of affective responses. Music has been documented to induce emotions and moods in various social and situational contexts, ranging from live music concerts to self-selected music listening in private and public spaces (Sloboda and O'Neill, 2001; Juslin and Laukka, 2004; North and Hargreaves, 2008). In these various contexts, music can consciously or unconsciously influence people’s feelings and behavior (North and Hargreaves, 2008). For example, background music can affect eating behavior as well as time and money spent in restaurants (Stroebele and de Castro, 2006; Beer and Greitemeyer, 2019). Film music is a prominent example of how the processing of visual information can be altered by musical emotions (Steffens, 2020; Herget, 2021), and musical arousal even impacts driving behavior (van der Zwaag et al., 2013; Navarro et al., 2019). Music listening is also an excellent means of regulating one’s emotions in a wide range of everyday situations outside the therapeutic context (Cook et al., 2019; Bachman et al., 2022; Garrido et al., 2022). Positive effects of emotion regulation by music have also been reported in the context of child care, parent-infant communication and social bonding (Persico et al., 2017; Cirelli et al., 2020; Whittall et al., 2023).



4 Musicality and its role in sexual attraction

Following Miller’s (2001) revival of Darwin’s sexual selection hypothesis, Charlton et al. (2012) and Charlton (2014) experimentally tested the idea that females may be more sensitive to musical cues signalling genetic quality during peak fertility (Gangestad and Thornhill, 2008). The 2012 study used simple computer-generated melodies that varied in complexity. One group of females rated the complexity of the musical stimuli, whereas a second group gave liking ratings for the same stimuli at two points during the menstrual cycle (fertile versus infertile). The results did not reveal a significant effect of conception risk on liking ratings. In Charlton’s (2014) follow-up study, one group of female participants listened to pairs of laboratory-generated musical excerpts, allegedly from different composers, and was asked to choose which composer sounded the most complex. A second group was asked to indicate which composer they preferred as a sexual partner in either a short-term or a committed long-term relationship. Conception risk affected preference ratings for a short-term relationship, with females in the fertile phase of their cycle preferring composers of complex melodies, but not for a long-term one. These findings suggest that musical creativity could be an indicator of “good genes” and were interpreted as evidence for sexual selection (see also Miller, 2001; Haselton and Miller, 2006; Varella et al., 2022).

Although Charlton’s studies did not test males, they introduced elegant experimental paradigms demonstrating that musical creativity and complexity may influence female mate choice. However, because complexity is associated with higher arousal (see Section 3), it is unclear whether participants based their decisions purely on the quality of the musical compositions and their complexity (as an indicator of creativity) or whether the reported effects may be explained by arousal induction. Moreover, Charlton focused on the effects of musical sound in isolation, without accounting for other potential mating cues.

To circumvent these limitations, Marin et al. (2017) and Marin and Rathgeber (2022) developed a crossmodal priming paradigm to examine whether music and musicality affect sexual attraction in females and males. This research strand builds upon a body of studies suggesting that music-induced emotions can alter visually-induced emotions (e.g., Jeong et al., 2011), with arousal and pleasantness showing differential effects (Marin et al., 2012; Lee et al., 2017). Moreover, Marin et al. (2017) and Marin and Rathgeber (2022) employed facial targets because facial attractiveness is an important biological cue in mate choice (Currie and Little, 2009), in which overall sexual attraction is determined by a complex interplay of several physical, cognitive and social cues (Buss and Schmitt, 2019).

Misattribution of arousal (i.e., excitation transfer, Zillmann, 1983, see also Dutton and Aron, 1974; Foster et al., 1998) was identified by Marin et al. (2017) as a potential psychological mechanism through which music can affect mate choice (see also May and Hamilton, 1980). Musical primes varying in arousal and pleasantness were selected from the 19th-century piano repertoire. High-arousing musical excerpts were also more complex than low-arousing excerpts. Compared to a silent control condition, females gave higher facial attractiveness and dating desirability ratings in response to opposite-sex faces after musical priming, with high-arousing excerpts showing the largest effects. Conception risk did not significantly affect these ratings (but see Charlton, 2014). There were no significant effects in males. In their follow-up study, Marin and Rathgeber (2022) focused on musicality and modified the instructions accordingly. Participants were told that the musical excerpts were performed by the people shown on the photographs. A significant increase in facial attractiveness and dating desirability after musical priming was found in females, but no specific arousal/complexity effect. In males, dating desirability (but not attractiveness) ratings increased after musical priming. Ideally, studies on music and sexual selection should include only singles (as in Marin and Rathgeber, 2022, but unlike Marin et al., 2017) and only females that are not using hormonal contraception (as in both studies led by Marin).

Marin et al. (2017) and Marin and Rathgeber (2022) offered some insights into the psychological mechanisms by which instrumental music may affect sexual attraction in listeners. In both studies, a crossmodal priming paradigm was employed with the same stimulus materials but different instructions. One can thus conclude that excitation-transfer effects are clearly observable when musical primes and facial targets are not explicitly linked by the instructions, but not when primes and targets are linked. This suggests two possible (partly interwoven?) pathways by which music(ality) may affect partner choice: one route that is rather affect-based, and another that showcases the musician as someone having advanced motoric and expressive skills (Miller, 2000). Since arousal (affective route) and complexity (honest signal) are often interrelated in music (see Marin and Leder, 2013), further studies using different musical styles and experimental paradigms are necessary. Studies should also incorporate a wider range of physical mate cues (Groyecka et al., 2017), such as the human voice, and examine performer-listener interactions given recent observations suggesting intrasexual competition in human chorusing (Keller et al., 2023). Overall, Marin’s findings are in agreement with Darwin’s (1871, p. 880) claim that “the progenitors of man, either the males or females or both sexes, […] endeavoured to charm each other with musical notes and rhythm”.

Focusing on musical creativity as a fitness indicator, Madison et al. (2018) studied multiple cues in mate choice and combined faces of three levels of attractiveness with musical excerpts of three levels of performance quality. The authors framed their research in the context of Darwin’s sexual selection hypothesis and parental investment theory (Trivers, 1996). They tested female and male participants who looked at an opposite-sex face while listening to musical improvisations which were all played at the same tempo and in major mode. This minimized affective differences between the performance quality levels and thus facilitated the interpretability of the effects. Participants were asked to rate mate value (intelligence, health, social status and parenting skill) and mate preference scales (date, intercourse, short- and long-term relationship) as well as attractiveness. In general, improvisation skills increased all types of ratings with a few exceptions; however, facial attractiveness had a much larger effect than performance quality, and exerted a smaller influence on ratings among females than among males. Altogether, the results do not falsify the sexual selection hypothesis of music evolution.

Darwin (1871, p. 332) observed that in “most of the lower classes [non-mammals] the sounds produced by the males, serve not only to call but to excite or allure the female”. At that time, evidence for Darwin’s observation was lacking among mammals. Kreutz (1997) hypothesized that music may affect erotic relationships by intensifying perceptions and emotions in humans. Indeed, there is now empirical evidence for music’s role in sexual arousal (Wan and Lalumière, 2017; van Bohemen et al., 2018; Tikka et al., 2022; but see Grewe et al., 2009) and sexual fantasies (Lehmiller, 2018). These findings may be interpreted as supporting the view that sexual selection plays a role in the evolution of musicality. In this context, one may be inclined to take the existence of love songs and its role in romantic pair bonding (Dukes et al., 2003; Hobbs and Gallup, 2011) as further evidence for sexual selection. However, romantic relationships (and pair bonding) between men and women, as we understand it nowadays, presumably did not exist in hunter-gatherer tribes and were probably not expressed in songs. Monogamous relationships only became the dominant model late in our history (perhaps around 10,000 years ago) when the development of agriculture considerably changed mating behavior (see Miller, 1998). Moreover, Brown (2000b) has argued that interactions between music and language, such as in songs with lyrics, appeared after music and language evolved as two distinct communication systems out of one common hominid referential emotive vocalization system. Therefore, we consider the study of love songs to be secondary when trying to address the possible roots of human musicality.

Other supportive evidence for music’s role in sexual attraction stems from simulation studies (Werner and Todd, 1997; Van den Broek and Todd, 2009), studies investigating the influence of depicting musical instruments on men’s profile pictures in social media (Tifferet et al., 2012, but see Wassiliwizky et al., 2023) and the role of music and musicianship in self-descriptions in the context of online dating (Lee et al., 2019). However, Bongard et al. (2019) reported that verbal profiles of musicians were not rated as more attractive than those of non-musicians, but raters who were musically interested found musicians attractive in private settings (see also Montoya et al., 2008). Chang et al. (2021) studied the effect of body sway in a speed dating paradigm with groovy background music and found that, compared to low-groove music, high-groove music led to an increased interest in meeting the partner again, suggesting that social bonding mechanisms based on groove and entrainment may be another route through which music may increase sexual attraction (see Savage et al., 2021). Interestingly, groovy music has been associated with heightened arousal (Bowling et al., 2019), implying a potential arousal-based mechanism. Another recent study suggests that the practice behavior of heavy metal guitarists may be related to status seeking and mate attraction (DeLecce et al., 2022).



5 Discussion

This review has shown that empirical evidence for music’s role in sexual attraction has accumulated in the last decade, mostly stemming from behavioral studies focusing on listeners’ perceptions and subjective responses. First, musicality, including mere visual indication of musical proficiency (Tifferet et al., 2012; Lee et al., 2019), has been demonstrated to be an attractive trait, especially among female listeners (Charlton, 2014; Madison et al., 2018; Marin and Rathgeber, 2022). Second, the emotional impact of music seems to enhance perceived attractiveness (Marin et al., 2017; Chang et al., 2021) and sexual arousal (Tikka et al., 2022) in listeners. However, a fully convincing argument for sexual selection based on behavioral measures would require demonstrating greater mating success among musically skilled individuals (Ravignani, 2018; see also Section 2), or at least, more frequent (and perhaps risky) sexual behavior. On the other hand, the role of sexual selection will only be completely refuted if the best available evidence (for instance, obtained from a cross-cultural meta-analysis) refutes every plausible sub-mechanism of sexual selection in both performers and listeners. It is possible that only a few mechanisms of sexual selection have significant explanatory power in the evolution of musicality.

The issue of sexual dimorphism in relation to sexual selection warrants further research (Varella et al., 2010, 2017, 2022). For instance, studies employing both female and male participants and depictions of opposite-sex faces have shown that males’ ratings of female facial attractiveness are nearly impervious to music or cues of musicality, whereas females appear to be more sensitive to such cues (Marin et al., 2017; Madison et al., 2018; Marin and Rathgeber, 2022; see also Kaufman et al., 2016). The mutual mate choice model, which argues that sexual dimorphism is low among humans, although some sex differences remain, may help explain these results (Miller, 2013). Thus, the absence of significant sex differences in basic music perception skills (Bertolo et al., 2023) does not provide convincing evidence against sexual selection, since both sexes need to be able to perceive and evaluate aesthetic displays (Miller, 2001; Varella, 2023). In general, the current empirical evidence seems to be in line with Darwin (1871), who did not regard music as a sexual dimorphic trait.

Future challenges include the study of other facets of musicality besides instrumental music, such as singing (Grewe et al., 2009; Valentova et al., 2019; Keller et al., 2023), dance (Weege et al., 2015; Garfinkel, 2018; Fink et al., 2021), and beat synchronization (Ravignani, 2018). Different sexual selection mechanisms may have shaped these various aspects of musicality to different degrees. In this regard, it may be fruitful to work closely together with ethnomusicologists to collect meaningful cross-cultural data in laboratories as well as in the field. A strictly Western perspective will not be sufficient when studying the origins of music.

Another strand of research should explore in greater depth the underlying mechanisms by which music and musicality affect mate choice, with a particular emphasis on music-induced emotions. In the long term, this will offer insights into how affect and cognition interact in decision-making processes related to sexual behavior, which will be of interest to fields outside music psychology. At the moment, affective arousal appears to be the key player explaining how music affects sexual attraction. Arousal-based theories such as “misattribution of arousal” (Schachter and Singer, 1962), “excitation-transfer” (Zillmann, 1983) or the “arousal-as-information” framework (Storbeck and Clore, 2008) are helpful to explain some of the observed effects. Motivational theories, such as Berlyne’s (1960) psychobiological model, which is still frequently cited in the field of empirical aesthetics (Marin, 2022), also consider arousal as vital in determining hedonic responses to different kinds of artworks including music. Nevertheless, the role of valence and more complex emotions (Clore, 1992; Angie et al., 2011; DeWall et al., 2016) in social judgments and decision-making regarding musicality and sexual attraction has yet to be explored in depth. When studying these decision-making processes during music listening, it will also be important to disentangle effects that are based on evaluations of musical abilities (performance quality or musical creativity) from emotion-based influences on sexual attraction.

Furthermore, the impact of musicality and music on different types of mate preferences (Buss and Schmitt, 2019) has not been sufficiently studied so far (but see Charlton, 2014; Madison et al., 2018). Although short-term mating behavior is most relevant for the theory of sexual selection, music activities may increase the quality of long-term relationships by creating intimacy between partners (see Kreutz and Feldhaus, 2023). Moreover, a broader spectrum of mate cues needs to be studied to get a better understanding of the relative importance of music-related cues, as well as other cues of human artisticality (Varella, 2021), creativity (Kaufman et al., 2016; Novaes and Natividade, 2023) and humor (Kaufman et al., 2008). Finally, future studies should account for cultural stereotypes related to musical styles (Zillmann and Azra, 1989), and consider music preferences and different types of musical proficiency in their research designs (Bongard et al., 2019).
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Social intuition is instrumental in bringing about successful human interactions, yet its behavioral and neural underpinnings are still poorly understood. We focus in this article on the automatic, involuntary, nature of social intuition, rather than on higher-level cognitive and explicit Theory-of-Mind processes (which contribute to rendering social intuition meaningful in real-life situations). We argue that social-affective implicit learning plays a crucial role in establishing automatic social intuition. These implicit learning processes involve associations between the perception of other’s bodily articulations, concurrent events, and the consequences or outcomes in terms of subsequent actions, affective valences and visceral states. The traditional non-social implicit learning paradigms do not allow one to draw conclusions about the role of implicit learning processes in social intuition, as they lack these vital characteristics typically associated with human actions. We introduce a new implicit learning paradigm, which aims to fill these gaps. It targets agile, rapid, social-affective learning processes, involving cue contingencies with a relatively simple structure, unlike the very complex structures that underpin the traditional tasks. The paradigm features matching social and non-social versions, allowing direct comparison. Preliminary data suggest equal performance of TD (typically-developed) and ASC (autism spectrum conditions) groups on the non-social version, but impaired implicit learning in ASC on the social version. We hypothesize that this reflects an anomalous use of implicitly learned affective information in ASC when judging other people. We further argue that the mirror neuron mechanism (MNM), which is part of the Action Observation Network, forms an integral part of the neural substrate for social intuition. In particular as there are indications that the MNM supports action anticipation, and that implicitly learned information can trigger MNM activation, which both seem vital to a social intuition ability. The insights that can be derived from comparing the performances of TD and ASC individuals on (non)social implicit learning tasks, and the implications for the role of MNM activation, are discussed.
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1 Introduction

Successful socio-affective human interactions form the glue that binds society, yet we are only just beginning to unravel the underpinning neural and behavioral mechanisms. Typically-developed (TD) individuals differ greatly in their social interaction abilities, while many psychological and neuro-developmental conditions, and mental illnesses, are characterized by profound difficulties in social interaction. A clear example are individuals with autism spectrum conditions (ASC; Autism Spectrum Conditions, also called Autism Spectrum Disorders; DSM-V-TR, 2022). The juxtaposition of ASC and TD therefore has the potential to offer insight into the mechanisms and processes underpinning socio-affective interactions.

One fundamental requirement for successful interactions is the skill that allows one to make rapid assumptions about what actions others are likely to take and what their intentions, emotions and thoughts might be. These assumptions should be made in a fairly effortless, automatic, manner, without the involvement of any prolonged, deliberate and effortful reasoning. We commonly call this skill social intuition. Social intuition manifests itself as ‘immediate insight’, and enables the rapid, social decision-making necessary to successfully navigate the ever-changing socially interactive world (Bechara et al., 1997; Lieberman, 2000). Task demands and time-restraints during social interactions mean that there is simply no time available to consciously reflect on what judgment to make or action to take. Therefore, individuals who depend upon deliberate, effortful reasoning, are likely unable to keep up with the pace of interactions. This may cause them to quickly lag behind and feel inadequate in social interactions. We propose this happens in ASC.

Social intuition can be considered a subdivision of social cognition. Whereas social cognition generally is concerned with how people, both explicitly and implicitly, process and apply information about other people and social situations (Frith, 2008), social intuition is essentially limited to implicit, automatic, effortless, processes that help to steer one’s behavior in social situations in an advantageous way (Lieberman, 2000). The topicality of the question of how we accomplish the complex task of navigating the social world is reflected by recent propositions for a ‘second-person’ or ‘interactive’ approach in social cognition and social neuroscience (Schilbach et al., 2013; Redcay and Schilbach, 2019). This approach typically abandons the traditional use of 2D displays (images and videos), and replaces this with real-world real-time scenarios involving live actors, which brings social intuition to the forefront.

There are three main parts to this article. The first part [2] focusses on the role of implicit learning in forming social intuition. Here we look at the main non-social implicit learning paradigms, and indicate why they are of limited relevance for social interaction [2.1]. These non-social paradigms are then contrasted to social implicit learning paradigms, involving affective valences and bodily articulations [2.2]. We examine whether automatic action anticipation – a crucial ingredient of social intuition – can be brought about by implicit learning [2.3], and compare the performance of individuals with ASC on social versus non-social implicit learning tasks [2.4]. We next look at recent developments that aim to incorporate affective valences and bodily articulations in implicit learning paradigms [2.5].

In the second part [3], we discuss future developments and introduce a new paradigm developed in our lab, where implicit learning is tested in a social version [3.1] and in a matching, non-social, version [3.2]. Preliminary results, interpretations, alternative explanations and relevance are discussed [3.3].

In the third part [4], we examine the neural basis of social intuition. We look in particular at the role the mirror neuron mechanism (MNM) may play in social intuition, and posit that action anticipation is implemented in the MNM, and, importantly, that action anticipation can be triggered by implicitly learned action cues [4.1].



2 Implicit learning as a means to acquire social intuition

It has been suggested that social intuition is supported by a toolbox of social learning heuristics (Hertwig et al., 2013), many of which are implicit in nature. This means that one is not aware that any learning has taken place, even though it clearly affects one’s subsequent decision making. Implicit learning typically applies to knowledge about rule-governed complexities in the environment and received a lot of attention (Reber, 1989; Bargh, 1994; Cleeremans, 2011; Schilbach et al., 2013). Although implicit processing and implicit knowledge proved difficult to define (see Gómez et al., 2017, for a discussion), one or more of the following adjectives are typically used to describe it: unintentional, uncontrolled, goal-independent, automatic, stimulus-driven, unconscious, efficient, effortless, fast and inflexible (Shiffrin and Schneider, 1977). From this list it is clear that a number of different dimensions are involved. Rather than each dimension forming a necessary constituent, what may matter most for defining implicitness is their relative contribution (Bargh, 1994), with unawareness (Moors and De Houwer, 2006) and automaticity (De Houwer and Moors, 2012) probably the most cited features.

Explicit learning processes, which often involve a form of deliberate hypothesis testing, are described by the opposite adjectives: intentional, controlled, goal-dependent, deliberate, top-down driven, conscious, inefficient, effortful, slow and flexible. Implicit and explicit processes may operate independently (dual process operation, Kliemann et al., 2013), and may be based on different mechanisms. This is supported by findings that the underpinning neuronal circuits may be dissociable, with implicit tasks showing in particular activation in the striatum and basal ganglia (e.g., implicit sequence learning; e.g. Rauch et al., 1997), anterior cingulate cortex and cerebellum, and explicit tasks showing in particular activation of prefrontal and visual cortical areas (Aizenstein et al., 2004). The relevance of the implicit-explicit distinction has been introduced very effectively to the wider public by Kahneman (2011) in his book “Thinking, Fast and Slow”.


2.1 Non-social implicit learning paradigms

Humans seem to have the capacity to extract, and use, knowledge they apparently have no conscious access to. It could be that this knowledge was initially acquired explicitly and consciously, but was subsequently forgotten. Yet, the knowledge did not vanish from the brain, and kept on exerting an unconscious influence on behavior and decision making. However, it could also be that the knowledge never reached consciousness in the first place, but was learned implicitly.

With respect to this latter route, the literature shows an abundance of implicit non-social learning studies, demonstrating that one can learn about the sequential structure or rule that governs non-social, artificial, stimuli presentations (such as dots or letters), without one being explicitly aware of this underlying structure or rule. These non-social implicit learning tasks typically require hundreds of trials to induce a learning effect. Often cited examples are the Serial Reaction Time (SRT) task and the Artificial Grammar Learning (AGL) task. In typical SRT tasks (Nissen and Bullemer, 1987) stimuli are presented in one of four quadrants on a screen, and participants need to give a speeded response that corresponds to the specific quadrant where the stimulus appeared. Even though participants show no awareness or knowledge about the sequence, they consistently improve their reaction times over the course of the task, suggesting they had unconsciously learned the underlying pattern. In AGL tasks (Reber, 1967), participants are first exposed to meaningless strings of letters (e.g., XMXTVM; XXTRM) that are structured by a hidden, complex, rule (i.e., an artificial grammar). If, in a subsequent test phase, participants are able to accurately judge whether new strings follow the artificial grammar or not, then that suggests that they implicitly learned the underlying grammar (Reber, 1967; Dienes and Scott, 2005). Crucially, participants who implicitly learned the grammar often claim to respond at random, or to rely on an intuition they cannot further explain (Dienes and Scott, 2005).

The processes of unconscious knowledge acquisition, through implicit/unconscious learning, that emerge from these implicit learning paradigms, have been proposed to affect human behavior not only in laboratory paradigms, but also in the real-world social domain (Hudson et al., 2012b; Jurchiș and Dienes, 2023). However, this poses some serious problems. The non-social, implicit learning paradigms, that measure the capacity to implicitly pick-up on complex regularities between artificial, meaningless stimuli (dots, isolated letters), may be of no value for social interactions nor for social cognition in general. Such stimuli have no social significance, and the very large number of repetitions required to learn the regularities may render it impractical to be relevant for social interactions (though situations are conceivable where exposure to social ‘rules’ results in implicit learning only after large number of repetitions). Last but not least, social interactions are characterized, and guided by, affective valences, and by attitudes and dispositions, associated with human actions. All of these are wholly missing in the non-social paradigms.



2.2 Social implicit learning paradigms: affective valences and bodily articulations

Greenwald and Banaji (1995) defined implicitly learned material as introspectively unidentified (or inaccurately identified) traces of past experience that mediate favorable or unfavorable feeling, thought, or action toward objects. This definition acknowledges the role of affective valences in implicit learning. It has been argued that for cognition to be fully effective, it is not enough that the agent is able to understand and predict developments in the environment, it must also care about them, it must desire certain types of outcomes and shun others (Cleeremans, 2011). In this view, emotions are computational tags that subserve and facilitate cognitive processes. This may be true not only for explicit learning but also, and maybe especially, for implicit learning. It has been shown that an affective valence gets attached to a stimulus also when that stimulus is not consciously recognized (Kunst-Wilson and Zajonc, 1980). These implicitly associated affective valences may well be essential to make the rapid, intuitive, decisions that are beneficial to the individual and ultimately support their survival (Cleeremans, 2011). This view, in which emotions are computational tags that subserve and facilitate cognitive processes, is somewhat reminiscent of Damasio’s somatic marker hypothesis (Damasio, 1994).

During real-life social interactions, the relevant stimuli usually consist of the other’s actions, gestures, facial expressions and vocalizations, i.e., bodily articulations of one sort or another. Picking up on regularities and contingencies between the occurrence of these bodily articulations, contextual cues, and the immediate consequences (in terms of subsequent actions and/or subsequent reward/punishment) is an important source for implicit learning about others. Bodily articulations and affective valences thus seem necessary ingredients in any future implicit social learning paradigm.

There are a few cases where an attempt was made to include the social domain in an implicit learning paradigm (e.g., Brown et al., 2010; Travers et al., 2013). However, in these cases, the social nature of the animate objects was not pertinent to the paradigm and could just as well have been replaced by inanimate objects (i.e., affective valences, attitudes and dispositions played no part). One striking example of implicit social learning though was reported by Bayliss and Tipper (2006), who found that participants who had been presented with different actors who either consistently looked at, or away from, the location where a target would appear, subsequently judged those actors that had looked away from the target as the least ‘trustworthy’ and those who had looked at the target as the most ‘trustworthy’. Crucially, in a debrief, participants did not recall any actor-gaze-cue contingencies, suggesting the contingencies had implicitly affected their social judgments. A further interesting finding was that this effect correlated negatively with the participants’ scores on the Autism Quotient (AQ; Baron-Cohen et al., 2001).



2.3 Anticipation of others’ actions based on implicitly learned cues

A social intuition, revealing itself as a sudden insight, inclination or drive relating to another individual, is typically prompted by the observation of an action or bodily articulation performed by that individual. However, it would be even more advantageous if one would be able to anticipate the other’s action and then for that anticipation to prompt the intuition. That would save precious time, which can be used to prepare one’s response in accordance with the intuition, or to coordinate one’s own actions with those of others (Csibra, 2008). Especially in the fast-paced social interactions, this would be very beneficial. The automatic anticipation of others’ actions is therefore thought to be an essential building block of social intuition (Hudson et al., 2009, 2012a; Krol et al., 2020). But what could be the source of such an anticipation, what could it be based on? First of all, actions typically do not occur in isolation, but in chains, where one sub-action is immediately followed by another sub-action and so on, resulting in an action-chain that serves a purpose (achieves a goal). Reaching out for a cup of coffee, bring it to the mouth, take a gulp and place the cup back. Once the first action of the chain started, it is able to trigger the entire action-chain almost instantaneously, like a row of falling dominos, unfolding ahead of real-time developments, and thus allowing the observer a glimpse of the future. The triggering event could also precede the action, it could for example be formed by the other’s initial attention being directed at the object (Jellema et al., 2000). In general, others’ actions seldom commence unheralded, they usually are foreshadowed by cues, which can be action cues (as above) or originate in the environment. Environmental/contextual cues can be artificial and explicit, such as a pedestrian traffic light jumping to green (the person waiting is expected to start walking), but can also be subtle and implicit.

