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Abstract 

 

Author: Lara Garvija. Title: On Musical Rewards: ‘Defrosting’ musical chills with 

Naltrexone. Supervisors: Bruno Laeng and Siri Leknes 

 

Studies exploring the neurochemical underpinnings of basic, evolutionary rewards (i.e. tasty 

food and sex) have consistently implicated the endogenous opioid system during peak 

moments of consummatory pleasure. Less is known about the role of opioids while listening 

to pleasant music, despite being rated one of the top 10 most rewarding human experiences. 

In fact, music is known to be so deeply and powerfully pleasant that it can elicit intense, 

emotionally-charged physiological sensations, or ‘chills’. We hypothesised that an opioid 

antagonist would decrease hedonic valence and/or arousal to self-selected, favourite musical 

pieces. Fifty male and female individuals participated in a music-listening task with a 

counterbalanced, placebo-controlled double-blind design. Participants were orally 

administered an opioid antagonist (50mg naltrexone) or placebo (40µg d3-vitamin) over two 

sessions, a week apart. One hour after pharmacological intervention, participants listened to 

music while eye-tracking data was collected. The songs presented were self-selected pieces, 

highly pleasant and even chill-inducing for each individual participant. In addition, each 

individual listened to another set of (control) songs that were similarly provided by an age- 

and sex-matched individual. While listening to each musical selection, a participant looked at 

an on-screen visual analog scale termed the ‘chillometer’, directing gaze vertically along the 

‘thermometer’ scale according to the felt moment-to-moment hedonic response. In the 

present study, music chills were found to last approximately four seconds with great inter-

individual differences, a novel addition to the scientific literature on the duration of peak 

musical rewards. Results revealed that while hedonic valence was not systematically altered 

by naltrexone, there was a general diminished level of arousal to both song types, indexed by 

a smaller pupillary diameter and more so for ‘chilling’ moments, beyond the expected 

generic reductive effect naltrexone has on the pupil. Crucially, with naltrexone, pupil size 

during self-selected songs was smallest while experiencing music chills than for the other 

hedonic levels. These findings, taken together, suggest that the opioid system may modulate 

arousal more than hedonic valence, at least in relation to musical peak experiences as chills. 

Overall, our findings are only partially consistent with our initial hypothesis. 
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1 Introduction 

When asked to list rewarding human experiences, individuals consistently rank music as one 

of the top ten sources of pleasure (Dubé & Le Bel, 2003). Music might have been enjoyed by 

humans for hundreds of thousands of years and anthropological research shows that music 

making plays an integral role in all cultures, present day and past (Huron, 2001; Koelsch, 

2014; Mithen, 2007). Unlike fundamental rewards, or what have been dubbed ‘primary’ 

rewards (i.e. tasty food, sex, social activities), music does not appear to possess any critical 

function to survival (Georgiadis, Kringelbach & Pfaus, 2012; Kringelbach, Stein & van 

Hartevelt, 2012). By many scholars, listening to music is considered a non-adaptive self-

rewarding pleasure-seeking behaviour that may exploit mechanisms underlying the same 

pleasure system that originated to encourage adaptive behaviour. Music is distinct from other 

non-adaptive rewarding stimuli in that it has no known addictive properties and lacks a 

tangible basis (i.e. in the case of drugs) for developing dependence (Salimpoor, Benovoy, 

Longo, Cooperstock, & Zatorre, 2009).  

Several theories have attempted to explain how music engages the reward and 

motivation systems. One such theory attributes musical pleasure to the complex cognitive 

processes of prediction, expectation and anticipation (Huron, 2006; Salimpoor, Zald, Zatorre, 

Dagher, & McIntosh, 2015). Humans are wired for pattern recognition and exhibit predictive 

processing of musical information from birth (Virtala, Huotilainen, Partanen, Fellman & 

Tervaniemi, 2013). Two sources of musical expectation have been proposed: explicit 

knowledge of familiar music pieces and implicit understanding of musical patterns based on 

prior music listening history (Bharucha, 1994; Huron, 2006). Empirical research suggests that 

musical expectancy accounts for some of the strongest emotional and pleasurable responses to 

music (Egermann, Pearce, Wiggins & McAdams, 2013; Koelsch, Kilches, Steinbeis & 

Schelinski, 2008). Musical predictions may be pleasantly violated in what has been termed 

‘reward prediction errors’ (RPEs) (Gold et al., 2019). RPEs have been associated with 

increased reward value of abstract rewards like poetry (Wassiliwizky, Koelsch, Wagner, 

Jacobsen & Menninghaus, 2017), humorous jokes (Franklin & Adams, 2011), and the 

satisfaction of appeased perceptual curiosity (Jepma, Verdonschot, van Steenbergen, 

Rombouts & Nieuwenhuis, 2012). When predictions are violated such that the outcome is 

better than expected, a positive prediction error is made. These positive prediction errors are 

hypothesised to increase the hedonic reward value of music (Salimpoor et al., 2015).  

Another theory proposed to explain why music is pleasurable in the absence of 

biological value pertains to music’s ability to evoke emotion. In fact, music’s ability to 
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‘modify emotions’ is one of the top reported reasons for listening to music. Salimpoor et al. 

(2009) theorize that the degree of reward from music is relative to the emotional arousal 

elicited during positively valenced hedonic response. Revisiting the aforementioned theories, 

emotions evoked by music are a result of expectations, delay, tension, resolution, prediction, 

surprise and anticipation (Salimpoor et al., 2009; Salimpoor, Benovoy, Larcher, Dagher, & 

Zatorre, 2011).  Juslin and Västfjäll (2008) have proposed six underlying properties of 

musical emotions that contribute to musical reward: brain stem reflexes, evaluative condition, 

emotional contagion, visual imagery, episodic memory, and musical expectancy. However, 

other suggestions have been put forth, explaining music’s rewarding properties via its ability 

to promote social interaction (Levitin, 2007; Mas-Herrero, Marco-Pallares, Lorenzo-Seva, 

Zatorre & Rodriguez-Fornells, 2013), regulate mood (Mas-Herrero, Zatorre, Rodriguez-

Fornells & Marco-Pallarés, 2014), and appreciation for music’s aesthetic beauty (Brattico & 

Pearce, 2013).  

 

2 Theoretical Framework 

2.1 A brain’s ‘common currency’ for rewards 

A large body of scientific literature indicates the human experience of reward involves three 

separate psychological components – 1. Liking: the consummatory experience of pleasure, 2. 

Wanting: the motivation to seek pleasurable stimuli and 3. Learning: via conditioning and 

cognitive association (Berridge & Kringelbach, 2015; Berridge & Robinson, 2003). These 

components appear to rely on distinct neural patterns and can occur at any stage of the 

reward-behaviour cycle.  

Although pleasure is commonly regarded as a purely subjective experience, research 

shows that pleasurable events are often accompanied by objectively measurable reactions 

(Berridge & Kringelbach, 2015; Damasio & Carvalho, 2013; Kringelbach & Berridge, 2010; 

Winkielman, Berridge & Wilbarger, 2005). Different sources of pleasure in life often feel 

subjectively distinct in their nature (i.e. eating tasty food feels different to listening to one’s 

favourite music). However, a general neural network fundamental to a vast range of pleasures 

and rewards has emerged within the literature, with considerable overlap in neuroanatomical 

and chemical activity, dubbed the ‘common currency hypothesis’ (Berridge & Kringelbach, 

2015). A recent meta-analysis reported that sexual stimuli, food, and monetary rewards all 

elicited activity within the shared common reward network, supporting the common currency 

hypothesis (Sescousse, Caldú, Segura & Dreher, 2013). This shared reward network is 

comprised of areas in the mesolimbic and cortical structures (Berridge & Kringelbach, 2015). 
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Within these, affective neuroscientific animal studies have uncovered the existence of hedonic 

‘hotspots’ and ‘coldspots’ (Berridge & Kringelbach, 2015; Castro & Berridge, 2014). 

Stimulation of hedonic hotspots amplifies liking, while stimulation of coldspots seems to 

suppress liking reactions. An important caveat of these overlapping reward system studies is 

their utilisation primarily of animal subjects. When applying such research in humans one 

must consider the poor temporal and spatial quality provided by functional magnetic 

resonance imaging (fMRI) data. It is possible that different pleasurable stimuli may implicate 

more fine-grain networks, however this remains to be demonstrated (Chikazoe, Lee, 

Kriegeskorte, & Anderson, 2014). 

Functional brain imaging has shown that much like the above-mentioned stimuli, 

music engages brain structures crucial in emotion, reward and motivation processing. 

Research examining rewarding music, supports the common currency hypothesis – 

implicating neural structures associated with hedonic reward. In a seminal study on musical 

reward, Blood and Zatorre (2001) found regional cerebral blood flow changes in correlative 

reward/motivation neural systems when listening to self-selected highly pleasurable and 

‘chill-inducing’ music. Notably, the nucleus accumbens (NAc), a region of the ventral 

striatum, has repeatedly been linked to hedonic value (Gold et al., 2019; Menon & Levitin, 

2005; Salimpoor et al., 2011; Salimpoor et al., 2013). Increased activity in the NAc as well as 

greater functional connectivity between the auditory cortices and the striatum has been 

observed when individuals assign high value to musical sequences in a well-established 

auction paradigm (Becker, Degroot & Marschak, 1964; Salimpoor et al., 2013). The NAc has 

consistently displayed correlative neural activity during musical reward, discussed further 

below. 

 

2.2 A neurochemical perspective on musical reward 

A unique facet of music is that it allows for continuous online recording of both 

anticipatory and consummatory stages of pleasure, thus proving a particularly relevant 

stimulus for reward research. Because processes of wanting and liking are distinct in their 

nature and goals, it stands to reason that they would present different underlying 

neurostructural and chemical activity. A PET study of non-musicians engaging in passive 

listening to highly pleasant unfamiliar music, found neural activity in the NAc during the 

consummatory stage of pleasure, in the absence of anticipation (Brown, Martinez, & Parsons, 

2004). Kringelbach and Berridge (2010) suggest that it is the endogenous opioid stimulation 

of hedonic hotspots anatomically embedded in the NAc, responsible for consummatory 
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pleasure. The opioid system is comprised of three receptor types – mu, delta, and kappa and 

has garnered attention for its role in the hedonic poles of pain and pleasure (Le Merrer, 

Becker, Befort & Kieffer, 2009). 

To the knowledge of this author, only two studies have explored the effects of opioid 

activity on consummatory pleasure while listening to music. An investigation on a small 

sample of ten participants found that intravenous administration of the opioid antagonist 

naloxone attenuated the intensity of ‘thrills’, or moments of peak music-induced pleasure, in 

three of the ten subjects (Goldstein, 1980). A more recent fEMG (facial electromyography) 

analysis during music-listening revealed a significant decrease in zygomatic and corrugator 

facial muscle activity as well as subjective ratings of hedonic valence under a similar opioid 

antagonist typically utilised for the treatment of drug addiction and alcoholism – naltrexone, 

interpreted as an anhedonic effect of the drug on music (Association of Pharmaceutical 

Industry in Norway, 2002; Mallik, Chanda, & Levitin, 2017).  

The opioid-modulated hedonic response has been further explored in connection to 

other rewarding experiences. The neuromodulatory relationship has been well documented in 

animal studies of biologically-valued rewarding stimuli, such as the hedonic consumption of 

tasty food (Gosnell & Levine, 2009) and sexual reinforcement (Argiolas, 1999). In rats, social 

play behaviour mediated by opioid agonist and antagonist interference has been observed to 

both increase and decrease respectively the engagement in play behaviour (Achterberg, van 

Swieten, Houwing, Trezza & Vanderschuren, 2018). Importantly, Mu-opioid receptor (MOR) 

manipulation in rats has been found to moderate preference specifically for the highest value 

rewards of food (i.e. chocolate as opposed to normal chow) and sexual stimuli (i.e. oestrous 

sexual partners as opposed to non-fertile rats) (Mahler & Berridge, 2012). 

More recently, human studies have replicated this bidirectional opioid-mediated effect 

consistently for rewards of the greatest value. Chelnokova et al. (2014) revealed that when 

viewing beautiful faces, the mu-opioid agonist morphine increased liking, while the 

nonselective antagonist naltrexone decreased liking of faces designated as ‘most beautiful’. 

This effect is consistent with Chelnokova et al.’s (2016) observation that MOR agonist and 

antagonist interference causally modulate visual facial exploration, theorised to mediate 

socially-rewarding bonding behaviour. In addition, Eikemo et al. (2016) found in healthy 

humans that the manipulation of morphine increased, and naltrexone decreased liking of a 

sucrose solution, but only for the most rewarding option of five sucrose solution stimuli. 

Furthermore, Buchel, Miedl and Sprenger (2018) observed that in male participants, the 

opioid antagonist naloxone attenuated pleasure ratings most while viewing sexually arousing 
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pictures of women of the highest value (i.e. pictures of fully nude women relative to pictures 

of women in swimsuits). FMRI data collected during hedonic rating of the erotic pictures 

found a correlative reduction in blood oxygenation-level (BOLD) response activity in reward-

related mesolimbic brain regions during opioid system interference. Importantly, this 

interactive effect of µ-opioid modulation on the most rewarding experiences is found 

consistently within the literature, exhibiting a multiplicative effect of the drug action on 

‘liking’ (Buchel et al., 2018; Chelnokova et al., 2014; Cooper & Turkish, 1989; Eikemo et al., 

2016) and ‘wanting’ (Mahler & Berridge, 2012) for experiences of the greatest positive 

hedonic tone. Pharmacological blocking of the opioid system during decision-making with 

decisions of varying reward value reveal greater attenuation of pleasure as reward value 

increases in a gambling task (Petrovic et al., 2008) and less efficient decisions in a reward 

bias probability task (Eikemo, Biele, Willoch, Thomsen & Leknes, 2017). Accordingly, the 

opioid system appears to be most attuned to rewards of the greatest value across stimuli. 

While the opioidergic system has been linked to the consummatory aspect of pleasure, 

the dopaminergic system has been implicated in the anticipatory reward response to music. 

Initial ligand-based PET scanning revealed increased dopaminergic activity during the peak 

pleasure response of music chills within the striatum (Salimpoor et al., 2011). FMRI was then 

used to examine the temporal aspects of music reward measured by BOLD response prior to 

and during music chills. Anticipation, as measured by epochs of seconds prior to chills, 

correlated with dopamine release in the dorsal striatum, particularly in the caudate nucleus. 

Conversely, the peak pleasure response to music, also known as ‘music chills’ (as discussed 

in the next section), correlated with neural activity in the ventral striatum, namely in the NAc, 

likely revealing opioidergic activity, though both neuropeptide systems are co-present in this 

neural structure. These findings suggest that a dissociable relationship between anticipatory 

and consummatory pleasure during music-listening exists, distinct in their neurochemical and 

structural correlates. In regard to the third aspect of pleasure – learning – it has been 

suggested that dopaminergic activity in the NAc underlies musical RPE generation (Gold et 

al., 2019; Salimpoor et al., 2015). Hence, the NAc appears to be a neural correlate of both 

consummatory pleasure and the rewarding experience of learning via prediction processing.  

