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1 Introduction 

Pain is a complex, subjective experience that is not solely driven by the extent of the noxious 

input. Diverting attention from noxious stimulation seems to be a key concept in influencing 

pain experience. So far, evidence for such distraction paradigms in healthy individuals is 

inconclusive. Moreover, studies examining the effectiveness of distracting attention away from 

pain have yielded unclear results. Incorporating an affective-motivational perspective on 

distraction tasks may account for these inconclusive research findings. From this perspective, 

tasks effective in distracting attention may involve emotional components that modulate pain 

with consequent reducing effects produced by distraction. Therefore, it can be argued that 

emotions may have a fundamental role in influencing subjective experience and physiological 

responses to pain. The motivational priming theory proposes that emotions are driven by two 

opponent motive systems (Lang, 1995). In particular, this theory argues that activation of the 

appetitive system by survival-enhancing stimuli (e.g., sex, ingestion) engenders positive affect 

and approach behaviors; in contrast, activation of the defensive system by (potentially) harmful 

stimuli (e.g., threatening cues, predator) promotes negative affect and avoidance behaviors.   

Thus, motivationally charged stimuli that represent reward or threat (e.g., erotic or violent 

pictures, respectively) activate these two motive systems resulting in the experience of affect 

(Rhudy, Dubbert, Parker, Burke, & Williams, 2006). Expanding the motivational theory to pain 

research it can be assumed that positive affect may influence pain experience and physiological 

responses to pain because activation of the appetitive system inhibits responses to noxious 

stimulation (de Wied & Verbaten, 2001). This means that, if pleasant stimuli were effective in 

attenuating pain, exposure to noxious heat would result in the inference of pain reduction 

(hypoalgesia). On the other hand, negative emotions may increase pain and physiological 

reactivity to pain because activation of the aversive system advances responses to noxious 
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stimuli. Consequently, unpleasant stimuli during exposure to heat pain are expected to lead to 

the inference of enhanced pain (hyperalgesia). 

The primary goals of the current study were to investigate and understand further the relation 

between emotions and experimentally induced phasic pain and specifically, elucidate the effects 

of certain emotions (i.e., pleasant, neutral and unpleasant) on the response to different pain 

intensities (i.e., pain threshold and tolerance). A pain paradigm developed by Walter et al. 

(2013) was extended to include pictorial stimuli selected from standardized sets of emotional 

stimuli and an after-rating condition for obtaining self-report ratings. Based on the study of 

Treister, Kliger, Zuckerman, Aryeh, and Eisenberg (2012) a multiparameter approach of 

physiological variables was adopted to examine the effects of emotions on autonomic and 

somatic activity, including cardiac electrical activity, trapezius muscle activity, electrodermal 

activity and respiration. According to the experimental paradigm of Walter et al. (2013), a 

highly controlled calibration phase was also incorporated into the present study for determining 

pain threshold and tolerance separately for each participant that would be later induced during 

the main experimental phase. By explaining the role of emotions in pain, it may lead to the 

development of new approaches in pain management settings that will help maximize the 

analgesic effects of non-pharmacological interventions.  

This chapter will present the physiology of pain and its assessment tools. Furthermore, the 

chapter contains a discussion of issues such as: a) the role of attention and affects in pain 

experience; b) the organization of emotions based on the motivational priming theory; c) the 

role of pictures in evoking different emotional states; d) the effects of affective picture stimuli 

on pain; and e) the purpose and hypotheses of the present study. 

 

1.1 Pain Experience  

Pain is essential to human existence. It has shaped human evolution and helps them avoid 

threatening hazards (Cowen, Stasiowska, Laycock, & Bantel, 2015). Nevertheless, pain is a 

prevalent problem in adult populations that greatly impacts people’s quality of life, their 

physical and psychological functioning, and becomes a barrier to social inclusion (Velana et 

al., 2017). Well established is the idea that pain is normally caused by the receipt of an intense 

or damaging stimulus, but it is also accepted that this is not a prerequisite for the experience of 

pain (Randich, 1993). Hence, actual or potential tissue damage normally evokes pain that is 

also sensitive to various mental processes such as attentional, motivational and emotional. The 
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fundamental recognition that pain is a multifactorial phenomenon is precisely outlined by the 

definition of it which determines pain as “an unpleasant sensory and emotional experience 

associated with actual or potential tissue damage, or described in terms of such damage” 

(International Association for the Study of Pain, 2017). This definition implies that pain is a 

highly subjective experience with two complementary facets: one facet is linked to a localized 

sensation in a specific body part; the other is linked to the unpleasant quality of pain that is not 

solely driven by the noxious input.  

The sensory experience of pain begins in specific receptors, namely pain receptors (nociceptors) 

which respond to a damaging stimulus (e.g., mechanical, chemical, or thermal), provided that 

this stimulus exceeds a certain threshold level. The nociceptive signal is transduced to the 

central nervous system (CNS) by two primary types of nociceptive fibers. They constitute the 

starting point of the nociceptive signal cascade and exist throughout the body tissue: the 

myelinated Aδ neurons, which transmit pain-related information at fast conduction speed, and 

the unmyelinated C fibers, which signal pain with clearly slower conduction speeds (Campbell 

& Meyer, 2006). Aδ and C fibers terminate in the dorsal horn of the spinal cord, where pain-

related information from the dorsal horn is transmitted to the thalamus (D’Mello & Dickenson, 

2008). In turn, nociceptive information is transmitted from the thalamus to cortical regions, 

where the experience of pain is developed and processed by different brain structures. In 

addition to affective-motivational and sensory-discriminative assessment of pain, increased 

autonomic and motor activity linked to pain stimulus has been observed (Rossaint, Werner, & 

Zwißler, 2012).  

 

1.2 Pain Assessment   

The assessment of pain is essential for the effective pain management and treatment in clinical 

settings, and the study of pain mechanisms responsible for altering pain experience in 

experimental settings. There is no simple measure that can precisely record how much pain an 

individual experiences. Pain assessment with self-reporting is based on what a person verbally 

or nonverbally communicates about her pain experience. However, a number of potentially 

objective assessment tools has been developed found on the assumption that pain induces 

changes in the autonomic nervous system (ANS) (Cowen et al., 2015). Hence, pain assessment 

entails the classification into subjective and physiological signal-based methods, as described 

in the following subsections.    
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1.2.1 Self-Report Scales for Pain Assessment  

Pain is a personal sensation which can be characterized by several relevant attributes (e.g., 

intensity, quality, location). Among these attributes, intensity is considered as one of the most 

relevant dimensions of pain experience in pain research field and clinical care (Clark, Ferrer-

Brechner, Janal, Carroll, & Yang, 1989). Pain intensity may be defined as a quantitative 

estimate of the magnitude of perceived pain (Jensen & Karoly, 2011). The three most 

commonly-administered self-report scales to assess pain intensity are the numerical rating scale, 

the visual analogue scale, and the verbal rating scale.  