Especially in social interactions, cues tend to be subtle and implicit (Amso and Davidow, 2012). Here, learning opportunities are often not explicit, as the learned cue-action contingencies may not reach consciousness (Monroy et al., 2019). The observer may remain completely unaware that any knowledge has been acquired, but the cue will nevertheless induce automatic anticipations in the observer regarding others’ upcoming actions (Braukmann et al., 2017; Monroy et al., 2019). For example, when someone slightly moves in their chair in preparation to stand up, or slightly raise their hand when they are about to say something. Or when a nurse immediately sees what the patient wants to do, or a flight attendant immediately gauges that a passenger is going to cause trouble. Their insights are based on the automatic interpretation of a constellation of often simultaneously occurring cues. However, when one would ask the nurse or flight attendant how they reached their judgment, they may not even be able to recall the exact cues, they just ‘saw’ it. Nevertheless, a lot of implicit learning must have taken place before they were able to pick up on the relevant cues and then just ‘saw’ it (a naïve observer would have been oblivious). Without this implicit learning ability, other’s actions would indeed often come unheralded, with the potential to surprise and bewilder any observer. This is, however, exactly how individuals with ASC, who arguably lack social intuition, often describe their experiences of others’ actions. For them, deciphering the intended meaning of such actions is often anything but effortless and automatic.



2.4 Implicit learning in autism

ASC is a pervasive neurodevelopmental condition characterized by atypicality in social communication, impaired social development, and stereotypical, repetitive behaviors, often associated with obsessive interests and a lack of empathy (DSM-V-TR, 2022). Symptom severity varies hugely in ASC; three levels are identified based on severity and need of support. Already at Level 1 (previously called high-functioning autism), which is the least severe level with normal IQ distribution and no, or limited, need for support, the difficulties in social and emotional domains are marked. Intriguingly, it has been suggested that the deficits in the social domain that characterize ASC may have their roots in impairments in implicit (spontaneous) processing, with relatively intact explicit (deliberate) processing (Jellema et al., 2009; Senju et al., 2009; Schilbach et al., 2012). These ideas align with the Dual Process Theory of Autism (Evans, 2003), which proposes a dominance of deliberative (Type 2 processing) over intuitive (Type 1) processing. This proposition seems plausible, as in the social domain it is especially the quick and intuitive interpretation of others’ non-verbal behavior that is problematic in ASC. However, studies aimed specifically at finding out whether implicit learning is impaired in ASC concluded that it is intact (e.g., Gordon and Stark, 2007; Barnes et al., 2008; Brown et al., 2010; Nemeth et al., 2010; Foti et al., 2015). Crucially though, all these studies had one important limitation in common: they focused exclusively on implicit learning in the non-social domain, using tasks involving probabilistic sequence rules. The social domain, where implicit learning relies on affective valences associated with the stimuli, and abstract concepts such as dispositions and intentions, was not incorporated. It may well be that different mechanisms are at play in the implicit learning of social, as compared to non-social, information.



2.5 Recent advances in the study of social implicit learning

Recently, a few studies aimed to specifically address the limited relevance of the non-social learning paradigms for social interactions (Norman and Price, 2012; Zhang et al., 2020; Costea et al., 2023; Jurchis et al., 2023; Jurchiș and Dienes, 2023). For example, Jurchis et al. (2023) took the approach to try and ‘socialize’ the traditional Artificial Grammar Learning (AGL) task. In the traditional AGL task, strings of meaningless letters are presented in the acquisition phase. In Jurchis et al. (2023), these strings of letters were replaced by strings of emotional facial expressions (all faces in one and the same string belonged to the same identity). As in the traditional AGL task, the strings of faces followed a hidden grammar, determining a number of specific sequences in which the faces were presented. In this way, Jurchis and colleagues were able to subject their implicit social learning paradigm to the same rigorous methods and principles that govern non-social implicit learning paradigms. At the start of the acquisition phase, participants were told that they had to remember the stimuli in each string. At the start of the test phase, they were told that the sequences in which these stimuli were presented had actually been specified by a complex set of rules, and that their task was to determine whether new test strings followed these rules or not. The number of repetitions of strings in the acquisition phase was also dramatically reduced compared to the non-social equivalent. In the test phase, where participants indicated whether the new strings followed the rule or not, in 70.6% of the trials they reported that their judgments were based on implicit/unconscious knowledge (the participants indicated that the remaining judgments were based on explicit knowledge). The implicit/unconscious judgments turned out to be correct in 58.2% of trials, which was significantly above-chance. In a further experiment in Jurchis et al. (2023), and also in Jurchiș and Dienes (2023), the same paradigm was used but with stimuli consisting of strings of martial art poses. These poses were ‘social’ in that human beings were presented displaying meaningful bodily articulations, yet (presumably) lacking in emotional valence. Similarly, in 67.5% of the trials, participants attributed their responses to unconscious knowledge, and in 57.5% of these latter trials the correct answer was given, again significantly above-chance.

Thus, implicit learning could be induced using social stimuli with relatively small numbers of repetitions, both when affective valences were associated with these stimuli and when not. However, these paradigms still do not resemble the patterns and types of stimuli that characterize real social situations, nor are emotional, motivational and interactive aspects of real social situations included. A few issues in particular spring to mind when considering the relevance of these tasks for daily-life social intuition. (i) While emotional facial expressions are highly relevant for social interactions, the simultaneous presentation of multiple facial expressions belonging to one and the same individual is impossible to encounter in real-life. Although the task recruits emotional processes, it is not done in an ecologically meaningful way. (ii) The participants were instructed to direct their attention to the very stimuli whose appearance was specified by the hidden rules. In daily-life interactions, the contingencies/regularities between bodily cues and their consequences typically do not form the focus of attention. Rather, attention may be focused on the joint activity (e.g., a conversation) one is engaged in, while the accompanying bodily cues that trigger anticipations may very well not be noted consciously. It is therefore unclear to what extent participants’ behavior in this task informs about what people can learn from regularities/contingencies in real-life situations.




3 Future developments in implicit social/affective learning paradigms

In a series of recent experiments, Macinska and Jellema used a new implicit learning paradigm, designed to be particularly relevant for real-world social interaction (Macinska et al., 2015a,b; Macinska and Jellema, 2016; Macinska, 2019). The core paradigm was developed in Hudson et al. (2012b). The implicit social learning induced by this paradigm is characterized by rapid, agile, incidental processes that track relatively low order stimulus combinations, rather than slower processes that track very complex sequences and combinations, as in the traditional implicit learning paradigms. It requires a relatively small number of repetitions (about 10) to induce implicit learning effects, and allows to specifically compare participant’s abilities for social versus non-social implicit learning. With respect to the latter, a non-social paradigm was designed that matched the social paradigm, as far as possible, in terms of the number of cues, internal structure and difficulty-level. This direct comparison is important as there is still a large gap in our knowledge about the extent to which the distinction between the social and non-social domain is relevant. Thus, in both paradigms a specific contingency between three different cues had to be learned. The main difference was, however, that implicit learning in the social paradigm crucially depended on affective valences, which were absent in the non-social paradigm, where learning depended purely on stimulus contingencies. The social cues were deliberately chosen for being straightforward and simple, so that ASC participants should not experience problems in deciphering their meaning. This was done to ensure that possible difficulties in implicit learning of the social contingencies cannot be attributed to difficulties with representing the social information per se.

Importantly, in the acquisition phases of both paradigms, contingencies rather than probabilities, have to be learned. That is, a rule determined specific contingencies between coordinated changes in the appearances of three distinct cues (each with two levels). The specific appearance of the level of one cue can be predicted with 100% certainty on the basis of the appearances of the levels of other two cues. It should be noted that in these paradigms, the participant is asked to simply watch the video-clips; there was no attempt to draw their attention to certain stimuli and they were not given a task to do. The acquisition phase was rather short (4 min), so they should be expected to maintain attention throughout that period.


3.1 Social version


3.1.1 Acquisition phase

In the social version, the three cues were: dynamic facial emotional expressions (levels: happiness vs. anger), gradual eye gaze shifts (levels: toward vs. away), and identity (levels: identity A vs. identity B). The advantage of using dynamic facial expressions is that they are more ecologically-valid (Jellema et al., 2011; Palumbo and Jellema, 2013; Palumbo et al., 2015; Sato et al., 2019). Participants were presented with short video clips (2 s) depicting the frontal face view of an actor (agent A or agent B; Figure 1). Their facial expressions and gaze directions changed smoothly over the course of the clips, displaying a natural facial movement. Fifty percent of trials showed actor A, the other 50% actor B, in random order. Actor A started with a happy expression looking straight ahead (at the observer), which then gradually morphed into an angry expression, while simultaneously the eye direction gradually moved away from the observer (so that in the final frame the actor looked angry away from the observer). The clips were also played backwards an equal number of times. Thus, it can be said that agent A had a positive disposition toward the observer. Agent B started with a happy expression looking away from the observer, which gradually morphed into an angry expression, while simultaneously the eye direction gradually moved toward the observer (clips were also played backwards an equal number of times). Actor B thus had a negative disposition toward the observer. Importantly, both actors smiled and frowned for exactly the same amount of time and looked at, and away from, the observer for exactly the same amount of time. This was to ensure that the actor’s pro- or anti-social disposition toward the observer could only be learned on the basis of the specific combination of two cues linked to an identity; the agent’s disposition could not be learned on the basis of each cue on its own. Too many repetitions meant most participants would detect the contingency (i.e., explicit learning), while with too few repetitions no implicit learning might take place.

[image: Social and non-social identity comparison diagram in acquisition and test phases. Social identities A and B have prosocial and antisocial traits, differing in emotion and gaze. Non-social identities A and B are geometric shapes with varying color and position. In the test phase, target faces and objects are compared to identities A and B.]

FIGURE 1
 Schematic representation of the social and non-social implicit learning paradigms. The social identities are shown with differently colored hair for the purpose of illustrating their different identities. Responses in the Test phase (‘A’ and ‘B’) that reflect correct implicit learning are underlined.




3.1.2 Test phase

In the subsequent test phase, an indirect measure was used to find out whether any implicit learning had taken place. This measure involved a morph of the facial expressions of the two identities A and B, flanked by the original neutral faces of these two identities. The morphed identity was composed of 60% of the maximally smiling actor A and 40% the maximally smiling agent B (happy morph), and then progressed in steps of 5% toward 40% of the maximally smiling actor A and 60% the maximally smiling agent B. The same procedure was followed for the frowning actors A and B. Participants had to indicate for each morphed identity whether it resembled more closely agent A (who had a positive disposition toward the observer) or agent B (who had a negative disposition toward the observer). The rationale was that when participants had implicitly learned that identity A had a positive, and identity B a negative, disposition toward them, then they would be more likely to judge the smiling morph (containing 50% of A and 50% of B, both smiling maximally) as more similar to identity A, and the frowning morph (containing 50% of A and 50% of B, both frowning maximally) as more similar to identity B. This is expected, as, intuitively, they would associate identity A with a positive, and identity B with a negative, valence.

Whether or not the participant had consciously detected the cue-identity contingencies was determined in a short debrief session, in which a series of questions were asked probing any awareness of the contingencies. Participants who had detected the contingencies were removed from the analysis.




3.2 Non-social version


3.2.1 Acquisition phase

Two different shapes, a square and a circle, were used as the equivalent of the two identities A and B. The color of these objects – light blue or dark blue – was used as the equivalent of facial expressions of joy and anger, respectively. Therefore, a smooth dynamic change from light-blue to dark-blue, and vice versa, served as the equivalent of the changes in facial expression between joy and anger. A small red object positioned at the top or bottom position inside the bigger blue object, served as the equivalent of gaze direction (toward and away, respectively), while the dynamic, smooth up-or down-ward movement of this red object within the larger blue object served as the equivalent of the change in eye gaze direction. Vertical, rather than horizontal, movements were chosen to avoid interpretation of the small red objects as eyes, which might bestow the stimulus with animacy. Half of the clips started with the light-blue square, with the small red object at the top, which then gradually morphed into a dark-blue square with the small red object at the bottom (also played backwards). The other half of the clips started with the light-blue circle with the small red object at the bottom, which gradually moved into a dark-blue circle with the small object at the top (also played backwards).



3.2.2 Test phase

The nonsocial test phase was, as far as possible, equivalent to its social counterpart: morphs of the square and circle were presented (in 5% steps), in either a dark-blue (≈ anger) or light-blue (≈ happy) color, with the small red object shown at the top, or bottom, of this morphed object (producing four different morph configurations; see Figure 1, Test phase nonsocial). Target objects were flanked by the two original objects, which were shown in a color that was exactly midway the light-and dark-blue colors of the Acquisition phase (≈ neutral expression, midway happy and angry). Participants had to indicate whether the target object resembled more closely object A or object B. The rationale was that when participants had implicitly learned the specific contingencies, then they would judge the morphed target object to be more similar to a circle if the little red object was (i) at the top of the dark-blue target object, or (ii) at the bottom of the light-blue target object. Similarly, they would judge the target as more similar to a square if the small red object was at the top of the light-blue target, or at the bottom of the dark-blue target. As in the social condition, a debrief was held in which questions probed awareness of the stimulus contingencies. This showed that, similar to the social version, none of the participants had detected the stimulus contingencies.

In principle, this paradigm is open to a simpler type of learning, namely perceptual learning. That is, it could be that participants explicitly remembered the perceptual image of for example agent A with a smile and forward directed gaze. When, in the test phase, the morphed target is shown with a smile and eyes directed forward, then this could trigger the perceptual image of agent A with a smile looking forward. This would mean that the participant could give the correct response (‘agent A’) without having implicitly learned that agent A holds a positive disposition toward the observer. To avoid this possibility, the morphed target of the test phase was shown with the eyes covered by dark sunglasses obscuring visibility of eye gaze direction (Figure 1; note that the dark sunglasses did not prevent the morphed agent from expressing a disposition).




3.3 Preliminary results and hypotheses for future studies

We present here unpublished results based on 61 TD individuals who performed the Social task and on 65 participants who performed the Nonsocial task (37 of them performed both tasks; Social task: Age, M = 21.5, SD = 5.6; 25 males; Nonsocial task: Age, M = 20.7, SD = 4.7; 22 males; Figure 2). Two-way repeated measures ANOVAs were performed on the participants’ judgments in both tasks. In the Social task, the two factors were Disposition (two levels: negative disposition or anti-social vs. positive disposition or pro-social) and Proportion (five levels: proportions of agents A and B contained in the Target face, ranging from 60%A/40%B, to 40%A/60%B, in steps of 5%). The main effect of Disposition was significant [F(1, 60) = 8.2, p = 0.006, ηp2 = 0.12], reflecting that smiling Target faces were judged to resemble more the agent with the pro-social than the agent with the anti-social disposition, while frowning target faces were judged to resemble more the agent with anti-social than with pro-social disposition. The main effect of Proportion was also significant [F(4, 240) = 32.7, p < 0.001, ηp2 = 0.35]. The Disposition by Proportion interaction effect was non-significant [F(4, 240) = 0.99, p = 0.42, ηp2 = 0.016]. In the Non-social task, the two factors were Object (two levels: square vs. circle) and Proportion (five levels: proportions of objects A and B contained in the Target object, changing in steps of 5%). A similar pattern emerged as for the Social task, with significant main effects for Object [F(1, 64) = 41.6, p < 0.001, ηp2 = 0.39] and Proportion [F(4, 256) = 15.9, p < 0.001, ηp2 = 0.20], and no significant interaction effect [F(4, 256) = 0.83, p = 0.51, ηp2 = 0.013]. Thus, in both tasks, significant implicit learning effects were found.
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FIGURE 2
 Task performance. The judgments made by TD individuals regarding the morphed target stimuli are presented for the Social implicit learning task (left panel) and for the Non-social implicit learning task (right panel).


Since the participants’ Autism Quotient scores (AQ; Baron-Cohen et al., 2001) had also been measured, we further explored any influence of AQ scores on implicit learning ability. AQ scores indicate the extent to which someone possesses autistic-like traits (ranging from 1 to maximally 50; higher scores reflecting a higher extent of autistic-like traits). Previous work indicated that the TD samples scoring low and high on the AQ may perform significantly different on social cognition tasks (Burnett and Jellema, 2013; Macinska and Jellema, 2022). The 61 TD individuals who performed the Social task had a mean AQ score of 17.6 (SD = 6.8, range 5 to 32); the 65 individuals who performed the Non-social task had a mean AQ score of 18.0 (SD = 6.5, range 7 to 32). To explore the hypothesis that autistic traits have a differential influence on implicit social/affective learning versus non-social learning, we computed the Pearson correlation coefficient to assess the linear relationship between AQ scores and a measure of implicit learning for both the Social and Nonsocial tasks. For the Social task, this measure was defined as the difference between the scores obtained for the 50%A/50%B frowning and smiling Targets. For the Nonsocial task, this measure was the difference between the 50%A/50%B light-blue and dark-blue colored Targets. Intriguingly, there was a significant negative correlation for the Social task [r(62) = −0.36, p = 0.004, two-tailed], indicating that autistic traits influenced the social/affective implicit learning ability (individuals having more traits being worse at it), while there was no significant correlation for the Nonsocial task [r(62) = −0.052, p = 0.69, two-tailed], indicating that autistic traits did not influence the nonsocial implicit learning ability. Future experiments will test individuals with ASC on these tasks. Our hypothesis is that the trend described above showing poorer implicit social/affective learning in the TD individuals with higher AQ scores, will become more prominent in individuals with ASC, while implicit learning in the nonsocial task will remain unaffected by ASC (Figure 2).

This outcome would suggest that a failure of the ASC group to implicitly learn in the social condition would not be due to an inability to implicitly learn cue contingencies per se (they are hypothesized to perform as well as the TD participants in the non-social condition), but may be related to an impairment to learn implicitly on the basis of affective valences.

A possible alternative explanation for the results, which does not assume an impairment in implicit affective learning in individuals high in autistic traits, is anomalous monitoring of the other’s eye gaze. If these participants would avoid looking at the agent’s eyes, or would avoid looking at direct gaze, then that would have repercussions for learning of the contingencies. Therefore, the scanning patterns of these facial expressions were examined in both TD and ASC groups in a separate study (Macinska et al., 2023). The study focused on eye-tracking using visual stimuli identical to those described here, but did not involve a test for implicit social learning. It revealed that both the TD and ASC groups spent most of their time fixating the agent’s eyes, irrespective of gaze direction, which renders this explanation unlikely.

Another alternative explanation might be that individuals with low and high AQ scores differed in their memory for the facial expressions for particular gaze directions (i.e., an interaction between expression and gaze). For example, if the individuals high in autistic traits were poor in remembering facial expressions of anger when the gaze was directed at them, but were fine with remembering expressions of anger with gaze directed away, then that might go some way in explaining the results. However, in a study specifically addressing memory for facial expressions and possible modulation by gaze direction, using identical visual stimuli (Macinska and Jellema, 2022), autistic participants remembered the facial expressions of previously encountered persons as well as TD participants, without any interaction effects with gaze direction. Note that implicit learning was not measured in Macinska and Jellema (2022). Thus, this explanation can also be excluded, leaving the impaired implicit social-affective learning explanation as a viable option.

It is further possible that the agent’s positive affect directed at the observer acted as a reward, which might have facilitated implicit learning. Such an effect would then be expected to be less pronounced in individuals who are somehow less susceptible to social rewards. It has been argued that individuals with ASC might possess a lowered ability to implicitly associate a reward value to a social stimulus, resulting in reduced social motivation (Dawson et al., 2005; Chevallier et al., 2012; Panasiti et al., 2015). Remarkably, these processes may be influenced by gender. In an fMRI (functional magnetic resonance imaging) study, Lawrence et al. (2020), using an instrumental implicit learning task, found reduced sensitivity to social reward (i.e., smiling faces) in frontostriatal and limbic structures in boys, but not in girls, with ASC. Reduced sensitivity to social reward in individuals high in autistic traits could in principle have contributed to our results. However, the majority of the participants in that group were female and thus, presumably, were sensitive to social reward.

Finally, it is possible that the presentation of dynamic facial expressions might have biased against implicit learning in individuals high in autistic traits, as it has been reported that the perception of dynamic, but not static, facial expressions, reduced activity in the amygdala and fusiform gyrus in ASC individuals (Pelphrey et al., 2007). However, the clips’ initial and final static frames, presented for 750 ms each, were most informative for implicit learning about the agent’s disposition, and we therefore do not expect this to be a major factor.

Which aspects of social intuition, as we defined it, does the newly designed task tap into? We described the social intuition ability as ‘the skill that allows one to make rapid, assumptions about what actions others are likely to take and what their intentions, emotions and thoughts might be’. We further argued that this is mainly achieved through implicit learning of regularities and contingencies between bodily articulations, contextual cues, and the immediate consequences (in terms of subsequent actions and/or reward/punishment)’. The ability purportedly measured by the current task supports the sub-part of social intuition concerned with unconsciously associating a positive or negative valence with a particular identity on the basis of the implicit learning of specific contingencies between bodily articulations performed by that identity. In the new paradigm, the main bodily articulation consisted of a gradual change of an angry facial expression into a happy one, or vice versa. A change into a happy expression, however, does not necessarily result in the agent having a positive disposition toward the observer. For that to happen, the change in facial expression needed to be accompanied by another bodily articulation: a simultaneous change in gaze direction toward the observer (a change in opposite direction would not have led to a positive disposition toward the observer).




4 Neural basis of social intuition

The neural basis of social cognition has been the subject of extensive investigation, largely focusing on the deliberate, conscious, social cognitive processes (e.g., Frith, 2007; Adolphs, 2009). However, the neural basis of specifically social intuition, which is largely automatic and unconscious in nature and comprises of processes leading to decisions, responses and insights that are predominantly based on the perception of others’ bodily articulations, has received much less attention. Hence, the current state of knowledge of the neural basis of social intuition is limited (cf. Wachowicz, 2020).

We posit here that the neural basis of social intuition may be linked to one of the key functions attributed to the mirror neuron mechanism (MNM; Rizzolatti and Craighero, 2004). The MNM ‘matches’ the visual description of another’s bodily articulation or action (either visually perceived or imagined) with an activation of those cortical motor circuits that are responsible for the execution of that same action, without it resulting in an overt execution of the action. The motor activity, as it were, mimics, or mirrors, the perceived (or imagined) action. How the ‘matching’ between observed and executed actions comes about remains to be elucidated, but associative learning processes are likely to be involved. Some even argue that the ‘mirroring’ is caused entirely by associative learning processes, starting from a very early age, since the baby/infant tends to look at their own actions, for example to guide their actions to a desired goal (Heyes, 2010). According to the latter view, the functional significance of the mirroring process may be limited, as it is seen as merely a by-product of associative learning. However, the ‘accidental’ forming of connections between matching visual and motor representations may in fact, rather than being a useless by-product, have far-reaching consequences. Furthermore, the contribution of associative learning processes does not exclude the possibility that brains are programmed to project visual descriptions of others’ actions (perceived or imagined), represented in the superior temporal sulcus (STS; Jellema and Perrett, 2003a,b; Pitcher and Ungerleider, 2021), onto the brain substrate that generates the execution of that action (without there being any intention to execute the action). The STS indeed projects heavily onto the parietal areas of the MNM (e.g., Rizzolatti and Luppino, 2001; Rozzi et al., 2006). In addition, the inferior temporal lobule projects to parietal mirror areas conveying information about the identity of the agent/object involved in the action (Borra et al., 2008).

Crucial for the proposed role of the MNM in social intuition is that the internal ‘mimicking’ of the observed action automatically makes a wealth of information available to the observer. That is, the off-line ‘execution’ of the observed action activates, apart from the motor representation of the action, also a range of action-associated areas. When one executes a particular action, numerous action-associated aspects, such as the accompanying visceral states (Critchley and Harrison, 2013), the action’s effect or outcome in terms of reward or punishment (Prinz, 1997), the somatosensory feedback, and the most likely subsequent action (Braukmann et al., 2017) and/or response by another individual (Hunnius and Bekkering, 2010), all occur close in time to the action execution, and therefore get linked to the action representation. Thus, the mere observation of an action will make these linked aspects instantly available to the observer, which helps to immediately ‘understand’ the action in terms of its direct consequences and affective significance. In this view, the ‘mirroring’ may subserve the immediate, automatic, understanding of other’s bodily articulations ‘from within’ (Rizzolatti and Sinigaglia, 2013, 2023), on the basis of one’s own motor repertoires, experiences and feelings. The term ‘understanding from within’ alludes to the experiential nature of the neural processes involved, in contrast to a deliberate, effortful, inferential understanding of others, which is usually indicated as explicit Theory of Mind. Thus, one could envisage the MNM as part of the neural substrate for social intuition, enabling the quick ‘understanding’ of others’ actions and gestures, on the basis of merely observing them.