 

2.3 Music chills 

To better understand the rewarding properties of music, attention has been dedicated to 

exploring the extreme forms of music pleasure. For many, music has the ability to induce 

highly rewarding peak moments of rapturous aesthetic pleasure accompanied by bodily 
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physiological sensations, often referred to as ‘music chills’ (Laeng, Eidet, Sulutvedt, & 

Panksepp, 2016), ‘frissons’, or ‘thrills’, at specific and predictable points during a familiar 

musical piece. In fact, for some individuals this phenomenon is so euphoric it has even 

inspired the creation of an online forum on the platform Reddit with 186,000 members, 

dedicated to sharing chill-inducing music. It must be noted that, although the perceived 

emotion conveyed within a musical piece might impact the valence of the felt emotion (i.e. 

listening to sad music, makes one feel sad), more importantly, it is the emotional intensity of 

the felt emotion that defines a music chill. Ultimately the emotional intensity per se is 

experienced as a core ingredient of the pleasure, irrespective of perceived musical emotional 

content (e.g., the sense of ‘sadness’ felt while listening to sad music, which paradoxically can 

feel pleasant) (Harrison & Loui, 2014; Menninghaus et al., 2017; Vuoskoski & Eerola, 2017). 

Music chills have gained considerable attention in recent reward research literature, as these 

events seem to be discrete and highly reproducible ways of empirically studying peak 

emotionally rewarding experiences. 

The term ‘chills’ – most commonly used in academic and popular discourse, is a reductive 

and highly specific term for the phenomenon. This has sparked debate over whether the 

tingling, piloerection response is a criterial necessity (Guhn, Hamm & Zentner, 2007; 

Panksepp, 1995), a commonly accompanying physiological reaction (Grewe, Nagel, Kopiez 

& Altenmüller, 2007), or a correlative response occurring in only 50% of music chills 

instances (Craig, 2005). For this paper, music chills are defined in congruence with what is 

most common within the academic literature, that is: An all-encompassing, emotional peak 

during music listening, accompanied by a variety of physiological reactions (dermal and non-

dermal), elicited by arousal of the autonomic nervous system, in particular, its sympathetic 

branch, of which gooseflesh is sufficient but not a necessary symptom for the response to be 

considered a chill.  

Music chills involve cognitive, emotional, and physiological components (Laeng et al., 

2016). Chills appear to elicit an intense cognitive state of focused attention on musical events, 

facilitating absorption and ‘merging’ with the music (Bicknell, 2009). Emotionally, music 

chills are experienced as extremely pleasurable ‘peaks’ (Benzon, 2001), implying that they 

last momentarily and rapidly reach highly intense levels. The physiological aspects involve 

strong somatic sensations, referred to as ‘chills’ or ‘thrills’ (Goldstein, 1980), these labels 

possibly deriving from the fleeting feelings of ‘cold’ and ‘tingling’ on the skin. Music’s 

ability to activate neural regions responsible for cognition, emotion and basic autonomic 
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function (Harrer & Harrer, 1977), make it unsurprising that peak pleasure listening 

experiences are accompanied by such responses. 

 

2.3.1 Physiological sensations 

The subjective bodily feelings most often reported accompanying music chills are a ‘shiver’, 

‘tingle’ or cold sensation on the neck or down the spine, spreading along the limbs and 

encompassing the entire body (Panksepp, 1995; Panksepp & Bernatzky, 2002; Sloboda, 1991). 

Muscular tension and a feeling of stillness may follow (Lowis, 1998; Sloboda, 1991). 

Additionally, feelings of goosebumps and piloerection of the skin, tears or a lump in the 

throat, dry mouth, heart rate, and respiratory changes, as well as sensations in the stomach are 

typically experienced (Gabrielsson, 2011; Laeng et al., 2016; Lowis, 1998). However, the 

precise pattern of subjective somatic feelings tends to be individually specific and variation 

between individuals is high (Panksepp & Bernatzky, 2002). Nevertheless, the same pieces of 

music (often favourite songs) seem to reliably elicit music chills in the listener, particularly 

relative to certain key musical events. Increased electrodermal activity (Grewe et al., 2007; 

Guhn et al., 2007; Mori & Iwanaga, 2014; Salimpoor et al., 2009) and pupillary enlargement 

(Laeng et al., 2016) have been observed in concert with chills, supporting the idea that chills 

involve a sympathetic nervous system component and an involvement of the noradrenergic 

system. 

 

2.3.2 Acoustic features 

Regarding key features and types of music that are able to elicit chills, the variation is broad. 

Panksepp (1995) suggests that sad music, particularly bittersweet songs of unrequited love, 

more frequently arouses chills. However, music chills do not seem to be constrained to any 

one particular genre (Laeng et al., 2016). Some studies have found chills to be reliably elicited 

by a variety of musical features, like: harmonic, dynamic and volume changes – particularly 

crescendos (Panksepp, 1995; Sloboda, 1991), loudness (i.e. fortissimo) and a musical motive 

or theme played expressively (Grewe, Nagel, Kopiez & Altenmuller, 2005), as well as the 

unexpected introduction of vocals, beginning of a new musical section, or dominance of an 

instrumental solo (Meyer, 2001; Panksepp, 1995). Importantly, no specific chill-inducing 

musical pattern has been found yet to reliably elicit chills inter-individually. 
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2.3.3 Individual and contextual factors 

Some debate exists over whether a laboratory setting is appropriate for studying the 

phenomenon. One study expanded upon music chills methodology by using experience 

sampling over the course of a week of college students’ day-to-day experiences of music 

chills, examining their behaviours, thoughts, and feelings (Nusbaum et al., 2014). Self-report 

results indicated that some contextual variables significantly affect chills – namely attention, 

mood state and the option to choose one’s own favourite music. Music chills experiences 

were more likely when individuals reported feeling happy or sad and less likely when worried. 

Similarly, chills’ frequency increased when musical choices were self-selected, and attention 

to the music was greatest.  

Self-selected music has repeatedly been found to be more chill-inducing than 

experimenter and other-selected music, pointing to the importance of familiarity and learned 

associations to favourite musical pieces (Mori & Iwanaga, 2014). Interestingly, the factor 

‘Openness to Experience’ of the Five Factor Model of personality has been linked to an 

increase in sensitivity to music chills (Colver & El-Alayli, 2015; Silvia & Nusbaum, 2011). It 

is theorised that greater scores on Openness reflect a tendency towards exploration of sensory 

experiences. In a study of self-report and physiological measures of galvanic skin response 

(GSR) chills were found to rely particularly on the cognitive subfacet of Openness – Fantasy 

(Colver & El-Alayli, 2015). This might explain why attentiveness to music has been found to 

moderate chills experience, as the subfacet of Fantasy recruits directed attentional processing, 

particularly during musical anticipation, prediction and the recruitment of working memory. 

Further research in this domain, exploring music chills, Davis and Panksepp’s (2011) 

Affective Neuroscience Personality Scales (ANPS), and pupil dilation found that the 

‘Spirituality’ scale was positively correlated with higher levels of arousal (indexed as pupil 

dilation) during chills, while the ‘Anger’ scale was negatively correlated with music chills 

frequency (Laeng et al., 2016). 

 

2.3.4 General frequency of music chills experiences 

Studies have found wide variation in the percentage of the population that experiences music 

chills. A survey of university students found that most people report experiencing music chills 

‘frequently’, though some individuals report experiencing chills ‘very frequently’, while 8% 

indicated ‘never experiencing chills’ (Silvia & Nusbaum, 2011). In another study, Sloboda 

(1991) observed that 90% of people experienced from music-listening shivers down the spine 

(at least once within the last five years), and 62% had experienced goosebumps. In Nusbaum 
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et al.’s (2014) survey of students over the course of a week, reports revealed that individuals 

experienced chills 14% of the time during the week while listening to music. Of this sample, 

81% reported at least one chill over the week, while the average was approximately four chills, 

showing that chills are commonplace experiences throughout the lifetime, but simultaneously 

a rare music-listening phenomenon. The difference in reported rates of chills indicates that 

even those who do not meet criteria for specific musical anhedonia, may not experience these 

physiological markers of peak musical pleasure, while still having the capacity to enjoy and 

derive pleasure from music. Importantly, however, it is likely that the different rates of music 

chills found across studies is influenced by methodological and temporal aspects, with 

differences in self-report, physiological measurements, sampling methods, time courses and 

experimenter-selected versus self-selected musical stimuli likely impacting rates of chills. 

 

2.3.5 The biological origins of chills 

The origins of why we experience music chills is yet unclear, but some have theorised chills 

are evolutionarily tied to communication and social emotion. This theory suggests that the 

acoustic features of music are chilling as a result of mimicking the separation and distress 

calls of young animals, seeking to alleviate the pain of social and emotional loss (Panksepp & 

Bernatzky, 2002). As chills are often described as a feeling of ‘coldness’, they may be a 

homeostatic response serving to motivate prosocial behaviour to receive social ‘warmth’. 

Filtering out of acoustic properties of the separation-distress call from the song ‘For Crying 

Out Loud, You Know I Love You’, has been found by Panksepp and Bernatzky to produce a 

significantly lower frequency of chills. However, some argue that music chills may not serve 

an evolutionary function but be a result of human vestigiality. Goosebumps are known to be a 

vestigial reflex, no longer necessary in regulating temperature with our advancements in 

technology and clothing. Thus, goosebumps may instead have rewired to be triggered by 

aesthetic pleasures such as art, film, and music. Still others have suggested music chills are a 

response to aesthetic awe and beauty (Brattico & Pearce, 2013), empathic concern (Zickfeld, 

Schubert, Seibt, & Fiske, 2017), and the state of being moved, particularly by love – termed 

‘kama muta’ (Schubert, Zickfeld, Seibt, & Fiske, 2018; Wassiliwizky, Wagner, Jacobsen, & 

Menninghaus, 2015). 

Clearly, the experience of music chills is complex. Questions about when and how 

often they occur, why they exist, what acoustic features elicit them, what contextual, 

individual, and cognitive factors increase chills sensitivity and the rate of chills experienced in 

the general population illustrate a multiplex network of factors at play during music chills. 
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Further, the aforementioned literature on opioid involvement in rewarding music suggests a 

role during music chills, inspiring the present study. 

 

2.4 Pupillometry and oculomotor behavior of music listening 

Though at present it has been minimally applied to the field of music hedonics, visual 

tracking is a useful, simple and cost-effective indirect measure of attentional processing, 

which can provide insights about preferences and motivational states. Much acquisition of 

information occurs visually through the movements and changes of the position of the eyes. 

Crucially, and most salient in the present study, the pupillary response can indicate the 

intensity aspect of attention (Kahneman & Beatty, 1966) or the general level of arousal 

(Granholm & Steinhauer, 2004). Ocular metrics (like saccades and eye blinks) can be useful 

in elucidating moment-to-moment cognitive, attentional and behavioural processing (Tatler, 

Kirtley, Macdonald, Mitchell, & Savage, 2014). In addition, different ocular movements and 

changes have been associated with the activity of specific neurotransmitter systems shedding 

light on neural activations. Pupillary changes have been linked to the activity of the central 

nervous system’s norepinephrine system (as discussed below), while the rate of eye blinks has 

been linked to dopaminergic activity (Fink, Lange, Groner, 2019; Laeng et al., 2016), though 

there has been some recent controversy questioning the later relationship (Dang et al., 2017).  

Due to the variety of psychophysiological measurements at hand, eye tracking 

provides a particularly beneficial experimental approach to uncovering mental functions 

involved in various aspects of musical processing (i.e. listening). The possibility of online, 

real-time observation allows for clarification of the complex and ever-changing experience 

that is music listening, proving particularly relevant in the investigation of music chills. 

The study of pupillary changes, or pupillometry, has been applied to a variety of 

experimental fields. The pupil responds rapidly to task-related events, exhibiting phasic bursts 

of activity (Beatty, 1982). Unlike other oculomotor parameters, pupillary changes are 

spontaneous and cannot be consciously controlled (Laeng & Sulutvedt, 2014), providing a 

useful source of objectivity, independent of subjective reports (Laeng, Sirois & Gredebäck, 

2012). Changes in pupil size have been linked to activity of the noradrenergic system 

originating within the locus coeruleus (the LC-NE system) in both humans (Alnaes et al., 

2014) and animals (Gilzenrat, Nieuwenhuis, Jepma & Cohen, 2010; Joshi, Li, Kalwani & 

Gold, 2016). Anatomical studies in monkeys show that the LC receives projections from the 

orbitofrontal and anterior cingulate cortex – areas established as important in reward and 
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value processing (Aston-Jones et al., 2002). Thus, pupillary changes relative to rewards can 

be used as a reliable moment-to-moment measurement of LC-NE activity.  

Although the primary biological purpose of pupil dilation and constriction is to 

compensate for lighting changes in one’s environment, pupil diameter fluctuations have been 

linked to internal cognitive mechanisms irrespective of lighting changes (Diamond, 2001). 

Pupillary changes have been utilised as physiological markers of attentional changes, arousal 

of aesthetic emotions, as well as previously mentioned neurophysiological and chemical 

activity (Laeng et al., 2016).  Pupil dilations are strongly correlated with increases in 

attentional load and working memory (Kahneman & Beatty, 1966). The intensity of attention 

and mental capacity dedicated to informational processing has been referred by Daniel 

Kahneman as ‘mental effort’ or ‘cognitive workload’ (Kahneman, 1973), but the label of 

‘cognitive workload’ is common. Hence, pupillary dilations serve as a simple and effective 

observable measurement of the mental effort employed to attend to and process information. 

This has been demonstrated in a variety of tasks such as – mental calculations (Hess & Polt, 

1964), digit-span tasks (Kahneman & Beatty, 1966), executive control (as in the Stroop task: 

Laeng, Ørbo, Holmlund & Miozzo, 2011), and in memory (e.g., in the n-back task: 

Scharinger, Soutschek, Schubert & Gerjets, 2015), just to name a few.  

Furthermore, it is well accepted that there exists a strong relationship between pupil 

size and emotional arousal (Granholm & Steinhauer, 2004). One of the first studies in 

pupillometry demonstrated this by displaying strongly emotional stimuli – including nude 

images, pictures of babies, as well as pictures featuring a mother and baby - to men and 

women, finding a large magnitude in pupillary changes (Hess & Polt, 1960). Further studies 

have confirmed the relationship between pupillary dilation and emotionally arousing stimuli 

of both positive and negative valence (Bradley, Miccoli, Escrig & Lang, 2008; Nunnally, 

Knott, Duchnowski & Parker, 1967).  

Physiologically, pupillary changes are a product of different excitatory and inhibitory 

actions of the autonomic nervous system, correlating with changes in heart rate and galvanic 

skin response activity (Wang et al., 2018). Two muscles of the iris are involved - the 

sympathetic nervous system acts upon the dilator pupillae while the parasympathetic nervous 

system acts on the sphincter pupillae. Neuropharmacological blockade shows that pupillary 

dilations to internal psychological stimuli are a product of inhibition from the locus coeruleus 

(the brain’s norepinephrine hub) on the parasympathetic oculomotor complex - the Edinger-

Westphal nucleus (Steinhauer, Siegle, Condray & Pless, 2004). Pupil dilation due to 

emotional arousal is thought to be adaptively relevant in the fear response, widening one’s 
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visual field to detect threats (Lee, Susskind & Anderson, 2013). Of note, pupil dilations 

reflect proportionally the intensity of emotional arousal, but not to the same extent what is the 

valence (e.g., highly negative stimuli can evoke pupil responses as strong as positive stimuli). 