 

Numerical Rating Scale (NRS). The NRS involves asking individuals to assess the intensity 

of their pain on a 11, 21 or 101-point scale, with the understanding that the end points are the 

extremes of “no pain” and “pain as bad as it can be” (Williamson & Hoggart, 2005). The NRS 

can be verbally or graphically utilized. This method is convenient to use in clinical practice and 

is relatively sensitive to treatment-related changes in pain (Fillingim, 2005). However, NRS 

does not actually provide ratio-level scaling of pain. For instance, if a patient’s pain experience 

decreases from 8 to 4 after treatment, it cannot be concluded that she has experienced a 50% 

decrease in pain. From a statistical point of view, this could be problematic; nevertheless, in 

clinical settings, such a reduction of pain would be welcomed.          

 

Visual Analogue Scale (VAS). The VAS is a graphic tool with a horizontal line, usually 100-

mm long, whose ends range from “no pain” to “worst imaginable pain” (Williamson & Hoggart, 

2005). Individuals are requested to place a mark on the line to indicate their pain intensity. The 

score is measured from the zero end to the person’s mark. VAS has excellent statistical 

properties, including ratio-level scaling (Fillingim, 2005). Nevertheless, it demands more time 

to administer and some patients have problems in understanding the concept. Both electronic 

and mechanical VAS are available, which can increase usability.   

 

Verbal Rating Scale (VRS). The VRS contains a list of adjectives used to describe different 

levels of pain intensity (Williamson & Hoggart, 2005). Each adjective is associated with a 

particular score. For example, “no pain” is assigned a score of zero (0), “mild pain” a score of 

one (1), “moderate pain” a score of two (2), and “intense pain” a score of three (3). Individuals 

are asked to read over the list and then, select the phrase that best reflects their level of pain on 

the scale. Although descriptors are assigned numbers, these numerical weights can lead to the 
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misapprehension that intervals between the adjectives are equal, but this is not the case and can 

be a source of error when interpreting VRS data (Jensen & Karoly, 2011).  

 

In addition to these unidimensional pain measurement tools, there are also multidimensional 

pain assessment scales which are mainly utilized in clinical practice, including the brief pain 

inventory, the descriptor differential scales, and the McGill pain questionnaire. 

 

Brief Pain Inventory (BPI). The BPI is an easy to administer tool that asks individuals to rate 

their worst, least, average and current pain levels utilizing a numeric scale (range 0 to 10) 

(Caraceni et al., 2002). Patients also indicate the degree to which pain interferes with their 

function, mood, and enjoyment of life. A pain figure representing the body is also provided for 

the patient to mark the area corresponding to her pain. This tool has been broadly used among 

cancer patients (Fillingim, 2005).  

 

Descriptor Differential Scales (DDS). The DDS contain two lists of 12 words, one for pain 

intensity and the other for pain affect (Fillingim, 2005). Patients are asked to rate the extent to 

which each word reflects their pain experience. This assessment tool has excellent statistical 

properties. 

 

McGill Pain Questionnaire (MPQ). The MPQ is a self-administered questionnaire that 

contains 20 groups of single-word pain descriptors with the words in each group augmenting in 

rank order intensity (Fillingim, 2005). It provides a global score (the pain rating index) and 

subscale scores that represent the sensory, affective, and evaluative dimensions of pain.   

 

Although these scales provide considerably more information which could be helpful in 

determining diagnoses compared to unidimensional pain measuring tools, they still have the 

disadvantage of a greater time demand for administration and scoring (Fillingim, 2005), which 

fact renders single-item scales a simple and easy to use tool in experimental settings.   
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1.2.2 Physiological Signal-Based Methods for Pain Assessment 

Physiological signal-based methods for pain assessment have long been sought, as scientists 

and clinicians desire more objective indices of pain. Painful stimulation induces general 

autonomic changes that increase with rising levels of stimulus intensity, indicating that 

autonomic activity can be assessed as an indicator of pain in research (Kyle & McNeil, 2014). 

The activity of both the sympathetic and parasympathetic nervous systems -the two 

subdivisions of ANS- is particularly associated with pain (Larkin, 2006; Sternbach, 1968). 

Increased activity in the sympathetic nervous system can lead to increases in electrodermal 

activity (sweating), respiration, cardiac activity and muscle tension, whereas parasympathetic 

activation has generally opposite effects. However, these autonomic changes are not specific to 

painful stimulation (Fillingim, 2005). Other emotional and physical stressors can potentially 

elicit similar patterns of autonomic responses. Furthermore, pain experience can be 

accompanied by pronounced changes on some autonomic indices, but blunted changes on 

others. In fact, physiological responses to painful stimuli can considerably vary between 

individuals.  

In recent years, the assessment of physiological responses has garnered tremendous attention 

in research. As regards electrocardiography (ECG), prior research has shown that changes in 

cardiac reactivity is an indicator of pain (Lavigne et al. 2001; Möltner, Hölzl & Strian, 1990; 

Tousignant-Laflamme, Rainville, & Marchand, 2005) and physiological arousal as a response 

to external and internal changing conditions (Agrafioti, Hatzinakos, & Anderson, 2012; 

Brouwer, van Wouwe, Mühl, van Erp, & Toet, 2013). Particularly, the sympathetic fibers run 

along the atria and the ventricles and, when activated, stimulate the cardiac muscle to increase 

heart rate. In contrast, the parasympathetic system decreases the cardiac workload (Agrafioti et 

al., 2012). Regarding electromyography (EMG), electrical muscle activity of the trapezius 

muscle indicates general psychophysiological arousal (Gruss et al., 2015) and is associated with 

stress (Haag, Goronzy, Schaich, & Williams, 2004; Wijsman, Grundlehner, & Hermens, 2010). 