4.1 Neural basis of action anticipation

Another reason for suggesting that the MNM may be part of the neural substrate for social intuition is that there are strong indications that it is sensitive to others’ upcoming actions – i.e. action anticipation – on the basis of contextual cues that signal that the action is forthcoming (Urgesi et al., 2006; Kilner et al., 2007; Southgate et al., 2009; Maranesi et al., 2014; Braukmann et al., 2017; Krol et al., 2020). As discussed above, the ability to automatically anticipate others’ actions is a crucial component of social intuition. Its neural basis has been investigated, in particular, using EEG (Electroencephalography), due to its superior temporal resolution (anticipation effects may be short-lived, < 1 s; Maranesi et al., 2014). In particular, suppression of the power of the mu rhythm (8–13 Hz), which can be recorded over sensorimotor and parietal cortex, has been taken as an index for MNM activity (thus, the larger the suppression the larger the neural activation). The main reason for this latter assumption is that Mu power suppressions occur both during the execution and observation of actions (see Fox et al. (2016) and Hobson and Bishop (2016, 2017), for critical evaluations of the supposed Mu-MNM link). Initially, it was thought that the MNM activates exclusively during the course of observed actions (1-to-1 resonation), but evidence is now accumulating that it also activates during the anticipation of upcoming predictable actions (Umiltà et al., 2001; Urgesi et al., 2006; Kilner et al., 2007; Csibra, 2008; Southgate et al., 2009; Maranesi et al., 2014; Krol et al., 2020). Some studies reported anticipatory power suppressions in the Beta frequency range (13–25 Hz; e.g. Braukmann et al., 2017; Monroy et al., 2019), rather than in the alpha range. In Braukmann et al. (2017), participants were presented with transient actions (e.g., making a cup of tea) consisting of three distinct action steps increasing in predictability: whereas the goal of step one was ambiguous, the goal of step three was highly predictable. The main finding was that predictive motor system activation, as indexed by beta-band attenuation, increased with increased predictability, with strongest activation prior to the final, most predictable, step. Intriguingly, there are indications that the Mu anticipation effects are much stronger in response to real-world actions presented by a live actor (Krol et al., 2020), as compared to actions presented in videos (Krol and Jellema, 2022, 2023). It is yet unclear why that is the case, but possibly the observer’s engagement with the observed action plays a role.

It remains to be explored whether individuals with impaired social intuition, such as those with ASC, show less anticipatory mu suppression. If so, then that would be another indication for the involvement of the MNM in social intuition. With respect to Mu suppression during the observation of actions there are conflicting findings, There are reports of significantly weakened Mu suppression in ASC (e.g., Bernier et al., 2007; Oberman et al., 2013; Dumas et al., 2014), but others reported no difference (e.g., Fan et al., 2010; Ward et al., 2021). Overall there seems to be a trend toward weaker Mu suppression in individuals with ASC compared to TD individuals. The variation can be due to various factors, such as participant age, heterogeneity of the ASC sample, small number of participants, use of intransient actions or static images, or the use of a separate, rather than a within-trial, baseline.

Action anticipation is intrinsically linked to the action-chain organization of motor cortex (Fogassi et al., 2005). Goal-directed actions typically can be delineated as a sequence of discrete sub-actions, and each of these sequences is engrained in motor cortex in a unique manner (Fogassi et al., 2005). This means that neurons coding for say grasping an object to bring it to the mouth are different ones from neurons encoding an identical grasping action, but forming part of another action-chain, such as grasping the object to place it away. This seems an uneconomical way to represent action-chains in motor cortex, but it means that the entire action-chain can be triggered almost instantaneously, allowing the observer a peek into the future and a sense of the action’s goal. Thus, the observer does not need to perform any deliberate, effortful thinking to figure out the next stage of the action, but just ‘sees’ it, as is typical for social intuition. Disruption of the automatic unfolding of action-chains might underpin impairments in reading the goal of others’ actions. Cattaneo et al. (2007) showed, using electromyography recordings, that in children with ASC the automatic unfolding of action-chains indeed seems to be compromised.

Though EEG is well able to capture the relatively fast (< 1 s) anticipation effects, it lacks the spatial resolution to delineate the sensorimotor, parietal and occipital sources of the power suppressions in the 8-13 Hz frequency band. Therefore, fNIRS (functional near-infrared spectroscopy; Chiarelli et al., 2017), which depends on the relatively “sluggish” BOLD (blood oxygen level dependent) response, but offers good spatial resolution, in combination with EEG would be a way forward. Like EEG, but unlike fMRI, fNIRS allows real-world live action presentations, which seem a prerequisite to evoke Mu anticipation effects.

Recent studies suggest that anticipatory MNM activity can be triggered not only by explicitly learned information (such as a specific color signal, indicating that an action is upcoming, Krol et al., 2020), but, crucially, also by implicitly learned information (e.g., Braukmann et al., 2017; Monroy et al., 2019). This is highly relevant as it further supports the candidacy of the MNM as neural substrate for social intuition, since, as we argued, implicitly learned information forms the backbone of social intuition. In Monroy et al. (2019), in the acquisition phase, infants were shown videos displaying a hand performing six different actions uniquely directed at six different toys. Trials consisted either of deterministic action pairs (e.g., action A was always followed, after a 1 s delay, by action B) or of random pairs (e.g., action C was followed, after the 1 s delay, by any of the other five actions). In the test phase, the authors found that motor activity during the 1 s delay interval selectively increased in anticipation of deterministic actions and not prior to random actions. Given their mean age of 18 months, their learning might be classed as implicit learning.

We see the MNM as an important hub in the neural network supporting social intuition. This network likely includes various social brain areas (Frith, 2007; Adolphs, 2009; Yang et al., 2015), but, crucially, also areas involved in implicit learning, possibly including the caudate and putamen in the basal ganglia (Lieberman, 2000), and areas representing reward and feelings, such as the ventral striatum (e.g., Sims et al., 2014), amygdala (e.g., Stanley et al., 2008) and anterior insular cortex (e.g., Lamm and Singer, 2010).




5 Concluding remarks

The traditional non-social implicit learning paradigms, as implemented in for example the SRT and AGL tasks, do not allow to draw conclusions about the role of implicit learning processes in social intuition, as they lack a number of vital characteristics associated with social intuition, such as bodily articulations, affective valences and attitudes/dispositions. The premise put forward in this article is that social intuition is largely based on the implicit learning of associations between the other’s bodily articulations and the consequences or outcomes in terms of subsequent actions and events, and associated affective valences. This means that: (i) the underlying structures of the learning processes may be relatively simple, and may not resemble the very complex structures that underpin the traditional tasks. (ii) Learning processes should be agile and relatively rapid, and should not require many hundreds of trials as in the traditional tasks. (iii) Affective valences should be incorporated in the paradigm, as these are a defining characteristic of social intuition (Cleeremans, 2011).

Attempts to ‘socialise’ the traditional AGL task have recently been undertaken (e.g., Jurchis et al., 2023; Jurchiș and Dienes, 2023), but these paradigms are still rather non-ecologically-valid and do not incorporate affective valences. The studies by Macinska and Jellema, highlighted in this article, are another attempt to address this issue. In this paradigm positive or negative valences are unconsciously associated with a particular identity, on the basis of implicitly learned contingencies between bodily articulations performed by that identity. This approach seems able to discriminate between individuals low and high in autistic traits. Whether an impairment in implicit affective learning in ASC, as suggested by these studies, indeed has consequences for the development of their social intuition skills remains to be confirmed. It should be noted, however, that while the Macinska and Jellema paradigm is more ecologically valid than other paradigms, it is still not really reminiscent of a social interaction. Further, a risk associated with the latter paradigm is that other forms of learning, such as perceptual learning, could possibly interfere with the results.

The cues on which implicit social learning is based consist, to a large extent, of bodily articulations (gestures, actions, facial expressions, eye gaze direction, vocalizations), all of which are specifically represented in the MNM. A major premise of this article is that the MNM is a crucial hub in the neural social intuition network. This, however, poses an interesting problem. According to the extensive literature on the MNM (e.g., Rizzolatti and Craighero, 2004), the main input to the MNM consists of the visual description of the other’s action, which causes motor resonation in the MNM, leading to activation of associated areas that represent consequences of the observed action. These associated areas are those areas that would have been activated if the observer themselves would have carried out that action, and are therefore intricately linked to the action representation. Such consequences may consist of the most likely subsequent action/event, visceral states, affective states, sensory feedback and possible reward/punishment. This means that mere observation of the action makes these outcomes directly ‘available’ to the observer, and lead to what Rizzolatti and Sinigaglia (2013, 2023) called an ‘experiential’ understanding of the action (or understanding ‘from within’).

The interesting problem is that the ‘immediate insight’ we commonly call social intuition pertains to the other individual’s attitude/disposition, not to the observer’s own attitude/disposition; these two may differ profoundly. How then can motor resonation in the MNM bridge this gap? We propose that implicit social learning plays a crucial role. When the observation of the agent performing a particular action in a particular context does not trigger any implicitly learned information, then the observer’s immediate social intuition regarding that agent will indeed be determined by their own repertoire of experiences (i.e., by what they would feel/do if they would carry out that action in that context). If, however, implicitly learned information is available and triggered, then that information will inform and dominate the observer’s social intuition. The implicitly learned information may be linked to a particular individual, as in the paradigm presented in this article (note: identity information, originating in inferior temporal gyrus, is conveyed to the parietal MNM areas), or may be linked to individuals in general. The automatic use of information derived from implicit social learning may lead to accurate social intuition; without it an inaccurate, own-experience-centered, type of social intuition prevails. Possibly, social intuition in ASC individuals is too reliant on the latter pathway.

Implicit social learning also pertains to contextual cues that herald upcoming actions. In these cases, the cues themselves, rather than the observation of an action, trigger motor activity in the MNM. We argue that automatic action anticipation is a crucial contributor to social intuition, enabling the rapid judgments and responses made during fast-paced social interaction. The MNM provides a candidate neural substrate for such anticipatory representations of others’ actions (e.g., Kilner et al., 2007; Krol et al., 2020). Importantly, anticipatory MNM activity can be triggered by implicitly learned information (e.g., Braukmann et al., 2017; Monroy et al., 2019). These findings need, however, be backed up by more research. Whether MNM activity in anticipation of others’ actions is reduced in ASC remains to be clarified.

Finally, it should be noted that a limitation of the treatment of social intuition in this article is that it only deals with its automatic nature. For any human social intuition capacity to be meaningful in real-life social situations, higher-level knowledge and explicit, deliberate Theory-of-Mind (ToM) processes are required as well. Moreover, explicit ToM processes might interact with, or modulate, automatic processes (cf., Wincenciak et al., 2022), such as social intuition. For example, one could speculate that when in our implicit social learning paradigm the participant knows that, even though they can see the agent, the agent cannot see them (because of one-way mirror), they might not implicitly learn to associate the agent with a positive or negative disposition toward them (even though the agent was looking right at them). MNM activation might also be sensitive to explicit ToM reasoning. For example, where observers might show anticipatory MNM activity when an agent’s gaze is directed at a cup of coffee, which implicitly signals they are likely to grasp the cup and drink, they may not show this anticipatory MNM activity if they understood that the agent believed that the cup contained some other non-desired liquid. Such possible interactions between explicit ToM and automatic social intuition remain to be explored in future work.
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The rapid detection of neutral faces with emotional value plays an important role in social relationships for both young and older adults. Recent psychological studies have indicated that young adults show efficient value learning for neutral faces and the detection of “value-associated faces,” while older adults show slightly different patterns of value learning and value-based detection of neutral faces. However, the mechanisms underlying these processes remain unknown. To investigate this, we applied hierarchical reinforcement learning and diffusion models to a value learning task and value-driven detection task that involved neutral faces; the tasks were completed by young and older adults. The results for the learning task suggested that the sensitivity of learning feedback might decrease with age. In the detection task, the younger adults accumulated information more efficiently than the older adults, and the perceptual time leading to motion onset was shorter in the younger adults. In younger adults only, the reward sensitivity during associative learning might enhance the accumulation of information during a visual search for neutral faces in a rewarded task. These results provide insight into the processing linked to efficient detection of faces associated with emotional values, and the age-related changes therein.
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1 Introduction

The ability to efficiently determine the emotional significance of facial expressions is crucial for adaptive behavior in social interactions (Stins et al., 2011; Heerdink et al., 2015). Efficient detection of faces with positive emotional value is important for social behaviors and relationships. Similarly, rapid detection of faces displaying negative, threatening emotions can enable an individual to avoid a dangerous situation and preserve resources.

The adaptive qualities of emotional expressions appear to influence attention (Hansen and Hansen, 1988; Fenske and Raymond, 2006; Craig et al., 2014). However, this idea has led to several controversies in the field of psychology (Puls and Rothermund, 2018; Tannert and Rothermund, 2020). For example, there is conjecture regarding the physical and emotional significance of faces providing emotional information (Horstmann et al., 2006; Calvo and Nummenmaa, 2008; Horstmann et al., 2012). To control for perceptual properties when investigating the detection of faces with emotional information, Saito et al. (2022a) employed inherently neutral faces associated with positive or negative values as target stimuli in a visual search task. They based their paradigm on an associative learning task in which neutral stimuli (e.g., colors) were linked with a reward or punishment (Anderson et al., 2011; Wentura et al., 2014; Muller et al., 2016). They found that the reaction time (RT) during a visual search for neutral faces associated with a reward or punishment was reduced compared with that for neutral faces not associated with feedback. In other words, emotional significance facilitated attentional capture during a visual search task.

Given the aging of many contemporary societies, the cognition of older adults has been a major research focus (Ziaei and Fischer, 2016). Older people exhibit a “positivity effect,” i.e., they tend to focus their attention on pleasant stimuli (Reed et al., 2014). However, studies on this topic have yielded inconsistent results. For example, a recent study (Saito et al., 2020) found that both young and older participants readily attended to angry facial expressions. In contrast, older participants did not show this tendency for happy facial expressions. In addition, in an associative learning task combined with a visual search paradigm, Saito et al. (2022b) found that positive (reward) and negative (punishment) outcomes in the associative learning task facilitated attention in the visual search task for successful young and older learners, although there were no differences in emotional valence.

Although previous studies have demonstrated rapid detection of neutral faces associated with an emotional value (Saito et al., 2022a,b), the mechanism underlying the relationship between associative learning and visual search attention remains unclear. Visual search performance has been investigated in successful and unsuccessful learners. However, several scholars have pointed out that such binary groupings are statistically undesirable (DeCoster et al., 2009; Reinhart, 2015). The RT, as a dependent variable, is inherently right-skewed. Analysis of variance (ANOVA), which assumes a normal data distribution, is also inappropriate for this type of study. Another problem is that classification errors are generally analyzed separately from RT, making it impossible to assess the speed-accuracy trade-off. Furthermore, the RTs regarding the relationship between associative learning rate and visual search performance were not compared between the groups because the groups were distinguished using a binary classification scheme based on the associative learning performance (Saito et al., 2022a,b).

Computational modeling using behavioral data has potential for elucidating the mechanisms of human psychological processes (Lee and Wagenmakers, 2014). The reinforcement learning model (Rescorla and Wagner, 1972; Hertwig et al., 2004) can be used to quantitatively evaluate learning rate parameters in learning tasks, and to reveal their associations with other variables and obtain insight into the mechanisms of human behaviors (e.g., Dombrovski et al., 2010; Kwak et al., 2014; Suzuki et al., 2023). Given the above findings, reinforcement learning is likely to be useful for examining performance in learning tasks that involve associative learning; they allow the identification of factors that contribute to success in learning tasks, such as sensitivity to feedback ([image: It seems like you tried to submit an image, but it did not come through properly. Please try uploading the image again, and I will help you create the alt text.]) or reliance on a model ([image: Lowercase Greek letter tau in a serif font.]).

The diffusion model (Ratcliff, 1978; Ratcliff and Rouder, 1998; Ratcliff and McKoon, 2008; Forstmann et al., 2016) can be used to describe the distribution of RTs associated with the detection of emotional faces (Tipples, 2019; Sawada et al., 2022). The diffusion model includes four main parameters. The threshold separation ([image: Lowercase Greek letter alpha (α).]) is the distance between two choices (i.e., target presence and absence), z denotes the starting point (which is related to prior bias in two-choice tasks), and [image: Lowercase Greek letter "nu" displayed in a serif font.] is the drift rate (speed with which evidence is accumulated in relation to a specific response, i.e., toward the upper or lower threshold). The non-decision time (t0) is based on all time components unrelated to the information accumulation process. RTs tend to be classified as fast or slow in experimental tasks. However, more in-depth metrics can be obtained, such as the speed with which information is accumulated ([image: Lowercase Greek letter nu, written in black on a white background.]), the amount of information required ([image: Lowercase Greek letter alpha.]), and the time required to arrive at a judgement (t0). Analysis of such metrics can reveal the mechanisms underlying psychological processes. Indeed, Sawada et al. (2022) used the diffusion model to estimate cognitive parameters in a visual search task requiring participants to detect angry and happy expressions, and their anti-expressions, within a crowd of neutral faces. Regardless of valence, [image: Lowercase Greek letter "nu" in a serif font.] for emotional facial expressions was rapid, [image: Lowercase Greek letter alpha in a small, low-resolution format.] values were large, and t0 values were small. These results suggest that efficient detection of facial expressions is characterized by the faster and more cautious accumulation of information through enhanced attentional allocation.

When investigating the relationships among different behavioral task performance indices, a computational modeling approach can be used to maximize the amount of information obtained. By fitting a reinforcement learning model to associative learning data and a diffusion model to visual search data, and then examining the relationship between the resulting parameters, further insight can be obtained into the mechanisms underlying the detection of faces with emotional meaning.

In this study, we explored the psychological processes underlying the rapid detection of faces with emotional meaning by investigating the relationship between associative learning and visual search data. Moreover, we investigated developmental changes by comparing young and older participants. We applied the hierarchical reinforcement learning and diffusion models to data collected in previous studies (Saito et al., 2022a,b) (Figure 1). Then, we checked the relationships between the resulting parameters using both models. Learning success in associative learning tasks was quantitatively represented by changes in learning rates on a continuum, instead of a binary classification. We also calculated three psychologically meaningful parameters ([image: Lowercase Greek letter alpha, displayed in a serif font.], [image: Lowercase Greek letter nu (ν) on a white background.], and t0) instead of the RT. This study is the first to investigate the relationships among the above parameters.

[image: Diagram showing two tasks: (A) Associative Learning Task displays a sequence of facial images, a sound, and monetary rewards, progressing with arrows. (B) Visual Search Task presents a grid of four facial images, with an arrow indicating progression.]

FIGURE 1
 Schematic illustrations of trials in the learning task (A) and visual search task (B). In the learning task, participants chose one face from each pair to maximize their earnings. In the visual search task, participants identified one discrepant face embedded among distractor faces. Actual stimuli were photographic faces.


We tested three hypotheses using computational models. The first hypothesis was informed by the previous finding that people tend to avoid negative situations rather than to show approach behavior to positive ones. Kahneman and Tversky (1979) explained this asymmetry between gain and loss using prospect theory. Katahira et al. (2011) revealed that the negative reward value of negative pictures was larger than the positive reward value of positive pictures. Thus, we expected the learning rate in the associative learning task to be higher in both younger and older participants for punishment trials than reward trials. In terms of developmental changes, Saito et al. (2020) reported that older participants showed markedly reduced sensitivity to positive expressions compared with younger participants. Thus, our hypotheses are as follows: 1–1. Learning rate parameters will be higher for punishment trials than reward trials. 1–2. Older participants will have low learning rates for rewards. In the visual search paradigm, we expected the younger group to exhibit superior performance compared with the older group (Salthouse, 2000). Accordingly, we hypothesized that each diffusion model parameter value will be higher in the younger participants than in the older ones. Finally, based on a straightforward interpretation of Saito et al. (2022b), we predicted that the [image: Lowercase Greek letter nu (ν) in black on a white background.] in RT will be linked to the learning rates. The relationships between other parameters were investigated in an exploratory manner.



2 Methods


2.1 Participants

We recruited 29 young adult participants (13 women; mean ± SD age = 22.6 ± 2.1 years), all of whom were either undergraduate or graduate students at Kyoto University. We also recruited 32 older participants (16 women; mean ± SD age = 73.5 ± 5.3 years) from a local human resource center in Kyoto. All participants were paid for their participation. The sample size was determined by a priori power analysis, using a frequentist approach with an assumed [image: Greek letter alpha in lowercase.] level because the data had been used in previous studies (Saito et al., 2022a,b). All participants provided written informed consent to take part in the study, which was approved by the ethics committee of the Unit for Advanced Studies of the Human Mind at Kyoto University and conducted in accordance with institutional ethical guidelines and the Declaration of Helsinki.



2.2 Stimuli

Seven grayscale images of male faces with neutral expressions were selected from a database containing 65 faces of Japanese individuals (Sato et al., 2019). One face was used as a distractor in the visual search task, and the others were used as targets in the associative learning and visual search tasks. The images were adjusted for brightness and contrast using Photoshop 5.0 (Adobe, San Jose, CA) and the mean luminance was equalized using MATLAB R2017b (MathWorks, Natick, MA). The stimuli were controlled in terms of both attractiveness and distinctiveness. The detection speed was not significantly different between the target faces in the visual search task according to the results of preliminary experiments (F(5,35) = 2.18, p = 0.079). All stimuli were cut into ellipses to exclude distinctive factors (e.g., hairstyle and facial contours), and had subtended visual angles of 3.5° horizontally × 4.5° vertically.


2.2.1 Associative learning task

Three pairs of faces were used. The face pairs were fixed throughout the learning task. Each pair was allocated to one of the three value conditions (reward, punishment, or zero outcome), and this allocation was counterbalanced across participants. In the reward and punishment conditions, one face in each pair was designated as the target. Selecting the target resulted in a monetary reward (20 yen increase in each trial) or punishment (20 yen decrease in each trial) in 80% of trials (zero outcomes for the other 20%). The nontarget image in each pair was assigned the reverse probability pattern (i.e., 20% probability of monetary reward or punishment). In the zero-outcome condition, one face was the target, but the monetary outcome was always zero regardless of whether the participants selected the target or nontarget. This condition was set as a control condition to compare the learning conditions (reward and punishment). The target face statuses in each condition were counterbalanced across the participants. Each participant experienced 1 of 24 stimulus presentation combinations in the learning task.



2.2.2 Visual search task

The same three face pairs from the associative learning task were used in the visual search task. The face classified as the target in each condition in the associative learning task was also the target in this task. An additional face with a neutral expression was used as a distractor. The search display was a square (11.0° × 11.0°) within which faces were presented in four positions at 4° intervals. One target face and three identical distractor faces were presented in each of the four positions in the target-present condition. Each target face was presented 8 times in each of the four positions, so that each target was presented 32 times in total. In the target-absent condition, the four identical distractor faces appeared in all of the positions.




2.3 Procedure

The participants were seated in a chair with a chin rest fixed 80 cm from the monitor. The experimental room was soundproofed and dimly lit.


2.3.1 Associative learning task

The participants took part in a betting game, in which they were asked to choose a face from each stimulus pair based on their “gut feeling” and register their response by pressing the corresponding button on a response box. The goal of the task was to maximize their earnings. Because the participants were not told which of the paired faces was the target, they had to make a guess about which face would be more likely to lead to a reward. They were informed that the money they earned would be paid after the experiment, and were asked to try and earn as much money as possible. Each trial began with the presentation of a fixation cross for 500 m, followed by a pair of faces. The faces in the pair were positioned 2.5° above or below the fixation cross (0.9° × 0.9°), such that they appeared in the center of the screen. The positions of the target and nontarget faces were pseudo-randomized. After the participant made a response, a “reward” message (plus 20 yen, minus 20 yen, or 0 yen) was presented on the screen, and a sound indicated whether the answer was correct or incorrect (no sound for 0 yen). Then, the amount of money earned was displayed on the screen for 1,800 ms. Each face pair was presented 10 times (total of 30 trials) in one block, and there were 10 blocks in the main experiment, resulting in 300 trials. To prevent the consecutive presentation of identical face pairs in the same position, the presentation order of the face pairs was pseudo-randomized. Prior to the experiment, the participants completed 30 practice trials to familiarize themselves with the task.



2.3.2 Visual search task

Before the experiment, the participants were informed that no monetary reward or punishment would occur in this task. In each trial, a fixation cross was shown for 500 ms, followed by a stimulus array containing four faces (Figure 1B) that did not have any facial movements (i.e., neutral faces). The participants were instructed to indicate whether one of the faces was dissimilar from the others, or if all four faces were the same, by pressing the corresponding button on the response box as quickly and accurately as possible. The allocation of the response buttons was counterbalanced across participants. Each block included 24 target-present trials (8 trials each in the reward, punishment, and zero-outcome conditions) and 24 target-absent trials. The main experiment consisted of four blocks, such that the total number of trials was 192. To prevent the consecutive presentation of identical targets in the same position, the order of trial presentation was pseudo-randomized in each block. There was no time limit. Before the experiment, the participants completed 24 practice trials.

In the associative learning task, two younger participants (−220 ~ −140 yen) and 10 older participants (−440 ~ −20 yen) had net negative amounts. Regardless of whether a negative or positive amount of money was earned, all participants received the same predetermined monetary bonus in the learning task (1,000 Japanese yen) after they had been debriefed.




2.4 Statistical approach


2.4.1 Associative learning task

To determine whether the learning conditions affected face selection, and whether that effect differed depending on age, we performed three-way mixed ANOVA with factors of learning condition (reward, punishment and zero), trial block (1–20, 21–40, 41–60, 61–80, and 81–100), and age (younger and older). For post-hoc tests, p-values were adjusted using the Holm-Bonferroni sequentially rejective procedure (Holm, 1979). Learning was assumed to have occurred, if there was a performance difference between the first 20 and final 20 trials.

To build a reinforcement learning model, we established a modified multiple-armed bandit model (Hertwig et al., 2004; Ahn et al., 2017) based on the Rescorla-Wagner (delta) model in which the learning rates for reward and punishment were distinguished (Rescorla and Wagner, 1972). Because there was no feedback in the zero condition, the estimates were not uniquely determined; we used only the data for the reward and punishment conditions. Thus, we estimated four main parameters: the learning rate for reward ([image: Stylized lowercase letter "n" followed by a subscript lowercase letter "r".]), learning rate for punishment ([image: Text showing the mathematical symbol "n" with a subscript "p".]), inverse temperature for reward ([image: Greek letter tau with a subscript r, styled in italics.]), and inverse temperature for punishment ([image: Greek letter tau with subscript "p".]). First, we set four expected values for the four choices (target face choice in reward conditions, nontarget face choice in reward conditions, target face choice in punishment conditions, and nontarget face choice in punishment conditions). Next, we calculated prediction error (PE) by subtracting the monetary outcome (+1, 0, −1) from the expected value (EV) for each choice. After that, the following updating rule was formulated.