Because music has the power to arouse emotion, pupillary changes can be used as a relevant 

parameter for the study of aesthetic emotion in music and chills reactions. 

Despite the clear utility, ease, and cost-effectiveness of pupillometry and the advances 

in eye-tracking technology capable of measuring even very little changes, this method has 

seen relatively little application within the field of music psychology until recent years. To the 

knowledge of this author, only one study (from our lab in Oslo) has applied pupillometry to 

investigate the intensely rewarding hedonic experiences music can induce (Laeng et al., 2016). 

This investigation showed that pupils reach peak dilation during music chills, inspiring the 

present scientific exploration utilising eye-tracking methodology. 

 

3 The present study 

The main aim of the present study was to explore whether a causal relationship between 

endogenous opioidergic activity and the hedonic aspects of music reward exists. The opioid 

system was interfered with through neuropharmacological intervention and measured via eye-

tracking. In particular, the extremes of musical pleasure, termed ‘music chills’, were of 

primary interest. Administrations of the drug naltrexone, a pharmacological antagonist 

impeding endogenous opioid activity, or of a ‘placebo’ were utilized to explore causality. In 

drug testing and medical research, a placebo resembles (e.g. visually) an active drug so that it 

can function as a control, ‘inactive’ condition. The recipient, in this case, knows that only one 

of the treatments is active but the other will be inactive, minimizing the possibility that 

explicit expectations about efficacy of a particular tablet can influence results.  

As the dependent variable, the range of hedonic tone and the presence and duration of 

individual music chills were indexed by requesting participants to voluntarily direct their gaze 

to steps within a visual analogue thermometer presented on screen at all times. In this way, 

the eye data fixations provided a measurement of the moment-to-moment subjective hedonic 

state as it evolved during music listening. Pupillary diameter, blink rates and frequency of 

fixations objectively measured physiological responses, mainly linked to arousal, during the 

music listening experience.  

The experiment commenced with a pilot study, exploring initial data analyses and the 

efficacy of the ‘chillometer’ rating scale. After primary analysis and confirmation of the 

rating scale’s efficacy, additional testing was performed on a larger sample. The independent 
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variables were the type of drug administered (naltrexone or placebo), the song type (self-

selected by the participant or selected by another participant, of similar age and sex-matched, 

paired as a control measure), while dependent variables were the subjective feelings of 

hedonic temperature and the objective ocular metrics (i.e., pupil diameters, blinks, and 

saccadic or fixation rates). During music-listening trials, subjective ratings of pleasure and 

objective eye data under interference of the opiodergic system versus a placebo condition 

were collected with the purpose of identifying a causal relationship between interference with 

the opioidergic system and the experienced musical reward, especially during peak moments 

of music chills. 

 

3.1 Hypotheses and predictions 

The aforementioned research suggests a role of the opioid system in pleasure and chills while 

listening to music. In accordance, we predicted that a) overall subjective ratings of pleasure as 

well as the percent of time experiencing music chills would be attenuated under a Naltrexone 

Administration (NA) session, in comparison to a Placebo Administration (PA) session; b) as a 

result of the dampening effect of naltrexone on the physiological response of the autonomic 

nervous system, we predicted overall smaller pupil sizes in comparison to those associated 

with PA sessions, during baseline testing and music listening trials, c) and a decreased 

frequency of blinks under NA versus PA sessions. Thus, confirming the efficacy of the drug 

and the effects on the autonomic nervous system.  

Furthermore, it was predicted that d) during the most positively hedonic musical 

moments (i.e. music chills), pupil sizes would be smaller under NA relative to pupil sizes 

under PA. It is known that interference of a µ-opioid antagonist decreases hedonic response, 

especially as reward value increases. In humans, the bidirectional opioid-mediated effect on 

rewards of the greatest value, whereby an agonist enhances, and an antagonist dampens liking, 

has been demonstrated relative to the pleasantness of facial beauty (Chelnokova et al., 2014), 

erotic images (Buchel et al., 2018) and sweet sucrose solutions (Eikemo et al., 2016). In 

animals, the aforementioned response has been displayed for food rewards where 

administration of naltrexone decreases preference for palatable chow, but not standard chow 

(Cooper & Turkish, 1989). Thus, we expected to observe a similar effect for music, with 

smaller pupils under NA that, crucially, would decrease more with increasingly positive 

hedonic moments. As previously stated, a diminished hedonic response should also be 

reflected in eye fixations under NA, during particularly rewarding musical moments.  
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Previous to the pharmacological interventions, a baseline test of a song (i.e., a pop 

song sung by Whitney Houston) was presented just prior to tablet ingestion. We hypothesised 

that in state of neither treatment or placebo expectations there should be no difference in pupil 

size or blink frequency for either drug or placebo. Hedonic rates were collected by the 

chillometer for these trials but were not of primary interest as this was peripheral to the 

present research question. Further, the author checked whether participants could detect the 

session in which the active (naltrexone) and inactive (placebo) drugs were received. 

 According to previous research, freely self-selected pleasurable chill-inducing songs, 

induce stronger emotional responses, a greater frequency of chills, and higher pleasure ratings 

in comparison with music chosen by others. This has been confirmed in the comparison of 

self-selected music with both peer-selected and experimenter-selected music (Mori & 

Iwanaga, 2014; Panksepp, 1995). In line with previous research (e.g., Laeng et al., 2016), we 

hypothesised that f) hedonic ratings and frequency of chills would be greater for self-selected 

songs versus control songs.  

Relative to the pupillometric measurements, we predicted g) greater dilation for self-

selected songs in comparison with control songs. Increased emotional responses to self-

selected music should be reflected objectively in the physiological response of pupil dilation, 

especially in relation to increases or decreases during emotional arousal. Pupillary dilations 

over median levels have previously been found to correlate with chills, demonstrating an 

objective physiological index of the experience of music chills (Laeng et al., 2016). In the 

present study, where we measure not only the occurrence of chills but also the hedonic state 

in a continuous manner, we could also expect h) to see a positive trend in hedonic valence 

increases and pupil size increases.  

Two alternative predictions were made in which self-selected songs elicited i) a 

greater frequency of eye blinks during self-selected versus control songs or more likely j) a 

comparative decrease in eye blinks during self-selected songs. Addressing our first prediction, 

individuals could experience greater levels of anticipation with familiar self-selected music, 

than with unfamiliar control songs. In accordance with the literature, anticipatory pleasure, 

moderated by dopaminergic activity, seems to be an important part of the pleasure response as 

a whole. Some animal studies have suggested that eye blink rate is a proxy for dopaminergic 

activity (Jutkiewicz & Bergman, 2004; Lawrence & Redmond, 1991), though there is some 

controversy on the consistency of this association in humans (Dang et al., 2017). Following 

from the assumption that eye blinks are a reliable proxy for dopaminergic activity, it could be 

that blinks would exhibit a greater frequency during self-selected songs as opposed to control 
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songs, due to more frequent and higher intensity experiences of anticipatory pleasure linked to 

increases in dopaminergic activity.   

Concerning our second alternate prediction, reduced frequency of eye blinks to self-

selected songs could be expected as an effect of high cognitive load. Research has found a 

negative relationship between eye blinks and cognitive load, whereby as cognitive load and 

attentional focusing increases, eye blink rate decreases (Holland & Tarlow, 1975). In light of 

the established relationship between musical reward and attention, we expected to see less 

blinks for songs with greater musical rewards, or self-selected songs, indicating greater levels 

of cognitive load. 

 Our last prediction focused on the contextual effects of the testing conditions on music 

chills. Much of the literature suggests context plays an important role in moderating the 

frequency of chills. Due to music chills being a strongly personal experience, we predicted 

that k) participants would report experiencing less frequent music chills in the laboratory, an 

impersonal and sterile environment monitored by an experimenter, than in normal listening 

experiences in which one might feel more comfortable to express and immerse oneself in 

rewarding musical experiences. Furthermore, we hypothesised that whether lesser or greater 

chills were self-reported, would be influenced by the drug type received during the specified 

testing session.  

 

3.2 Methods 

3.2.1 Participants 

Fifty participants were recruited in total (mean age = 24.24, range = 19-35). In this sample, 22 

were male, and 28 were female with normal or corrected-to-normal (with contact lenses) 

eyesight. However, one participant withdrew from the study, after the first session, leaving 49 

participants in total that completed both treatment sessions and that could therefore be 

included in the statistical analyses. Ethical approval for the study was obtained from The 

Regional Ethics Committee (2011/1337/REK sør-øst D). 

To begin with, a small scale preliminary sample of 20 unpaid volunteer participants 

(mean age = 23.40, range = 19-25) served as a pilot study cohort. These participants were 

invited by word of mouth and sampled from experimenters’ own network of friends and 

colleagues at the University of Oslo. After performing the pilot, the study was expanded to 

include 30 additional paid participants (mean age = 24.80, range = 20-35) sampled primarily 

from the international students at The University of Oslo via advertisement on the social 

media site Facebook. Recruitment for the second round of participants ran in tandem with 
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another neuropharmacology study at the laboratory and most participants (26 in total) 

completed both studies, however always completing the current project first (thus completely 

avoiding carry-over effects from the other study). All participants were recruited in pairs, 

trying to match them by sex and age (+/- five years), in order to yoke the musical pieces that 

they would listen to (see Stimuli below). A telephone screening was implemented to ensure 

safety of participation for volunteers. Exclusion criteria included the use of opioid-based 

substances, pregnancy, and existing physical/mental health conditions. Participants received, 

always after completion of testing, two gift cards of 200Kr (approximately 22 US dollars) to 

compensate for both sessions. Written informed consent was signed by all participants prior 

to testing. Only two participants reported experiencing side effects (dizziness, nausea and 

insomnia) after taking a tablet. In both cases, these side effects occurred post-testing and after 

naltrexone administration. 

 

3.2.2 Stimuli 

Musical stimuli 

After passing a telephone screening interview, participants completed a questionnaire. Within 

the questionnaire they were asked to choose six highly pleasant and preferably (though not 

exclusively) chill-inducing musical songs, answered questions pertaining to their previous 

experience with music chills, music-listening habits and basic demographic details. A short 

description of music chills (in both English and translated to Norwegian), borrowed from the 

paradigm of Laeng et al. (2016) read: “Many people experience when they listen to some 

music an intense peak of pleasure, like a rapture and total absorption or focus in the musical 

moment. These feelings can also result in felt bodily reactions that may vary remarkably from 

person to person but that tend to reach peak intensity at precise moments during the musical 

listening. These reactions can include weeping and/or skin sensations, like goose bumps or 

“chills” or “thrills”, and changes in the muscles of the body (e.g., shivers down the neck and 

back that may spread down the limbs and envelope one’s body) as well as in the muscles of 

the face (like a flow of relaxation). Some individuals can also feel their heartbeat change. One 

may feel merging into the music. Below we ask some specific questions in order to 

understand the extent and frequency of your own experiences while listening to music that 

particularly “moves” you emotionally.” After reading this description, participants were asked 

to provide the “address/link to the song/piece available on YouTube” to six songs of any 

musical genre (including lyrical and instrumental songs) they knew to be most effective at 

producing powerful peak experiences, or experiences close to the description of ‘music chills’ 
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in the previous text. We asked that these songs be ranked from most to least chill-inducing 

(ordered one to six). A five-minute limit was imposed for all songs for the sake of brevity.  

We obtained 300 musical pieces, of which seven songs were chosen twice (See songs 

in bold in Table A1 of Appendix). A large and diverse range of musical genres from 

participants of an array of cultural backgrounds was submitted, as a product of convenience 

sampling from the pool of international students at the university. As visible in Table 1, all 

participants reported having experienced music chills with a majority experiencing them from 

time to time, given the right conditions.  
 

Table 1 

Number of participants (N) experiencing “chills” while listening to music. 

Frequency of chills experiences N 

Never had such an experience 0 

It happened only once or twice, in special moments 1 

It happens from time to time, given the right conditions 24 

It happens often with a particular piece of music 19 

It happens all the time with a particular piece of music 5 
 

Additionally, as can be seen in Table 2, participants reported to a question similarly 

borrowed from Laeng et al.’s (2016) questionnaire (with the freedom to choose more than one 

item) a variety of bodily sensations concurrent with music chills, with the most common 

being tingling of the skin, hair standing (piloerection), and a lump in the throat.  
 

Table 2 

Number of participants (N) experiencing particular types of physiological sensations during 

“chill” while listening to music 

Bodily sensations N 

I have wept 30 

I felt a tremor in my body 27 

I felt a tingling of the skin 39 

I felt my hair standing 34 

I felt a lump in my throat 31 

I felt cold in my body 17 

I felt it sexually pleasurable (almost like an orgasm) 7 

I felt “one” with the music, enveloping everything 29 
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The age and sex-matched pairs of participants were then “yoked” as in Laeng et al.’s 

(2016) previous study. The songs submitted by the participant being tested were dubbed “self-

selected songs” while the pieces chosen by their matched pair were used as ‘control songs’ 

and vice versa for the other member of the pair. The use of matched-participant’s self-selected 

music as control songs has previously been found to be effective in producing a neutral to 

mildly pleasant response with significantly fewer chills, thus providing an adequate control 

(Blood & Zatorre, 2001; Laeng et al., 2016; Panksepp, 1995; Salimpoor et al., 2009). Chills 

also appear more frequently for self-chosen music in comparison to experimenter-selected 

pieces, hence our choice of self-selected songs as appropriate stimuli. Despite a lack of 

control over acoustical features and differences across participants, self-selected songs have 

been found to stimulate peak emotional responses more reliably than experimenter-imposed 

song selections (Laeng et al., 2016; Mallik et al., 2017; Mori & Iwanaga, 2014; Tirovolas & 

Levitin, 2011). 

 

The ‘chillometer’ scale of ‘hedonic temperature’ 

During presentation of both self-selected and control songs, participants were presented with 

a novel method of measuring hedonic tone – ‘the chillometer’ – relying on voluntary gaze 

fixations. The so-called ‘chillometer’ is a visual, analog, thermometer-like scale, measuring 

the moment-to-moment changes in felt hedonic ‘temperature’. The present chillometer 

includes eleven marked sections with four labelled hedonic zones: dislike, neutral, like and 

chills (see Figure 1), similar to that of an 11-step Likert scale. Participants are instructed to 

direct and maintain their gaze in the appropriate zones of the chillometer according to the felt 

hedonic state during listening. Instructions were given to all participants to keep their eyes 

open and gaze focused within the boundaries of the chillometer for the duration of each song 

to optimize continuous pupil data recording. The chillometer and fixation target stimuli were 

presented on a neutral grey background to keep luminance constant and minimize eyestrain. 
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Figure 1. The chillometer with labelled hedonic zones used only during the instructions and practice phase. 
 