In particular, an increase in muscle tone reflects an increase in the activity of the sympathetic 

nervous system, while a decrease in somatomotor activity is mainly associated with 

parasympathetic arousal. However, high levels of muscle tension can possibly occur during the 

induction of painful stimulation (Carter et al., 2002; Gruss et al., 2015; Walter et al., 2013), as 

pain is considered to be a stress-inducing event.  
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As for galvanic skin response (GSR), also referred to as skin conductance (SC) or electrodermal 

activity (EDA), there are two separate components of skin conductance. Tonic component is 

the baseline level of skin conductance, namely skin conductance level, and indicates general 

activity of the sweat glands due to temperature or other influences. Phasic component, namely 

GSRs, changes when discrete environmental stimuli take place, followed by a return to the tonic 

level of skin conductance. GSR has been associated with pain response (Burton, Birznieks, 

Spaak, Henderson, & Macefield, 2009; Hullett et al., 2009; Ledowski, Ang, Schmarbeck, & 

Rhodes, 2009). Moreover, it is considered to be a sensitive indicator of psychophysiological 

arousal of an individual because sweat glands are innervated by the sympathetic branch of ANS 

(Balters & Steinert, 2017; Chu, Zhao, Han & Su, 2017; Gruss et al., 2015). For instance, a rapid 

increase in GSR can be produced within 1-3 s by the exposure to an affective stimulus -e.g., a 

threatening stimulus- that evokes high arousal. Lastly, respiration (RSP) is a reliable indicator 

to provide useful information of the impact of a painful stimulus. In fact, prior research indicates 

that pain can induce alterations in RSP (Cowen et al., 2015; Foster, Yucha, Zuk, & Vojir, 2003; 

Kyle & McNeil, 2014). Evidence also suggests that RSP is linked to emotions. Indeed, different 

emotional states may give rise to different respiratory patterns (Boiten, 1998; Boiten, Frijda, & 

Wientjes, 1994; Homma & Masaoka, 2008). Negative emotions can generally induce an 

irregular breathing pattern (Kim & André, 2008). For example, shock exposure or tense 

situations may cause momentary RSP cessation. Furthermore, fast and deep breathing can be 

an indicator of emotional arousal such as excitement and joy (Haag et al., 2004). Slow and deep 

breathing can indicate a relaxing state.   

The link between autonomic reactions and experimental pain is mainly studied in healthy 

individuals (Tousignant-Laflamme et al., 2005). The major advantage of experimental pain is 

that it allows researchers to control environmental conditions and stimulation parameters. 

However, several of the studies conducted in pain research present a considerable shortcoming 

that restricts their inferential potential to clinical care. That is, the simple single- or two-

parameter approach which is utilized to assess such a complex experience, precluding the study 

of direct comparison of alterations in different parameters. In conventional pain diagnostics, it 

is well known that a measurement of a small number of parameters is insufficient for valid and 

precise assessment of pain. Instead, a combination of multiple physiological parameters is 

required (Handel, 2010). One of the primary benefits of assessing pain employing multimodal 

physiological signals is that these are unconscious reactions of the body and as such are very 

difficult to mask conveying useful information about individual’s inner state during pain 
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experience. Therefore, referring to pain research, it could be said that adopting a multiparameter 

approach to assess painful laboratory stimulation could aid researchers’ attempt to unveil how 

subjective as well as objective measurement are influenced not only by different pain intensities 

but also by emotional tasks which aim to draw individual’s attention away from pain.  

 

1.3 The Role of Attention and Emotions in Pain Experience 

Pain was once considered a sensory experience that reflected the intensity of a noxious event 

(Rhudy & Meagher, 2001a). However, this conceptualization has proved insufficient because a 

stimulus can be experienced as painful at one time and harmless at another. Attention can play 

an integral role in pain experience. It is widely known that distracting attention away from a 

pain stimulus can reduce the subjective experience of it (de Wied & Verbaten, 2001; Eccleston 

& Crombez, 1999; McCaul & Haugtvedt, 1982; McCaul & Malott, 1984). Presuming that 

attention must be directed to a painful stimulus in order to experience pain and attentional 

capacity under the induction of pain is reduced, less pain will be experienced to the extent that 

other activities will moderate interruption by the pain stimulus (de Wied & Verbaten, 2001). 

Previous studies have underlined the effectiveness of distraction tasks in reducing pain (Arntz 

& de Jong, 1993; Arntz, Dreessen, & De Jong, 1994; Brewer & Karoly, 1989; de Wied & 

Verbaten, 2001; Johnson, Breakwell, Douglas, & Humphries, 1998; Lautenbacher, Pauli, 

Zaudig, & Birbaumer, 1998; Miron, Duncan, & Bushnell, 1989). However, the mechanisms 

involved in altering pain experience remain unclear (de Wied & Verbaten, 2001).  

McCaul, Monson, and Maki (1992) attempted to challenge the claim that distraction tasks 

effectively draw attention away from painful stimuli. They conducted a series of experiments 

employing the cold-pressor test while participants were engaged in cognitive tasks that differed 

in the amount of attention required to successfully perform the task. Across four experiments, 

the distraction tasks failed to have an impact on participants’ responses to the cold-pressor pain. 

Similarly, research by Hodes, Howland, Lightfoot, and Cleeland (1990) did not show an 

advantage for different levels of distraction. Furthermore, recent evidence on attention suggests 

that distraction paradigms cannot ensure that individual’s attention is effectively diverted from 

pain and eventually, pain intensity may be amplified by this sort of cognitive tasks (Quevedo 

& Coghill, 2007; Wiech, Ploner, & Tracey, 2008). A fundamental challenge of distraction tasks 

is that participants need to direct their attention to attributes that are not part of a pain stimulus. 

Perhaps task difficulty alone is not adequate to enhance attention engagement. This presumably 
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happens because pain draws attention per se and can be scarcely ignored. According to the 

review of Van Damme, Legrain, Vogt, and Crombez (2010) who presented a motivational 

perspective on attentional processing of pain, the affective characteristics of the performed task 

might be also important. Therefore, it seems that other factors -i.e., emotional factors- that are 

directly associated with shifting attention away from a pain stimulus are responsible for altering 

pain experience. Based upon this assumption and the study of de Wied and Verbaten (2001), 

the author postulates that tasks which are effective in distracting attention, usually involve 

emotional components that mediate the pain reducing effects of distraction. Hence, it could be 

argued that emotions might have an integral role in modulating pain experience and 

physiological responses to pain.   

In the clinical context, a study in cancer patients highlighted the influence of the affective-

motivational characteristics of the distracting activity (Buck & Morley, 2006). Distracters that 

were interesting, important and pleasant were rated as more effective. In clinical situations, 

distraction might be modulated by affective-motivational components (Van Damme et al., 

2010). Preliminary evidence shows that immersive virtual reality (VR) can help control severe 

pain during daily wound care procedures through attentional distraction mechanism (Hoffman, 

Doctor, Patterson, Carrougher, & Furness, 2000). In particular, Hoffman et al. (2000) used a 

virtual environment to distract burn patients’ attention from high levels of pain during wound 

care. Indeed, the results indicate that VR is a uniquely attention-capturing means to maximize 

the amount of attention drawn away from pain allowing patients to tolerate painful procedures. 

In such a case, it is possible that a distraction task which is interesting and generates pleasant 

affect works better than a neutral task and increases distraction analgesic effectiveness. In a 

later study of Hoffman et al. (2006) VR was utilized during the induction of heat pain stimuli. 

Healthy participants were assigned to either a high-tech-VR condition, in which the visual field 

was completely covered by the virtual environment, to a low-tech-VR condition, in which the 

visual field was partially covered by the virtual environment, or to a control condition without 

distraction. Not only was it found that the effects on self-reported pain were greater in the high-

tech-VR condition than those in the low-tech-VR condition, but also participants in the high-

tech-VR condition reported having more “fun” in the virtual world than the low-tech-VR group.  