[image: Equation for updating expected value: \( EV_{new} = EV_{old} + \eta_r \times PE \) for reward.]

[image: The equation shows a computation for punishment: \( EV_{\text{new}} = EV_{\text{old}} + \eta_p \times PE \).]

To calculate the action probabilities, we used the softmax choice rule with the inverse temperature parameter ([image: Greek letters tau subscript r and tau subscript p, separated by a comma.]), which reflects how individuals’ choices are made deterministically with respect to the value of the alternative choices (Kaelbling et al., 1996). An increase in the inverse temperature corresponds to a preference for model dependent choices, whereas a decrease in the inverse temperature reflects a tendency toward more random decisions. The learning rates represent the sensitivity of feedback in a learning task, where [image: Lowercase Greek letter eta, commonly used in mathematics and physics.] close to 1 places more weight on recent outcomes.

In addition, we applied Bayesian hierarchical modeling (Lee and Wagenmakers, 2014), which can delineate individual differences and similarities among participants and thus enhance the accuracy of statistical inferences (Gelman and Hill, 2006; Driver and Voelkle, 2018; Namba et al., 2022). The number of iterations was set to 5,000, the number of burn-in samples to 5,000, and the number of chains to four. The R-hat value for all parameters was 1.0, indicating convergence of the four chains (Stan Development Team, 2020). The details of the model, including the prior distributions, are described in the Supplementary material.1



2.4.2 Visual search task

To determine whether the learning conditions affected visual search performance (i.e., RT and accuracy), and whether that effect differed by age, we performed two-way mixed ANOVA including learning condition (reward, punishment and zero) and age (younger and older). Similar to the associative learning tasks, p-values were adjusted using the Holm-Bonferroni sequentially rejective procedure. We were concerned with the difference between the reward, punishment, and no feedback conditions in the target-present trials, rather than the difference between the target-present and absent conditions. Thus, we focused on the target-present condition in the visual search task.

To build the hierarchical drift-diffusion model, we applied a response-fitting model that use two outputs: same or dissimilar. We extracted the three main parameters from the behavioral data using the hierarchical drift diffusion model: [image: Lowercase Greek letter alpha followed by a comma and an uppercase letter V.], and t0. For parameter estimation, we calculated individual-level parameters (and the within-condition covariance structure) for [image: Greek letter alpha followed by a comma and uppercase letter V.] in the different learning conditions (reward, punishment, and zero), and we calculated a population-level parameter for t0. z was fixed at 0.5. This was due to the need to constrain parameters for stable convergence (Kinosada, 2019). We determined whether the values of R-hat were close to 1 (values closer to 1 indicate greater convergence) and calculated the variation between the four chains (smaller variance reflects greater convergence). The number of iterations was set to 5,000, and the number of burn-in samples was set to 5,000. The diffusion model, including the prior distributions, was described in detail in (see Footnote 1).

Finally, we explored the correlations among the underlying parameters for each participant. Since no sample size calculation or a priori power analysis was conducted, we used conservative criteria, i.e., r > 0.30 (Cohen, 2013). All analyses were performed using R ver. 3.6.1 (R Core Team, 2019), with the “anovakun,” “bayesplot,” “brms,” “cmdstanr,” “posterior,” “rstan,” “tidyverse” packages (Bürkner, 2017; Gabry et al., 2019, 2023; Wickham et al., 2019; Stan Development Team, 2020; Bürkner et al., 2023; Iseki, 2023).





3 Results


3.1 Associative learning task

First, we checked the learning curves for the young and older participants, as shown in Figure 2. A visual inspection of the performance of the younger and older participants indicated good learning outcomes in both groups, although the younger participants exhibited more efficient learning. Three-way mixed ANOVA was performed to evaluate the effects of age, learning and trial block. There was no main effect of age or trial block, and interaction effect between age and trial block (Fs < 0.35, ps > 0.55, ηG2s < 0.002), but the main effect of learning condition was significant (F(2, 110) = 49.61, p < 0.001, ηG2 = 0.32). Participants in the reward condition performed significantly better than those in the zero and punishment conditions, and participants in the zero condition performed better than those in the punishment condition (ts > 4.36, ps < 0.001). There was also an interaction effect between trial block and learning condition (F(8, 440) = 13.43, p < 0.001, ηG2 = 0.05). The post hoc test showed significant differences between trial blocks in the reward and punishment conditions (Fs > 14.22, ps < 0.001, ηG2s > 0.06), but there was no difference between trial blocks in the zero condition (F(4, 220) = 0.38, p = 0.82, ηG2 = 0.00). In the reward condition, the selection rate was significantly higher in the last 20 trials than in the first 20 trials (t = 5.04, p < 0.001), but the opposite was true in the punishment condition (t = 5.30, p < 0.001). This indicates that associative learning for reward and punishment occurred in both participants. In addition, there was an interaction effect between age and learning condition (F(7, 43) = 7.43, p = 0.001, ηG2 = 0.07). The post hoc test showed significant differences between younger and older participants in the reward and punishment conditions (Fs > 9.25, ps < 0.004, ηG2s > 0.10), with the effects being smaller in older than younger participants, but there was no difference in the zero condition (F(1,55) = 0.02, p = 0.88, ηG2 = 0.00). Moreover, the performance of younger participants significantly differed among the conditions; performance was best in the reward condition, followed by the zero condition and finally by the punishment condition (ts > 5.40, ps < 0.001). Older participants performed worse in the punishment condition than the other two learning conditions (ts > 2.76, ps < 0.02), but the reward condition did not differ from the zero condition (t = 1.35, p = 0.19). In summary, the younger participants were able to learn reward and punishment contingencies in the associative learning task, and the older participants were able to learn punishment contingencies in the associative learning task but not reward contingencies.

[image: Line graphs compare the selection preferences of "Young" and "Older" groups across trials 0-20 to 81-100. The "Young" group shows increasing selections for rewards, stable for punishment, and decreasing for zero. The "Older" group has slight increases for rewards and stable trends for punishment and zero. Error bars indicate variability.]

FIGURE 2
 (A) Mean (± standard error) proportion of target faces selected by younger participants for each block (1–20) in the reward, punishment and zero conditions. (B) Mean (± standard error) proportion of target faces selected by older participants for each block (1–20 trials) in the reward, punishment, and zero conditions.


Next, as shown in Table 1 and Figure 3, we assessed the results for the reinforcement learning model parameters. There was a small difference in learning rate between the reward and punishment trials among the younger participants. Specifically, the learning rates were higher for punishment trials. For the inverse temperature parameters, both groups had higher values for the reward compared with punishment trials. We performed the posterior predictive check, comparing simulated and real data (Supplementary Figure S12).



TABLE 1 All parameters in the reinforcement-learning model.
[image: Table displaying means and 95% credible intervals for younger and older participants. Younger participants: reward eta mean 0.05 [0.03, 0.08], punishment eta 0.12 [0.07, 0.19], reward tau 7.98 [6.71, 9.65], punishment tau 4.50 [3.66, 5.46], difference in etas -0.07 [-0.14, -0.01], difference in taus 3.48 [1.85, 5.35]. Older participants: reward eta 0.01 [0.00, 0.02], punishment eta 0.02 [0.01, 0.05], reward tau 11.70 [7.98, 16.70], punishment tau 3.95 [3.09, 4.89], difference in etas -0.02 [-0.04, 0.00], difference in taus 7.75 [3.89, 12.80].]

[image: Two sets of probability distribution plots labeled Younger and Older. Each set has four plots, with Younger showing narrower distributions, and Older showing wider, flatter distributions. The x-axes are labeled differently across plots, and the y-axes are not labeled with numbers.]

FIGURE 3
 Posterior distributions of each parameter of the reinforcement learning model among younger (upper) and older participants (lower). Blue bars are expected a posteriori values and transparent blue regions are 95 credible intervals. [image: Greek letter eta, a lowercase italic η.] = the learning rates, τ = the inverse temperature, ∗r = for reward, ∗p = for punishment.


Figure 4 shows the posterior distributions of each parameter difference between younger and older participants. There were differences between the younger and older participants in learning rates but not inverse temperatures. Specifically, younger participants had higher learning rates than older ones (reward: mean of group difference = 0.04, 95% credible interval [CI] = [0.02, 0.07]; punishment: mean of group difference = 0.10, 95% CI = [0.04, 0.16]). There were no differences in inverse temperatures between the younger and older participants (reward: mean of group difference = −3.71, 95% CI = [−8.80, 0.38]; punishment: mean of group difference = 0.55, 95%CI = [−0.72, 1.84]).

[image: Two sets of probability density plots depicting distributions. The left plot shows two distributions labeled ηᵣ and ηₚ, both peaking below 0.2. The right plot displays distributions for τᵣ and τₚ, centered near zero. Both plots have shaded areas under the curves.]

FIGURE 4
 Posterior distributions of each parameter difference between younger and older participants. Blue bars are expected a posteriori values and transparent blue regions are 95% credible intervals. Positive values are a relatively large component of younger participants, while negative values are a relatively large component of older participants. [image: It seems there is no image attached. Please upload the image or provide a URL, and I will help generate the alt text for you.] = the learning rates, τ = the inverse temperature, *r = for reward, *p = for punishment.




3.2 Visual search task

To check the performance of the visual search task, we performed two-way mixed ANOVA including age and learning condition. It should be noted that this ANOVA analysis was a preliminary analysis to measure the tendency of the data. Regarding RT, there were main effects of age and learning condition (Fs > 4.45, ps < 0.02, ηG2s > 0.01). Younger participants (mean = 0.97) showed shorter RTs than older participants (mean = 1.58; t = 8.77, p < 0.001). Regarding the effect of learning condition, RT was significantly shorter in the reward condition than in the zero condition (t = 2.96, p = 0.01), and there was a trend toward a difference between the punishment and zero conditions (t = 1.78, p = 0.08). There was no interaction effect between age and learning condition (F(2, 110) = 2.03, p = 0.14, ηG2 = 0.005). Regarding accuracy, no significant main or interaction effects were found (Fs < 0.80, ps > 0.45, ηG2s < 0.006). In summary, in the visual search task, the younger participants were faster than the older ones. Moreover, the RT in the reward condition, but not in the punishment condition, was significantly different to that in the zero condition over the two age groups.

As described above, we computed the three drift diffusion parameters (α, ν, t0) from the visual search data for the younger and older participants. Figure 5 shows the α values, i.e., the threshold of accumulated evidence for all conditions (two groups: younger and older; three conditions: reward, punishment, and zero). Visual inspection indicated no differences among the reward, punishment, and zero conditions, but there were differences between the younger and older participants only for the zero condition ([image: Stylized text displaying the word "reward" with an italicized lowercase "a" preceding it.]: mean of group difference = −0.14, 95% credible interval [CI] = [−0.31, 0.02]; [image: Lowercase letter "a" with a subscript "loss".]: mean of group difference = −0.15, 95% credible interval [CI] = [−0.30, 0.01]; [image: Italic lowercase letter "a" with the subscript "zero".]: mean of group difference = −0.17, 95% credible interval [CI] = [−0.34, −0.01]). These results indicate that the older participants needed more information before they made a response regarding the value-driven unlearned faces. The posterior predictive check was further confirmed using reaction time values in the simulated and real data of younger and older participants [Supplementary Figure S2; (see Footnote 2)].

[image: Density plots comparing parameters for younger and older groups labeled "a" and "v" for reward, punishment, and zero conditions. Both age groups show overlapping distributions with slight variations across conditions.]

FIGURE 5
 Posterior density plot of the group means of the six parameters as produced in the group (y = younger, o = older) and conditions (reward, punishment, and zero). Left: the threshold separation (α), right: the drift rate (ν).


Figure 5 shows the results for ν, i.e., the speed at which the participants accumulated evidence before making a response. Even in the younger group, although visual inspection indicated that the positive and negative learning conditions had a relatively higher ν compared with the zero condition, performance did not differentiate positive and negative learning conditions from the zero condition ([image: Mathematical expression showing the variables \( V \) and "rew to zero" with a tilde over "rew to zero".]: mean of group difference = 0.12, 95% credible interval [CI] = [−0.05, 0.28]; [image: Mathematical expression showing "v subscript loss to subscript zero."]: mean of group difference = 0.12, 95% credible interval [CI] = [−0.07, 0.31]). There were differences between the younger and older participants ([image: The image shows the mathematical expression "v reward" in italicized text.]: mean of group difference = 0.35, 95% credible interval [CI] = [0.05, 0.66]; [image: The text "v subscript loss" in italic font.]: mean of group difference = 0.49, 95% credible interval [CI] = [0.24, 0.74]; [image: The image shows the variable "v" with the subscript "zero" in italicized font, representing an initial velocity or a specific reference point.]: mean of group difference = 0.32, 95% credible interval [CI] = [0.08, 0.57]).

t0 is based on all time components unrelated to the information accumulation process, as stated previously. There were differences between the younger and older participants ([image: Mathematical expression featuring a lowercase letter t with a subscript reading "younger".]: mean = 0.36, 95% credible interval [CI] = [0.35, 0.36]; [image: Mathematical expression showing the variable "t" raised to the power of "0," and the word "older" is used as a subscript.]: mean = 0.50, 95% credible interval [CI] = [0.49, 0.52]; [image: Mathematical expression "t subscript 0 diff", with "diff" in italic font.]: mean of group difference = −0.15, 95% credible interval [CI] = [−0.16, −0.13]). In other words, older participants needed more time both before and after information accumulation than younger adults.



3.3 Relationships between associative learning and visual search parameters

To avoid the influence of outliers, we explored the Spearman’s rank correlation coefficients among the underlying parameters for each participant. We extracted the mode value (most probable value) for each individual parameter. Tables 2, 3 show the relationships between associative learning and visual search parameters. In younger participants, only the learning rate in rewarded associative learning trials was correlated with the ν for faces in the reward condition (r = 0.38, p = 0.04). However, there were no other correlations between the associative learning and visual search task parameters (|r|s < 0.35, ps < 0.07). For older participants, there were no correlations between the associative learning and visual search task parameters (|r|s < 0.32, ps < 0.10).



TABLE 2 Spearman’s rank correlation coefficients between the underlying mode parameters from the reinforcement-learning and drift diffusion models for younger participants.
[image: Table displaying variables with columns labeled Spearman's r, \(\eta_r\), \(\eta_p\), \(\tau_r\), and \(\tau_p\). Significant effects or trends are in bold. Values include 0.23, -0.05, 0.20, -0.18 for a(r) and 0.38, 0.32, 0.28, -0.07 for v(r).]



TABLE 3 Spearman’s rank correlation coefficients between the underlying mode parameters from the reinforcement-learning and drift diffusion models for older participants.
[image: Table showing Spearman's r correlations for different variables. For a(r): ηr -0.14, ηp -0.14, τr -0.04, τp -0.29. For a(p): ηr 0.03, ηp -0.06, τr 0.09, τp -0.17. For a(zero): ηr -0.01, ηp -0.24, τr 0.03, τp -0.11. For v(r): ηr -0.11, ηp 0.19, τr -0.15, τp -0.14. For v(p): ηr -0.01, ηp 0.28, τr -0.19, τp -0.12. For v(zero): ηr -0.06, ηp 0.32, τr -0.28, τp -0.14.]




4 Discussion

This study explored the psychological processes underlying the rapid detection of faces with emotional meaning by investigating the relationship between associative learning data and visual search data. First, we found that the learning rates for reward and punishment were higher for younger than older participants (Figure 4). This was consistent with the simple learning performances revealed by Figure 2. The results also showed that learning rate parameter values were higher for punishment than reward trials in younger participants only. Older participants did not show different learning rates between reward and punishment trials. This result is consistent with previous studies showing that aging reduces sensitivity to negative faces and information (Mill et al., 2009; Zhao et al., 2016; Richoz et al., 2018). Our results suggest that the sensitivity of learning feedback might decrease with age.

Both the younger and older participants in this study showed higher inverse temperatures for reward than for punishment, and there was no difference between younger and older participants for this parameter (Figure 4). The inverse temperature parameter reflects the degree to which an individual retains their previous learning history (Katahira, 2015). Thus, both younger and older participants could have kept learning history and learning rate updates in the reward trials than punishment trials. However, the younger participants may have adjusted for this difference in sensitivity (i.e., higher learning rate for punishment than reward). Our reinforcement learning model shed light on the associative learning process in both younger and older participants.

For the visual search paradigm, ν was larger and t0 was smaller in the younger group than in the older group, consistent with our hypothesis. This result is consistent with Saito et al. (2022a), who revealed that RT in visual search tasks differs between younger and older adults. This finding further demonstrates that the younger group had superior efficiency in terms of information accumulation (ν) compared to the older group. Additionally, the perceptual time leading to motion onset (t0) was shorter in the younger group. Aging might reduce the speed with which information accumulates and attention is allocated to value-associated faces. Only in the zero condition, the older participants needed more information before they made a response (α) compared to the younger participants. This could be interpreted as that the older participant’s learning in the associative learning task affected the amount of information needed before they made a response, even if only slightly, so that they no longer differed from the younger participants. Figure 5 also shows that the threshold parameters for the value-driven conditions in the older participants were closer to the left than in the zero condition. The decline in performance among older participants is amenable to decomposition across distinct components as the current study indicated. The identification and elucidation of requisite interventions tailored to these specific components entail the pursuit of future research investigations.

We hypothesized that the ν for RT would be linked to each learning rate parameter. However, our results only partially supported this prediction, with the data from the younger participants in the reward condition. The result implies that sensitivity to reward in an associative learning task facilitates the accumulation of information in a visual search task for younger, but not older, participants. During an experiment in which a learning task and visual search were performed in relatively rapid succession, short term reward sensitivity was advantageous, although this effect diminished with age. This finding suggests that, in the context of building social relationships, more efficient accumulation of reward information is required in earlier stages of development. It is important to note that no such relationship was found between t0 and [image: Greek lowercase letter alpha.]. In the older participants, there were no correlations between the parameters from the two computational models. Thus, further research using a visual search task with more appropriate connections to associative learning tasks needs to be designed. Recently, Pedersen et al. (2017) attempted to combine the drift diffusion and reinforcement learning models. By directly applying the combined model to one learning task, we can expect to gain insight into the relationships between the mathematical parameters. The current study is the first to provide insight into how younger and older adults detect neutral faces that are associated with positive values.


4.1 Implications and future directions

Our findings have theoretical implications. The current results revealed the associations between computational parameters (i.e., learning rate and drift rate) underlying observable behavioral responses during value learning and value-driven detection of neutral faces in young participants. Several previous studies that used computational modeling have shown that the computational parameters reflect latent cognitive processes and are tightly linked to activity in specific brain regions. For example, a recent neuroimaging study reported that the drift rate estimated from face evaluation behaviors using a drift-diffusion model was associated with amygdala activity (Calabro et al., 2023). We expect our findings to provide insights into the neural mechanisms for value-driven detection of neutral faces and their aging patterns, which should be investigated in future computational neuroimaging studies.

Our findings may also have practical implications. A previous study has suggested that computational parameters classified clinical and non-clinical populations better than behavioral measures (Wiecki et al., 2015). A recent study reported that the RT performance of value-driven detection of neutral faces was associated with participants’ autistic traits (Saito et al., 2023). Collectively, our findings suggest that the computational modeling of the task may be helpful for the classification of individuals with autism spectrum disorder and those with typical development. Also, because the present study revealed the computational underpinnings of the effect of aging on value learning and value-driven detection of neutral faces, the same approach may provide information about pathological aging, such as dementia (cf. Irwin et al., 2018). Further research is warranted to test the task of value-driven detection of neutral faces and its computational modeling for clinical populations.



4.2 Caveats

This study had several limitations. First, the number of younger participants with successful learning outcomes was greater than that of older participants. The 8:2 feedback ratio used in the associative learning task was difficult for older adults, but may have been too easy for younger adults, thus making it difficult to compare associative learning performance in the visual search task. In the posterior predictive check [Supplementary Figure S1; (see Footnote 2)], the observed data for the older adults who failed to learn had a poor fit with the reinforcement learning model. This also poses a risk of the interpretability of the parameters of reinforcement learning models in the participants who failed to learn. Modification of the feedback ratio in the associative learning task or improving the reinforcement model, which can account for learning failures, is important for future research. The current study compared younger and older participants but factors other than age might contribute the observed differences/relationships. For example, attention is related to intelligence (Schweizer and Moosbrugger, 2004), and it is likely that young participants from Kyoto University and older participants from a local human resource center differ in attributes other than age, such as IQ (Chamorro-Premuzic and Furnham, 2008). The effects of age should be pursued with adequate control of factors that may cause interpretable outcomes. Future studies including older participants should use the Mini-Mental State Examination (Folstein et al., 1975) or other neuropsychological tests to explore whether general cognitive functions are preserved. In addition, the present study applied the diffusion model with a constrained number of trials (i.e., 32), which raises concerns about stable parameter estimates. Even when using only 24 trials, there was a sufficient correlation in the three-parameter diffusion model between the real and predicted values in the systematic simulation (Lerche et al., 2017). Notably, for detecting the condition differences, the noise of parameter estimation might not necessarily be critical. It also holds true that a larger trial count often improves parameter estimation, with the result that future research endeavors may demand the use of more trials and larger sample sizes to enhance the depth and scope of inquiry. Finally, as facial stimuli, the current study used only young male faces with neutral expressions, which may have biased the results considering that male faces tend to be viewed more negatively than female faces (Craig and Lee, 2020). Although emotional recognition performance for the facial expressions of older people is reportedly lower regardless of the observer’s age (Riediger et al., 2011), further studies are needed to determine whether this lower performance is applicable to older faces with neutral expressions.




5 Conclusion

In conclusion, we used reinforcement learning and drift diffusion models to compare the value learning process and value-driven detection of neutral faces between younger and older adults. The learning rates in the associative learning task, and the ν and t0 values in the visual search task, were higher in younger than in older participants. Sensitivity to learning feedback may decrease with age. During value-driven detection of neutral faces among young adults, we found that only the sensitivity to reward in the associative learning task promoted efficient accumulation of information during a visual search for neutral faces in younger but not in older adults. The parameter values of our mathematical model shed light on the contributing factors underlying the rapid detection of faces with emotional meaning in younger and older adults. Specifically, the sensitivity to feedback in the associative learning task, the speed of information accumulation and the perceptual time leading to motion onset in the visual search tasks, and the relationship between the speed of information accumulation and feedback sensitivity to reward, decreases with age. The current study underscored the significance of computational modeling in elucidating the cognitive process behind value-driven behavior and contributed to a deeper understanding of aging and related conditions, offering avenues for future investigation and potential interventions in both neuroscience and clinical contexts.
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Individuals with Parkinson's disease (PD) may exhibit impaired emotion perception. However, research demonstrating this decline has been based almost entirely on the recognition of isolated emotional cues. In real life, emotional cues such as expressive faces are typically encountered alongside expressive bodies. The current study investigated emotion perception in individuals with PD (n = 37) using emotionally incongruent composite displays of facial and body expressions, as well as isolated face and body expressions, and congruent composite displays as a baseline. In addition to a group of healthy controls (HC) (n = 50), we also included control individuals with schizophrenia (SZ) (n = 30), who display, as in PD, similar motor symptomology and decreased emotion perception abilities. The results show that individuals with PD showed an increased tendency to categorize incongruent face-body combinations in line with the body emotion, whereas those with HC showed a tendency to classify them in line with the facial emotion. No consistent pattern for prioritizing the face or body was found in individuals with SZ. These results were not explained by the emotional recognition of the isolated cues, cognitive status, depression, or motor symptoms of individuals with PD and SZ. As real-life expressions may include inconsistent cues in the body and face, these findings may have implications for the way individuals with PD and SZ interpret the emotions of others.
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1 Introduction

Emotion perception, a vital skill for successful social interactions, may be affected by neurological disease, psychiatric disorders, or normal aging of the brain (Phillips et al., 2003; Hayes et al., 2020). Such is the case in PD, a neurodegenerative disorder caused by the breakdown and death of the dopamine-secreting neurons of the substantia nigra pars compacta (for a review, see Argaud et al., 2018). The hallmark manifestation of PD involves motor symptoms such as muscular rigidity, bradykinesia (slowness of movement), tremor, and decreased facial expressivity known as “masked face” (hypomimia), which manifest in the early stages of PD (Gelb et al., 1999; Assogna et al., 2008). Individuals with PD may also display significant non-motor symptoms, such as cognitive decline (Hindle et al., 2014), psychiatric symptoms (Schneider et al., 2008), and difficulties in social interactions, among other systemic symptoms. These non-motor manifestations dramatically impact their quality of life (Bernal-Pacheco et al., 2012).


1.1 Emotion perception difficulties in PD

One important class of difficulties in PD involves a wide range of emotion perception deficits, appearing in the early stages of the disease and deteriorating with its progression (Lin et al., 2016). These latter symptoms include impaired production and perception of emotional prosody (Schröder et al., 2010), impaired discrimination of affective speech (Pell and Leonard, 2003), as well as impaired production and perception of facial expressions (for a meta-analysis, see Jacobs et al., 1995; Simons et al., 2004; Gray and Tickle-Degnen, 2010; Gunnery et al., 2016). Recent meta-analyses and reviews have shown that individuals with PD have a generalized deficit in emotion perception across modalities, which is more pronounced for negative emotional expressions, specifically anger, fear, sadness, and disgust (Argaud et al., 2018; Coundouris et al., 2019; Gothwal et al., 2022). While these overall findings are important, specific results differ across studies, perhaps due to significant variance with regard to participants' characteristics (e.g., the PD stage, cognitive abilities) and experimental tasks and design. As part of this variance, Argaud et al. (2018) noted that roughly a third of the studies found no difference in facial expression perception between individuals with PD and controls.