Pharmacological intervention 

Each testing session involved a double-blind, placebo controlled and counterbalanced 

neuropharmacological intervention. We administered 50mg of naltrexone hydrochloride 

(POA Pharma), an opioid antagonist, or a 40µg d3-vitamin placebo (NycoplusÒ) tablet 

delivered orally. Session 1 and Session 2 were spaced out by a minimum of 7 days (and no 

more than 14 days), allowing adequate time for the drug washout period between sessions 

(Ray et al., 2008). Naltrexone and the d3-vitamin were separated into boxes marked Box 4 

and Box 6 for the first pilot study, and Box X and Box Y for the second round of testing by an 

independent judge to ensure double-blind conditions. Both drugs appeared pale white in 

colour, however due to issues of practicality, the shape of the drugs differed (oblong versus 

circular). A 50mg dosage of naltrexone was used as this is estimated by PET studies to 

provide ~95% blockade of µ-opioid (mu) receptors and blockade of some D-opioid (gamma) 

receptors (Lee et al., 1988). This dosage was deemed appropriate as a greater dosage could 

lead to unwanted binding at other receptors. A one-hour waiting period followed drug 

administration, as per the time required for naltrexone to reach peak plasma concentration and 

blockade of opioid receptors (Association of Pharmaceutical Industry in Norway, 2002; 

Verebey et al., 1976). 
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3.2.3 Set up and procedure 

Participants were tested in the Cognitive Laboratory at the Department of Psychology, 

University of Oslo. Testing took place between the hours of 8am to 10pm, according to the 

convenience of all participants, with a preference emerging for midday testing. The 

experiment was conducted in an enclosed laboratory room free from natural light and 

controlled for temperature, humidity, and artificial illumination (22°, 35%, and 170 Lux 

respectively). Testing sessions were conducted by a small group of experimenters, consisting 

of the author (LG) and two of the research assistants (AB and MG) to the cognitive lab and 

supervisor (BL). Participants were asked to refrain from wearing contact lenses and eye-make 

up (specifically eyeliner and mascara), as these can be a source of artefacts in eye-data. Near-

sighted individuals were also requested to remove their glasses since they stated that they 

could see clearly the chillometer also without lenses. Twenty participants made up the pilot 

study to test feasibility of the methodology, the rate of recruitment and necessity of 

compensation. After experiencing difficulties in recruitment during piloting, it was decided 

that a reward of two 200 NOK gift cards was to be implemented to boost interest in the study. 

Additionally, though pilot participants were informally asked about exclusion criteria, a 

telephone screening protocol was added for the next set of participants as an additional 

precautionary measure. 

Testing consisted of two sessions, always beginning with a baseline recording of 

ocular metrics during silence, white noise and Whitney Houston’s ‘practice song’ pre-tablet. 

Each session involved pharmacological intervention - one with the administration of a d3-

vitamin placebo pill and one with naltrexone, counterbalanced across participants’ pairs for 

drug order. In each session, participants heard three self-selected songs and three control 

songs (12 trials in total, or 6 listening trials over 2 sessions) as this was previously deemed a 

sufficient number of trials by Laeng and colleagues (2016) in the pursuit of avoiding 

participant fatigue and drifting of attention. On average, each session ran for 1 hour and 40 

minutes. This included five minutes for baseline testing, one-hour of waiting time for the drug 

to reach peak bioavailability, 35 minutes of music-listening, finishing with a short 

questionnaire.  

To begin, the experiment started with a standard 5-point eye calibration and validation 

procedure. Instructions were presented on screen, followed by three seconds of a circular 

fixation target as a baseline measurement of eye-data in silence. Next, three seconds of white 

noise played while presenting a fixation target, after which volume was adjusted accordingly. 

White noise was included as an auditory stimulus to be compared with musical stimuli and 
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silence, as well as to test volume. Following the white noise stimulus, a slide describing the 

use of the chillometer, and labelled zones (“Dislike”, “Neutral”, “Like”, and “Chills”) was 

then presented. Instructions read: “Remember to move the eyes on the scale’s level 

corresponding to your emotion at each moment”. A 50-second excerpt of Whitney Houston’s 

I Will Always Love You was then played while the chillometer was presented on screen, 

without labelled hedonic zones (see Figure 2). This served as both a baseline measurement of 

eye-data prior to drug-administration and a practice trial for participants in use of the 

chillometer. 

 

 
Figure 2. The unmarked chillometer presented during all the listening trials. 

 

Post baseline-testing, double-blind administration of 50 mg of naltrexone, an opioid 

antagonist or a d3-vitamin placebo pill was delivered orally. Participants received one of the 

two pills at each session, in a counterbalanced manner, ensuring the administration of both 

drug types according to the within-subjects design. A one-hour waiting period followed drug 

administration, allowing the drug to reach maximum bioavailability. Participants were 

allowed to sit in a café outside the testing room during this time but were requested to avoid 

consumption of caffeine and nicotine for the duration of the experiment. The type of drug 

received first was counterbalanced across participants to avoid drug order effects, though all 

yoked participant pairs received the same drug order than their partner. 

After the one-hour waiting period, participants returned to the Cognitive Laboratory 

for 35 minutes of music-listening. The unmarked chillometer was presented during all 

listening-trials (as in Figure 2). At each session, participants heard three of their own self-



 

 22 

selected songs, and three control songs from their yoked pair. Participants heard songs one, 

three, and six in session one, and songs two, four, and five in session two. Songs were 

presented in an ABABAB design and the type of song (self-selected or control) presented first 

was counterbalanced across participants. Prior to each song, a three-second fixation target was 

shown on screen, measuring baseline pupil diameter averages. Finally, after completing all 

listening trials, participants completed a questionnaire at both session one and two pertaining 

to their emotional response, ability to ‘merge’ with the music, music chills, and level of 

pleasure in the laboratory in comparison with normal listening experiences.  

We used Sensorimotoric Instruments’ (SMI) Remote Eye Tracking Device (RED) to 

record oculomotor data, while I-View Software (SMI) collected pupillary responses, eye blink 

and fixation data at a low frequency sampling rate of 60Hz. The high precision of the RED 

system allowed for optimal measurement of pupil diameter changes (detecting changes as 

small as 0.0004 mm, as per SMI specs) using two infrared light sources of an infrared light 

sensitive camera. A head mount was used to stabilize the head, decrease movement and 

control the distance between the participant’s eyes and the eye-tracker at 60cm. Participants 

were directed to look at a flat DELL LCD monitor with a screen resolution of 1680 X 1050 

pixels, sitting directly above the RED system. Participants directed the experiment themselves 

by pressing the space bar on the PC’s keyboard to continue through the instructions 

(presented in English). In order to foster an environment of musical immersion, headphones 

were used for all participants. However, the first set of headphones malfunctioned while the 

study was conducted, and 10 participants subsequently listened to songs over a Creative A50 

USB-powered speaker set with no disruption to data collection. A pair of ATH-ANC7 

QuietPoint noise-cancelling headphones was subsequently replaced for the remaining 39 

participants. 

 

3.2.4 Data processing 

Pupil, blink and fixation data for both baseline and music-listening trials were 

extracted from BeGaze software (SMI v.3.4) and imported to MicrosoftÓ Excel. Raw data 

was then systematically organised and imported to StatView Software for statistical analyses. 

For listening-trials, oculomotor data was extracted for areas of interest (AOIs) along the 

chillometer including ordinal subsections of the negative response and positive response 

zones, as well as one single area designating the chill zone (see Figure 3).  

 



 

 23 

 
Figure 3. Areas of interest (AOIs) representing successive hedonic tone overlayed onto the chillometer. AOIs 

were used for extraction of pupil and fixation measurements and were never shown to participants. 

 

Moment-to-moment subjective ratings of hedonic tone were operationalised as 

percentage of time the eyes spent fixating within the AOIs corresponding to each metrical 

step along the chillometer. Fixation time in milliseconds, mean first fixation duration, as well 

as mean fixation counts were then analysed to provide a broader picture of drug effects. To 

find a true duration of the average fixation duration spent in each AOI, the cumulative 

fixation times were divided by fixation counts resulting in the mean fixation duration. 

Pupillary data were extracted and analysed for the baseline testing of ocular metrics 

during silence and white noise stimuli. These stimuli were utilised in order to compare the 

pupillary responses to either silence or sounds with no rhythm pattern . Similarly, pupillary 

diameters during silence preceding listening trials were analysed to explore the effects of 

Song Type and Drug Type. These baselines were taken primarily to probe the assumption that 

naltrexone administration causes a general decrease in pupillary size.   

Next, in order to examine the pupil responses to music, grand means’ analyses were 

conducted for the conditions of Song Type and Drug Type. After, further analyses of the 

effects including chillometer AOI were undertaken. Due to the limited amount of time that all 

participants spent on the negative end of the chillometer, we decided to focus our attention on 

the positive side of the chillometer, where all fixations crowded, whether the participant 

listened to self-selected or control songs. Paired t-tests were conducted to analyse the 

pupillary response between AOIs, with special focus on the Chills AOI.  
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Blink data was also collected and extracted for the Whitney Houston practice prior to 

drug administration and for all listening trials after tablets’ administration. The factor of Song 

Type was excluded for the practice baseline blink data as this factor was only relevant in the 

music-listening trials. Blink data during listening trials were analysed for Song and Drug 

Type. Blink frequency comparison between Drug Types failed to yield significant findings, 

thus we decided not to move forward with testing by AOI along the chillometer. 

No data were collected for one participant (P30) who decided to withdraw from the 

study. For the other participants, some data were missing for stimuli such as white noise and 

the initial practice song. Two participants (P32 and 33) had missing pupil data for the white 

noise stimulus under naltrexone administration. For the analysis of blinks during the Whitney 

Houston stimulus, six of the 49 participants lacked data as they did not blink during the 50-

second duration of the song, thus they were excluded.  

Additionally, in 19.5% of trials there were no fixations on specific AOIs, since it 

likely indicated a hedonic level inappropriate for the music. To correct for the missing data in 

the repeated-measures ANOVAs, the fill-in imputation method was used. That is, the grand 

means across all subjects for the missing cell of the specific AOI, and the same conditions for 

Song and Drug Type were calculated to impute data for missing areas. This allowed for 

inclusion of all participants irrespective of missing pupillometric data and without affecting 

each condition’s grand mean.  

Finally, a binomial analysis was conducted on music chills questionnaire responses 

regarding music chills in the laboratory versus real life. Chi-square testing was also utilised to 

analyse participants’ ability to detect the active drug naltrexone based on the session receiving 

the active drug. ANOVAs and regression analyses were run in the statistical software 

programs StatView, while JASP (0.9.2.0 Version) was used for effect size extractions and 

binomial, chi-square and t-test analyses. StatView and Microsoftã Excel were utilised in 

graph plotting. 

 

4 Results 

4.1 Subjective ratings and eye fixations 

An initial 2*2*11 repeated-measures analysis of variance (ANOVA) was conducted for the 

mean percentage of fixation along the chillometer scale as an outcome measure dependent on 

Drug Type (Naltrexone vs Placebo), Song Type (Self-selected vs Control) and Likert-type 

AOIs (in order from least to most pleasant: Negative 5, Negative 4, Negative 3, Negative 2, 

Negative 1, Positive 1, Positive 2, Positive 3, Positive 4, Positive 5, & Chills) as the within-
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subject factors. Preliminary analyses showed that while the addition of Sex as a between-

subjects factor bordered significance, Bayesian calculation revealed inconclusive effects 

(BF10 = 0.097). Therefore, we excluded this factor from all subsequent analyses as it was not 

a factor of interest for the study. Figure 4 shows the mean percentage of time fixating in 

chillometer AOIs for both Song and Drug Types. Visual inspection reveals a remarkably 

similar hedonic rating pattern under Naltrexone and Placebo. Statistical analyses yielded non-

significant differences of Drug Type, F(1, 48) = 0.28, p = .598. While no predictions were 

made on the outcome, a significant main effect was found for Song Type, F(1, 48) = 5.68, p 

= .021, hp2 = .106, wherein participants looked within the chillometer more during Self-

selected Songs (M = 7.81, SD = 0.81) than Control Songs (M = 7.55, SD = 1.12). 

Accordingly, more ocular data during the hedonic response to Self-selected Songs was 

collected than for Control Songs. Most importantly, a large interaction effect was revealed for 

Song Type x AOI, F(1, 48) = 64.33, p < .001, hp2 = .573. Self-selected Song fixation 

percentages showed a higher hedonic peak at Positive 4 (M = 21.83, SD = 11.65) and a lower 

hedonic peak for Control Song fixation percentages at Positive 1 (M = 17.91, SD = 10.38) 

along the chillometer (see Figure 4). The Chills AOI was also found to show a greater 

percentage of music chill fixations for Self-selected Songs (M = 11.54, SD = 14.67), and less 

for Control Songs (M = 1.54, SD= 3.89). No significant interaction effect was found for the 

comparison of the factors Drug Type x AOI, F(1, 48) = 6.16, p = .138, nor for the comparison 

of Drug Type x Song Type x AOI, F(1, 48) = 8.23, p = .207. 
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Figure 4. Mean cumulative percentage of fixation (s) during listening trials for successive AOIs (Neg referring 

to negative, and Pos referring to Positive AOIs) along the chillometer increasing in hedonic response. Multiple 

line charts are split by 1) Song Type conditions for Self-selected (in blue and purple) and Control (in orange and 

yellow) songs showing significant differences and 2) Drug Type conditions of Naltrexone (in blue and orange) 

and Placebo (in purple and yellow) administration revealing a non-significant effect. An interaction effect 

between Song Type and AOI is visible. 

 

4.2 Pupillary diameters 

4.2.1 Silent period and white noise after tablet administration 

A repeated measures analysis of variance (ANOVA) on mean pupil sizes during silent period 

stimuli was conducted. During the silent period, results revealed a small significant effect of 

Drug Type, F(1, 48) = 6.96, p = .011, hp2 = .127, displaying a general decrease of pupil 

diameter under Naltrexone (M = 4.25, SD = 0.6) in comparison to Placebo (M = 4.39, SD = 

0.53).  Similarly, a repeated measures ANOVA was conducted on the mean pupil sizes during 

white noise stimuli. Results revealed a moderate to large effect of Drug Type, F(1, 46) = 

12.15, p = .001, hp2 = .209, again displaying the depressing effect of Naltrexone on pupil 

diameter (M = 4.34, SD = .62) relative to Placebo (M = 4.53, SD = 0.56). 

 

4.2.2 Silent periods prior to listening trials 

We extracted mean pupil diameter in each of six 3-second silent periods preceding each song 

and then we conducted a repeated measures ANOVA with Drug and Song Type conditions as 
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within-subject factors. No significant difference was found for Song Type, F(1, 48) = 1.80, p 

= .186. However, a moderate significant difference did appear for Drug Type, F(1, 48) = 9.91, 

p = .003, hp2 = .171, with smaller pupils under Naltrexone. No interaction effect of Song Type 

x Drug Type existed for the silent period analysis, F(1, 48) = 0.02, p = .9. 

 

4.2.3 Pupil diameter grand means during listening trials 

Additionally, we extracted the mean pupil diameter (in mm) during all listening trials for 

Drug and Song Type conditions. A large significant main effect for Song Type was found, 

F(1, 48) = 30.56, p < .001, hp2 = .389. Figure 5a displays this difference, showing larger pupil 

diameter for Self-selected Songs than found for Control songs. Moreover, a large significant 

main effect of Drug Type was found, F(1, 48) = 23.04,  p < .001, hp2 = .324. Figure 5b 

illustrates this effect, showing a general reduction of the pupillary response to music under 

Naltrexone versus Placebo. No interaction effect of Drug Type x Song Type was discovered, 

F(1, 48) = 0.86, p = .359. 