It is also well established in the experimental context that listening to preferred music or audio 

laughter-inducing recordings may provide an emotionally engaging distraction capable of 

reducing the experience of pain (Cogan, Cogan, Waltz, & McCue, 1987; Mitchell, MacDonald, 

& Brodie, 2006). This is in line with several studies which have indicated that manipulations 
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involving positive emotions, such as positive memories (Bruehl, Carlson, & McCubbin, 1993; 

Johnson et al., 1998) or pleasant odors (Prescott & Wilkie, 2007; Villemure, Slotnick, & 

Bushnell, 2003) during nociceptive stimulation under controlled laboratory conditions may 

reduce pain sensitivity. Psychological, physiological and pharmacological processes have been 

proposed to underlie such beneficial effects (de Wied & Verbaten, 2001). On the other hand, 

experimental manipulations that have a negative impact on affect have been shown to amplify 

pain sensitivity (Weisenberg, Raz, & Hener, 1998; Zelman, Howland, Nichols, & Cleeland, 

1991). Nevertheless, these effects are less reliable compared with those related to positive 

emotion manipulations (Villemure & Bushnell, 2002).     

To summarize, in order for distraction to be effective, it is necessary that the individuals be 

sufficiently engaged into the distraction task. To do so, the task should incorporate affective-

motivational characteristics. Considering research on the modulatory role of emotions in 

perception and action, it could be argued that pleasant affective states attenuate pain through 

priming/inhibition processes.     

 

1.4 The Motivational Organization of Emotion 

Emotions can have a wide range of discrimination with innumerable words which describe 

complex and subtle emotional states in natural language. Although the patterns of emotional 

expression are highly varied among humans, many theorists support the evolutionary 

foundation of emotion as having a simple, two-factor motivational organization. For example, 

Konorski (1967) developed a biphasic model that was founded on a typology of unconditioned 

reflexes and their biological, motivational roles. Exteroceptive reflexes were categorized into 

two classes, preservative (i.e., reflexes that are absolutely important for the preservation of the 

organism, such as ingestion or copulation) and protective (i.e., reflexes that are activated only 

when the organism is endangered by a harmful stimulus, such as withdrawal from a noxious 

agent). These reactions were considered to be the behavioral basis of emotions. In this regard, 

preservative affects include emotions, such as sexual passion and joy; conversely, protective 

affects contain fear and anger. Dickinson and Dearing (1979) further elaborated Konorski’s 

biphasic model into two opponent motivational systems, aversive and attractive, each triggered 

by a different, but equally wide variety of unconditioned stimuli, modulating learned behavior 

and responses to new, unconditioned input.  
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The view that emotions might be organized by overarching motivational factors has also been 

proposed by earlier studies of natural language categories. These studies suggest that emotion 

knowledge can be portrayed as a hierarchy, and that the superordinate division lies between 

positivity (pleasant emotions: love, joy) and negativity (unpleasant emotions: anger, sadness, 

fear) (Ortony, Clore, & Collins, 1988; Shaver, Schwartz, Kirson, & O’Connor, 1987). For 

instance, Osgood, Suci, and Tannenbaum (1957) utilizing the semantic differential indicated 

that emotional descriptors were mainly distributed along a bipolar dimension of affective 

valence which ranged from pleasure and attraction to displeasure and aversion. An additional 

dimension of activation ranging from calm to aroused explained substantial variance. Similar 

inferences have been drawn by other researchers based on assessing verbal stimuli (e.g., 

Mehrabian & Russell 1974; Russell 1980; Tellegen 1985).   

The motivational priming theory proposed by Lang and his co-workers (Lang, 1995; Lang, 

Bradley, & Cuthbert, 1998a) integrates these several lines of theory development. The 

motivational priming hypothesis holds that emotions are driven by two primary motivational 

systems, appetitive (linked with approach behavior) and defensive (linked with avoidance 

behavior), and that each system can vary in relation to activation or arousal. In other words, 

arousal is not seen as having a separate substrate, but rather represents the intensity of activation 

of either the appetitive or aversive system or the coactivation of both systems (see also 

Cacioppo & Berntson, 1994). The diversity of emotions experienced by individuals reflects 

these main motive systems (Lang et al., 1998a). That is, each system determines the general 

behavioral strategy, appetitive or defensive, which the individual subsequently adopts under 

specific contextual demands. These systems include subcortical circuits in the brain which are 

considered to work as opponent-processes (de Wied & Verbaten, 2001). Particularly, when 

mental events or actions that are associated with the activated system are primed -having a 

higher probability to happen and higher intensity of activation- responses that are associated 

with the opponent system (i.e., the non-engaged system) may be inhibited. In this context, the 

specific somatic and autonomic patterns of emotional reactivity are strategies shaped by the 

activated motivational system (Lang et al., 1998a). Borrowing an example from animal 

observation Lang et al. (1998a) explained that, if a caged rat is stimulated with electric shock 

on the foot pads, the defensive system is activated. Then, it is possible that the caged rat will 

flee, if an exit is available, reflecting a contextual tactic of avoidance (“fear”). Although 

emotions may have biological basis and be formed by learning to fit the environmental 

demands, their primary basis is motivational. Thus, the motivational priming theory postulates 
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that emotions are characterized by affective valence (i.e., appetitive and aversive) and arousal 

(i.e., intensity of activation).  

 

1.5 The Role of Pictures in Patterns of Emotions  

Human beings are complex organisms with a huge behavioral repertoire that has evolved to 

satisfy the many sub-goals of humans and help them manage the perceptually rich and 

demanding environment in which they live, advancing their survival. According to the 

motivational priming theory, emotions are dispositions to action that vary widely in reported 

affect and physiology, reflecting central activation and an accompanying preparation for action 

which may never actually happen (Lang, 1995; Lang et al., 1998a). The presumed indices of 

emotions contain response patterns in three reactive systems (Lang, 1978; Lang, 1995): 1) 

expressive and evaluative language, 2) physiological responses mediated by the autonomic and 

somatic systems, and 3) behavioral patterns, such as avoidance. Often, the task of assessing 

these patterns of affective response in laboratories is complicated by the diversity in 

methodology and stimuli employed across experiments (Lang et al., 1998a). However, if 

standard emotional stimuli are utilized and experimental conditions are constant, specific 

strategic features can be identified, and affect’s fundamental organization of appetite and 

defense can be observed.  