1.2 Suggested underlying mechanism

The specific mechanisms underlying these difficulties in PD are still unclear. Emotion perception difficulties in PD are only partially accounted for by mood disorders, cognitive decline, disease severity, and dopamine replacement therapy (Argaud et al., 2018; Coundouris et al., 2019). Theories of emotional embodiment suggest that individuals decode facial expressions by partially simulating what they perceive via their own musculature, thus creating motoric re-experiencing of the relevant emotions in the self (Niedenthal, 2007). Such re-experiencing, known as sensorimotor simulation, was supported by several studies (Niedenthal, 2007; Winkielman et al., 2008; Wood et al., 2016). It was suggested that hypomimia (reduction in facial expression activity in PD) disturbs facial simulation feedback, a proposed process for recognizing emotional expressions according to theories of emotional embodiment (Gray and Tickle-Degnen, 2010; Péron et al., 2014; Argaud et al., 2018).



1.3 Considering context: importance of body expressions in emotion perception

Prior research on emotion perception difficulties in PD largely relied on tasks using decontextualized facial expressions—that is, participants view faces in isolation. While methodologically convenient and widely popular in the neuroscience literature, this experimental approach fails to consider the fact that during most physical interactions, facial expressions are typically encountered in a rich context, not as isolated cues. Faces are perceived within a broader visual context, first and foremost the expressive body, which may be congruent or incongruent with the affective signal of the face (Abramson et al., 2017). However, the process of face-context integration in individuals with PD is poorly understood despite its potential importance (Aviezer et al., 2008, 2017). While several visual contextual factors may influence facial expression perception, body expressions constitute an immediate, intra-target source of relevant information (Wieser and Brosch, 2012). In healthy young adults, emotionally congruent body expressions appearing with the face may boost facial expression perception, while emotionally incongruent bodies may dramatically alter facial expression perception (Meeren et al., 2005; Aviezer et al., 2008, 2012; Israelashvili et al., 2019). This effect is further strengthened in the healthy aging brain, such that body expressions play a considerably larger role for older adults when perceiving face-body composites (Abo Foul et al., 2018). Specifically, healthy older adults are more influenced by incongruent body cues than their younger counterparts, emphasizing the contextual importance of bodies and how they are perceptually integrated with faces during emotion perception (Noh and Isaacowitz, 2013; Abo Foul et al., 2018).



1.4 Gap in research and rationale for investigation

To the best of our knowledge, the perception of composite face-body expressions in PD has not been previously investigated. This approach may be more revealing than investigating isolated cues for several reasons. First, the ecological validity of this approach bears a closer approximation to real-life social and emotion perception difficulties experienced in individuals with PD (Gunnery et al., 2016). Second, and more specifically for PD, understanding the effect of body expressions and their integrated perception of faces is essential in disorders that principally affect the body. PD produces motor symptoms in the body and face (e.g., bradykinesia and hypomimia, respectively), which can be considered a naturally occurring motor manipulation, allowing one to test the impact of impaired motor simulation feedback on emotion perception processes. Investigating the impact of motor simulation feedback deficits and their contribution to contextualized emotion perception may shed light on the underlying mechanisms of emotion perception in PD. Thus, as accumulating findings suggest different perception processing of emotions for integrated faces with bodies, investigating emotion perception from combined cues in individuals with PD is important, both clinically and theoretically. As previously emphasized, PD is a multifaceted disorder that impacts various systems, including motor, cognitive, and emotional functions, posing a challenge to attributing any singular deficit to a specific underlying mechanism. While comparing findings to healthy control groups is essential, it may not provide a comprehensive understanding. To address this complexity, we included an additional clinical control group comprising individuals with schizophrenia (SZ), a disorder that shares several intriguing parallels with PD.



1.5 Comparison with schizophrenia

SZ is a neuropsychiatric disorder characterized by a cluster of positive symptoms, such as hallucinations, delusions, and disorganization, as well as a cluster of negative symptoms, which include “affective flattening” (reduced emotional expressions), difficulties in emotional perception, impoverished speech, motivation, anhedonia, and decreased social interaction (for meta-analyses, see Chan et al., 2010; Kohler et al., 2010). While antipsychotic medications effectively manage positive symptoms, they can lead to Parkinsonian-like motor disturbances, encompassing bradykinesia, rigidity, and hypokinesia in facial and bodily expressions (Andreasen and Flaum, 1991; Słowiński et al., 2017; de la Mora et al., 2020). Accumulating research indicates that disruptions in dopamine neurotransmission along neural pathways play a role in the foundation of SZ (de la Mora et al., 2020; Sonnenschein et al., 2020). Individuals with SZ encounter a wide array of challenges related to emotion perception, including difficulties in recognizing emotional vocalizations (for a meta-analysis, see Gong et al., 2021), in addition to the well-documented disturbances in perceiving facial emotional expressions (for a meta-analysis, see Kohler et al., 2010), which may manifest in the early stages of the disorder (Kring and Elis, 2013). Importantly and similar to PD, individuals with SZ exhibit reduced abilities in conveying emotional facial expressions (for a review, see Trémeau, 2022).



1.6 Similarities and parallels between PD and SZ

PD and SZ can be viewed as two related dopamine disorders, marked by impaired and imbalanced dopamine neurotransmission (Meder et al., 2019; de la Mora et al., 2020). The presence of Parkinsonian-like movement disorders in SZ and schizophrenia-like psychosis in PD may suggest dysfunction within a shared network that encompasses the cortex, basal ganglia, thalamus, and cerebellum, while those are linked to emotion perception abilities (Pierce and Péron, 2020; Walther et al., 2020). Individuals with PD and SZ showed emotion perception difficulties, but the precise mechanism underlying these difficulties remains unclear. A comparison of PD and SZ, in addition to healthy controls, may therefore offer insights into specific and unique aspects of the emotion perception process from integrated cues in PD.



1.7 The current investigation

This study examined emotion perception in individuals with Parkinson's disease (PD) using integrated facial and bodily expressions. The performance of the PD group was compared to that of the HC group, as well as that of a group of individuals with SZ. The advantage of the incongruent cue approach is that the responses to the stimuli directly highlight what source (face or body) was prioritized by the perceiver in their judgment. We adopted a more ecological approach in which participants are requested to categorize the emotion of the person while being free to base their judgment on any cue they deem relevant. In addition, we examined emotion perception from isolated cues as well as from congruent faces with bodies. This allowed us to establish a baseline for the recognition of each expressive cue alone and of congruent cues in conjunction. The two clinical groups were age-matched and evaluated not only for emotion perception but also for their motor symptoms using the Unified Parkinson's Disease Rating Scale (UPDRS; Fahn and Elton, 1987). Finally, we included tests of cognition, depression, and motor function to examine if emotion perception abilities are mediated by these domains.




2 Method


2.1 Participants

Individuals with PD (N = 37), individuals with SZ (N = 30), and matched healthy controls (HC, N = 50) comprised our study population (see Sample Characteristics, Table 1). An a priori power analysis was conducted using G*Power3 (Faul et al., 2007) for sample size estimation, using the effect size from a related study (Abo Foul et al., 2018). Considering an alpha of 0.05 and a power of 0.95, the projected sample size needed with this effect size is approximately 36 for the main hypothesis test. The inclusion criteria for PD were (1) idiopathic PD diagnosed by a neurologist, (2) the absence of active or untreated additional neuropsychiatric disorder or psychosis, and (3) Mini Mental State Examination (MMSE) scores above 25. The inclusion criteria for SZ were (1) psychiatric diagnoses according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5; American Psychiatric Association, 2013), (2) the absence of active or untreated neurological conditions, and (3) MMSE scores above 25. For the HC group, the inclusion criteria were (1) the absence of active neurological or neuropsychiatric conditions and (2) MMSE scores above 25.


TABLE 1 Sample characteristics and the screening tests (ACE, MMSE, FAB, MOCA, and BDI) by groups.

[image: Table comparing three groups: PD (n=37), SZ (n=30), and HC (n=49). Age range, mean age, gender percentage of females, and average education years are listed. Scores for ACE, MMSE, FAB, MOCA, and BDI are shown with standard deviations. The table includes ranges for ACE scores. Abbreviations: ACE, Addenbrooke's Cognitive Examination; MMSE, Mini-Mental State Examination; FAB, Frontal Assessment Battery; MOCA, Montreal Cognitive Assessment; BDI, Beck Depression Inventory.]


TABLE 2 Summary of mixed analysis of variance (ANOVA) for age, years of education, and screening tests (ACE, MMSE, FAB, MOCA, and BDI).

[image: Table listing statistical values for various cognitive assessments, including Age, Education years, MOCA, ACE, MMSE, FAB, and BDI. Each has corresponding Df, F, and P values. Significant P values are less than 0.001, except for Age, which is 0.33. Abbreviations are explained below the table.]

Individuals with PD were recruited from the Hadassah Medical Center's neuropsychiatric clinic in Jerusalem. These participants received neuropsychological assessment as candidates for deep brain stimulation (DBS) surgery. Individuals with SZ were recruited from the Kfar Shaul Mental Health Center, Jerusalem. Characteristics of the clinical groups are shown in Table 3. Older adults were recruited either via (a) social media advertisements or (b) an online Israeli participants' pool (https://www.panel4all.co.il/pages/home.html).


TABLE 3 Clinical characteristics of Individuals with PD and SZ.

[image: Table comparing clinical characteristics of Parkinson’s disease (PD) and schizophrenia (SZ) groups. It includes entries for mean disease duration, dominance, LEDD, UPDRS subcategories, native language, first motor symptom, body side, slowness, and walking disturbances. Significant p-values are listed, indicating statistical comparisons.]

Only one HC participant was excluded due to uncompleted experiment tasks. All those taking part had normal or corrected-to-normal vision. The study was approved by the Hebrew University of Jerusalem Ethics Committee and the IRB Committees of the Hadassah Medical Organization and Kfar Shaul Mental Health Center.



2.2 Stimuli: emotional expressions

Face-body composites were constructed with stimuli obtained from standardized sets. Stereotypical images of facial expressions of sadness, anger, fear, and happiness were taken from the Amsterdam Dynamic Facial Expression Set (ADFES) (van der Schalk et al., 2011). Stereotypical body expressions of sadness, anger, fear, and happiness were taken from the Bochum Emotional Stimulus Set (BESST) (Thoma et al., 2013). Six exemplars were used for each emotion, with equal representation across genders. Using Adobe Photoshop, we created realistically proportioned face-body composites by crossing all emotional categories of faces with bodies (Figure 1), resulting in combinations that were congruent (e.g., an angry face on an angry body) and incongruent (for example, an angry face on a fearful body). The experiment comprised three blocks, namely, (1) body only, (2) face only, and (3) face with body. The body-only and face-only blocks each contained 24 stimuli—six exemplars for each emotion (sadness, anger, fear, and happiness) from the sets indicated. The face-only block included isolated faces without bodies. The body-only block included bodies with blurred faces. The face-with-body block included 32 composite stimuli: eight congruent and 24 incongruent. These stimuli have been recently validated in a normal population (Lecker et al., 2017) and in healthy older adults (Abo Foul et al., 2018).


[image: Two black and white photos labeled A and B. In photo A, a woman appears startled or surprised, with her hands raised slightly and a concerned expression. In photo B, the same woman smiles confidently with clenched fists, conveying excitement or enthusiasm. She wears a black top and jeans in both images.]
FIGURE 1
 Examples of composite stimuli used in the experiment. (A) An example of a congruent stimulus—a fearful face combined with a fearful body. (B) An example of an incongruent stimulus—a happy face combined with an angry body. Reproduced with permission from the Bochum Emotional Stimulus Set (BESST) (Thoma et al., 2013) and Amsterdam Dynamic Facial Expression Set (ADFES) (van der Schalk et al., 2011).




2.3 Cognitive assessment
 
2.3.1 Addenbrookes' cognitive examination

ACE (Mioshi et al., 2006) is a paper-based test used for cognitive screening, characterized by good specificity and sensitivity for diagnosing different types of dementia (Mioshi et al., 2006). This test expands the Mini-Mental State Examination (MMSE) for diagnosing dementia. It examines six cognitive domains: orientation (10 points), attention (8 points), memory (35 points), verbal fluency (14 points), language (28 points), and visuospatial abilities (5 points), with a maximal score of 100. Validated versions in Hebrew (Newman, 2005), Arabic (Al Salman, 2013), and English (Mioshi et al., 2006) were used in the study, according to the native language of the participants. The internal consistency of ACE is high (Cronbach's coefficient α = 0.87), and its test-retest reliability as evaluated by the intraclass correlation coefficient (ICC) ranges from 0.64 to 0.82 (Takenoshita et al., 2019).



2.3.2 Frontal assessment battery

FAB (Dubois et al., 2000) is a neuropsychological test designed to assess executive function and address dysexecutive syndrome. This 10-min test contains six domains, namely, conceptualization, mental flexibility, motor programming, sensitivity to interference, inhibitory control, and environmental autonomy. The maximum score is 18, with lower scores indicating greater impairments. The internal consistency of FAB as measured by Cronbach's coefficient α is 0.61 (Goh et al., 2019).



2.3.3 Montreal Cognitive Test

MOCA (Lifshitz et al., 2012) is a widely used 10-min cognitive screening test that comprises eight cognitive domains, namely, visuospatial perception, organizational skills, recognition, naming, short-term memory, attention, verbal ability, abstraction, and orientation. In this study, we used the Hebrew, Arabic, and English versions as they appear on the MoCA test website (www.mocatest.org). The internal consistency of MoCA is high (Cronbach's coefficient α = 0.89), and its test-retest reliability as evaluated by ICC ranges from 0.64 to 0.82 (Bruijnen et al., 2020; Sala et al., 2020).



2.3.4 Beck depression inventory

BDI (Beck et al., 1996) is a widely used self-report questionnaire that measures the severity of depressive symptoms. We used validated versions in Hebrew (Gil and Gilbar, 2001), English (Beck et al., 1996), and Arabic (Abdel-Khalek, 1998), tailored to the native language of the participants. The questionnaire addresses different depression symptoms, scored on a scale of 0–3 [e.g., “(0) I don't feel sad” to “(3) I'm so sad or unhappy that I can't stand it”]. Higher total scores indicate more severe depressive symptoms. The internal consistency of BDI is high (Cronbach's coefficient α = 0.9), and its test-retest reliability as evaluated by ICC ranges from 0.73 to 0.96 (Wang and Gorenstein, 2013).




2.4 Procedure

After providing consent, participants were assessed for cognitive state, followed by the emotion perception tests. The PD and SZ groups were assessed in person, and HC was tested online via Zoom to reduce the COVID-19 infection risk. A neurologist assessed individuals with PD and SZ for motor symptoms using the UPDRS (Fahn and Elton, 1987). At the time of testing, the PD and SZ groups were taking their regular dopaminergic and antipsychotic medications, respectively. Following cognitive assessment, participants performed the experimental emotion perception tasks. Patients were tested in person using an E-Prime-controlled computer, while healthy controls were tested using Gorilla (Anwyl-Irvine et al., 2019), an online experiment platform. Blocks (face, body, and face with body) and stimuli within each block were randomly ordered. Each stimulus appeared for 2,000 ms, but no time limit was imposed for responses. Participants were instructed to select the emotion that best reflected the target's feelings from a list of four labels, namely, fear, anger, sadness, and happiness. In the case of face-body composites, no instructions were given prioritizing the face or body; rather, responses were to be made based on the overall impression of the target's emotion. BDI was completed after the session.



2.5 Analysis strategy
 
2.5.1 Perception of emotion from incongruent composites

Because participants were not requested to base their answer on the face or the body, incongruent face–body composites do not yield an objective “accurate” response. Therefore, to quantify the recognition of emotion from incongruent composites, we analyzed the tendency to categorize the composites as conveying the emotion of the face, the body, or neither. This was done using a 3 (groups: PD, HC, and SZ) × 3 (categorization tendencies: as face, as body, and other) mixed ANOVA. As recent meta-analyses do not support substantial differences as a function of specific emotions (Coundouris et al., 2019), we pooled the main results across emotions. A detailed exploratory analysis of group differences broken down to specific facial emotional expressions is also provided in the Supplementary material.



2.5.2 Perception of faces, bodies, and congruent face-body composites

To assess affective perception, we calculated the mean perception accuracy of each participant separately for each emotion in each cue. As no specific a priori predictions were raised for differences in the perception of specific emotions, accuracy rates were pooled across emotions. The mean perception accuracy of each participant pooled across emotions was subjected to a 3 (groups: PD, HC, and SZ) × 3 (cues: isolated face, isolated body, and congruent faces with bodies) ANOVA. A detailed exploratory analysis with specific emotions is also provided in the Supplementary material using a 3 (groups: PD, HC, and SZ) × 3 (cues: isolated face, isolated body, and congruent face-body) × 4 (emotions: anger, sadness, fear, and happiness) mixed ANOVA.



2.5.3 Additional analysis

We also examined the correlations between affective perception accuracy, categorization tendency, cognitive screening test scores, BDI, years of education, and motor UPDRS scores. When required, p-values were adjusted using Greenhouse-Geisser correction, with Bonferroni corrections applied for follow-up t-tests.





3 Results


3.1 Demographic and clinical characteristics

The demographic, cognitive, and clinical characteristics of the experiment groups are shown in Tables 1–3. The groups were age-matched (p = 0.33) and, importantly, no differences were found between the clinical groups in the UPDRS motor score (p = 0.66). Predictably, the groups differed in cognitive performance: HC scored highest in ACE, followed by individuals with PD, while individuals with SZ scored lowest (all t-contrasts p < 0.001). The PD and HC groups showed comparable cognitive performance in MMSE and FAB (both p = 1), whereas the SZ group was the lowest (all t-contrasts p < 0.001). Individuals with SZ scored highest for depression in the BDI, followed by those with PD, with HC reporting the lowest scores (all t-contrasts p < 0.001). The PD and SZ groups had comparable levels of education (p = 0.14), which were lower than those in the HC group (all t-contrasts p < 0.01).



3.2 Perception of emotionally incongruent faces with bodies in PD, SZ, and HC

A 3 (groups: PD, SZ, and HC) × 3 (categorization tendencies: as face, as body, and as other) mixed ANOVA was performed on the categorizations (see Figure 2). Significant effects were found for categorization tendency, F(2, 226) = 139.35, p < 0.001, η2p = 0.55, and for the interaction of group × categorization tendency, F(2, 226) = 5.64, p < 0.001, η2p = 0.09. Follow-up comparisons revealed that individuals with PD were more likely to be affected by body cues than the HC (p = 0.026) and SZ groups (p = 0.006). HC had a greater tendency to categorize the composites according to facial expression than the PD group (p = 0.006) but no difference was found between the HC and SZ groups (p = 0.64). Individuals with SZ were more likely than HC (p = 0.001) and more likely than individuals with PD (p = 0.03) to categorize composites as conveying an emotion not presented in the face or body.


[image: Bar chart showing mean categorization tendency across three categories: As Face, As Body, and Other, for HC (blue), PD (orange), and SZ (gray). HC and PD have higher mean tendencies in As Face, while PD scores highest in As Body. Other shows a lower mean across all groups, with HC being the lowest. Asterisks indicate significant differences.]
FIGURE 2
 Mean categorization tendency of incongruent face-body composite stimuli for the HC, PD, and SZ groups. The categorization tendency [as face-emotion, body-emotion, and other (categorizations do not correspond to face or body emotions)] is shown on the x-axis. Error bars represent standard errors. *p < 0.05, **p < 0.01. HC, healthy controls; PD, Parkinson's disease group; SZ, schizophrenia group.




3.3 Group differences in emotion perception: isolated faces, isolated bodies, and emotionally congruent faces with bodies

A 3 (groups: PD, SZ, and HC) × 3 (cues: face, body, and face with body) mixed ANOVA was run on the mean affective perception accuracy per cue for each participant (see Figure 3). The results revealed significant effects for cue, F(2, 226) = 12.05, p < 0.001, η2p = 0.10, group, F(2, 113) = 6.56, p = 0.002, η2p = 0.10, and importantly for the cue × group interaction, F(4, 226) = 2.54, p = 0.04, η2p = 0.04. To interpret the interaction effects, comparisons between the experimental groups for each cue were performed. For isolated faces, the groups showed comparable mean affective perception accuracy (p = 0.07). For isolated bodies, the SZ group showed significantly worse recognition compared to both the PD and HC groups (both ps = 0.001), while the PD group did not differ from the HC group (p = 0.9). Finally, a trend was found in differences for the perception of emotionally congruent faces with bodies across groups (p = 0.049).


[image: Bar graph showing mean affective perception accuracy for "Face," "Body," and "Face & Body" categories. Three groups are compared: HC (blue), PD (orange), and SZ (gray). Accuracy is highest for "Face & Body" across groups, with significant differences marked for "Body" in PD versus others.]
FIGURE 3
 Mean effective perception accuracy of emotion recognition by cue: face, body, and congruent faces with bodies for HC, PD, and SZ. The results were pooled across emotions. Error bars represent standard errors. *p < 0.001. HC, healthy controls; PD, Parkinson's disease group; SZ, schizophrenia group.


To strengthen our inferences concerning the lack of difference in comparing PD and HC groups in the perception of isolated cues, we conducted Bayesian comparisons. The corresponding Bayes factors suggested moderate evidence for the null hypothesis relative to the alternative hypothesis in the affective perception of isolated faces: BF01 = 4.38 and for isolated bodies: BF01 = 4.144.



3.4 Correlations between the categorization tendency of incongruent composites with cognitive screening tests, BDI, motor UPDRS, and education years

We next examined whether the categorization tendency in emotionally incongruent faces and bodies is related to participant performance in the cognitive tests, depression scores from the BDI questionnaire, motor state from the UPDRS score, and educational level by calculating Pearson's bivariate correlations. Full results are shown in Supplementary Table S2. No significant correlations were found in any of the groups between the tendency to categorize incongruent composites as face or body and participant performance in the cognitive tests (ACE, MoCA, and FAB), their averaged years of education, or their BDI scores. No significant correlations were found between the tendency to categorize as body or face and the motor UPDRS scores and UPDRS face scores of the clinical groups (p > 0.1).



3.5 Correlations between the mean affective perception accuracy of isolated faces, isolated bodies, and congruent faces with bodies with cognitive screening tests, BDI, motor UPDRS, and education years

To examine whether the mean affective perception of the isolated faces, isolated bodies, or congruent faces and bodies is related to participants performance in cognitive screening, depression, motor UPDRS, and educational level, Pearson's bivariate correlations were calculated, see Supplementary Table S3 for full results. Results show that in the SZ group, higher cognitive performance, as tested by MOCA and ACE, was positively correlated with better emotion perception of the isolated body (r = 0.43 and r = 0.43, respectively) and isolated facial expressions (r = 0.55 and r = 0.57, respectively). Significant correlations were found between FAB scores and recognition of isolated facial (r = 0.50), body (r = 0.43), and congruent faces with bodies (r = 0.42) in the SZ group, indicating that higher scores in executive functions are positively correlated with the perception of all of the emotional cues. Additionally, a significant correlation was found between the UPDRS motor score and the mean perception of facial expressions (r = −0.43), but not with isolated bodily expressions or congruent faces with bodies.

In the PD group, significant positive correlations were found between the mean affective perception accuracy of isolated bodies and MOCA, r = 0.41, and FAB scores, r = 0.44. In the HC group, there were significant positive correlations between the mean affective perception accuracy of isolated bodies and MOCA scores, r = 0.29, and the mean affective perception accuracy of isolated faces and FAB scores, r = 0.38. Additionally, despite the lack of statistically significant findings, there were weak negative correlations (ranging from −0.25 to −0.31) observed between UPDRS facial scores and the average accuracy of emotional cue perception.

While not reaching statistical significance, it is noteworthy that a correlation emerged between ACE scores and the mean perception accuracy of emotional cues in both the HC and PD groups (r ranged from 0.23 to 0.31), suggesting a moderate effect size. Together with SZ group findings, the results suggested that individuals who performed worse at selecting the correct emotion in the face or body had lower cognition scores.




4 Discussion

The objective of this study was to examine emotion perception among individuals with PD by assessing their ability to integrate emotionally incongruent face-body composites as well as these cues presented individually and congruently. PD performance was compared to HC and, more importantly, to the SZ group. The results demonstrated that when incongruent face-body expressions were presented as composites, individuals with PD tended to categorize them based on the body's emotion, while HC predominantly categorized them according to the facial emotion. Notably, there was no consistent inclination toward prioritizing either the face or the body in the case of individuals with SZ. When faces and bodies were perceived in isolation, no significant differences emerged between PD and HC in our sample. In contrast, the SZ group showed significantly worse recognition of isolated bodies compared to both the PD and HC groups. When emotionally congruent faces with bodies were presented together, no significant differences were found between the research groups. Thus, the differences between individuals with PD, SZ, and HCs in prioritizing the body over the face could not be explained by the better accuracy or clarity of the isolated cues that formed the composite stimuli. Furthermore, no substantial correlations were identified between cognitive abilities, executive functions, and the categorization tendencies for incongruent composites observed in individuals with PD, SZ, and HC.


4.1 Exploring emotion perception abilities in PD and SZ

The reason for the comparable recognition of isolated faces in individuals with Parkinson's disease (PD) and healthy controls (HC) in our study remains unclear. While such findings are not rare in the literature—approximately one-third of studies indicate no differences in the perception of isolated facial expressions in PD—the typical results demonstrate poorer emotion recognition in PD compared to controls. One potential explanation could be linked to the specific characteristics of the PD individuals preselected as suitable candidates for Deep Brain Stimulation (DBS) procedures. According to DBS referral guidelines, these individuals have idiopathic PD without dementia and lack uncontrolled additional neuropsychiatric disorders (Silberstein et al., 2009). This unique subgroup of PD individuals might contribute to the observed comparable recognition of isolated facial expressions, suggesting that individuals selected for DBS may have a distinct profile or progression of PD impacting facial expression recognition. A second plausible explanation involves dopaminergic replacement therapy (DRT). DRT could influence the perception of facial expressions in two ways: (1) in the late stages of the disease, it may have a beneficial effect (Péron et al., 2014). (2) DRT activates the default mode network, enhancing attentional resources to external cues and emotion perception consequently (Delaveau et al., 2010). In the current investigation, individuals with PD were in the late stages of the disease and were examined while on their regular DRT.