 

 
Figure 5. Mean pupil size grand means during listening trials for the significant effects of (a) Song Type (Self-

selected and Control) and (b) Drug Type (Naltrexone and Placebo administration). 
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4.2.4 Pupillary diameters with positive ratings and Chills 

Notably, as shown in Figure 4, participants directed their gaze in a low percentage of time (M 

= 3.13%, SD = 4.17%) on the negative, lower, half of the Chillometer (e.g., lower than 1% of 

the time for some individuals). This may not be surprising since all songs were chosen for 

being beautiful by at least one participant. Most importantly, our hypotheses specifically 

made predictions about the effect of Naltrexone on positive responses and in particularly for 

Chills (i.e., more suppression of emotional responses with the more positive responses). 

Hence, we excluded all Negative AOIs from the ANOVA below. 

 A repeated measures ANOVA conducted on listening trial pupil size for the 

conditions of Drug Type, Song Type and Positive AOIs revealed large significant main 

effects for Drug and Song Types, as well as the additional finding of a large significant 

difference for AOIs, F(1, 47) = 8.87, p < .001, hp2 = .146. A small interaction effect was 

revealed for Drug Type x Song Type x AOI, F(1, 47) = 2.26, p = .049, hp2 = .046, as 

illustrated in Figure 6. It must be mentioned, however, that the differences in pupil size found 

for Control Songs during the Positive 3 AOI may have been the driving force of the 

interaction effect found. 

As can be seen in Figure 6, both Song Types show consistently smaller pupil sizes 

with Naltrexone. As hypothesised, there was a tendency towards decreasing pupil size with 

increasing positive rating of Self-selected songs in the Naltrexone condition, though this trend 

appeared for Placebo administration as well. Thus, the comparison between the pupil size in 

successive Positive AOIs and Chills AOIs for both Drug Type conditions during Self-selected 

Songs was of greatest interest, in order to detect whether Naltrexone significantly dampened 

the pupillary response during the most pleasurable musical moments to a greater degree than 

did Placebo. 
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Figure 6. Mean pupil diameters (mm) during listening trials for Positive 1-5 and Chills AOIs along the 

chillometer, displaying Song Type (Control and Self-selected), and split for Drug Type (Naltrexone in blue and 

Placebo in orange) revealing significant effects of Song Type, Drug Type as well as an interactive effect. 

 

To explore the aforementioned effect, paired t-test comparisons were conducted. The 

hypothesis was that Self-selected Songs under Naltrexone would display significant reduction 

in pupil size as positive tone increases more so than under Placebo. Planned pair-wise t-tests 

of the Naltrexone and Self-selected Song condition showed a significant decrease in pupil size 

between successively positive AOIs, revealing the predicted effect of the opioid antagonist 

Naltrexone on arousal. Importantly, all Positive AOI comparisons with the Chills AOI 

revealed moderate/large significant decreases in pupil diameter (see Table 3), displaying a 

decreased arousal effect of Naltrexone specifically during Chills. Importantly, t-test 

comparisons of the Placebo and Self-selected Song condition showed a small significant 

decrease between only the Positive 1 and Positive 2 steps of pupil size in comparison to Chills 

(see Table 4), but overall there were fewer and smaller significant differences between AOIs 

in this condition. Thus, for Self-selected Songs in this study, it was that Naltrexone resulted in 

a greater successive decrease in pupil size with increasing positive hedonic state and, 

especially, during Chills. Pair-wise t-test comparisons of Positive AOIs and Chills during 

Control Songs did not reveal any significant differences for the Naltrexone drug condition, 

and only one significant comparison between Positive 5 and Chills under Placebo, t(48) = 

3.49, p < .001, d = 0.5. 
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Table 3  
Post – hoc comparisons of mean pupil size for positive AOIs in the Naltrexone Drug and Self-
selected Song condition. The last column shows Bonferroni corrected comparisons and the 
preceding column the uncorrected paired t-tests 

      Mean 
Difference  SE  t  Cohen's d          p          p bonf 

Positive 1  Chills   0.265   0.049   5.450   0.779  ***< .001 ***< .001   
Positive 2  Chills   0.209   0.052   4.011   0.573  ***< .001 **.003   
Positive 3   Chills   0.126   0.044   2.902   0.415  ** .006 .084   
Positive 4  Chills   0.087   0.036   2.406   0.344  *.020 .301   
Positive 5   Chills   0.063   0.028   2.232   0.319  *.030 .455   
  Note: Statistically significant comparisons indicated by asterisks (* p £ .05, ** p £ .01, *** p £ .001), and 
significant Chills comparisons are in boldface. 
 
Table 4  
Post-hoc comparisons of mean pupil size for positive AOIs in the Placebo Drug and Self-
selected Song condition. The last column shows Bonferroni corrected comparisons and the 
preceding column the uncorrected paired t-tests 

      Mean 
Difference  SE  t  Cohen's d             p                    p 

bonf  
Positive 1  Chills   0.214   0.067   3.200   0.462  **.002 * .037   
Positive 2    Chills   0.158   0.065   2.433   0.351  *.019 .283   
Positive 3   Chills   0.072   0.056   1.292   0.186  .203 1.000   
Positive 4   Chills   0.040   0.049   0.801   0.116  .427 1.000   
Positive 5   Chills   0.015   0.040   0.368   0.053  .715 1.000   
 
 
Note: Statistically significant comparisons indicated by asterisks (* p £ .05, ** p £ .01, *** p £ .001), and 
significant Chills comparisons are in boldface. 
 

4.2.5 Mean fixation durations within the chillometer 

In order to assess the possibility that Naltrexone reduced pupil size by reducing the 

durations of individual gaze fixations, we first computed mean fixation durations. Next, a 

repeated-measures ANOVA was conducted for mean fixation duration for Drug, Song and 

AOI conditions. There was a lack of significant difference found for the Drug Type on mean 

fixation duration, F(1, 48) = 0.03, p = .866, supporting the conclusion that smaller pupils in 

this conditions could not be the effect of shorter fixations. To further corroborate the 

conclusion, a simple linear regression analysis was run with pupil diameters as the predicted 

variable in all Positive AOIs and mean fixation durations in respective AOIs. Although a 

significant regression was found (F(1, 292) = 35.5, p < .001), with an R2 of .108 in the 

Naltrexone condition and an R2 of .079 for only the Self-selected Song condition (F(1, 292) =  

24.93, p < .001), it was the case that shorter fixations were related to larger (not smaller) pupil 

diameters (as can be seen in Figure 7). Most importantly, it seems unlikely that the reduction 
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in pupil size with Naltrexone was an artefact of shorter fixations during Chills moments (see 

Table 5 for mean fixation times in Positive AOIs).  

 

 
Figure 7. Simple linear regression plot showing a negative relationship between mean pupil diameters in 

Positive and Chills AOIs in relation to mean fixation durations for the Naltrexone and Self-selected Song Type 

condition. 

 

Table 5 

Mean fixation durations (in ms) within Positive and Chills AOIs during listening trials for the 

Naltrexone and Self-selected Song Type condition 

             Mean Fixation Duration (ms) 
Area of Interest M SD 
Positive 1 916.83 434.77 
Positive 2 895.14 413.97 
Positive 3 971.19 451.02 
Positive 4 905.16 443.19 
Positive 5 799.98 360.88 
Chills 669.27 320.62 

 

4.2.6 Mean duration of a music chill 

An analysis on the average duration of a Chill was conducted by calculating cumulative 

successive fixations times within the Chills AOI. To the knowledge of this author, there is a 

lack of prior research on the typical duration of a single music chill; however, the present 
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method of continuous registering of hedonic state provides information about the beginning 

and an end of each chill, simply by adding together the consecutive fixations’ times within the 

Chill AOI. A repeated measures ANOVA with Song and Drug Type conditions was carried 

out and, while no effect of Drug Type was discovered, F(1, 48) = 0.03, p = .855, a large 

significant difference was revealed for Song Type, F(1, 48) = 21.34, p < .001, hp2 = .308. As 

visible in Figure 8, music chills to Self-selected Songs were found to last significantly longer 

at approximately seven seconds (M = 6.89, SD = 10.70), than did control songs, lasting 

approximately one second (M = 1.22, SD = 2.55). In the present study, grand mean analysis 

collapsed for both Song and Drug Type conditions revealed that music chills lasted 

approximately 4 seconds on average (M = 4.06, SD = 6.63). Large standard deviations as well 

as a substantial range of chills durations (range = 0.01 -  48.81 seconds) found in our study 

point to great inter-individual variability of typical music chill durations. No interaction effect 

was found, F(1, 48) = 0.02, p = .9. 
 

 
 

Figure 8. Mean duration of music chills (in ms) during listening trials for the condition of Song Type (Control 

and Self-selected) displaying a greater duration of chills to Self-selected Songs than Control Songs. 

 

4.3 Blink Frequency 

We extracted the total number of blinks for each participant by use of BeGaze software and 

analysed them using a repeated-measures analysis of variance (ANOVA) design. As earlier, 

the mean blink frequency during listening-trials was analysed for the independent variables of 

Song Type (Self-selected vs Control) and Drug Type (Naltrexone vs Placebo). Results found 

for Drug Type were non-significant, F(1,48) = 0.45, p = .505, displaying no difference in 
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blink frequency between Naltrexone and Placebo. However, as can be seen in Figure 9, a 

significant main effect of moderate, approaching large, strength was revealed for Song Type, 

F(1, 48) = 14.18, p < .001, hp2 = .228. That is, eye blinks were less frequent during Self-

selected Songs (M = 31.41, SD = 26.63) in comparison to Control Songs (M = 34.44, SD = 

26.98). No interaction effect of Song Type x Drug Type was found, F(1, 48) = 1.42, p = .239. 
 

 
Figure 9. Mean total blink count during listening trials for the condition of Song Type (Control and Self-

selected) showing fewer blinks to Self-selected Songs than Control Songs. 

 

4.4 Music chills questionnaire responses 

After both testing sessions 1 and 2, all participants (N = 49) completed a questionnaire about 

their hedonic musical experiences in the laboratory. One question asked participants to 

compare the frequency of experienced music chills in the laboratory to that of regular life. We 

expected participants to report fewer chills in the laboratory and indeed 68 responses 

indicated experiencing less chills, while 30 responses indicated experiencing more chills in 

the laboratory setting. A binomial analysis shows these proportions (see Table 5), whereby 

both the .69 proportion of ‘less’ and .31 proportion of ‘more’ responses differed significantly 

from an equal distribution, p < .001. 

 

Table 6  
The proportions of Chills experienced in the laboratory compared to real life experiences 

   Level  Counts  Total  Proportion  p  
Chills Frequency   Less   68   98   0.694   < .001   
    More   30   98   0.306   < .001   
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4.5 Drug detection 

One addition to the session 2 questionnaire was a question exploring drug detection. All 

participants (P = 49) indicated the order in which they thought they had received the active 

(Naltrexone) and inactive (Placebo) drug (i.e. ‘First session active, second session inactive’ or 

‘First session inactive, second session active’). In order to assess whether accurate drug 

detection could have been influenced by whichever session participants received the 

Naltrexone administration, a chi-square test was conducted (as seen in Table 6). The test was 

not found to be significant, C2(1, n = 98) = 0.49, p = .483, revealing that guesses of the 

Naltrexone drug were not influenced by the session receiving Naltrexone. 
 

Table 7  
Chi-square test examining whether accurate drug detection is influenced by session in 
which Naltrexone was received 

 Drug Detection   
Session     Inaccurate Accurate Total  

Session 1   
Observed   8.00   17.00   25.00   
Expected count   9.18   15.82   25.00   

Session 2   
Observed   10.00   14.00   24.00   
Expected count   8.82   15.18   24.00   

Total   
Observed  18.00   31.00   49.00   
Expected count   18.00   31.00   49.00   

  

5 General Discussion 

5.1 Naltrexone effects on objective measures of arousal but not on subjective hedonic 

valence measures 

While objective eye-tracking measures displayed a decrease in arousal caused by naltrexone, 

we did not find evidence for antagonistic effects of the drug on subjective ratings of valence. 

Contrary to our initial expectations, subjective valence or hedonic state, operationalised as 

cumulative percentage of fixations within the metric steps of the chillometer, displayed a 

virtually indistinguishable pattern of negative, positive and chills ratings for both the active 

and inactive drug conditions. In other words, we found no significant attenuation in neither 

the overall hedonic tone nor the percentage time spent in a chill state after use of the opioid 

antagonist naltrexone. In this respect, these null findings conflict with two previous studies, 

which suggested a depressing effect of opioid blockade on both positive and negative 

subjective ratings of music (Goldstein, 1980; Mallik et al., 2017). However, we also note that 
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both of these previous studies’ results are questionable on methodological issues, as discussed 

later.  

Despite the null finding for our valence measure, we did find that opioidergic 

blockade had a suppressive effect on the pupil diameter that significantly affected this 

physiological response to the music chills state. This effect was interactive whereby for self-

selected songs, greater attenuation of pupil size during music chills was revealed under 

naltrexone relative to placebo administration. For control songs in the naltrexone condition, 

pupil sizes during music chills did not significantly differ in size to those of less positive 

AOIs. Therefore, the dampened pupillary response to the greatest moments of musical reward 

in self-selected songs cannot be attributed to the known generic constricting effect of 

naltrexone on the pupil, though we did also find evidence for this generic effect during all 

listening trials, as well for the silence and white noise stimuli. The interaction between drug 

condition, song type and AOI indicates a more complex and interesting interplay.  

Indeed, we expected that the greatest reduction in pupil diameter under the antagonist 

would be observed during music chills states with the self-selected songs, given the fact that 

antagonists have been shown to reduce proportionally to reward value the affective response 

(e.g., Buchel et al., 2018; Chelnokova et al., 2014; Cooper & Turkish, 1989; Eikemo et al., 

2016; Mahler & Berridge, 2012).  However, this interaction effect was rather small; thus, the 

relevance of this finding must be questioned. 

Interestingly, we can rule out a possible artifactual account of reduced pupil size with 

high positive ratings as a product of shorter fixation durations, since mean fixation durations 

did not vary significantly with hedonics. Moreover, regression analyses revealed a negative 

trend, whereby as fixation times increased pupil size decreased, further confirming that small 

pupil sizes during music chills could not possibly be an artifact of the short fixation times. 

While our finding of a smaller pupil during chills might first appear to stand in 

contrast to those of previous studies, methodological differences must be noted. Laeng et al.’s 

(2016) observation of a significant pupil dilation around epochs of music chills was compared 

to the median pupil size during the whole song. The present analyses instead focus on average 

pupillary responses by AOI. Moreover, the former study’s focus on specific epochs 1.5 

seconds before and after a key press to indicate chills, might have captured best the pupillary 

peak during music chills. Interestingly, we found that music chills lasted on average four 

seconds in our study, thus the previously used time frame of three seconds appears 

appropriate in capturing the peak response. However, the present study might not reveal this 

when considering the whole pupillary response, which necessarily included moments after the 
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peak. Thus, our results may not necessarily oppose those of the former study, and a 

conclusion needs to be obtained from analysing the results in a similar manner. Such analyses 

could be conducted in future with the present data by finding the median of the pupil size 1.5 

seconds before the beginning of the eye entering the Chills AOI as well as 1.5 seconds after 

entering this zone to be compared with the median pupil diameter found across the entire song.  