Research on emotion has undergone explosive growth during the past decades, marked by the 

development of different emotion elicitation techniques, including acoustic, verbal, and visual 

materials. For instance, the International Affective Digitized Sounds (IADS) system is one of 

the most frequently used auditory stimuli databases, with sounds selected to engage a wide 

range of affective responses varying systematically in valence and arousal (Bradley & 

Lang, 2007a). Standardized verbal stimuli databases also exist and are available in several 

languages, such as English [the Affective Norms for English Words (ANEW); Bradley & Lang, 

2017] and German [the Berlin Affective Word List (DENN–BAWL); Briesemeister, Kuchinke, 

& Jacobs, 2011]. In addition to these materials, several sets of static affective faces have been 

developed which contain pictures of actors or models deriving from various cultural 

backgrounds [e.g., the Karolinska Directed Emotional Faces (KDEF); Lundqvist, Flykt, & 

Öhman, 1998]. In fact, pictures deriving from daily life (e.g., representations of erotica, crime 

and violence scenes) are an integral part of individuals’ life and are widely held to influence 

emotion generation. However, only few reliable affective stimuli databases consist of pictorial 
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stimuli with different content and validated normative ratings. One of the most widely used 

pictorial stimuli pools is the International Affective Picture System (IAPS; Lang, Bradley, & 

Cuthbert, 1997a). The IAPS database was developed nearly 20 years ago as a set of emotional 

stimuli for the investigation of emotion and attention allowing better experimental control in 

the selection of emotional stimuli, facilitating the comparison of results across different studies, 

and last but not least serving as a basis of cross cultural, lingual and age communication in the 

context of various social networks.  

The IAPS contains over 1000 color pictures that illustrate real scenarios, including people in 

various emotional states, landscapes, objects, mutilated bodies, erotica, and so forth (Bradley 

& Lang, 2007b). The emotionality of each picture in the IAPS is characterized by valence 

(pleasant-unpleasant) and arousal (calm-aroused); these picture stimuli have been rated by large 

groups of female and male participants, and children (Lang et al., 1997a). There is a third, less 

strongly-related dimension, namely dominance, which is less considered in empirical research 

(Bradley & Lang, 2007b), and thus is not further elaborated in the current study. Studies on 

these pictures have indicated that the self-evaluative judgements of valence and arousal have 

good stability and covary considerably with physiological events (Greenwald, Cook, & Lang, 

1989; Lang, Greenwald, Bradley, & Hamm, 1993). In fact, physiological and overt behaviors 

in affect are modulated by picture contents (Lang, 1995). Prior research has found significant 

covariations between a) facial muscle activity and affective valence judgments and b) skin 

conductance magnitude and self-reported arousal during viewing (Bradley, Codispoti, 

Cuthbert, & Lang, 2001; Greenwald et al., 1989; Lang, 1995; Lang et al., 1993; McManis, 

Bradley, Berg, Cuthbert, & Lang, 2001). Within a picture viewing paradigm, researchers also 

found that startle reflex -i.e., a largely defensive response which is associated with the aversive 

system- is modulated by the pleasantness or unpleasantness of the foreground emotional 

stimulus (Cuthbert, Bradley, & Lang, 1996; Lang, Bradley, & Cuthbert, 1997b). This means 

that startle response decreases in amplitude when an organism is positively primed (evoked by 

pleasant pictures) and increases in amplitude when an organism is aversively primed (induced 

by unpleasant pictures). However, one certain issue relates to the applicability of this database. 

That is, the limited number of pictures belonging to specific content categories may lead to 

situations in which participants are shown the same visual stimuli twice (Marchewka, Żurawski, 

Jednoróg, & Grabowska, 2014). Consequently, the effectiveness of emotion induction may be 

weakened. Wessa et al. (2010) recently introduced the Emotional Picture Set (EmoPicS) to 

overcome this important issue that does exist and provide researchers with a highly controlled 
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and precise set of pictorial stimuli. The EmoPicS contains a set of 378 pictures with different 

content (e.g., different social situations and animals) and validated normative ratings which are 

expected to trigger primary motivational states as defined by the theoretical concept of 

motivational systems (Lang, 1995). The EmoPicS was developed to serve as a supplement to 

IAPS.   

To sum up, pictures are affective stimuli that can be utilized in research aiming at inducing 

specific emotional states. Linking emotional stimuli to the motivational priming theory, 

pleasant pictures activate the appetitive motivational system engaging processes which 

facilitate attention, autonomic and somatic reactions, and prompt tactics that can be directed 

toward a particular goal. On the other hand, unpleasant pictures activate the aversive 

motivational system engaging processes that facilitate attention and prompt strategic actions 

that can be driven away from the tactical goal. In the frame of pain experience, the priming 

hypothesis would assume that positive emotions evoked by pleasant pictures reduce pain 

because activation of the appetitive system inhibits responses to noxious stimuli. Conversely, 

negative emotions induced by unpleasant pictures amplify pain because activation of the 

aversive system advances responses to noxious stimuli.   

 

1.6 The Effects of Affective Picture Stimuli on Pain 

As yet, few studies have directly compared the effects of positive and negative distraction tasks 

utilizing affective picture stimuli during nociceptive stimulation under highly controlled 

laboratory conditions. However, the results are ambiguous. De Wied and Verbaten (2001) used 

a standardized set of emotional stimuli selected from IAPS (Center for the Study of Emotion 

and Attention, 1995) to examine the effects of affective distraction task upon the subjective 

experience of pain in the laboratory. In their study, healthy male respondents were assigned to 

one of three conditions: a pleasant condition in which the pictures they would be watching 

included erotic scenes, a negative condition which contained pictures of unpleasant scenes, or 

a neutral condition in which the pictures included neutral scenes. The cold-pressor test was 

performed simultaneously. The pleasant group showed the highest pain tolerance scores, and 

the lowest scores were observed in the negative condition. Based on the priming theory, they 

concluded that exposure to pleasant pictures enhances pain tolerance because activation of the 

appetitive system suppresses responses to a noxious stimulus, whereas watching unpleasant 

pictures reduces pain tolerance due to activation of the aversive system. Subsequently, a second 
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study was conducted to investigate the role of pain cues in the effects of negative emotion on 

cold pressor pain (de Wied & Verbaten, 2001). In this experiment, participants were exposed 

to unpleasant pictures that either did or did not contain pain-related information. Nevertheless, 

they found that respondents who saw pictures without pain cues tolerated the pain test for a 

longer period of time than respondents who belonged to the pain-related material group. This 

finding appears to contradict the first experiment’s results and implies that the mechanisms 

involved may be more complex; even unpleasant emotions may decrease experienced pain in a 

unique way that directs attention away from pain stimulation to another equally threatening 

stimulus setting the individual in an alarm phase and preparing her to respond to threat. 