Our results are in accordance with previous findings showing decreased emotion perception abilities in SZ. Individuals with SZ frequently face difficulties in accurately identifying and understanding emotional cues, leading to compromised social functioning and interpersonal difficulties. Kohler et al. (2010) meta-analysis revealed consistent impairments in facial emotion recognition among individuals with SZ, indicating a specific vulnerability in processing facial expressions. Green et al. (2015) further associated emotion perception deficits with poorer functional outcomes in schizophrenia, underscoring the clinical relevance of these impairments.



4.2 Exploring contextualized emotion perception in PD and SZ: insights from facial and body cues integration

Emotion perception abilities were widely investigated in various neuropsychiatric conditions, including SZ and PD, while those usually based on emotion perception of facial expressions were void of context. Recent studies stress the critical role of emotional context—specifically, emotional body context—in perceiving emotion. Information derived from body expression is utilized to disambiguate facial expressions (Aviezer et al., 2008, 2012, 2017). In healthy aging, older adults who perceive incongruent cues are more affected by body vs. face cues than young adults (Abo Foul et al., 2018). In this sense, a response pattern prioritizing body context over faces may reflect an adaptive compensatory approach, potentially beneficial in real-life conditions when a face may be more ambiguous than its context (Abramson et al., 2017; Israelashvili et al., 2019).

It is noteworthy that only a limited number of studies have explored PD individual's capacity to integrate information from multiple cues, whether unimodal or multimodal. For example, Fearon et al. (2015) demonstrated multi-modal facilitation in PD patients using congruent audiovisual stimuli. In our study, participants perceiving composite stimuli were not instructed to base their responses on the face or body but were encouraged to form an overall impression of the expressive target, mirroring daily social interactions. Furthermore, our sample of individuals with PD exhibited proficient perception of both facial and bodily cues when presented independently. These findings raise intriguing questions about the nature and implications of contextualized emotional expression perception in PD and its intricate interplay with other aspects of the disorder.

In the context of receiving multiple emotional cues, individuals with SZ face challenges in multi-sensory integration, as highlighted by Lin et al. (2020) review, suggesting difficulties at different stages of emotional processing. Reflecting on our results, individuals with SZ in the current study were worse at recognizing body emotions and exhibited no consistent pattern in integrating incongruent facial and bodily cues. Furthermore, when they showed incongruent face-body composites, they displayed a disproportionate level of responses that did not fit the face or the body. This response pattern was absent in SZ, suggesting emotion perception deficits may contribute to their social interaction difficulties. Altogether, these findings suggest a breakdown in emotion perception capabilities, especially when the target is complex and potentially ambiguous.

The distinct emotional perception patterns in PD and SZ, despite shared motor symptoms and affective flattening, may hint that motor symptomology alone cannot explain the observed differences. In our study, emotional perception patterns concerning incongruent cues did not correlate with the severity of motor symptoms in the face or the body in either the PD or SZ groups. In line with recent work (Vannuscorps et al., 2020), the current results challenge the hypothesized link between mimicry and emotion perception (Ricciardi et al., 2015, 2017), with embodiment theories positing that recognizing emotional states in others necessitates the simulation of the motor production of the perceived emotional expression, known as sensorimotor simulation (Wood et al., 2016).

In a comprehensive review of the integration of cues from the whole person, Hu et al. (2020) suggest two centers of face-body integration, namely, (1) the dorsal social agent hub that integrates face and body and other temporally synchronous cues and (2) the ventral semantic visual hub, which assimilates contextually semantic information. Although this model does not explicitly address emotion processing in the whole person, our findings, derived from comparisons between neuropsychiatric groups, may present preliminary evidence for the separate processing of emotion perception based on integrated facial and body cues. Exploring the utilization of whole-person cues could prove to be a valuable focus for future research, offering a naturalistic approach that contributes both theoretical and clinical insights to the study of emotion perception.



4.3 Limitations and future directions

Several limitations should be noted in the current work. First, although it included combined facial and body expressions, which are closer to what one encounters in real-life interactions, the stimuli were posed, stereotypical, and static emotional expressions. Recent findings stress the importance of investigating emotional perception using dynamic stimuli, especially in older adults (Abo Foul et al., 2022). Future research utilizing more ecologically oriented stimuli is needed. Second, despite attempts to ensure the matching of age among the experimental groups and of motor UPDRS scores among the clinical groups, differences in cognitive performance were noted. While these differences could potentially influence emotional perception abilities, we believe they are unlikely to account for our primary findings, as correlations with the cognitive scores were found in all of the experiment groups. Future research with larger samples is needed to explore the effects of cognitive abilities and other potential moderators on face-body emotion perception, such as gender. Third, the study focused exclusively on a single aspect of social perception—the perception of emotional visual stimuli. Future studies should broaden their scope to include a wider range of social perception aspects (Castro and Isaacowitz, 2019; Schlegel et al., 2020). Fourth, healthy controls were assessed online, whereas the clinical groups were evaluated in person. Although it remains unclear how such differences might contribute to the specific pattern of results observed, it is plausible that differences in testing methods might yield overall broader discrepancies in results. Consequently, further research conducted under similar experimental conditions is warranted.

Finally, additional exploration is warranted to better understand the relationship between facial motor symptoms and emotion perception. The present investigation may lack sensitivity in revealing connections between facial masking and emotion perception abilities for two main reasons. First, the sample size may be insufficiently powered to detect subtle differences, and second, the UPDRS assessment of facial motor symptoms is somewhat rudimentary and subjective. Future research examining the link between motor symptomatology and emotion perception could benefit from incorporating additional measures, such as electromyography (EMG) and automated video analysis, to assess muscle activity in facial expressions while also employing a larger sample size. This more comprehensive approach would provide valuable insights into the intricate interplay between facial motor function and the perception of emotions.



4.4 Caveats and conclusion

The current study found that individuals with PD showed an increased tendency to categorize incongruent face-body combinations in line with the body emotion, whereas those with HC showed a tendency to classify them in line with the facial emotion. Importantly, individuals with SZ showed no consistent pattern alongside responses that did not correspond to the face or body. These results were not explained by the recognition of the isolated face or body cues, cognitive status, depression, or motor symptoms. As real-life expressions may include inconsistent cues in the body and face, these findings may have implications for the way individuals with PD and SZ interpret the emotions of others.
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Knowledge about empathy is part of the study of artistic expressions, among which stand out works of personalities such as the Renaissance polymath Leonardo da Vinci, who was concerned with the connection between science and art during his creative research full of imagination and sensitivity to nature and human anatomy. The word empathy emerged among critics of German art as the term einfühlung, which was used within the aesthetic bias by philosophers and art historians. It emphasized the idea that a viewer perceiving an object could establish a link between it and themselves, projecting the object ‘into themselves’. That is, the artwork could be experienced by the observer as if the viewer belonged predominantly to the object, in such a way that its characteristics could be actually felt through the expression of emotions, feelings and thoughts. This analysis of art appreciation required a great deal of knowledge and contemplation of nature, as understood by the German Romanticists, who had enormous admiration for da Vinci and his universal and systematic mind—a mind which reacted against formalisms, building his intellectual and sensory systems based on both his observation of nature and his own criteria. In particular, the art of painting for Leonardo was a way to demonstrate a mental discourse, just as the most important aspect of human portraits is to represent—in gestures and facial expressions—the states of mind and emotions. These are facts that German Romanticists tried to explain as the relationship between empathy and a work of art. The present manuscript aims to describe empathy from an artistic view, considering the roots of this word in German Romanticism; to comment about Leonardo da Vinci and the expression of art in the Renaissance; and, finally, to discuss the expression of his art in relation to empathy.
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 “Whoever flatters himself that he can retain in his memory all the effects of Nature, is deceived, for our memory is not so capacious; therefore, consult Nature for everything” - Miscellaneous observations, That a Man ought not to trust to himself, but ought to consult Nature, c. 365 (Da Vinci, 2014, p. 208).




Introduction

Leonardo da Vinci (15 April 1452–2 May 1519) was born in Anchiano, a village near the small town of Vinci, in the period of the Italian Renaissance, in a dynamic society during a time of great intellectual awakening, transformation and resurgence of life and arts and definitive rupture of the medieval conception of the world (McMurrich, 1930, p. 3; Clark, 1976, p. 18). Leonardo is one of the greatest geniuses and polymaths to have ever existed. His work, which is shrouded in mystery, has been the subject of numerous studies in various fields of science, art, and the humanities, and has had an important impact on each of these fields.

In neuroscience, da Vinci was one of the pioneers in trying to explain in detail by physical laws how the brain processes visual information and other sensory stimuli and integrates this information “through the soul.” Da Vinci believed that the anatomical visual system played an essential role in artistic perception and developed a mechanistic model based on the ventricular or cellular doctrine of brain functions (e.g., Pevsner, 2002; DeFelipe, 2017). Shown on the left of Figure 1 is the famous drawing by da Vinci of the central nervous system and cranial nerves, which were believed to be hollow and capable of transmitting “animal or generating forces.” On the right of this figure, a schematic drawing of the human central nervous system by Lewellys Barker (1867–1943) is shown (Barker, 1899). This is a good example of the influence of the anatomical/functional drawings of da Vinci in the early illustrations of ‘modern’ neurological anatomy.

[image: Two anatomical illustrations of the human head and brain. The left is a vintage sketch showing a profile with detailed notes and labeled parts of the brain and eyes. The right is a more modern, colorful diagram displaying the brain and nervous system with labels and pathways in various colors, depicting different neural connections and functions.]

FIGURE 1
 (Left) Leonardo da Vinci, Quaderni d’anatomia (1490): the central nervous system and cranial nerves. The main drawing shows the layers covering the brain compared to the layers of an onion cut in half (on the left of the image). At the bottom of the drawing, the ventricles viewed from above are illustrated, including the optic and auditory nerves entering the anterior ventricle. Royal Collection Trust/© His Majesty King Charles III, 2023. (Right) Barker (1899): schematic drawing to illustrate some of the multiple relationships between different parts of the human central nervous system. Taken from DeFelipe (2017).


In the present article, we have focused on an extraordinary facet of this genius, namely, the expression of empathy in his artistic works. This is exemplified by the “Madonnas,” which reveal his great ability to illustrate the cognitive and emotional relationships of the characters in his paintings — both between the characters themselves and with the viewer. The first paintings attributed to Leonardo show the use of the traditional disciplines of drawing, perspective and anatomy, as well as a special attention to the effects of light and nature — attention that begins to give rise to the style with which Leonardo renews the Florentine pictorial panorama and manifested in the atmospheric landscapes of works, as in the shadings that give relief to forms, especially intense, in The Virgin with the Child, called Benois Madonna (Sureda, 1998, p. 200; Figure 2). In this regard, da Vinci told his students and disciples (Landrus, 2006, p. 15):

[image: A Renaissance painting depicts a woman with a halo, possibly Mary, holding a baby with a halo, likely Jesus. The woman is dressed in a green and brown robe, and they are seated near a window.]

FIGURE 2
 Leonardo da Vinci’s Benois Madonna (circa 1478). Reproduced from rawpixel via Wikimedia Commons, licenced under CC0.



Decide freely on the arrangement of the figures, but always keep in mind that the movements are the expression of the desire of their mind.
 

The objectives of this manuscript are to explore empathy from an artistic perspective. This exploration begins with a general introduction to empathy and the works of Leonardo da Vinci. A subsequent section will address the word’s roots in German Romanticism, followed by a section dealing with da Vinci and the expression of art during the Renaissance. Finally, a concluding section will discuss the expression of his art in relation to empathy.



Empathy and Leonardo

Empathy involves experiencing emotion vicariously and understanding the reasons for those emotions (Braadbaart et al., 2014). It may be defined as the capacity to understand other people’s feelings and respond to them appropriately, though it is also considered to be a multifaceted concept that relies on cognition, emotional reactivity and social skills (Baron-Cohen and Wheelwright, 2004; Decety, 2011), while also being based on both perception and understanding (Muncer and Ling, 2006).

As highly social species, we attempt to coordinate our actions and assure successful communication by using language skills and social abilities such as empathy to infer another person’s emotions and mental state (Singer and Klimecki, 2014). Among his many skills and sensibilities, Leonardo da Vinci had the ability to find —through visual language— an important way to communicate his human perceptions and expressions and represent them through art (Vecce, 2003, p. 61; Ruiz García, 2011, p. 225) in which he transmitted figuratively his mental construction about the deep observation of thoughts and emotions, translated by the intention of the mind (Bongioanni, 1978, p. 184; Kemp and Wallace, 2000, p. 16).

Empathy may be served partly by a motor simulation function, and therefore share a neural basis with imitation, as both involve sensorimotor representations of intentions based on perceptions of others’ actions, as well as imagination, after which intentionality and action planning evolve (Braadbaart et al., 2014). One of the characteristics of Leonardo’s way of thinking was based on analogies which were demonstrated in his figures and expressed not only a complement of a text, but an instrument that can stand alone due to its capacity to express rational thought and feelings (Cortes, 1994, p. 37; Ramón, 2011, p. 69). That is, the picture may share an empathic attitude (Titchener, 1909, p. 185) — and, within Leonardo’s drawings, we always find his profound imagination and creativity linked to his systematic observation of nature (Kemp, 2003, p. 147; Capra, 2011, p. 63; Ruiz García, 2011, p. 216).

It is important to note that one of the clearly connected processes in individual brains to phenomena of interest to the humanities relies on the development of studies that potentially dissociate two systems for empathy in the brain, namely, emotional (“I feel what you feel”) and cognitive (“I understand what you feel”), to examine how different empathic responses may be generated, for example, by art (Carew and Ramaswami, 2020). With regard to the drawings of Leonardo, his aim was to clearly consider the relationship between the artist’s expression and the viewer of the artwork (Vecce, 2003, p. 69); for instance, he mentioned that the attitudes and all the posture in a painting ought to correspond with the sentiment expressed in the faces (Da Vinci, 2014, p. 86).

Leonardo was a pioneer in demonstrating what was possible with anatomical illustrations and his approach inspired other artists to encourage the viewer to become a witness of what he saw (Kemp and Wallace, 2000, p. 33). In this regard, he affirmed that the painted figures should be created so that the observer could easily know—through the movements and attitude of the figures—the mental situation of the creator of the narrative and the meaning of his intentions (Da Vinci, 2013, p. 121), since an experiencer must empathize with an observer in order to think, understand and communicate as he does (Titchener, 1909, p. 185).

Most of the themes presented in this introduction are expanded upon in the last chapter of this manuscript, entitled Leonardo, empathy and the expression of his art. The following sections include an essay on empathy from an artistic perspective, considering the roots of this word in German Romanticism, followed by a commentary on da Vinci and the expression of art in the Renaissance — and, finally, a discussion of the expression of his art in relation to empathy.



Empathy and German romanticism


“One painter ought never to imitate the manner of any other; because in that case he cannot be called the child of Nature, but the grandchild. It is always best to have recourse to Nature, which is replete with such abundance of objects, than to the productions of other masters, who learnt everything from her” - Miscellaneous observations, Painters are not to imitate one another, c. 354 (Da Vinci, 2014, p. 203).
 

The word empathy has its roots in the Greek ‘empatheia’ (‘en’, in; and ‘pathos’, feeling). This term was introduced in the aesthetics of German art from the translation of the word einfühlung, or “feeling into,” to English by the Anglo-American Edward Titchener (1867–1927), in 1909 (Stueber, 2013). The term einfühlung was used within an aesthetic context by the philosopher Rudolf Lotze (1817–1881) in 1858, who discovered the projection of our inner experience into forms, leading to us sharing their essence (Lee and Anstructer-Thomson, 1912, p. 17). Similarly, in 1873, the term was also used by the art historian and philosopher Robert Vischer (1847–1933), whose ideas —which were widely accepted by art historians— included the projection of himself into the artistic object (Preston and De Wall, 2002, p. 1). In his words, “I can think my way into [an object], mediate its size with my own, stretch and expand, bend and confine myself to it” (Vischer, 1873, p. 104). By einfühlung, Vischer meant the physical responses that are generated by the observation of paintings and he described how particular forms aroused particular responsive feelings, depending on their conformity to the design and function of the muscles of the body (Freedberg and Gallese, 2017, p. 198).

Developing Vischer’s ideas, the art historian Heinrich Wölfflin (1864–1945), in 1886, set out his views on how observation of specific architectural forms engages the beholders’ bodily responses, while Karl Gross (1861–1946), in 1892, used Vischer’s understanding to represent aesthetic satisfaction as an activity of inner imitation (Freedberg and Gallese, 2017, p. 198). Wölfflin agreed that we subject all objects to “soulification” in this projective way, and suggested that such projection involved actual workings of the motor nerve system (Peacocke, 2023). Around the same time, Bernard Berenson (1865–1959) outlined his views on how observation of the movements shown in Renaissance works of art enhanced the beholders’ sense of the capacities of the comparable muscles within their bodies (1909, p. 25). However, there were similar descriptions previously; for example, in 1774 the philosopher and novelist Johann Herder (1744–1803) associated the word in German with enlightenment to understand other times and cultures (Zölzer and Zölzer, 2020, p. 2).

Empathy among critics of German Romantic art is taken to entail aesthetic taste being an objectification of one’s own personal taste, and in particular, taste for a work of art is the contemplation of an object, consisting of perceiving the vitality of this object, as the symbol of a life that is there (Lipps, 1924, p. 96). From this perspective, critical analysis of art among romanticists implies having knowledge of the object on which the work is based, with knowledge of nature considered essential (Lipps, 1924, p. 13). In turn, the object becomes a potential source of free thinking, preceded by spontaneity and knowledge, in such a way that it translates a reflection of oneself (Benjamin, 2017, p. 66) and an interpretation of the external world that mirrors the characteristic of each individual mind (DeFelipe, 2014, p. 67). Da Vinci expands on this notion as follows (from Linear Perspectives, in Of Mental Motions, c. 110; Da Vinci, 2014, p. 48):


“A mere thought, or operation of the mind, excites only simple and easy motions of the body; not this way, and that way, because its object is in the mind, which does not affect the senses when it is collected within itself.”
 

However, between 1903 and 1906, psychologists attributed to the German Theodor Lipps (1851–1914) the discovery of empathy, related to the German word einfühlung, since it was he who organized and founded the term for the area of psychology (Stueber, 2013). Lipps first proposed that empathy described the relationship between a work of art and its observer, but soon expanded this concept to encompass interactions between people by interpreting that our perception of the movements of others is a form of inner imitation (Iacoboni, 2009, p. 111). He attributed our capacity for empathy to a sensory-motor mirroring — an involuntary, kinesthetic inner imitation of the observed that informs our experience of art (Stamatopoulou, 2018, p. 170). Empathy theorists took it that aesthetic experience involved mentally projecting ourselves into the physical shape of an item to have an emotional or dynamic experience of the kind that a human subject would have if taking on that physical shape (Vischer, 1873, p. 104).

Another German, Antonin Prandtl (1880–1927), less well known than Lipps, explained —in 1910— that even though people can only know their own inner life, what is only known is the very image or thought, while understanding of the other’s life can occur through empirical empathy or via empathy through feeling (Cortes, 1994, p. 30). Empirical empathy depends on a previous occurrence of feeling and assumes that it has already been felt by the person himself; empathy through feeling is closer to the version expounded by Lipps. In both types of empathy, there is the characteristic that what occurs in the viewer is driven by the object, whether it is another person or a work of art (Cortes, 1994, p. 30).

Lipps and Prandtl, among others, used the term empathy to explain how a person grasped the meaning of aesthetic objects and the consciousness of other people. Titchener, employing the term empathy, thought that one could not know the consciousness of another person trying to enter their mind through reason, but through inner imitation or motor mimicry, with an effort of the mind (1909, p. 185), which most people did to detect their ‘core’ of empathy. He adapted William James’s (1842–1910) notion of ideomotor action—through which mental representations are scaffolded by embodied percepts—to claim that kinesthetic imagery supports empathy (Stamatopoulou, 2018, p. 170). In fact, through imitation and mimicry, we can feel what other people feel and also understand their emotional states (Iacoboni, 2009, p. 116). In this regard, Titchener wrote (Titchener, 1909, p. 21):


“… the various visual images, which I have referred to as possible vehicles of logical meaning, oftentimes share their task with kinesthesis. Not only do I see gravity and modesty and pride and courtesy and stateliness, but I feel or act them in the mind’s muscles.”
 

It is relevant to mention that, in 1895, the British writer Vernon Lee (1856–1935), pseudonym of Violet Paget, translated the German word to sympathy, explaining that there is a vivification of feelings from what we perceive which, when transformed into our own muscular efforts, allows us to fully feel, indicating einfühlung’s relationship with muscular mimicry (Lee and Anstruther-Thomson, 1912, p. 107). Sympathy was the term commonly used to refer to empathy- related phenomena before the introduction of the term empathy into the English language as the translation of einfühlung, reflecting the fact that in encountering other persons, humans can resonate with and recreate that person’s thoughts and emotions on different dimensions of cognitive complexity (Stueber, 2013). In this regard, Edgar Allan Poe (1809–1849), in his famous short story The Purloined Letter (Poe, 2021, p. 140), wrote:


“When I wish to find out how wise, or how stupid, or how good, or how wicked is any one, or what are his thoughts at the moment, I fashion the expression of my face, as accurately as possible, in accordance with the expression of his, and then wait to see what thoughts or sentiments arise in my mind or heart, as if to match or correspond with the expression.”
 

Poe could not have chosen a better way to penetrate the life of his characters. However, he was not the only one; the literature on emotions reveals an awareness that emotional experience takes shape through expressions of the facial muscles (Iacoboni, 2009, p. 121). For example, Nicolas Malebranche (1638–1715) already understood that “a passion in one individual will produce facial expressions and other sensible bodily effects, such as changes of color, words, cries, and the like” (1997) and, for Charles Darwin (1809–1882), “the free expression by outward signs of an emotion intensifies it; on the other hand, the repression, as far as this is possible, of all outward signs softens our emotions” (Darwin, 1872, p. 366). It is also evident that the brain can internally simulate certain emotional bodily states, as occurs in the process of transforming the emotion of sympathy into a feeling of empathy (Damasio, 2003, p. 174). In line with these observations, Titchener described becoming keenly alive to the variety of organic attitude and its kinesthetic representation (Titchener, 1909, p. 180).

The notion that feedback from emotion-specific facial reactions can causally influence other components of emotional responses, such as subjective experience and autonomic reactions, has been supported by authors such as Tomkins (Laird, 1984). Additionally, the concept of emotional facial displays serving as input to the experience of emotion has been postulated (Hess et al., 1992). The face has long been recognized as a crucial source of information for observers about a person’s underlying emotional state (Hess et al., 1992). This is because the perception of a facial expression leads to unconscious emotion-specific facial mimicry and contributes to a representation in the neural production system for facial expressions (Krauthein et al., 2020).

Centuries before, Leonardo already understood that if a painter had to characterize the intentions of the mind in a narrative image, it was necessary to profoundly understand the causes that would generate such external effects; that is, to recreate the bodies and faces of the protagonists, one should follow the sensations and emotions of the dramatized situation, as he represented in The Last Supper (Kemp and Wallace, 2000, p. 70; Nadal, 2014, p. 142). In this regard, he understood that the body was the first work of the soul, its external and visible expression—modeled by the spirit of the body itself (Müntz, 2005, p. 268; Capra, 2011, p. 33).

It is interesting to note that, regarding empathy, Lipps comments that observers project themselves onto the object of their perception, that is, certain characteristics are experienced by the observer as if he or she belonged to the object, so that the object was actually felt (1924, p.1). Moreover, for Lipps, einfühlung means that the experience of a viewer of a gesture of pride or a joyful smile is similar to that of the individual who is experiencing the emotions related to their gestures, providing the perception of the other (1924) and is thus in agreement with Leonardo’s idea that all our knowledge originates in our perceptions and feelings (Ruiz García, 2011, p. 228).

After 1,505, the expression of emotions was studied in depth by Leonardo—under the designation of “moti mentali” (motions of the mind)—and pointed out in several chapters of the Treatise on Painting, with the variety of faces showing the human emotional states accompanied by the attitudes of the pictorial characters and their entire body, which corresponded to the feeling expressed in their portrayed faces (Richter, 1977, p. 344). Similarly, for the romantics, art is a means to arouse emotions (Clark, 1973, p. 24) and the totality of a work of art is where all of its infinite meanings can be found — or, as Goethe defines it, it is in the plurality of a work of art that its unity is found (Benjamin, 2017, p. 150).

Although each country studied the magnificent material left to the world by Leonardo, the Romantic Movement in Germany brought an entirely new and essential idea to its study, which would become part of German artistic heritage (Adriani, 1978, p. 200). As it developed, Romanticism proposed a series of innovations with regard to human values, forming a rebellion against the static conformity of the 18th century and, in the artistic field, a rebellion against the prevailing forms imitated from Greek sculpture and the prohibition of colors and movement as expressions of life force (Clark, 1973, p. 24). Leonardo’s descriptions not only reveal the deeply romantic side of his imagination, but also imply a sense of form completely at variance with that of his contemporaries, since instead of the firmly defined forms of the quattrocento or the enclosed forms of the High Renaissance, the subjects he describes could only be treated with the broken, suggestive forms of romantic painting (Clark, 1976, p. 81). He advised the painter to study not only marks on walls, but also the embers of the fire, or clouds, or mud, or other similar objects from which you will find most admirable ideas because, for him, from a confusion of shapes the spirit is quickened to new inventions (Clark, 1976, p. 82). It is important to note that nothing could be farther from the precepts of academic classicism than the use of stains on walls to stimulate the imagination—a procedure employed by Goya (1746–1828), one of the most anti-classical of all painters; and Victor Hugo (1802–1885), whose name is the first that comes to mind when we read Leonardo’s descriptions of a deluge (Clark, 1976, p. 82).