As noted, the strength of the present finding seems small, and it is possible that the 

pupillary response better reflects mental effort than emotional arousal in the present study. 

For this account, one should consider the possibility that having to rate songs moment-to-

moment required more mental effort or concentration of attention during moments within the 

self-selected songs which were more ‘neutral’ or not so clearly ‘positive’ as these judgements 

may be harder to make in comparison to those during moments of intense pleasure or peak 

experience. A wider variety of objective measurements and subjective arousal levels during 

chills should be taken to substantiate such a conclusion.  

 

5.2 Self-selected songs elicit greater hedonic valence 

As hypothesised, the percentage of time spent fixating on the steps of the chillometer revealed 

that individual’s subjective experiences were significantly more pleasant during self-selected 

songs in comparison to matched control songs. On average, as indexed by the cumulative 

fixation times, hedonic ratings peaked for the Positive 4 step (see also Figure 4) during self-

selected songs, while they peaked at a much lower hedonic level (i.e., for Positive 1 or close 

to neutrality) during the control songs. This marked difference in subjective pleasantness 

based on song preference is in agreement with the established body of literature as well as our 

previous study (Laeng et al., 2016), purporting self-selected songs elicit greater reported 

positive hedonic valence than songs chosen by others. In line with our predictions, objective 

measures of the pupil size revealed that greater dilation was found for self-selected songs as 

opposed to control songs. Self-selected songs are likely more emotionally arousing than 

control songs, and arousal levels are predictably reflected in the dilation of the pupil. 

Since a greater proportion of time spent experiencing chills, as indexed by fixation 

percentages in the chill zone, was exhibited during self-selected songs versus control songs, 

irrespective of drug condition, the self-selection method appears to be an appropriate and 

optimal design for the study of music chills that could be implemented in future studies. 
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5.3 The relationship between hedonic valence and arousal 

The decrease in pupil size for successive increase in positive tone during self-selected songs 

suggests a general decrease in arousal, especially due to the intervention of naltrexone. Indeed, 

it was highly surprising to find that subjective ratings were unchanged by the drug condition 

despite the evidence (from the pupil) of decreased general levels of arousal. Recall that opioid 

agonist and antagonist manipulation is consistently found to increase and decrease 

respectively the subjective valence or ratings, i.e., the reported ‘liking’ of the most rewarding 

aspects of a pleasant stimulus (Buchel et al., 2018; Chelnokova et al., 2014; Eikemo et al., 

2016). In the present study we did find a decrease in arousal, but we did not find subjective 

valence to decrease for the most rewarding musical moments. The dissociable relationship of 

valence and arousal could indicate a distinction between the felt, subjective, emotional 

experience while listening to pleasurable music and objective changes in the affective system.  

Research on valence and arousal in aesthetic judgment of emotions has been a topic of 

long-standing interest. Wundt (1912/1924) first identified that affective states involve two 

orthogonal dimensions: valence (unpleasant to pleasant) and arousal (low to high). Since 

Wundt’s initial theory, many variations of the systematic application of these two dimensions 

to explain affect have been proposed, namely differing in labelling and the relationship (or 

lack thereof) between the two factors (Berlyne, 1960; Russell, 1980; Schlosberg, 1952; 

Woodworth, 1938). Daniel Berlyne’s (1960) psychobiological theory proposed an inverted u-

shaped model of affect, termed ‘The Wundt Curve’, whereby valence is a function of arousal 

(see Figure 10a). Later, Russell’s (1980) mathematically formulated circumplex model of 

affect (seen in Figure 10b) accounted the variation in core emotional affect, in which the two 

dimensions are again independent of each other.  
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Figure 10. (a) The Wundt Curve according to Berlyne (1960) (b) The circumplex model of affect (from Russell, 

1980)  

 

At first glance, it appears our findings of increasing pleasure and decreasing arousal 

match best with Russell’s circumplex model theory. In our study, naltrexone did not display 

significant changes on reported valence, however pupillometric data did reveal lower levels of 

arousal in comparison to placebo and more so for highly pleasant rewards. In accordance with 

the circumplex model of affect, this pattern of high valence and lessened arousal under the 

influence of naltrexone might be described as the affective state of being ‘content’, with the 

lowest level of arousal during music chills falling more towards a ‘calm’ state. In contrast, 

pupillary trends under placebo might be considered more neutral or higher in arousal level, 

described relatively as the state of feeling ‘happy’ or ‘pleased’. Importantly, the pupil size 

decrease for successively higher valence specifically for self-selected songs shows a trend 

towards decreased arousal, but most significantly for the naltrexone intervention. In 

accordance with the described relationship, it might be proposed that the opiodergic system 

might also moderate the arousal aspect or intensity of the hedonic response. Whether this 

occurs particularly with aesthetic emotions, like when listening to music, remains to be 

ascertained. 

 However, an alternative account comes to mind if we consider that valence is a 

subjective measurement (also when measured by gaze in the current study) and it is under 

voluntary control. Thus, the lack of significant difference in valence may instead be a product 

of memory bias, whereby participants reported, with the chillometer, the expected reward 

level. A history of pleasure and episodic memories connected to familiar self-selected music 
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could produce similar hedonic ratings, even if the felt emotional experience is attenuated. By 

this account it is possible that a difference in hedonic valence, better explained by Berlyne’s 

inverted u-shaped model, may be hidden by memory bias. A variant of this account is that a 

state of positive expectation is positive per se, in the spirit of David Huron’s “sweet 

anticipations” account. Indeed, such an account would also be consistent with the increased 

release of dopamine and increased activity in the nucleus accumbens and basal ganglia before 

and during chills (Blood & Zatorre, 2001; Salimpoor et al., 2011). 

Importantly, while we find evidence of an opioid-mediated effect only on the arousal 

aspect, but not valence of the pleasure response to music, a significant body of literature 

shows consistently the opioid-mediated valence effect to stimuli more directly necessary for 

survival (e.g. calorie-dense food, social and sexual rewards). There exists limited evidence of 

a causal link between opioidergic function and the valence factor, or ‘liking’ ratings, of the 

hedonic response to non-adaptive rewards (such as music, discussed below). In one study, 

opioid interference through the antagonist naloxone revealed that pleasure ratings of erotic 

images and pictures of money were significantly attenuated for the highest valued rewards in 

comparison to a placebo condition (Buchel et al., 2018). However, the effect was far greater 

for erotic images, an evolutionarily-adaptive sexual reward, relative to pictures of money, a 

non-adaptive ‘secondary’ reward (Georgiadis et al., 2012). Moreover, this observation is 

inconsistent with some evidence that blocking the opioid system does not attenuate neither 

valence nor arousal to monetary rewards. In a gambling task, naltrexone interference did not 

attenuate confidence ratings nor the physiological measures of electrodermal activity or heart 

rate deceleration to wins (Porchet et al., 2013). Thus, there are inconsistent accounts about the 

opioidergic involvement in the hedonic response to non-adaptive rewards. While our results 

did reflect a dampened arousal response to high value music chills moments, it could be that 

our null findings in valence ratings reflect the preferential MOR activation to the valence of 

biologically valuable rewards more so than non-adaptive aesthetic rewards like music. 

 

5.4 Inverse variation of pupil size and positive hedonic tone 

Mallik, Chanda and Levitin (2017) reported an anhedonic effect of naltrexone during music 

appreciation. Specifically, they found that with facial electromyography (fEMG) during 

naltrexone intervention, the zygomatic (controlling ‘smile’) and corrugator (controlling 

‘frown’) facial muscle responses were dampened for both negative and positive hedonic tone 

while listening to self-selected pleasure-inducing music. Although this relationship was 

regarded by Mallik and colleagues (2017) as evidence for the opioid system’s role in hedonic 
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valence, these results could also be interpreted as a decrease in the arousal response. While 

most studies agree that fEMG is useful in assessing valence, some have suggested fEMG 

responses may mainly reflect felt emotional intensity or arousal (Cacioppo, Petty, Losch & 

Kim, 1986). Based on this change in interpretation, our findings seem consistent with those of 

Mallik et al. (2017), since we also observed a dampened objective response to music by 

naltrexone, especially during chills, though the present subjective results still appear to be in 

conflict with theirs.  

Although the relationship between arousal and fEMG response is mostly speculated 

and relatively unexplored, a large body of evidence has consistently linked pupillary size with 

arousal, regulated by the autonomic nervous system (Wang et al., 2018), and their 

discriminatory ability for valence seems to be either absent or very limited since it 

distinguishes the extreme valence poles (unpleasant and pleasant) from neutrality (e.g., Laeng, 

Suegami, & Aminihajibashi 2016). While pupil dilation can reflect an increase in arousal, a 

pupillary reduction in size might indicate depressed arousal levels, as hinted in the present 

study. One study (Gingras, Marin, Puig-Waldmüller & Fitch, 2015) found that music is 

indeed more arousing than silence, reflected as a dilation of the pupil. However, hedonic 

valence was found to modulate levels of arousal (measured by the pupillary response), 

exhibiting a weakened relationship between pupil dilation and arousal for songs that are 

particularly liked. To some degree, our found negative association between hedonic valence 

and pupil size, especially under naltrexone administration, may reflect this weakened 

relationship moderated by liking, as also suggested by other non-musical studies with opioid 

agonists and antagonists for both humans (Buchel et al., 2018; Chelnokova et al., 2014; 

Eikemo et al., 2016) and animals (Cooper & Turkish, 1989). 

One explanation could be that a negative relationship between increasing positive 

valence and decreasing mental effort exists. Chills have been described as profoundly 

relaxing moments in which individuals may experience feeling as though they are merging 

with the music. Thus, it might be proposed that moments of intense absorption might be 

examples of ‘effortless attention’ (Bruya, 2010). 

It is important to note that our analysis of pupillometric data along the chillometer 

focused on the positive AOIs and the chill zone. This was justified due to the low amount of 

data in the negative AOIs. Although a broader picture of the entire hedonic spectrum 

including negative, positive and chills experiences would be enlightening, our focus was 

primarily to understand the positive reward response during pleasant and chill-inducing 

musical experience. Thus, analysis of pupillary changes along the negative end of the hedonic 
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spectrum were not of primary interest to the present analysis, although they would make for 

an informative study on their own. 

 

5.5 The dopamine-blink hypothesis and alternative neurochemical hedonic pathways 

In the two sessions and prior to drug administration, no drug effects were discovered on the 

number of eye blinks during practice baseline testing. Data were collected as a control 

measure (prior to neuropharmacological intervention), hence it would be unprecedented to 

find differences between blinks. However, concerning our speculation that naltrexone would 

significantly attenuate the number of blinks during listening trials, this was clearly not 

supported. It appears that, while naltrexone does have a depressing effect on the pupil size, 

the drug does not impact the frequency of blinks. Therefore, it could be concluded that eye 

blinks fail to reflect the state of the endogenous opioid system. To the knowledge of this 

author, no research on how naltrexone effects blink rate has been carried out before, thus our 

finding may provide novel information in this space. 

Some animal studies have suggested that eye blink rate is a proxy for dopaminergic 

activity, whereby increased blink rate signifies an increase in dopaminergic activity 

(Jutkiewicz & Bergman, 2004; Lawrence & Redmond, 1991). As earlier discussed, striatal 

dopaminergic activity has consistently been linked to the reward-motivated response to music. 

In particular, an increase in dopaminergic activity occurs during ‘wanting’, considered by 

Berridge and Kringelbach’s (2015) error prediction model as anticipatory pleasure. Due to the 

intensely pleasurable nature of self-selected songs, we predicted greater and more frequent 

instances of anticipatory pleasure leading up to chills moments. In response, a correlative 

increase in dopaminergic activity, could be reflected in the blink rate. Our empirical 

observation disproves the hypothesis, finding a significant decrease in eye blink rate to self-

selected songs. In fact, it should be noted that there is some recent evidence that increased eye 

blink rate may not be a reliable proxy for increased dopaminergic activity, at least in humans 

(Dang et al., 2017).  

It is possible that hedonic valence during musical reward is moderated by several 

neuromodulatory systems, rather than just the opioidergic system. Music listening has been 

linked to a plethora of modulatory neurotransmitter systems including: serotonin (Evers & 

Suhr, 2000), epinephrine, dopamine, oxytocin, and prolactin (Chanda & Levitin, 2013). The 

pupillary response to cognitive and affective processes in general is controlled by the LC-NE, 

or the hub of noradrenergic activity. Thus, our findings implicate a role of the noradrenergic 

system in the experience of pleasure, compelling additional investigation. Furthermore, the 
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opiodergic and dopaminergic systems are anatomically linked and thus the complexities of 

each system’s functional role are difficult to untangle. In vivo animal studies have found that 

antagonistic action on the mu-opioid system results in a concomitant reduction of 

dopaminergic activity (David, Durkin & Cazala, 2002; Spanagel, Herz & Shippenberg, 1992). 

Possibly, naltrexone intervention might influence anticipatory pleasure, found by Salimpoor 

et al. (2011) to be modulated by dopaminergic activity. In the present paradigm, we were 

unable to establish a double dissociation between anticipatory and consummatory pleasure, 

thus the precise role of these neural systems cannot be untangled by our data.  

 

5.6 Fewer eye blinks to self-selected songs could reflect an increase in cognitive load or 

attentional focus 

In contrast to our dopamine-mediated blink hypothesis, our alternative hypothesis, 

proposing that fewer eye blinks would be found for self-selected songs than control songs 

seems to be supported. Eye blinks have been linked to cognitive load and shifting in 

attentional state, acting as a tiny mental ‘break’ point (Oh, Han, Peterson & Jeong, 2012). 

Research indicates that eye blink rates slow down when mental load increases (Holland & 

Tarlow, 1975). In regard to this observation, the decrease in eye blinks to self-selected songs 

could support the idea that highly pleasurable and chill-inducing songs garner greater levels 

of attentional concentration than do control songs. If so, eye blink frequency should decrease, 

slowing attentional shifting. 

Indeed, some research suggests that rewarding musical moments are elicited by a 

cognitive state of focused attention (Bicknell, 2009). Increase in cognitive load and attention 

per se, could therefore be linked to an increase in hedonic valence in that the rate of eye 

blinks are modulated by hedonic valence. Viewing pictures of unpleasant stimuli increases 

blink frequency, while pictures of positive stimuli decreases blink rate (Lang, 1995). A 

similar pattern has been observed in participants viewing film clips of varying emotional 

valences (Maffei & Angrilli, 2019). In the present study, as indexed by percentage of 

fixations along the chillometer, self-selected songs reflect greater positive hedonic valence 

than control songs, explaining the relative decrease in blink rate. However, it must be noted 

that in the present study it is not possible to dissociate between the processes of cognitive load 

and hedonic valence. In effect, there may be an interplay between hedonic valence, cognitive 

load, and arousal. 

It should be mentioned that the present study’s findings are novel, differing from previous 

literature dedicated to music chills. Using a similar methodology to study music chills 
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through oculomotor data, Laeng et al. (2016) revealed no difference in blink rate between 

self-selected and control songs. The aforementioned study involved a passive and active 

listening condition, requiring a keyboard button press to indicate the experience of a chill. 