In another study conducted by Meagher, Arnau, and Rhudy (2001a) healthy participants were 

assigned to one of three conditions of experiment 1 (fear, disgust, or neutral) or experiment 2 

(erotic, nurturant, or neutral) to examine the impact of viewing pleasant, unpleasant and neutral 

pictures selected from IAPS (Center for the Study of Emotion and Attention, 1999) on cold-

pain perception. The cold-pressor test was administered directly after the end of each slide 

show. The results of this study showed that viewing fear and disgust slides augmented pain 

intensity, but only the fear slides reduced pain tolerance. In contrast, viewing erotic pictures, 

but not nurturant, reduced pain intensity, but neither erotic nor nurturant pictures caused 

alternations in pain tolerance. This pattern of results is in line with the motivational priming 

model, which hypothesizes that affective states influence pain (Lang, 1995), and it is also 

consistent with the view that negative emotions may impact pain by enhancing attention to a 

noxious stimulus (Meagher et al., 2001a). However, it remains unclear why the disgust pictures 

did not influence pain tolerance. It could be said that an organism is aversely motivated by fear 

resulting in pronounced changes in pain sensitivity, whereas disgust may engender a more 

complex array of emotional states eliciting an approach disposition to aid others (Lang, 1995). 

In this case, both motivational systems are activated, but the behavioral output is determined 

by the intensity of activation of appetite and defense. However, it appears that negative affect 

can potentially evoke a more complex affective state.  

Taken together, research on emotions evoked by affective pictorial stimuli and experimentally 

induced pain indicates that pleasant affective states attenuate pain, as they activate the appetitive 

system and responses linked to the engaged system. In contrast, unpleasant affective states 

enhance pain, as they activate responses linked to the aversive system. However, it seems that 

unpleasant affects produce a rich array of complex emotional states to prepare the individual to 

either avoid or deal with an imminent threat. This discrepancy among research findings reflects 
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the current need for research to further elucidate the emotion-pain relationship, and the 

particular circumstances under which emotions will increase or decrease the experience of pain.     

 

1.7 Laterality Differences in Pain During Emotion Stimulation 

Earlier research has suggested that the perception of affective stimuli appears to be mediated 

by systems within the right hemisphere in humans (Bowers, Bauer, & Heilman, 1993), leading 

to the assumption that processing affective pictorial stimuli may reflect activation of the right 

brain structures (Bradley, Cuthbert, & Lang, 1996). This hypothesis was examined in 

experimental work conducted by Bradley et al. (1996) involving mainly the assessment of 

affective startle modulation for reflexes elicited by left or right acoustic startle probes during 

watching unpleasant, neutral and pleasant pictures. They found that modulatory differences in 

the magnitude of reflex between pleasant and unpleasant stimuli were larger for reflexes elicited 

by left acoustic probes compared to those elicited by right acoustic probes. Based on the 

hypothesis of the right hemisphere involvement in affective picture processing, it emerges the 

key question that refers to whether emotion could influence laterality differences in pain which, 

to the best of the author’s knowledge, has never been examined by previous laboratory studies.   

The right hemisphere also seems to play a critical role in pain experience reflecting differences 

in the processing of nociceptive information by neurons in the right versus left structures of 

brain (Ji & Neugebauer, 2009). Several studies have investigated laterality differences in 

experimental pain sensitivity. While some studies disconfirm the proposition of right 

hemispheric lateralization in pain (Schaffner et al., 2008; Seltzer, Yarczower, Woo, & Seltzer, 

1992), there is another growing body of evidence which supports a functional asymmetry 

toward the right side of brain for pain experience based on high pain ratings for stimuli 

administered to the left body side, regardless of handedness (Lugo, Istúriz, Lara, García, & 

Eblen-Zajjur, 2002; Schiff & Gagliesei, 1994). More direct evidence for laterality differences 

in pain come from a study which utilized positron emission tomography to map brain activation 

during thermal stimulation (Coghill, Gilron, & Iadarola, 2001). The findings indicated that 

components of pain-related information arising from the body surface are processed by 

lateralized systems located in the right side of brain.  

In summary, affective processing of pictures seems to activate the right brain side in humans as 

shown by affective startle modulation studies. Similarly, research on experimental pain 

induction suggests that the processing of pain stimuli preferentially activates the right half of 
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brain resulting in increased pain experience, when the left body side is stimulated, irrespective 

of other factors, such as handedness. However, it remains unclear and needs to be determined 

whether simultaneous emotion stimulation could influence laterality differences in pain. In 

clinical settings, it is critical to examine laterality differences in pain sensitivity in patients with 

pain conditions and coexisting mood disorders in an attempt to collect important diagnostic 

information for the identification of the pain disorder and the development of tailored 

interventions.  

 

1.8 The Present Study  

The general purpose of the present study was to examine the influence of affects on pain in 

healthy individuals. Each participant attended the main experimental phase in which emotions 

were experimentally evoked by picture-viewing. Each emotion condition varied by the valence 

and arousal of the emotion that was evoked: highly positive (e.g., erotic pictures), neutral (e.g., 

mushrooms), and highly negative (e.g., threat pictures). During picture-viewing, participants 

received different heat stimuli (i.e., a baseline temperature stimulus, pain threshold and 

tolerance stimuli). Pain threshold and pain tolerance were determined for each participant in 

the calibration phase, prior to the main experimental phase. Physiological parameters (i.e., 

electrocardiography, trapezius muscle electromyography, galvanic skin response and 

respiration) were collected during the experimental phase. This phase was followed by an after-

rating condition, where pain intensity ratings were collected; self-report of valence and arousal 

were also collected to verify that targeted emotional states were achieved.  

From the general purpose of the present study, four main hypotheses (H) were derived. 

Particularly, 

 

H1: The first hypothesis was that picture-viewing would significantly influence the emotional 

state of participants under different heat intensities. Pleasant pictures were expected to induce 

positive valenced affect with high self-reported arousal. Neutral pictures were expected to 

evoke neutral valenced affect and low arousal. Unpleasant pictures were expected to evoke 

negative valenced affect with high self-reported arousal. Both pleasant and unpleasant pictures 

were expected to prompt greater electrodermal activity as a function of emotional arousal than 

the neutral ones.  

 



1 Introduction 

 
18 

H2: The second hypothesis was that affect would modulate pain experience of participants. 

Positive affect was expected to reduce pain experience (hypoalgesia) and negative affect was 

expected to enhance pain experience (hyperalgesia). Specifically, pain intensity scores would 

be lowest during pleasant pictures, intermediate during neutral pictures and highest during 

unpleasant pictures.   

 

H3: The third hypothesis was that physiological responses would variate under different 

emotion conditions during painful and non-painful stimulation. Particularly, relative to neutral 

pictures, pleasant pictures were expected to decrease cardiac response, trapezius muscle tension 

and respiration. In contrast, relative to neutral pictures, unpleasant pictures were expected to 

induce intense autonomic activity and increased muscle tension. Furthermore, similar 

differences between the two valence categories relative to neutral stimuli were expected for 

physiological activity during heat pain stimulation.  