Leonardo’s greatness in the spiritual history of Germany has been inexhaustibly verified, as noted in the writings of the German Joachim von Sandrart (1606–1,688), one of the founders of art history in northern Europe, whose perspective closely resembled that of Leonardo given his view of painting as a science based on observation and his concern for organization and simplification in teaching with regard to the representation of the human body, light, and landscapes (Heck, 2009, p. 378). Sandrart’s idea of the ideal painter comes from the Treatise of Leonardo and corroborates the fact that the painting of nature, performed with reason and meticulous observation, is the best method for a painter to learn their craft (Heck, 2009, p. 384). Accordingly, for Leonardo, painting is a re-creation of the visible world with the painter’s imagination. It is this view of art as a creation which makes him insist that the painter must be universal, must neglect no aspect of nature and—for the same reason—he must be a scientist, that is to say, he must understand the inner nature of what he paints almost as if he had created it himself (Clark, 1976, p. 75).

For the romantics, the idea of art is the idea of its form, just as the ideal of art is the ideal of its content—pure distinctions of the philosophy of art, however, which have been little understood since the German artistic philosophy of 1800 (Benjamin, 2017, p. 152). Even Goethe did not succeed in clarifying this question—and neither did the romantics, since only a person with systematic thinking would be able to conceive the ideal of art (Benjamin, 2017, p. 152). So, naturally, an artist like da Vinci greatly appealed to the romantics (Adriani, 1978, p. 200), who aspired to infinity and loved the enigmatic, since Leonardo was rigorous and systematic, which made him react against formalisms and build his intellectual and sensory systems based on both direct observation of nature and his own criterion (Pérez de Guzmán, 2003a, p. 18).

Goethe, a fundamental contributor to German Romanticism, thought that it is measure that underlies beauty, which has its manifestation through content; however, the concept of measure is far from Romanticism, which did not accept that anything should be measured in art (Benjamin, 2017, p. 153). In this regard, it is interesting to note that for Leonardo the sense of proportion in art refers not only to numbers and measurements, but also to sounds, weights, moments, positions, humor and any other elements that may emanate the power and beauty of an image (McMurrich, 1930, p. 109; Richter, 1977, p. 228), as diverse and limitless as imagination (DeFelipe, 2014, p. 72). Like anyone who has attained a high degree of wisdom, Leonardo learned that the supreme sign of sublimity in a creation is harmony — the end toward which he aimed, as his supreme goal, in using lines and concepts, in molding the figurative expression to the spirit of the work (Biaggi, 1978, p. 447).

Goethe in particular found his own aspirations in Leonardo, with whom he had deep spiritual and artistic affinity, as noted by his admiration for the Last Supper, in particular the unusual configuration of the individuals’ faces, revealing their character (Adriani, 1978, pp. 195, 200). Other well-known figures were also influenced and impressed by Leonardo’s study of faces, especially due to this masterpiece which expresses intense feelings and beauty. One such figure was Albrecht Dürer (1471–1,528) —who has the most extensive and complex bibliography among German artists— in his own Gothic version of the work Christ among the Doctors (Figure 3), in which the profile of the doctor to the right of Jesus is clearly reminiscent of the work of Leonardo (Legaldano, 1972, p. 82; Clark, 1976, p. 119; Adriani, 1978, p. 200). The compositional idea of Dürer is undoubtedly Italian considering the tight group of half-figures, which resemble the style of Leonardo, but the translation is fundamentally and musically Gothic, with the fluctuating figures in the speculum almost without perspective, arranged around the four central hands — very unusual indeed in a Renaissance scheme (Legaldano, 1972, p. 115).

[image: A Renaissance painting depicting a group of scholars and a young person in discussion. The scholars, with various expressions and gestures, hold books, while the young person appears engaged in conversation. The scene is rich in detail and color, highlighting robes and facial expressions.]

FIGURE 3
 Albrecht Dürer: Christ among the Doctors (1506). Reproduced with permission from Museo Nacional Thyssen-Bornemisza. Copyright © Museo Nacional Thyssen-Bornemisza, Madrid. Source: https://www.museothyssen.org/en/collection/artists/durer-albrecht/jesus-among-doctors.


Among other representatives of German Romanticism, Caspar David Friedrich (1774–1840) reported that a painting must not be invented but felt; every manifestation of nature, recorded with precision, with dignity and with feeling can become the subject of art (Grummt, 2009, p. 10, 150). He also maintained that all authentic art has an inner impulse to create it, often without the artist being aware of it (Busch, 2009, p. 30). His work as a draftsman further distinguishes him within this rich, flourishing genre in Germany around 1800 (Börsh-Supan, 2009, p. 19), although, with all his singularity, he seems to approximate to the interests of Leonardo, such as in the Study of a Woman Reading and Study of a Cow and a Horse’s Head (see catalog of the exhibition “Caspar David Friedrich. The Art of Drawing” Madrid: Fundación Juan March, 2009, p. 56), which includes nature, the study of a human and animals. Also for Georg Philipp Friedrich von Hardenberg, known by his pseudonym Novalis (1772–1801), the process of observation is both a subjective and objective process, an ideal and real experiment, that passes from knowledge of nature to spiritual knowledge, at which point a work of art can be contemplated (Benjamin, 2017, p. 75). Interestingly, Novalis proposed understanding empathy from feeling nature, as a correction to scientistic attitudes (Stueber, 2013).

These thoughts are in agreement with Leonardo since they suggest who stated that each instrument in itself must function according to the experience from which it originates and therefore advocated that when drawing a figure, one should think carefully about what it is and what one wants it to represent and, at the end, verify that this figure conforms according to the intention and the claim of its creator (Richter, 1977, pp. 239, 351). Leonardo’s concern as a draftsman was to give priority to the study of gestures, attitudes and actions so that the figures could better convey the thoughts and emotions that provoked them (Pedretti, 2003, p. 95); furthermore, his conception of art as a science made him add a warning that the painter must understand the detailed structure of all that he wished to represent (Clark, 1976, p. 82).



Leonardo and the expression of art in the renaissance


“The painter ought always to form in his mind a kind of system of reasoning or discussion within himself on any remarkable object before him. He should stop, take notes, and form some rule upon it; considering the place, the circumstances, the lights and shadows” - Invention or Composition, How a Painter ought to proceed in his studies, c. 130 (Da Vinci, 2014, p. 61).

“A painter should delight in introducing great variety into his compositions, avoiding repetition, that by this fertility of invention he may attract and charm the eye of the beholder” - Invention or Composition, Of Variety in History, c. 137 (Da Vinci, 2014, p. 63).
 

Although it is difficult to specify precise historical dates, many Italians began to change their attitude toward the world in the late 13th century and especially in the 14th and 15th centuries (Mannering, 1981, p. 10). The most notable artists and authors of the first phase of the Renaissance movement, the so-called quattrocento, with spiritual freedom and free of medieval superstitions, created humanism, which allowed them to return to their reality and create their own world (Pérez de Guzmán, 2003b, p. 21), look around and rediscover nature, spiritual mystery, the harmony of ideas, and the beauty of architecture, sculptures and painting (Franqui, 2003, p. 19).

If in Greece the new culture was born among poets and philosophers, the Renaissance revolution, which emerged in Florence and then spread to other cities in Italy and Europe, had architects, sculptors and painters as protagonists, like Brunelleschi, Donatello, Massacio, Ucello, Piero della Francesca, Boticelli, Michelangelo, Rafael and Leonardo da Vinci (Franqui, 2003, p. 19). For Florentine artists, the basis of creativity and the central element for the quality of their training —and even their identity— was drawing, which was intensely admired, with well-regarded examples including the drawings of The head of Saint Anne (Figure 4) and the Battle of Anghiari, by Leonardo (Franklin, 2005, p. 18). With the Renaissance, artists felt the need to find new ways to express their thoughts and feelings and were driven to study nature and truth more deeply, since these resources could supply the artist with more effective representations than those obtained from repetitions or copies that could easily become conventional (Pedretti, 1964, p. 115; Biaggi, 1978, p. 437). The introduction of an original and vivid beauty in painting showed that the figures that once pleased artists and the public began to lose their appeal, while interest in the idea of invention or originality as an aesthetic criterion grew (Waldman, 2005, p. 32). Leonardo, whose independent mind always studied, absorbed and recreated, never copying or imitating (Steinitz, 1960, p. 116), holds a place in history against all formalism in general (Bongioanni, 1978, p. 185).

[image: Pencil sketch of a woman's head, looking downward with a gentle smile. Her hair is wrapped in a loosely drawn cloth, suggesting a serene and contemplative demeanor.]

FIGURE 4
 Leonardo da Vinci, The head of Saint Anne c.1510–15. Black chalk | 18.8 × 13.0 cm (sheet of paper). Public domain, via Wikimedia Commons.


When invention or originality became a condition of privilege for artists, art came to be characterized as an intellectual pursuit and not a production of work and, as a result, the status of the artist was elevated (Waldman, 2005, p. 32). The best representative of this new conception of art as an intellectual activity was Leonardo da Vinci, who defined painting as a process of investigation of the natural world, representative of his science (Kemp, 2003, p. 147; Waldman, 2005, p. 32). Leonardo describes painting as a subtle invention which —with philosophy and speculation—considers nature in all its forms (Kemp, 2003, p. 147). Indeed, his idea of imitating nature fits into the idea of invention, which is more than merely knowing, since we know by means of the intellect, but invent by means not of the intellect but of reason, and nature is not intellect, it is reason (Bongioanni, 1978, p. 185).

This new behavior exerted great influence on the visual arts and by the end of the 13th century, many artists changed the direction of their art and began to become increasingly interested in physical reality and the accurate reproduction of aspects of things, giving room to subtleties of the shape and size of objects; consequently, the study of perspective and anatomy acquired fundamental importance among artists of the Florentine Renaissance (Richter, 1977, p. 227; Mannering, 1981, p. 12). Moreover, as part of the naturalist revolution, the body was understood as a functional system between movement and emotion that included not only muscular and skeletal mechanisms, but also expressive characteristics of character and feelings, allowing the knowledge of artists and anatomists to be united, as demonstrated by Andreas Vesalius (1514–1,564) in De Humani Corporis Fabrica, from 1,543, which was illustrated by the artist Jan Stephan van Calcar (1499–1,546) (Kemp and Wallace, 2000, p. 13).

As a corollary of the physical body being considered as an expression of thoughts and emotions, the recognition of the potential value of figures for the demonstration of everything that can be explained through words has increased (Kemp and Wallace, 2000, p. 13). This corroborates the highest ideal of Leonardo’s existence as a painter, namely the importance of painting as an instrument of knowledge (Richter, 1977, p. 101; Ramón, 2011, p. 24), a form of expression that he valued very highly due to the immediacy of its representation and potential to communicate (Vecce, 2003, p. 59). Leonardo was one of the masters who used the creation of a pictorial universe with perfection to express the truth of nature and a deep spirituality (Mannering, 1981, p. 22); for him, as a genius of acquiring knowledge from observation and experiment, the soul was the main ‘sense’ to appreciate more fully the infinite work of nature (McMurrich, 1930, p. 82; Tarazona, 2003, p. 52). Interestingly, other exponents of the Renaissance, such as Galileo Galilei (1564–1,642), used Leonardo’s arguments to demonstrate the primacy of painting (Heck, 2009, p. 380).

Among the possibilities of expressing by illustrations, something that fascinated the artists were facial expressions, considered the most eloquent form after the hand (Kemp and Wallace, 2000, p. 97). Baroque artists such as Gian Lorenzo Bernini (1598–1,680) and Rembrandt van Rijn (1606–1,669) intensively studied faces in extremis to create narrative compositions with the essence of emotions, as did other artists like Charles Le Brun (1619–1,690) and Wilhelm von Kaulbach (1805–1874) (Kemp and Wallace, 2000, p. 97; Figures 5, 6). It is relevant to note that we are observant beings and instinctively physiognomists, equipped with a visual system that perceives subtle morphological variations of the face, identifying their characteristics and the expression of emotions — from brain regions that functionally can differentiate one faces from one another and discern their specificities (Kemp and Wallace, 2000, p. 15).

[image: Marble bust of a man with curly hair in an intense, dramatic expression. The mouth is open wide, and the eyebrows are furrowed, conveying a sense of emotion or surprise. The bust is displayed indoors on a wooden base.]

FIGURE 5
 Gian Lorenzo Bernini. Anima Dannata, 1,619 ca. (Roma, Palazzo di Spagna) by Sailko is licensed under CC BY 3.0. Taken from https://openverse.org/image/58719f8e-cf5a-410d-9ec1-3a47a6ce7623?q=anima%20dannata.


[image: Engraving depicting a dramatic expression of despair, with wild hair and a contorted face. The head is angled slightly, showcasing furrowed brows and a grimacing mouth. Text above reads "Desespoir" and "Verzweiflung," meaning "despair" in French and German.]

FIGURE 6
 Head of a man with hair raised, expressing despair. Engraving – thought to be by M. Engelbrecht, 1732, after Charles Le Brun. Public Domain Mark. Source: Wellcome Collection.


Leonardo’s pictorial works were eagerly awaited and brought together a variety of facial expressions reflecting human emotions attitudes and general state of the body, with expression through the limbs and particularly the hands of the subjects (as well as their posture) corresponding to the feelings expressed on their faces, such as fatigue, rest, anger, pain, fight or flight, crying, smiling, fear, command, neglect, among others (Pedretti, 1964, p. 133; Richter, 1977, p. 344). It is important to note that one of the changes introduced by Leonardo and that determined the path of Italian art of the 15th century, especially Florentine art, was an appreciation of the effects of light and shadow, the so-called chiaroscuro (Clark, 1976, p. 76; Mannering, 1981, p. 77). The relief, the illusion of three-dimensionality and the highlight of a flat surface together represent the essential quality of a painting and must be the first intention of a painter and this can only be achieved by capturing the play of light on the surfaces so that shadows and variations in tone suggest surface irregularities (Da Vinci, 2013, p. 154). Many of his faces and landscapes were created with imperceptible changes of tone, using a technique called sfumato that allowed him to achieve light plays that reflect his belief that in a painting there should be no sharply defined contours (Clark, 1976, p. 77; Mannering, 1981, p. 77). Regarding this, in Light and Shadow, Of the Beauty of Faces (c. 194), Leonardo reports (2014, p. 98):


“You must not mark any muscles with hardness of line, but let the soft light glide upon them, and terminate imperceptibly in delightful shadows: from this will arise grace and beauty to the face.”
 

These new techniques allowed the most reliable expression of the reality of thoughts and emotions in a pictorial universe, as Leonardo demonstrated. For example, Ginevra de Benci (1474) is portrayed with beautiful colors and enigmatic details (Figure 7); in The Adoration of the Magi (1481–1,482) and Saint Jerome (1,483, Figure 8), Leonardo captured a dramatic moment with unparalleled realism and emotional strength (Mannering, 1981, p. 25; Prat et al., 1989, p. 68); in The Last Supper (1495–1,497), which is what Dante Alighieri (1265–1,321) would have called an “alta fantasia,” each character reveals a state of mind, each of which required in-depth psychological study to portray (Kemp, 2003, p. 176), with Leonardo basing his composition on the motive of a central type of innocence and beauty surrounded by embodiments of worldly passions, in this case cunning and obstinacy — such as in the Uffizi Adoration (Clark, 1976, p. 119); and Gioconda/Monalisa (1503–1,505) is a painting with the power of the human soul of Leonardo, his masterpiece revealing his thought and work (Pater, 2013, p. 60), whose image plays with our feelings making us doubt whether or not it is a real person who actually stood in front of him (Ramón, 2011, p. 69).

[image: Portrait of a woman with curly hair, wearing a headband and a red dress. She appears in front of a dark, leafy background with a serene landscape featuring trees and distant blue hills.]

FIGURE 7
 Ginevra de Benci (ca.1474–1,478) painting in high resolution by Leonardo da Vinci. Original from The National Gallery of Art. Reproduced from rawpixel via Wikimedia Commons, licenced under CC0.


[image: A partially completed painting depicts an emaciated, elderly man dressed in a cloak, sitting beside a lion. The background includes rocky landscapes and a partly sketched setting. The man's expression and posture suggest contemplation or struggle.]

FIGURE 8
 Leonardo da Vinci’s Saint Jerome in the Wilderness (circa 1480). Reproduced from rawpixel via Wikimedia Commons, licenced under CC0.


Leonardo’s studies to represent emotions are also related to his notes on the anatomy of the mouth, which include the investigation of the action of the muscles involved in the generation of a smile and show the extensive scientific knowledge that is behind the artistic conception of smiling figures, such as in The Virgin, the Child Jesus and Saint Anne (1503), the Mona Lisa and Saint John the Baptist (1513–1,516, Figure 9), and in screaming figures, as in the studies for the Battle of Anghiari (Figure 10) (Richter, 1977, p. 344). He studied many emotions but although he devoted himself to all the emotions related to the expressions mentioned, he does not speak of them (Pedretti, 1964, p. 133).

[image: A Renaissance-style painting depicting a half-length figure with long curly hair, against a dark background. The figure is bare-chested, slightly smiling, and pointing upwards with their right hand.]

FIGURE 9
 Leonardo da Vinci‘s Saint John the Baptist (1513–1516). Reproduced from rawpixel via Wikimedia Commons, licenced under CC0.


[image: Two expressive sketches of men's heads with exaggerated facial features. The left figure has an open mouth, furrowed brow, and intense expression. The right figure has a profile view, showing a smirk and furrowed brow. Both have detailed shading.]

FIGURE 10
 Leonardo da Vinci, Study of Two Warriors’ Heads for the Battle of Anghiari (1775). Public domain, via Wikimedia Commons.


After his first biographer, Paolo Giovio (1483–1,552), cited Leonardo as an artist in different fields and also a scholar of optics, anatomy and music, it was Georgio Vasari (1511–1,574) who demonstrated his importance (Pérez de Guzmán, 2003a, p. 18; Heck, 2009, p. 377). However, Leonardo’s work only truly became accessible to the public with the opening of the Louvre in 1800, because, until then, only the Treatise on Painting (a recompilation of his notebooks and leaves put together by Francisco Melzi (1491–1,570)) was known. This collection was kept in the Vatican Library and has been a bestseller since its first edition, in 1651 (Pérez de Guzmán, 2003a, p.17), which was followed by the London edition of 1721 and the Nuremberg edition of 1724; however, the Naples Treatise fills a very large gap as the only complete Italian language version to appear between the Paris edition and the Bologna edition of 1786 (Willette, 2009, p. 147). Overall, between 1,651 and 1898, there have been around 30 editions of the Treatise to date (Müntz, 2005, p. 205).

It is interesting to note that between the 17th century and early 19th century, Leonardo was not at the height of his influence, but over the course of the 19th century, with the emergence of Romanticism and the new spirit of transformation, he was considered a driver of modernity, fascinating diverse individuals like the French poets Theóphile Gautier (1811–1872), who in 1820 wrote in La Presse that Leonardo was a painter of the mysterious and compared his paintings to musical notes; Gustave Moreau (1826–1898); and Stéphane Mallarmé (1842–1898) (Pérez de Guzmán, 2003a, p. 18), as well as and Friedrich Wilhelm Nietzsche (1844–1900), who mentioned that Leonardo is one of the magical and enigmatic beings to whom supreme triumph is guaranteed (Sureda, 1998, p. 292).

Regarding modernity, it is interesting to note the syncretism that Leonardo forged between the arts, understanding them as unique and independent, but in close relationship with one another and, in this sense, he managed to change the discriminatory concept that painting maintained among the mechanical arts to integrate it into the liberal arts, thought and beauty (Franqui, 2003, p. 20). It is also important to note the strong spiritual affinity and deep admiration, mainly as a painter, that Goethe had for Leonardo and his universal genius (Adriani, 1978, p. 200; Sureda, 1998, p. 294); for instance, similar to Leonardo, he contemplates nature with analogies in the poem Epirrhema. The title is the name given to a part of the chorus in Greek drama, whose significance for the poem is not clear (Goethe, 1966, p. 183), although the point is that we can be ‘outside’ ourselves, observing our behavior, and yet know that we are still somehow inside ourselves too (Goethe, 1966, p.187). This point was eloquently expressed in the poem as follows (Mensch, 2014, p. 86):


“You must, when contemplating nature,

Attend to this, in each and every feature:

There's nothing outside and nothing within,

She’s inside out and outside in.

Thus will you grasp, with no delay,

The holy secret, clear as day.

[…]

No living thing is One, I say,

But always Many.”
 



Leonardo, empathy and the expression of his art


“Let your figures have actions appropriated to what they are intended to think or say, and these will be well learnt by imitating the deaf, who by the motion of their hands, eyes, eyebrows, and the whole body, endeavor to express the sentiments of their mind. Do not ridicule the thought of a master without a tongue teaching you an art he does not understand; he will do it better by his expressive motions, than all the rest by their words and examples. Let then the painter, of whatever school, attend well to this maxim, and apply it to the different qualities of the figures he represents, and to the nature of the subject in which they are actors” - Expression and Character, Of Expressive Motions, c. 165 (Da Vinci, 2014, p. 85).
 

Leonardo was one of the most expressive personalities of the Renaissance. He was mainly an artist, but also a scientist, and knew that study, reflection and technique are preparatory, not creators of the artistic process, since the creation of art requires something more strict and directly divine, which for Leonardo was nature (Gentile, 1978, p. 163). He knew how to observe, reflect, imagine, design, draw and discover physical laws and new instruments of change (Franqui, 2003, p. 19), reacting against formalisms and building his intellectuality and senses based on his own criteria (Pérez de Guzmán, 2003a, p. 17).

He commonly reflected on nature and life on earth, with thoughts surrounded by analogies, from which appears the idea of transmigration of the spirit and the demonstration of its form of analysis and critical exposition (Cortes, 1994, p. 37). Analogical reasoning indicates that constituent parts of an organism can be compared with the other parts and that the process of idealization of a concept points to special ideas that fall into the conceptual question, that is, our analogy of physical organization is more than external (Titchener, 1909, p. 72). In this sense, Leonardo needed to visualize phenomena through their relationships (Pérez de Guzmán, 2003b, p. 23) and often states his analogies paralleling the organism of the earth with the human organism, as illustrated by the following example of his writing (Sacco, 1978, p. 457):


“So that we might say that the earth has a spirit growth; that its flesh is the soil, its bones the arrangement and connection of the rocks of which the mountains are composed, its cartilage the tufa, and its blood the springs of water. The pool of blood which lies around the heart is the ocean, and its breathing, and the increase and decrease of the blood in the pulses, is represented in the earth by the flow and ebb of the sea; and the heat of the spirit of the world is the fire which pervades the earth, and the seat of the vegetative soul is in the fires, which in many parts of the earth find vent in baths and mines of sulfur, and in volcanoes” (Code Leicester, fol. 34 r).
 

According to the dictionary of the Royal Spanish Academy (Real Academia Española, 2022), analogy is the reasoning based on the existence of similar attributes in different beings. In fact, the sense of harmony between the different phenomena of the planet, between man and the Universe, between the micro- and the macrocosmos and the conception of the world as an immense network already existed since antiquity and remains one of the major concerns of contemporary thought (Pérez de Guzmán, 2003b, p. 23). We often end up simply depicting a character or external object rather than identifying its constitutive factors, that is, the relationship of our mind with what we see is much more than merely an exercise in pointing something out, but a necessary analysis of implication between the parts (Titchener, 1909, p. 70).

The analogies used by Leonardo meant that his drawings represented a unique scientific research method, showing that the image is not only the complementary illustration of a text, but the vehicle of a technical thought, a mental discourse (Cortes, 1994, p. 37) — the result of a developed knowledge about the truth of the things represented (Ramón, 2011, p. 69). Lipps asserts that however true it may be to say that the question of reality or non-reality does not in any way affect the essence of the work of art as an object of aesthetic contemplation, it is no less true that —not in all the arts, but in a certain class of them— a certain relationship with reality is necessary (1924, p. 59), as with Leonardo’s drawings. In this regard, Titchener believed that the picture is combined with an empathic attitude and all such feelings of if, and why, and nevertheless, and therefore, normally take the form of a kind of mimicry or motor empathy (1909, p. 185). The feeling is acted out even though it may be fleeting, or it may be relatively stable; whichever it is, there is not the slightest doubt of its kinesthetic character (Titchener, 1909, p. 185).

From da Vinci’s point of view, visual language had supremacy over verbal language and was key for figurative communication, especially the equivalence of mechanical arts with liberal arts, as advocated in the Treatise on Painting (Ruiz García, 2011, p. 225). Leonardo’s exaltation of the importance of the eyes, which he called windows of the soul, has extraordinary anthropological value because it corresponds to the historical moment in which he lived, the transition from the medieval to the modern world, marked by the influence of visual perception on the senses of hearing and smell in the representation of the human being and its relationship with the natural world (Vecce, 2003, p. 61). Other well-known figures in the 20th century were supportive of this view, including Virginia Woolf (1882–1941), who wrote in Books and Portraits (Woolf, 1977, p. 36):


“The heather is not much, and the rock is not much; but the heather and the rock, discerned in their living expressional relationship by the poetic eye, are very much indeed — a beauty which is living with the life of man, and therefore inexhaustible … but true poets and artists know that this power of visual synthesis can only be exercised, in the present state of our faculties, in a very limited way; hence, there is generally, in the landscapes and descriptions of real genius, a great simplicity in and apparent jealousy of their subjects, strikingly in contrast with the works of those who fancy that they are describing when they are only cataloging.”
 

For Leonardo, painting had the necessary signals to express different languages and, although he recognizes the presence of writing, he considers it as a form of drawing when commenting that writers draw with the pen what is found in their mind (Vecce, 2003, p. 61). There is no better way to verify this fact than to contemplate his signature, which denotes a great vital dynamism, an imaginative mind, a taste for originality and an enviable aesthetic sense (Ruiz García, 2011, p. 199; see Leonardo’s notes in Figure 11).

[image: Handwritten note in a historical or ancient script on aged paper. The text is written in brown ink and appears slightly faded, with no discernible words in a recognizable language, suggesting a historical context or code.]

FIGURE 11
 Notes on the appearance of horses c.1490. Some written notes in Leonardo’s hand. Pen and ink | 5.0 × 8.1 cm (sheet of paper). Public domain, via Wikimedia Commons.