Total number of blinks were calculated for self-selected and control songs collapsing over the 

active and passive condition. It is possible that the active condition button presses required 

greater attentional shifting resulting in an artifactual increase in the number of blinks, thus 

hiding the relationship between blink rate and song type. As the present study did not rely on 

button presses, the underlying relationship between self-selected songs and a decrease in total 

number of blinks could have been optimally revealed. 

 

5.7 Music chills in the laboratory 

We expected that participants would report experiencing less music chills in the laboratory in 

comparison to normal listening experiences. Some debate exists over the context in which 

music chills have primarily been studied, suggesting that the laboratory setting is not an 

optimal listening space for the study of the phenomenon (Nusbaum et al., 2014). The sterile, 

controlled, and often supervised setting is far from the real-world environment, thus calling 

into question the generalisability of these findings. Indeed, the considerable variance in the 

rate of frequency of music chills reported between studies, might be influenced by contextual 

and methodological differences (i.e. self-reporting on past real-life experiences versus the 

study of laboratory-elicited music chills in-real time). Hence, we expected self-reports to 

indicate far less chills experiences in the laboratory. 

 Across both sessions, 69.4% of individuals reported that they had less chills in the 

laboratory, suggesting that a majority of individuals are less emotionally reactive to pleasant 

music in the laboratory setting and subsequently experience fewer chills. Most surprisingly 

however was the finding that just under a third of responses (or 30.6%) indicated 

experiencing more chills in the laboratory compared to real-life experiences. It is therefore 

possible that, for a good portion of the population, the increased attention elicited in the 

research setting by focusing on the musical task, can facilitate a higher frequency of music 

chills as compared with real life contexts pervaded by distractions and diversions. Greater 

attention given to musical stimuli has been found to result in an increased likelihood of chills 

(Bicknell, 2009; Nusbaum et al., 2014). However, one cannot ignore the possibility that 

responses might have been influenced by a participant’s bias, as well as the forced choice 

format of the question, lacking the option to designate chills frequency as equal in both 

settings. In any regard, these results suggest that the research laboratory setting constitutes an 
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appropriate environment for the study of music chills, with less of a disparity between the 

laboratory and real-world experiences as has been argued.  

 One additional finding probed by the music chills questionnaire was whether 

participants reported that the drug received in the session influenced experiencing greater or 

lesser chills in the laboratory. Participants were neither able to accurately detect whether they 

received the active or inactive drug, nor was the drug detection impacted by the session in 

which the active drug was administered. 

 

5.8 Limitations 

As with all scientific investigations, the present study is not without limitations. Our findings 

on drug effects might be influenced by inclusion of female participants. An interactive effect 

between opioid receptor binding potential and cyclical levels of estrogen hormones as well as 

GnRH pulse rate has been observed in females (Smith, 1998; Vértes, Pámer & Garai, 1986). 

Future research could replicate the present study with only male participants to minimise this 

effect. Additionally, short presentation times of silence and white noise stimuli limited the 

amount of pupillometric control data collected. The silent period stimuli, white noise stimuli 

and fixation target prior to listening trials were presented for a total of three seconds each. We 

found these pupillary measures during short extents of times inappropriate as a benchmark to 

the prolonged minutes of focused attention during music listening.  

 A notable methodological difference between the present study and Mallik et al.’s 

(2017) study warrants consideration. Mallik et al.’s (2017) design utilised two pieces of self-

selected songs and two matched control songs, heard in both of the two sessions. By contrast, 

the current study was comprised of six self-selected and six control songs, split between two 

sessions. It is possible that individuals experience extreme pleasure to only a small subset of 

self-selected music. Such that an individual’s top-rated chill-inducing song may be extremely 

more pleasant than their sixth rated song. This may result in a general decrease in hedonic 

experience to self-selected songs in comparison to control songs, with less of a response for 

naltrexone to attenuate - favouring Mallik and colleagues’ (2017) methodology. However, a 

close analysis of Mallik et al.’s (2017) reported statistical results revealed that t-tests reported 

as significant did not in fact meet the threshold for significance, thus how reliable these 

results can be considered must be questioned. 
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5.8.1 Methodological considerations 

Some important methodological and conceptual design aspects must be considered. In the 

present study, inability to move in the head mount during data collection could have 

dampened the pleasure response. It is known that music moves the body (i.e. groove) (Janata, 

Tomic, & Haberman, 2012; Madison, Gouyon, Ullén & Hörnström, 2011; Trainor, 2008) and, 

therefore, interfering with bodily movements may have decreased enjoyment. While the use 

of a mobile eye-tracking device could improve upon the present design by more closely 

mimicking real-world music-listening experiences, participants are required to look at an 

equiluminant screen at all times. Thus, in order to collect good pupillometry data, there is a 

necessary trade-off to mimicking real-world experiences. Secondly, rating one’s moment-to-

moment hedonic valence requires consistent conscious attention, posing the problem of 

attention span. One must also consider in our study, the physically and mentally taxing nature 

of the chillometer. A greyscale background was implemented with the primary purpose of 

keeping luminance constant, however a secondary purpose was to avoid ocular straining. It is 

possible that staring at the chillometer and attending to felt hedonic valence for the entire 

duration of six songs could result in participant fatigue. However, being quite peripheral to 

the research question at hand, this was not probed, thus evidence is lacking to substantiate 

such a claim.  

 Our methodology could be improved upon with some additional control measures. 

Technical difficulties required the use of speakers for audio presentation to the first ten pilot 

participants but was later switched to headphones. Ideally the same set of headphones would 

be used for all participants. Assessments of mood, trait anxiety, and arousal before and after 

music-listening trials could inform the results found in the present study and interpretations of 

the pupillary response. In addition, assessment of hedonic capacity (i.e. through for example 

the Snaith-Hamilton Pleasure Scale, SHAPS, Snaith et al., 1995) would provide information 

on the ability of participants to experience pleasure. Collection of a blood sample could be 

implemented to test the uptake of naltrexone. Additional collection of ethnic background data 

would improve our understanding of social and cultural influences on music chills, though 

this is beyond the scope of the present study as it would necessitate very large samples. 

Although a present lack of empirical research on the topic exists, differences in social and 

cultural experiences or definitions of music chills could limit the cultural generalisability and 

definitional integrity of a ‘music chill’ (Harrison & Loui, 2014). In line with previous 

interpretations, our definition of music chills was broad, capturing social and cultural 

variations in the physiological, emotional and cognitive response. Crucially, some individuals 
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do not experience music chills, while others lack the ability to experience musical reward 

entirely (e.g. individuals with specific musical anhedonia) (Mas-Herrero et al., 2013), limiting 

generalisability to this population. 

 

5.9 Future studies 

Suggested improvements have been mentioned above, however further investigation could be 

conducted on the following: 

• The effects of opioid agonist intervention (e.g. morphine administration) on the 

subjective and objective response to musical reward and chills. This would provide a 

full spectrum of opioid antagonist and agonist effects on music. The hypothesis is that 

while opioid antagonists may not attenuate the hedonic response, opioid agonists may 

escalate the response. 

• The distinction between positive valence and arousal to pleasant music with the 

inclusion of affective state, based on the circumplex model of affect. An empirical 

approach measuring affective states objectively via physiological response and 

subjectively through self-report is necessary. 

• Neuroimaging studies of the brain correlates (see Koelsch, 2014) dissociating between 

hedonic valence and arousal produced by rewarding musical experiences. 

• The relationship between hedonic valence and mental effort during music listening. 

• Pleasurable chills to other aesthetic stimuli to assess whether the relationship between 

valence and arousal can be generalised to other aesthetically pleasurable media (see 

Brielmann & Pelli, 2018 for an example applied to aesthetic beauty). 

• The effects of naltrexone on resting state ocular data. Although it is known that 

naltrexone induces pupillary restriction, further inquiry into how naltrexone effects 

resting state fixations, eye blinks, saccades and gaze are needed. 

• The effect of opioid agonists and antagonists on unpleasant music to assess causality 

in negatively-valenced hedonic tone. Although a brief examination of eye fixations for 

negatively-valenced tone was examined here, pupillary responses could not be 

analysed due to low data. Since commercially available music is made to be pleasant, 

unpleasant music may have to be created. 

• More extensive research on how perceived affect could moderate felt affect during 

music chills (see Panksepp, 1995). 
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6 Conclusion 

By employing antagonistic opioidergic intervention while listening to music, the present 

study uncovers the complexities of hedonic valence and arousal of musical reward. The 

present investigation adds to the scientific literature on the hedonic response to music and 

peak pleasure moments of chills. Former studies have relied on discrete button presses to 

indicate music chills. By the novel development of the chillometer scale, it was possible to 

simultaneously visualise the subjective hedonic experience while collecting objective 

pupillometric, eye blink and fixation measurements in a continuous manner during songs.  

 Though no difference was found for a change in the subjective experience under 

naltrexone administration, a negative relationship between the pupil size and highly positive 

hedonic valence was discovered during self-selected songs. This leads us to believe that while 

the subjective experience might not have been attenuated by blocking opioid receptors, 

objective data implicate a change towards a reduction of arousal or mental effort as hedonic 

valence increases, over and above a general dampening due to naltrexone and/or a restrictive 

effect of it on pupil size. Most importantly, the greatest dampening effect of naltrexone on the 

hedonic response was observed during musical moments with the highest reward value, i.e. 

music chills, a finding consistent within the literature of other rewarding stimuli. 

 When comparing self-selected and matched-participant control songs, participants 

showed a clear preference for self-selected music, expressed as a higher frequency of chills 

and greater average hedonic rating. The total number of eye blinks were diminished for self-

selected songs in comparison to control songs. These results substantiate those of previous 

findings, adding to the scientific literature and continuing to prove the self-selection method 

as a reliable methodology for studying music chills.  

 In sum, this study illustrates the complex association between opioid activity and 

pleasant music and chills. It could have practical implications in the spaces of music 

composition, therapy, and marketing. It is our hope that the present findings, will spark 

interest and further investigation of the opioid-mediated effect on valence, arousal, mental 

effort and affective state during pleasant, chilling music. 
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8 Appendix 

Table A1 
All songs requested by participants with repeated songs in bold 

Participant 
ID 

Song Title Artist Genres 

P01 Berlin RY X Alternative/Indie, 
Dance/Electronic 

 Arrival of the Birds 

 

The Cinematic 
Orchestra 

Film Scores 

 Feel Fine Emilie Nicolas Pop 
 Runaway AURORA Pop 
 Heal Tom Odell Singer-

Songwriter, Rock 
 Amazing day Coldplay Alternative/Indie 
P02 Amazing Grace Il Divo Vocal/Easy 

Listening, Pop 
 Besvärjelse Oscar Danielson Pop 
 My Name Is Lincoln Steve Jablonsky Film Scores 
 Both Sides, Now Joni Mitchell Singer-

Songwriter, Folk 
 Feels Like Home Chantal 

Kreviazuk 
Pop 

 I’ll Make A Man Out Of You Donny Osmond Musicals, 
Children's Music 

P03 The Show Must Go On Queen Classic Rock 

 
 Sincerely, Yours Ameer Vann Hip-Hop/Rap 
 Fantaisie-Impromptu, op. 66 Frédéric Chopin Classical 

 
 Jazz Mick Jenkins Hip-Hop/Rap 
 Paradise Circus Massive Attack Alternative/Indie, 

Dance/Electronic 
 Hunger Hans Zimmer Film Scores 
P04 Where’s My Love SYML Alternative/Indie 
 Golden Ticket Highasakite Alternative/Indie 
 In Comparison ISÁK Alternative/Indie 
 Som om himmelen revna Daniel 

Kvammen (feat. 
Lars Vaular) 

Pop 

 
 Viva La Vida Coldplay Rock 
 Sweet Disposition The Temper 

Trap 
Dance/Electronic 

P05 Shape of My Heart Sting Rock, Pop rock 
 Battle Cry Imagine 

Dragons 
Alternative/Indie 

 Roma Vicente Amigo Classical 
 Moonlight – Electric Cello The Piano Guys Vocal/Easy 



 

 60 

Listening, 
Dubstep 

 Mourn Sentenced Black/Death 
Metal 

 Por Una Cabeza The Tango 
Project 

Classical 

P06 Bris Kaizers 
Orchestra 

Alternative/Indie 

 Always on My Mind Ane Brun Folk 
 If Only As A Ghost Jonas Alaska Pop 
 Elisabet og Elinborg Vamp (ft. Eivør 

Pálsdóttir) 
Folk 

 Wild Is The Wind Cat Power Alternative/Indie 
 Cheers Darlin’ Damien Rice Singer-Songwriter 
P07 Silencer Susanne Sundfør Dance/Electronic 
 Stay Away From My Baby Bane’s World Alternative/Indie 

 
 Breathe Pink Floyd Classic Rock, 

Psychedelic Rock 
 No Other Heart Mac DeMarco Alternative/Indie 
 Forget Her Girl In Red Alternative/Indie 
 Mind Mischief Tame Impala Alternative/Indie 
P08 Det Hev Ei Rose Sprunge Odd Nordstoga 

(feat. Frida 
Ånnevik) 

Holiday 

 Day Of The Titans Susanne Sundfør Dance/Electronic 
 Is There Anybody Out There? Pink Floyd Classic Rock 
 (Ocean) Bloom Hans Zimmer & 

Radiohead 
Film Scores 

 Feel Fine Emilie Nicolas Pop 
 Suspirium Thom Yorke Dance/Electronic 
P09 Precious Things Tori Amos Singer-Songwriter 
 Take This Longing Leonard Cohen Singer-Songwriter 
 The Circle Game Joni Mitchell & 

L.A. Express 
Singer-
Songwriter, Folk 

 Nobody’s Supposed To Be Here 
(Hex Hector Dance Rad 

Deborah Cox Dance/Electronic 

 November Tyler, The 
Creator 

Hip-Hop/Rap 

 Mystery of Love Sufjan Stevens Indie Folk 
P10 Kodomotachi Susumu Yokota Dance/Electronic 
 Poa Alpina Biosphere Dance/Electronic 
 Out Of Pocket Mayer 

Hawthorne 
R&B/Soul 

 Meltwater Susumu Yokota 
(Feat. Caroline 
Ross & Kaori) 

Dance/Electronic 

 Strövtåg i Hembygden Mando Diao Rock 
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 In Disco The 
Torske/Mundal 
Explosion 

House 

 
P11 Tonya Harding Sufjan Stevens Alternative/Indie 
 The Party St. Vincent Alternative/Indie 
 Rise Up Foxygen Alternative/Indie, 

Rock 
 Future Lullaby Shintaro 

Sakamoto 
Alternative/Indie 

 See How Young Fathers Alternative/Indie 
 Vilde Tuv Vilde Tuv Instrumental 
P12 Sunbather Deafheaven Blackgaze, Post-

Metal 
 We Go Home Together James Blake & 

Mount Kimbie 
Dance/Electronic 

 
 Staving Off Truth Elder Metal, Rock 
 Binky Snarky Puppy Jazz 
 Oslo Skyline Jaga Jazzist Alternative/Indie, 