 

H4: The fourth hypothesis was that emotion stimulation would influence laterality differences 

in pain. Specifically, the effects of emotion stimulation would be more pronounced for 

participants who were stimulated on the left versus right arm. It was expected that participants 

with left stimulated arm would have lower pain scores, increased electrodermal activity, and 

reduced the rest of physiological responses when viewing pleasant pictures relative to those 

with right stimulated arm. In contrast, participants with left stimulated arm would have higher 

pain scores and physiological responses when viewing unpleasant pictures relative to those with 

right stimulated arm. Both types of affective pictures were expected to prompt significantly 

greater responses on the dependent measures than neutral pictures.
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2 Methods and Material  

The current research work was part of the large-scale interdisciplinary SenseEmotion project 

funded by the German Federal Ministry of Education and Research (BMBF). The primary goal 

of the SenseEmotion project is the development of an automatic pain- and emotion-recognition 

system for the successful assessment of pain in clinical settings. Before the development of an 

automatic recognition system, it is of outmost importance to examine the effects of emotion 

stimulation on subjective and objective measures under the induction of different heat 

intensities utilizing statistical methods. Statistical analysis of the obtained parameters could 

shed light on the relations of emotions and pain in healthy individuals and therefore, lead to key 

developments in acute pain management. 

This chapter will present a thorough explanation of the study methods and measured parameters 

as well as the experimental procedure and statistical analysis directly relevant to the current 

study. A detailed overview of study methods utilized in the SenseEmotion project is published 

elsewhere (Thiam et al., 2019; Velana et al., 2017).  

 

2.1 Participants 

Participants were 45 healthy individuals who received an expense allowance. Two participants 

were excluded due to equipment problems, leaving 43 participants for data analysis. 

Participants were recruited through advertisements placed on the campus of Ulm University. 

All participants were fully informed of the study protocol and provided written informed 

consent for their participation at the beginning of the study. Participants were excluded for 

being < 18 years old, having neurological problems, psychiatric disorders, chronic pain, 

headache disorders, cardiovascular diseases, regular use of analgesic medication, or use of 

analgesic medication directly before the experiment. The study was conducted according to the 

ethical guidelines set out in the WMA Declaration of Helsinki (ethical committee approval was 
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granted: 196/10-UBB/bal). The study protocol was approved by the ethics committee of Ulm 

University (Helmholtzstraße 20, 89081 Ulm, Germany).  

 

2.2 Experimental Design 

A 3 Affective valence levels × 3 Pain levels × 2 Participant gender × 2 Participant Arm design 

was employed, where the first two variables were within-subject variables and the last two 

variables were between-subject variables.   

 

2.2.1 Heat Pain Stimulation  

The Medoc Pathway thermal stimulator was employed to elicit pain (Walter et al., 2013). 

PATHWAY ATS thermode of 30x30mm (https://medoc-web.com/products/pathway-model-

ats/) was applied to the upper side of the forearm of the participant (see Figure 1). During the 

entire experiment, participants were seated in a chair with their arm resting on the desk in front 

of them. This system delivers precise painful and non-painful thermal stimuli under highly 

controlled conditions without causing tissue damage (Lautenbacher, 2004). Thermal stimuli 

temperatures range from 0°C to 55°C (https://medoc-web.com/products/pathway-model-ats/). 

During the entire experiment, stimuli temperature did not exceed 50.5°C (Walter et al., 2014).  

 

 

Figure 1. Thermal pain stimulator that was applied to the participant’s upper side of the forearm. 

Reprinted from Schmerzerkennung anhand psychophysiologischer Signale mithilfe maschineller Lerner 

(Doctoral dissertation, p. 26), by S. Gruss, 2015, Ulm, DE: Ulm University. Reprinted with permission.  
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Heat Pain Calibration. At the beginning of the experimental session the researchers 

determined individual pain threshold (Pain Level 1; PL1) and pain tolerance (Pain Level 2; 

PL2) for each participant. Pain threshold indicates the temperature that the participant’s 

perception alters from heat to pain. Participants were instructed to press the stop button as soon 

as heat stimulus became painful: “Please press immediately the stop button, when a feeling of 

burn, sting, drill, or draw appears in addition to the feeling of heat”. Pain tolerance indicates 

the temperature that the participant’s perception alters from heat to pain and the level that pain 

becomes intolerable. Hence, participants were instructed to press the stop button as soon as heat 

stimulus was barely tolerable: “Please press immediately the stop button, when you cannot 

accept heat with regard to the feeling of burn, sting, drill, or draw any more”.  

In order to measure PL1 and PL2, temperature was gradually raised (1°C/s) with a starting value 

of 32°C (baseline temperature, Pain Level 0; PL0) (see Figure 2). The researchers performed 

four measurements for PL1 and PL2 respectively. An average value was calculated for PL1 and 

PL2 for each participant. After the calibration phase, PATHWAY software was calibrated with 

the pain levels (PL1 and PL2) separately for each participant for the main part of the experiment.   

 

 

Temperature                    

PL0 = 32°C 

PL1 

PL2 

Starting temperature 

Pain Level 1 

Pain Level 2 

 

Pain Levels 

Figure 2. Induced heat pain depending on temperature. PL0 (Pain Level 0) represents starting 

temperature. PL1 (Pain Level 1) and PL2 (Pain Level 1) represent the two pain levels that were 

separately determined for each participant. Adapted from “The SenseEmotion database: A multimodal 

database for the development and systematic validation of an automatic pain- and emotion-recognition 

system”, by M. Velana et al., in F. Schwenker & S. Scherer (Eds.), IAPR Workshop on Multimodal 

Pattern Recognition of Social Signals in Human-Computer Interaction (p. 130), 2017, Cham, CH: 

Springer. Copyright 2017. Adapted with permission.  
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Phasic Heat Stimuli. During the main experimental phase each of the individualized fixed 

duration heat stimuli was randomly applied 30 times for approximately 30 minutes, resulting 

in a total of 90 stimuli. The starting temperature (no pain) was 32°C. Figure 3 displays a 

temperature plot of a pain stimulus and the subsequent pause. Each phasic heat stimulus was 

performed for 4 s. The pauses between consecutive stimuli were randomized between 8 - 12 s.  

 

 

 

2.2.2 Affective Stimulation 

Affective Picture Stimuli. To elicit different emotional states, 54 pictures were selected from 

the IAPS (Lang et al., 1997a; see Appendix for more information, p. 89). Furthermore, 36 

pictures were selected from the EmoPicS (Wessa et al., 2010; see Appendix for more 

information, p. 89). These digital pictures were selected according to three levels of affective 

valence (highly pleasant, neutral and highly unpleasant) and two levels of arousal (low, high). 