The relationship between image and word is one of the fundamental elements in Leonardo’s work through which he plays with drawings and writings with genius and innovation, freely and without the correct construction of language, metric or cultural traditions (Pérez de Guzmán, 2003b, p. 28; see Leonardo’s pictographs in Figure 12). Leonardo believed that to produce a result by means of an instrument to drawn or write does not allow does not allow yourself to complicate it by introducing many subsidiary parts, but rather results in following the briefest way possible, without acting as those who do not know how to express a thing in its own proper vocabulary and proceed by a method with great prolixity and confusion (Richter, 1977, p. 245).

[image: Musical manuscript featuring handwritten notes and symbols on a staff, accompanied by notations and annotations in a classical script, possibly indicating early music composition or theory.]

FIGURE 12
 Leonardo da Vinci, Pictographs c.1487–90. A scrap of puzzle-writing, the first line being made of musical notes to be interpreted on the la, sol, mi, fa system. In the middle, the beginning of various attempts to put into pictographs the sentence previously given. Pen and ink | 6.0 × 10.3 cm (sheet of paper). Public domain, via Wikimedia Commons.


The point of Leonardo’s drawings was to make an object immediately visible, with little explanation required, that is, to highlight the relationship between who sends the message and who receives it — an approach that marked the beginning of modern science, and one that Leonardo employed to convey the meaning of his games between figures and words (Vecce, 2003, p. 69). As a matter of fact, mental constitution is widely varied, and the meaning response of a mind of a certain constitution varies widely under varying circumstances; all conscious meaning is carried either by total kinesthetic attitude or by words — as well as by all sorts of sensational and imaginal processes (Titchener, 1909, p. 178).

Leonardo’s drawings show his speculative thinking — and imagination was undoubtedly utmost in his mind, as he used iconic elements as substitutes for corresponding words, in line with the notion of the predominance of figurative resource over linguistic resource (Ruiz García, 2011, p. 216). The angel prototype that Leonardo painted in Baptism of Christ and the teenager in Adoration of the Magi are examples in which his imaginative soul guided his hands in forming an image with its own characteristics (Steinitz, 1960, p. 118). Thus, one of the elements of Leonardo’s research, in addition to his artistic ability, and search for scientific knowledge, was fantasy or creative imagination, always linked to the intellectual understanding of nature (Capra, 2011, p. 63). He was clearly convinced that fantasy was an imaginative extension of rational thought rather than a negation of it (Kemp, 2003, p. 147). Eugène Müntz, a French art historian (1845–1902), declared that no artist was so independent as to interpret both imagination and creation (Steinitz, 1960, p. 118).

Leonardo’s drawings and writings are the result of rigorous and systematic observation accompanied by isolated moments of disorganized expression; in other words, they are eminently mental constructions in which calculated synthesis captures the sensitive information of what is observed to shape and organize his work (Bongioanni, 1978, p. 184). Over the centuries, efforts have been made to explain and codify the outward manifestations of character, thoughts, and emotions, which Leonardo called il concetto dell’anima - the intention of the mind (Kemp and Wallace, 2000, p. 16). In this sense, he believed that the most important thing in painting the human figure was to represent mental states and emotions, since the expression of the human spirit through art was the artist’s greatest aspiration (Capra, 2011, p. 33). Moreover, a true painter should know the truth of the things he represents to make it possible to see the nature of what is expressed by art (Ramón, 2011. p. 26). For Leonardo, discovering nature meant finding an order of connection that the discoverer is a part of and in which he identifies the sense of his presence in the idealized system (Bongioanni, 1978, p. 184).

Leonardo recognized that for the painter to understand the structure of a figure in order to give expression to his spirit, it was fundamental to study —in different species, ages and sexes (Figures 13, 14)— the different body constitutions; anatomy; relations and proportions; attitudes; movements; and mimetic elements (Biaggi, 1978, p. 439). In this way, it is possible to communicate feelings, impressions and ideas and reproduce reality with the greatest accuracy (Pedretti, 2003, p. 94). For him, the painter ought to study methodically and leave nothing unmemorized and he must observe how limbs and joints vary from one animal to another (Richter, 1977, p. 101).

[image: Drawing of studies of horses by Leonardo da Vinci, featuring multiple sketches of horses in motion. The scene includes detailed anatomical studies of heads and legs, capturing dynamic movement.]

FIGURE 13
 Leonardo da Vinci, A rearing horse, and heads of horses, a lion and a man. c.1503–4. Pen and ink, wash, a little red chalk. | 19.6 × 30.8 cm (sheet of paper). Public domain, via Wikimedia Commons.


[image: Drawing of a man with a stern expression, featuring curly hair intertwined with foliage. The figure is sketched in reddish tones with additional abstract lines and shapes on the right side.]

FIGURE 14
 Leonardo da Vinci, The bust of a man, and the head of a lion c. 1,510. Red chalk, touches of white chalk, on orange-red prepared paper | 18.3 × 13.6 cm (sheet of paper) Public domain, via Wikimedia Commons.


The various aesthetic images, as possible alternatives of logical meaning, often share their functions with the sensations of movement (Titchener, 1909, p. 21). Thus, whenever one feels oneself from the observation of an attitude or gesture in an external object, this projection of the object itself is the very feeling triggered by an inner effort (Lipps, 1924, p. 7). At a basic level, einfühlung points to feeling of belonging in the world; likewise, it refers to an immediate and intersubjective relational experience —a kinetic inner imitation— a mirroring of the expression observed that carries affectively perceived sensorimotor impressions (Stamatopoulou, 2018, p. 170). In this sense, Leonardo possessed that rare combination of vitality, strength and delicacy which only a few of the greatest draftsmen have achieved (Kemp, 2003, p. 33; also see Figure 15) and that provides the observer with a voluntary and conscious activity of fantasy and contemplation of objects. Furthermore, the richness of the artist’s fantasy is, therefore, the richness of that which happens in the work, or richness of its content, concretely, of moments of inner vitality expressed in the work (Lipps, 1924, p. 95). In Expression and Character, from Of the Variety of Faces (c. 170), Leonardo states (2014, p. 86):

[image: Pencil drawing of a woman in profile, facing right. She has wavy hair pulled back and wears a headband. The artwork is on aged paper, with minimal background detail.]

FIGURE 15
 Leonardo da Vinci, Portrait of a young woman in profile c.1490 (RCIN 912505). Public domain, via Wikimedia Commons.



“The countenances of your figures should be expressive of their different situations: men at work, at rest, weeping, laughing, crying out, in fear, or joy, and the like. The attitudes also, and all the members, ought to correspond with the sentiment expressed in the faces.”
 

Leonardo and Vesalius were the pioneers in demonstrating what was possible with anatomical illustrations, from which artists developed aspirations to encourage the viewer to become a witness of what he saw (Kemp and Wallace, 2000, p. 33). In this regard, he affirmed that the painted figures should be created so that the observer could easily know, through the movements and attitude of the figures, the mental situation of the creator of the narrative and the meaning of his intentions (Da Vinci, 2013, p. 121, c. 294), since an experiencer must empathize with an observer in order to think, understand and communicate as he does (Titchener, 1909, p. 185). After all, there is no doubt that the expression of emotions and feelings are an integral part of who we are, personally and socially (Damasio, 2003, p. 247).

Leonardo’s painting is not understood at first sight; a mental process is required on the part of the observer to reconstruct and appreciate all its richness of expression, movement, gesture and aesthetic configuration. The spectator must create unity, just as the ear perceives a series of notes and silences that the listener’s brain configures as something invisible (Pérez de Guzmán, 2003c, p. 117). As with other brain functions, it seems that we have to learn to appreciate art, sometimes by a cultural or a perceptual transformation (DeFelipe, 2014, p. 78). The harmony of his work is not born directly from the figure, but from an infinity of details that, together, constitute the work. As Leonardo put it, details make perfection, and perfection is not a detail (Pita, 2019, p. 39).

Finally, thanks to the development of social neuroscience, which combines classical cognitive neuroscience and social psychology, using multi-level and multidisciplinary approaches, the neural basis of empathy is being unraveled (e.g., see Bernhardt and Singer, 2012). Furthermore, greater links between neuroscience and the humanity field can be seen represented by enhanced communication encompassing neuroscience and the humanities, clear conceptual overlap between both fields, and new actionable outcomes (Carew and Ramaswami, 2020). Who could have imagined that Leonardo’s dream of explaining artistic perception with a mechanistic model would become a feasible scientific goal as it is presently?
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Most of us are familiar with the uncomfortable feeling that results from skepticism about others' capacity to see the world as we do. If we dig too deep into this solipsistic worry, we might feel alone in the universe—no one can feel what it is like to be me. One might say that it is a question of attitude. Regardless of whether the other actually can empathize with us, our attitude prevents us from believing it. In a correspondence article in Nature Human Behaviour, Perry (2023) recently made her attitude toward the prospect of empathic AI clear: they will never know how it feels to be human! This sentiment is part of a broader aversion toward the prospect of artificial empathy (AE) (e.g., Montemayor et al., 2022; Zaki, 2023). While we agree that these dystopic concerns should be taken seriously, we also believe that the debate would benefit from additional nuance. More precisely, we argue that the AI systems of today—exemplified by AE skeptics such as Perry—are not the appropriate metric to evaluate the potential for AE and should not be used as support for why people might dismiss AE as non-genuine empathy.

At the core of Perry's critique is the observation that AE is well-received until recipients realize it was generated by an AI. Perry provides two explanations for this “artificial-empathy paradox”. Firstly, “AI can learn to say the right words—but knowing that AI generated them demolishes any potential for sensing that one's pain or joy is genuinely being shared”. Secondly, human empathy is valued because it is demanding and finite, and since “AI entails no emotional or time cost”, it fails to indicate that “the recipient holds any unique importance”. However, we argue that neither explanation succeeds in discrediting the prospect of artificial empathy.

Empathy is a notoriously convoluted concept (see Cuff et al., 2016 for a review) and researchers often highlight cognitive-, affective-, and motivational components of empathy (Zaki, 2014; Perry, 2023). Cognitive empathy, sometimes called perspective-taking or mentalizing, is the intellectual ability to understand how the other perceives and experiences their situation (Decety and Cowell, 2014; Zaki and Ochsner, 2016; Marsh, 2018). Cognitive empathy is to a degree already achievable for AI, which can detect and identify human emotions (Montemayor et al., 2022; Perry, 2023). Affective empathy, or experience sharing, refers to how one vicariously feels and experiences the other's emotional states (Decety and Cowell, 2014; Zaki and Ochsner, 2016; Marsh, 2018). This kind of experience-sharing is potentially not obtainable for AI. Lacking lived subjective experience (Montemayor et al., 2022; Perry, 2023), trying to share the experience of an emotional human may not resonate adequately as the AI reasonably does not feel anything (Turkle, 2007). The motivational component, also called empathic concern, can be understood as a motivation to support others' wellbeing or help them alleviate suffering (Decety and Cowell, 2014; Zaki and Ochsner, 2016; Marsh, 2018). However, while it is reasonable to contest the extent to which AI can manifest affective empathy and empathic concern, we disagree with the argument that it comes down to the human recipients' attitude toward AE (Montemayor et al., 2022; Perry, 2023).

Whether empathy is valuable is not (solely) a question of the recipient's attitude toward the empathizer. The value of the empathy a parent directs toward her child cannot easily be discarded based on whether the child takes the parent to be a genuine empathizer or not. Similarly, the fact that some foster negative attitudes toward psychologists, which prevents them from seeking therapy that would be beneficial for them, does not discredit the value of therapy. If we view empathy as a question of attitude, then we are exposed to the solipsistic worry: what prevents us from having the “wrong” attitude toward genuine empathizers? Perry merely assumes the anthropocentric standard view: only human activities are valuable for humans (Singer, 1975). This view is also prevalent in our attitudes toward animals. Studies show that people's tendency to not attribute mental capabilities (e.g., empathy) to animals fails to live up to their own self-reported normative standards (Leach et al., 2023). This effect was attenuated when ascribing a mind and mental capabilities to humans, displaying another example of anthropocentrism. Fortunately, attitudes can change, and if it is our attitudes toward animals and AIs that are decisive for granting them genuine empathy, couldn't they also change? In another recent study, researchers manipulated participants' attitudes toward AI, making them believe that the algorithm either had a manipulative motive, a caring motive, or no particular motive. This considerably changed how participants perceived and interacted with the AI, where participants in the care motive-, or empathic concern-, group perceived it as more empathetic than participants in the two other groups. Notably, the effect was stronger for more sophisticated AI (Pataranutaporn et al., 2023). These results suggest that our attitudes and the technological sophistication of the algorithm had an impact on participants' perception of AI as being empathetic. Consequently, we believe that our malleable attitudes toward AI, combined with increased technological sophistication, will impact our perception of AE, making it more likely to be perceived as genuine empathy. Furthermore, we are also not convinced by Perry's claim that because human empathy is demanding and limited, choosing to empathize communicates the importance of the recipient to the empathizer. A recent study showed that when people learned that empathy is an unlimited resource, they became more empathic, with real-life consequences, e.g., more likely to hug an out-group member (Hasson et al., 2022). These recipients of empathy and hugs would likely not deem the empathy they received as less genuine if they learned that the empathizer believed empathy to be unlimited and not finite, which led them to feel and behave more empathically.

AI already displays cognitive empathic abilities and is capable of generating generic empathic responses. Due to vast advancements in computational approaches to emotional inference, AI has demonstrated the ability to identify human emotions (Ong et al., 2019), manifest facial emotions (Mishra et al., 2023), and to successfully facilitate empathetic interactions (Ayers et al., 2023; Sharma et al., 2023). For instance, a recent example showed how human-AI collaboration produced more empathic conversations in peer-to-peer mental health support in comparison to human-only responses (Sharma et al., 2023). In another case, healthcare professionals found AI's responses to medical questions to be almost ten times as empathetic as the responses from human physicians (Ayers et al., 2023). These generic applications of empathic displays are impressive, but when recipients learn that the empathy they received is AI-generated, they will likely not perceive it as genuine empathy. As Perry points out, “AI empathy fails to convey authentic care or to indicate that the recipient holds any unique importance”. This might not be surprising as these examples merely attest to AI's capability of emotion detection and empathic signaling and are designed to respond empathetically to anyone repeatedly. In contrast, the motivated nature of human empathy often leads people to empathize in discriminating ways (Zaki, 2014; Bloom, 2016) and with few people (Cameron and Payne, 2011; Cameron et al., 2022). Thus, generic AI applications not only deprive recipients of the feeling of uniqueness; their empathic displays are also dissimilar to how humans empathize, making them seem non-genuine. The real test of artificial empathy—by Perry's own standards—would be through personalized algorithms tuned to their human. We can envision algorithms that respond with enthusiasm and authentic care to their particular person, making that person more important than any other. As the relationships deepen, the personalized algorithm will be able to display more empathy toward its person, paralleling how empathy is extended in humans (Depow et al., 2021). Recipients of this kind of AE will likely perceive the care as authentic and the concern as genuine, as there are already examples of people developing strong feelings for their AI companions (Pentina et al., 2023).

While we take issue with Perry's view, we also acknowledge that much more needs to be said about the potential value and risks of AE. For instance, several ethical issues need to be seriously addressed for the responsible development and deployment of AE, e.g., regarding privacy (Lutz et al., 2019), deception (Park et al., 2023), and negative impacts on human-human relationships (Turkle, 2010). A lot more can also be said about the potential benefits of AE; e.g., how it may alleviate many of the problems associated with human empathy, such as biases, e.g., ingroup empathy bias (Cikara et al., 2014) or compassion fade (Västfjäll et al., 2014). It could potentially also lessen some of the taxing costs associated with empathy (Cameron et al., 2019) and reduce compassion fatigue (Cocker and Joss, 2016) on the part of human empathizers. To this end, researchers have called for strategic regulations of different components of empathy, i.e., affective-, cognitive- and motivational-, to attain critical outcomes (Weisz and Cikara, 2021). Similarly, we could strategically apply different components of AE to enhance human flourishing. While all these considerations must be weighed against each other to determine the overall risk-benefit of AE, contrary to what Perry claims, human attitudes toward AI do not seem to present an insurmountable obstacle.

In sum, Perry's criticism of the value of artificial empathy seems unjustified. It might turn out to be the case that full-fledged AE is unobtainable due to principled obstacles for AI to simulate human empathy. Those are other, more legitimate, reasons for not granting AI empathy than due to recipients' changeable attitudes about AE. Before making any conclusive remarks about AE being perceived as genuine empathy or not, we need to create and evaluate AI applications that better emulate human empathy. It is possible that these applications may change our attitudes so that we start perceiving artificial empathy, or parts of it, as genuine empathy.
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PD

Mean (SD)
Mean disease duration 37 11.62 (8.76) 27 27.19 (15.52) <0.001
Dominance (right) 31 (83.78%) 27 (90%)
LEDD (mg/day) 37 1,215.9 (565.1)
UPDRS—mentation, behavior, and mood 26 3.23 (1.50) 30 4.20 (3.16) 0.16
UPDRS—ADL 26 10.88 (5.27) 30 4.70 (4.17) < 0.001
UPDRS—"“On” motor examination 35 19.09 (8.67) 30 20.10 (9.71) 0.66
UPDRS—“On” face 26 1.00 (0.57) 30 0.93 (0.64) 0.68
UPDRS—“On” total score 26 35.65(12.87) 30 28.47 (14.21) 0.054
UPDRS—“Off” motor examination 35 40.31 (11.66)
UPDRS—“Off” total score 27 62.41(16.47)
Native language (Hebrew) 26 (70.27%) 29 (96.67%)
First motor symptom (for PD individuals)
Right bodyside 15
Left bodyside 17
Slowness 3
Walking disturbances 2

PD, Parkinson’s disease; SZ, individuals with schizophrenia; LEDD, levodopa equivalent daily dose; UPDRS, Unified Parkinson’s Disease Rating Scale.
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Df P

Age (2,113) 113 033

Education years (2,113) 10.90 <0.001
MOCA (2,103) 913 <0.001
ACE (2.112) 5172 <0.001
MMSE @.112) 10.11 <0.001
FAB @2.113) 15.60 <0.001
BDI (2,110) 2542 <0.001

ACE, Addenbrookes Cognitive Examination; MMSE, Mini-Mental State Examination;
FAB, Frontal Assessment Battery; MOCA, Montreal Cognitive Assessment; BDI, Beck
Depression Inventory.
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Predictors

(Intercept) 1.02 0.05 0.92-1.13 18.67 <0.001
Memory type

Remember =0.21 0.05 —0.30 to —0.12 —4.63 <0.001
Affective category

Pleasant 0.02 0.05 —0.06-0.11 0.54 0.592
Unpleasant 0.00 0.05 —0.09 - 0.09 0.01 0.993
Encoding instructions

Binding 0.48 0.09 —0.66 to —0.30 -5.19 <0.001
Lab

MRI 0.26 0.06 0.14-0.38 4.12 <0.001
Eye tracker 0.18 0.09 0.00 - 0.36 1.98 0.049
Remember * Pleasant 0.16 0.06 0.04-0.29 2.54 0.011
Remember * Unpleasant 0.08 0.06 —0.04 - 0.21 127 0.205

Bold values indicate significant effects, p < .005.
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Predictors

(Intercept) 0.11 0.07 —0.02-0.24 1.69 0.091
Affective category

Pleasant —0.05 0.01 —0.06 to —0.03 —7.24 <0.001
Unpleasant —0.04 0.01 —0.05 to —0.03 —6.91 <0.001
Encoding instructions

Binding 0.05 0.07 —0.09-0.18 0.66 0.506
Retrieval task

Old/new 0.19 0.05 0.10-0.28 4.17 <0.001

Bold values indicate significant effects, p < .005.
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Predictors

(Intercept) 0.14 0.02 0.11-0.18 8.54 <0.001
Memory type

Remember —0.03 0.02 —0.07 - 0.01 —156 0.12
Affective category

Pleasant —0.05 0.02 —0.09 to —0.02 -3.07 0.002
Unpleasant —0.04 0.02 —0.07 to —0.01 —-2.26 0.024
Lab

MRI 0.01 0.01 —0.02 - 0.04 0.77 0.444
Eye tracker —0.02 0.02 —0.06 - 0.03 —0.82 0.411
Encoding instructions

Passively watching —0.04 0.02 —0.08 - 0.06 —2.11 0.035
Memory type * Affective category

Remember*Pleasant 0.14 0.02 0.09-0.19 5.84 <0.001
Remember*Unpleasant 0.08 0.02 0.03-0.12 312 0.002
Memory type * Lab

Remember*MRI 0.08 0.02 0.04-0.11 452 <0.001
Remember*Eye tracker 0.07 0.03 0.01-0.12 253 0.012
Memory type*Affective Category* Group

Know*Neutral*Stress 0.01 0.02 —0.04 - 0.05 0.30 0.763
Remember*Neutral*Stress —0.01 0.02 —0.05 - 0.04 —0.26 0.793
Know*Pleasant*Stress 0.01 0.02 —0.05 - 0.03 —045 0.652
Remember*Pleasant*Stress 0.05 0.02 0.01-0.10 220 0.028
Know*Unpleasant*Stress —0.02 0.02 —0.07 - 0.02 —1.00 0.318
Remember*Unpleasant*Stress 0.09 0.02 0.04-0.13 3.87 <0.001
Know*Neutral*Stress Delay 0.02 0.04 —0.05-0.05 —0.81 0.418
Remember*Neutral*Stress Delay —0.03 0.04 —0.11-0.05 —0.81 0.418
Know*Pleasant*Stress Delay 0.04 0.04 —0.04 -0.12 0.89 0.376
Remember*Pleasant*Stress Delay —0.00 0.04 —0.08 - 0.08 —0.01 0.995
Know*Pleasant*Stress Delay 0.03 0.04 —0.05-0.11 0.03 0.486
Remember*Pleasant*Stress delay 0.01 0.04 —0.07 - 0.09 0.34 0.736

Bold values indicate significant effects, p < .005.
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task

Bayes factor output (BFj)

Lab

Memory
type

Affective
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Memory type

Memory
type * Lab

Affective
category*Mem:
type* Group

Memory for Effects of affective D'~ Affective category + 0.024 >100 >100 >100 — — - -
items category independently Encoding instructions +
of memory type Retrieval task + Lab
Effects of affective D'~ Affective category * 0.027 >100 — >100 14.61 0.11 - -
category and Memory ‘Memory type+ Encoding
type instructions + Lab
Memory for Effects of affective Hu~ Affective category + >100 >100 >100 - - — — -
contexts. category independently Encoding instructions +
of memory type Retrieval task
Effects of affective Hu~ Affective category * >100 62.27 - >100 >100 >100 >100 029
category and Memory Memory type + Memory
type type * Environment +
Encoding instructions +
Affective category:

Memory type: Group
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References ° S % £ 8% 5 5 s £ 33 2 o%
a (< = £ » O = = fin] (-4 »n o P4 20
Ventura-Bort et al. Study 1 26/3 27 | - Control | S1 29 Binding P/U/N 6.94/2.73/527 | 584/593/351 | EEG O/N Yes 144 48
(2016b)
Ventura-Bort et al. Study 2 26/4 218 | - Control | 2 30 Free P/IUN 7.02/2.58/5.08 | 5.88/6.00/337 | EEG R/K Yes 180 60
(2020a) viewing
Ventura-Bort et al. Study 3 Stress Control | $3-C 30 Binding P/IUN 7.02/2.58/508 | 588/6.00/337 | EEG R/K No 90 60
(2019b)
58/43 2557 Stress 3-8 39 Binding P/UIN 7.02/2.58/508 | 5.88/600/337 | EEG RIK No 90 60
Stress $3-SD 18 Binding P/U/N 7.02/2.58/508 | 588/6.00/337 | EEG RIK No 90 60
Delay
Wirkner etal. 2015) | Studyd Stress Control | $4-C 24 Binding UN 2.73/5.27 5.93/3.51 EEG O/N Yes %6 48
56/0 2348 Stress s4-5 32 Binding UN 2.73/5.27 5.93/3.51 EEG ON Yes 96 48
Ventura-Bort et al. Study 5 26/3 2668 | - Control | S5 29 Binding P/U/N 7.14/2.34/5.13 6/6.06/3.25 | MRI R/K No 132 44
(2020b)
Ventura-Bort et al. Study6 | 38/37 2284 | Stress Control | $6-C 32 Binding P/U/N 7.14/2.34/5.13 6/6.06/3.25 | MRI RIK No 66 44
(2024)
Stress 56-5 40 Binding P/U/N 7.14/2.34/5.13 6/6.06/3.25 | MRI RIK No 66 44
Buchwald etal. (2022) | Study7 2713 2145 | - Control | 7 30 Binding P/U/N 7.14/2.34/5.13 6/6.06/3.25 | Eye RIK No 132 44
tracker

Column information: Protocol indicates whether a standardized stress protocol was applied; Group indicates whether participants underwent an acute stress induction or not (i.c., control). Groups from studies without stress protocol were also coded as control;
Shortened name contains the abbreviation of each study and group. N indicates the number of participants per group; Encoding instruction differentiates between active object/scene binding or passive viewing instructions; Scene categories were either Pleasant (P),
Unpleasant (U), or Neutral (N). Mean Valence and Arousal refer to the mean normative score of the scenes used for each category. Environment codes the lab environment in which the experiment took place: EEG lab, eye tracker lab, or MRI scanner. Retrieval task
indicates whether a Remember/Know (R/K) or Old/New (O/N) procedure was used. Source location indicates whether participants were instructed to also retrieve the location in which the object was presented during encoding. N New Items and N Old Items/Context
codes the number of new items during retrieval and old items per category presented during encoding, respectively.
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Predictors

(Intercept) 0.54 0.09 0.37-0.72 6.04 <0.001

Affective category

Pleasant 0.06 0.02 0.02 -0.09 3.18 0.002
Unpleasant 0.01 0.02 —0.02 - 0.04 055 0582
Encoding instructions

Binding 0.62 0.10 0.42-0.82 5.98 <0.001

Retrieval task

Old/new 0.90 0.07 0.75-1.04 12.17 <0.001
Lab

MRI 0.31 0.07 0.17-0.45 4.37 <0.001
Eye tracker 0.13 0.10 —0.07 - 0.33 132 0.189

Bold values indicate significant effects, p < .005.
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