Dance/Electronic 
 Souvlaki Space Station Slowdive Alternative/Indie 

 
P13 The Station Oneohtrix Point 

Never 
Dance/Electronic 

 
 Bug Thief Iglooghost Dance/Electronic 
 Kong Bonobo Dance/Electronic 
 Silhouettes Floating Points Dance/Electronic 
 Nothing Here Holy Other Alternative/Indie 
 Rivers of Sand Fennesz Ambient 
P14 Refuge The Antlers Alternative/Indie 
 Shiva The Antlers Alternative/Indie 
 The Old Churchyard Offa Rex Folk 
 Wondring Aloud Jethro Tull Progressive/Art 

Rock 
 Please Don’t Die Father John 

Misty 
Alternative/Indie 

 After the Ordeal Genesis Progressive/Art 
Rock 

P15 Who Wants To Live Forever Queen Classic Rock, 
Rock 

 Mad World Gary Jules Singer-Songwriter 
 Der Holle Rache kocht in meinem 

Herzen 
Wolfgang 
Amadeus 
Mozart 

Classical 

 Mad About You Hooverphonic Alternative/Indie 
 Sweet Dreams (Are Made Of This) Eurythmics Pop rock, Pop 
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 Les Berceaux Patricia Petibon 20th/21st Century 
P16 The Great Gig In The Sky Pink Floyd Classic Rock, 

Psychedelic Rock 
 The Slopes Of The Blessure Blood and Wine Classical Guitar 
 Fields of Hopes and Dreams (piano 

version) 
DELTARUNE 
OST 

Video Game 
Soundtrack 

 Querida Juan Gabriel Pop 
 Lay It Down Steelix Electronic/Future 

Funk 
 Hopes and Dreams Will Save the 

World 
Undertale Video Game 

Soundtrack 
P17 High and dry Radiohead Brit Pop 
 San Francisco Scott McKenzie Adult 

Contemporary 
 Just Breather Pearl Jam Folk Rock, 

Alternative/Indie 
 Moon's a Harsh Mistress Radka Toneff Jazz 
 The Kids Are On High Street Madrugada Rock 

 
 Knee-Deep in the North Sea Portico Quartet Jazz, Folk, World 
P18 O Fortuna - Carmina Burana Carl Orff Classical, 

Seasonal, 
Vocal/Easy 
Listening, New 
Age, Pop 

 The Battle Song - Narnia Harry Gregson-
Williams 

Film Scores 

 
 O Helga Natt - Skam Tarjei Sandvik 

Moe & Henrik 
Holm 

Film Scores 

 
 Mountaineers Susanne Sundfør 

(feat. John 
Grant) 

Alternative/Indie 

 Lover, Where Do You Live Highasakite Alternative/Indie 

 
 Warrior AURORA Pop 
P19 Love Theme Ennio 

Morricone 
Classical 

 Mio overture Benny Anderson 
& Anders Elias 

Classical 

 Empire Ants Gorillaz Alternative/Indie 
 Ordinary Joe Terry Callier Singer-Songwriter 
 Sexy Sadie The Beatles Rock, Pop 
 Baby, I’m Yours Barbara Lewis Rock 
P20 Moon's a Harsh Mistress Radka Toneff Jazz 
 You Belong To Me The 88 Rock 
 High Enough Damn Yankees Classic Rock 
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 Burn Usher Contemporary 
R&B 

 All I Want Joni Mitchell Singer-
Songwriter, Folk 

 I Wanna Make Magic - Fame Original London 
Cast 

Pop 

P21 High Five Sigrid Pop 
 Heart To Break Kim Petras Pop 
 3am Charli XCX Hip-Hop/Rap 
 Immaterial Sophie Electronica 
 NASA Ariana Grande Pop 
 Love Lana Del Rey Alternative/Indie 
P22 Trilogy (The Last Chapter) ATB Dance/Electronic 
 Everglow Coldplay Alternative/Indie 
 Tears In Heaven Eric Clapton Rock 
 Bitter Sweet Symphony The Verve Brit Pop, Rock 
 Life In Technicolor Coldplay Rock 
 Chances Five For 

Fighting 
Pop 

P23 Walking With A Ghost Kadebostany Alternative/Indie, 
Pop 

 Birak Beni Böyle Karsu Dönmez Folk, World 
 Seni Her Gördügümde Erkin Kora Anatolian Rock 
 Dum Taka Dum Sansar Salvo Hip-Hop/Rap 
 Hersey Güzel Olacak Athena Folk, World 
 Bir Derdim Var Mor ve Ötesi Alternative/Indie 
P24 Deviens génial Vald Hip-Hop/Rap 
 Nancy Mulligan Ed Sheeran Pop 
 Soulman Ben L'Oncle 

Soul 
R&B/Soul 

 Sunny Afternoon The Kinks Rock, 
Goth/Industrial, 
Pop 

 99 Luftballons Nena R&B/Soul, 
Alternative/Indie, 
Goth/Industrial, 
Pop 

 The Greatest Cat Power Alternative/Indie 
P25 Gabriel’s Oboe Played by 

Henrik Chaim 
Goldschmidt 

Classical 

 Evermore – Beauty And The Beast Dan Stevens Pop 
 You’ll Be In My Heart - Tarzan Phil Collins Children's Music, 

Pop 
 American Teen Khalid Teen-pop, R&B 
 All I Ask Adele Pop 
 Mia & Sebastian’s Theme (Late For 

The Date) 
Justin Hurwitz Jazz 

P26 Nina Cried Power Hozier (Feat. 
Mavis Staples 

Alternative/Indie 
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 Follow The Sun Xavier Rudd Singer-
Songwriter, 
Alternative/Indie 

 Sirenen Madsen Alternative Rock 
 Robinson Crusoe Jules Ahoi & 

The Deepsea 
Orchestra 

Folk 

 Hallucinogenics Matt Maeson Alternative Rock 
 Feel The Energy Sean Koch Folk 
P27 Someone You Loved Lewis Capaldi Alternative/Indie 
 Peer Pressure James Bay 

(Feat. Julia 
Michaels) 

Alternative/Indie 

 All Of Me John Legend R&B/Soul 
 Wild Love (Acoustic) James Bay Alternative/Indie 
 Young As The Morning, Old As 

The Sea 
Passenger Neo-Folk, Folk 

 River Flows In You Yiruma New Age 
P28 Dobry Moment Kortez Pop 
 Love Her Too Marc E. Bassy 

(Feat. G-Eazy) 
Pop 

 Bad Habit The Kooks Alternative/Indie 
 Zaczekaj przed drzwiami Jan-rapowanie 

& Nocny 
Hip-Hop/Rap 

 Sexual Vibe Stephen Puth Pop 
 PRO8L3M Flary Hip-Hop/Rap 
P29 Clair De Lune Claude 

Debussy 
Classical 

 Rock With You Michael Jackson Disco 
 While My Guitar Gently Weeps The Beatles Rock, Pop 
 Anak Freddir Aguilar Pinoy Pop, Folk 
 Ring Of Fire Johnny Cash Jazz, Vocal/Easy 

Listening, 
Alternative/Indie, 
Christian/Gospel, 
Rock, Country, 
Folk, Classic 
Country, Pop 

 Legend of Ashitaka  Princess 
Mononoke 

Film Score 

P31 Je Suis Bigflo & Oil Hip-Hop/Rap 
 Someone You Loved Lewis Capaldi Alternative/Indie 
 River Flows In You Yiruma New Age 
 Let It Be The Beatles Rock 
 SOS d'un Terrien Détresse Grégory 

Lemarchal 
Teen Pop 

 Where Is My Mind Pixies Alternative/Indie 
P32 Desert (Thievery Corporation 

Remix) 
Emilie Simon Dance/Electronic 

 Heaven's Gonna Burn Your Eyes Thievery Dance/Electronic 
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Corporation 
 My Head Is My Only House Unless 

It Rains 
Everything But 
The Girl 

Pop 

 Warm Foothills Alt-J Alternative/Indie 
 Pass Them By Agnes Obel Alternative/Indie 
 Corcovado Everything But 

The Girl 
Pop 

P33 Leave It Behind The Offspring Punk 
 Until It Sleeps Metallica Heavy metal, 

Metal 
 Moskau Dschinghis 

Khan 
Schlager & 
Volksmusik, Pop 

 Ain't Got No, I Got Life Nina Simone Pop 
 Crucify Your Mind Rodriguez Psychedelic Rock 
 When I Find Love Again James Blunt Singer-

Songwriter, Pop 
P34 Amor Da Sua Cama Felipe Araújo Brazilian Folk 
 Vou Ter Que Superar (Ao Vivo) Matheus & 

Kauan (Feat. 
Marilia 
Mendonça) 

Brazilian Folk 

 Maturidade 

 

Avine Vinny 
(Feat. Matheus 
& Kauan) 

Brazilian Folk 

 Saudade Boa Jonas Esticado 
(Feat. Felipe 
Araújo) 

Brazilian Folk 

 Lençol Dobrado João Gustavoe 
& Murilo, 
Analaga 

Brazilian Folk 

 Notificacao Preferida Ze Neto & 
Cristiano 

Brazilian Folk 

P35 Là Où Je T'Emmènerai Florent Pagny Pop 
 Terre Florent Pagny Pop 
 Gitan Garou Pop 
 Seul Garou Pop 
 Cuando era más joven Joaquin Sabina Singer-Songwriter 
 Sofia Alvaro Soler Pop 
P36 Ugly Heart Skyharbor Progressive/Art 

Rock 
 Impulsively Responsible Intervals New Age 
 Survival Tesseract Rock 
 Heavy Heart Periphery Progressive metal 
 Touch And Go Intervals New Age 
 Out Of Time Skyharbor Rock 
P37 You've Got The Love Florence + The 

Machine 
Alternative/Indie 

 Act II In quelle trine morbide Manon Lescaut Classical 
 La Plus Que Lente Claude Debussy Classical 
 Sæglópur Sigur Rós Alternative/Indie 
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 Hoppípolla Sigur Rós Alternative/Indie 
 Clair De Lune Claude 

Debussy 
Classical 

P38 Fix You Coldplay Alternative rock, 
Post-Britpop 

 Wash. Bon Iver Alternative/Indie, 
Pop 

 To Be Alone With You Sufjan Stevens Neo-Folk 
 Jesus, Etc. Wilco Rock 
 Inside Your Mind Nick Leng (Feat. 

Carmody) 
Alternative/Indie 

 Lump Sum Bon Iver Folk 
P39 Smash Into You Beyoncé Contemporary 

R&B 
 We Belong Together Mariah Carey Rhythm and 

blues, 
Contemporary 
R&B, R&B/Soul, 
Rock, Pop, Hip-
Hop/Rap 

 Goodbye My Lover James Blunt Pop 
 Bohemian Rhapsody (Short 

Version) 
Queen Progressive Rock, 

Hard Rock, 
Progressive Pop 

 If I Ain't Got You Alicia Keys Rhythm and 
blues, 
Contemporary 
Soul 

 Welcome Home Radical Face Folk, Electronic 
P40 Can't Help Falling In Love Elvis Presley Pop 
 Now We Are Free Hans Zimmer Classical 
 Heaven DJ Sammy (Feat 

Yanou & Do) 
Eurodance 

 The Lord Bless You And Keep You Westminster 
Abbey Choir 

Choral 

 Versace On The Floor Bruno Mars Funk, 
Contemporary 
R&B, Pop 

 We Don't Have To Take Our 
Clothes Off 

Ella Eyre R&B/Soul, Pop 

P41 How Far I'll Go – Moana  Auli'i Cravalho Film score 
 空心 - 徐薇 Cover 光澤 Love ballad 

 [新歌] 曹震豪 - 學習浪漫(完整發

行版) 

Joy Rich Love ballad 

 Superheroes The Script Pop 
 Beautiful in White Westlife Love ballad 
 Something Just Like This The 

Chainsmokers & 
Coldplay 

Dance/Electronic 
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P42 One More Light Linkin Park Electropop 
 Hall Of Fame The Script Hip hop, Pop rock 
 Over You Daughtry Hard rock 
 Someone You Loved Lewis Capaldi Alternative/Indie 
 The Sound Of Silence Disturbed Metal, Rock 
 The Past Is The Past Tantric Hard Rock, Rock 
P43 Lacrimosa Wolfgang 

Amadeus 
Mozart 

Classical 

 The Look Metronomy Alternative/Indie 
 Ride of the Valkyries Richard Wagner Classical 
 Supernature (CLIMAX Instrumental 

Edit) 
Cerrone Dance/Electronic 

 Life on Mars David Bowie Progressive/Art 
Rock, New 
Wave/Post-Punk 

 Minor Swing Django 
Reinhardt & 
Stephane 
Grappelli 

Jazz 

P44 Wonderful Wonderful The Killers Alternative Rock 
 Jon Snow oh oh Extended Remix Songify Game 

of Thrones 
Dance/Electronic 

 I Won't Back Down Johnny Cash Country, Folk 
 Your Song Elton John Pop 
 Sams Town The Killers Alternative Rock 
 Video Games Lana Del Rey Alternative/Indie, 

Pop 
P45 Why Don’t You Find Out For 

Yourself 
Morrissey Alternative/Indie 

 Come On Home The Indigo Girls Folk Rock, Pop 
 Leaves That Are Green Simon and 

Garfunkel 
Folk Rock 

 Hoy Gloria Estefan Pop Latino 
 Mi Alma Perdida Amaral Pop 
 Wild Montana Skies John Denver Country 
P46 Once Upon A December - Anastasia Stephen Flaherty Film score 
 Here Without You 3 Doors Down Post-grunge, Hard 

Rock, Metal, 
Rock 

 Fur Elise Ludwig van 
Beethoven 

Classical 

 Mambo No. 5 Lou Bega Latin Pop 
 Star Locket Melody Sailor Moon Film score 
 Utsusemi (Man of the World) Naruto 

Shippuden 
Film score 

P47 No Time For Caution - Interstellar Hans Zimmer Film score 
 Raising The Damned Damned 

Anthem 
Metal 

 On Giant's Shoulders Future of Alternative/Indie 
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Forestry 
 Take Me Away Globus Progressive/Art 

Rock, Rock 
 Something Wild Lindsey Stirling House 
 Mountains Hans Zimmer Film Score 
P48 Messa da Requiem London 

Philharmonic 
Orchestra 

Classical 

 O Fortuna - Carmina Burana Carl Orff Classical, 
Seasonal, 
Vocal/Easy 
Listening, New 
Age, Pop 

 Ständchen D957 Franz Schubert Classical 
 A Lannister Always Pays His Debts 

- Game of Thrones 
Ramin Djawadi Film score 

 Ode to Joy Ludwig can 
Beethoven 

Classical 

 Perfect Day Lou Reed Progressive/Art 
Rock 

P49 Angels The xx Alternative/Indie 
 Midnight Train Sam Smith Pop 
 Somewhere Only We Know Keane Brit Pop, Pop 
 Fix You Coldplay Alternative rock, 

Post-Britpop 
 I Lived One Republic Teen Pop, Pop 
 Photograph Ed Sheeran Pop 
P50 Spirit in the Sky KEiiNO Pop 
 If Everyone Cared Nickelback Hard Rock, Rock, 

Pop 
 Reset Tiger J.K (Feat. 

Jinshil of mad 
soul child) 

Kpop 

 (방탄소년단) 
'Not Today'  

BTS Kpop 

 Shondhye Namar Aagey - Bidaay 
Byomkesh 

Ishan Mitra Film score 

 Do You Feel Alive (Epic Energetic 
Vocal Rock) 

Extreme Music Rock 

 

 