Figure 3. An example of a 4 s phasic pain stimulus that represents PL1 (Pain Level 1; pain thershold), 

and the subsequent pause. PL0, Pain Level 0 (no pain); PL2, Pain Level 2 (pain tolerance). Adapted from 

“The SenseEmotion database: A multimodal database for the development and systematic validation of 

an automatic pain- and emotion-recognition system”, by M. Velana et al., in F. Schwenker & S. Scherer 

(Eds.), IAPR Workshop on Multimodal Pattern Recognition of Social Signals in Human-Computer 

Interaction (p. 131), 2017, Cham, CH: Springer. Copyright 2017. Adapted with permission. 
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During the main experimental phase 30 pleasant, 30 neutral and 30 unpleasant pictures were 

presented. To ensure that similar levels of attention were elicited by the pictures across the 

pleasant and unpleasant conditions, highly positive and highly negative picture stimuli were 

selected with similar normative arousal ratings. The neutral pictures were low in arousal. 

Pleasant contents included erotica and sports/adventure. Neutral contents included mushrooms, 

household objects and neutral designs. Unpleasant contents included depictions of disgust, 

attack and violent scenes, mutilated bodies/injuries, and death/grieving. Table 1 presents the 

affective stimuli along with the respective pain levels which were delivered throughout the 

testing session, resulting in nine experimental conditions. Each experimental condition 

contained 10 affective stimuli. Equal number of picture stimuli within conditions ensured that 

picture valence was evenly distributed across the main experimental phase. Condition order 

was randomized across participants. Each picture was presented for 6 s on a 17-inch flat panel 

monitor positioned approximately 0.5 meter from the participant in a dimmed room.  

 

Table 1 

Affective picture stimuli and pain levels delivered throughout the main experimental phase 

Notes. PL0, Pain Level 0 (no pain); PL1, Pain Level 1 (pain threshold); PL2, Pain Level 2 (pain tolerance). Nine experimental conditions were 

presented to every participant during the main phase of the experiment. Experimental conditions: PL0+Pleasant, Pain Level 0 with pleasant 

picture; PL0+Neutral, Pain Level 0 with neutral picture; PL0+Unpleasant, Pain Level 0 with unpleasant picture; PL1+Pleasant, Pain Level 1 

with pleasant picture; PL1+Neutral, Pain Level 1 with neutral picture; PL1+Unpleasant, Pain Level 1 with unpleasant picture; PL2+Pleasant, 

Pain Level 2 with pleasant picture; PL2+Neutral, Pain Level 2 with neutral picture; PL2+Unpleasant, Pain Level 2 with unpleasant picture.      

 

Affective Sound Stimuli. Each picture stimulus was accompanied by a sound stimulus. In the 

present experiment, the sound stimuli were selected to intensify emotional responses that would 

be induced by the picture stimuli. To this end, sounds were carefully matched to picture stimuli 

in regard to affective valence and arousal. For example, a picture of a barking dog was 

 Valence category  Total 

 Pleasant Neutral Unpleasant  Affective stimuli 

No pain stimulation      

PL0  PL0+Pleasant PL0+Neutral PL0+Unpleasant  30 

Heat pain stimulation      

PL1  PL1+Pleasant PL1+Neutral PL1+Unpleasant  30 

PL2  PL2+Pleasant PL2+Neutral PL2+Unpleasant  30 
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accompanied by an aggressive growling. Each sound stimulus was presented along with the 

corresponding picture for 6 s over headphones.     

 

2.3 Measured Parameters  

Experimenters monitored biosignals, experimental timing, and participant behavior from a 

remote room. A video camera allowed the experimenter to monitor the participant who was 

wearing sound attenuating headphones. Data acquisition and stimulus presentation were 

controlled by a PC equipped with dual PC monitors and LabVIEW software (National 

Instruments, Austin, TX). One PC monitor output was used to present pictures and the other 

PC monitor output was used to check physiological signals and track experimental timing. 

Physiological measures and self-report were collected. Physiological data were recorded 

throughout the experiments by the multi-purpose version of a wireless biosignal acquisition 

system (g.MOBIlab+) (http://www.gtec.at/Products/Hardware-and-Accessories/g.MOBIlab-

Specs-Features). It was equipped with the following sensors: Ag/AgCl electrodes connected to 

g.MOBIlab+ amplifier to acquire electrical cardiac activity and electrical activity in upper 

trapezius muscle; a GSR sensor consisting of two small electrodes which measure electrical 

skin conductance between the two points; a Piezo-electric crystal sensor embedded in a robust 

belt system to record thoracic or abdominal respiration waveforms. All physiological signals 

were synchronously recorded at a fixed sample rate of 256 Hz. Self-report ratings of pain 

experience and emotion were obtained after the end of the main experimental phase. It is 

possible to obtain self-report ratings during the stimulation itself. However, this was not done 

so that participants would be deliberately kept ignorant of experiment aims; therefore, the act 

of measurement would not interfere with the experimental outcomes.   

 

2.4 Physiological Parameters 

ECG. ECG measures and records the electrical activity of the heart using electrodes placed on 

the skin. Three pregelled single Ag/AgCl electrodes were utilized to measure the average 

cardiac action potential on the skin. One electrode (negative) was placed below the right 

clavicle (2nd interspace, right midclavicular line). The second electrode (positive) was placed 

on the left lower rib cage (8th interspace, left midclavicular line). The reference electrode was 

placed on the C7 spinous process. While the potential difference is measured between the two 

http://www.gtec.at/Products/Hardware-and-Accessories/g.MOBIlab-Specs-Features
http://www.gtec.at/Products/Hardware-and-Accessories/g.MOBIlab-Specs-Features
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points (positive and negative), the reference electrode is utilized to prevent power line noise 

from interfering with the biopotential signals of interest.  

 

EMG. EMG measures the electrical activity produced by skeletal muscles during contraction. 

The intensity of the recorded electrical potential is proportional to the strength of contractions. 

Three pregelled single Ag/AgCl electrodes were utilized to quantify muscle activity of the right 

upper trapezius muscle. Two electrodes (positive and negative) were placed on a straight line 

from the spine of the 7th cervical vertebra (C7) to the lateral edge of acromion spanning the 

midpoint between the two landmarks (Jensen, Vasseljen, & Westgaard, 1993). The reference 

electrode (neutral) was the same one that was used as reference for ECG. As explained above, 

the potential difference is measured between the positive and negative points; the neutral 

electrode is used to prevent power line noise from interfering with the signals of interest.  

 

GSR. GSR is a measure of the conductivity of the skin, which especially increases if the skin 

becomes sweaty (Haag et al., 2004). A small constant voltage is applied to the skin and the 

skin’s current conduction is measured (Kim & André, 2008). Hence, skin conductance is a 

function of eccrine sweat gland activity (located in the palms of the hand) and the size of skin 

pores. Two electrodes were positioned on the volar pads of the distal phalanges of the index 

and ring finger to measure GSR.  

  

RSP. Respiration sensor using an elastic belt system was thoracically worn by the participants 

over clothing. The embedded piezoelectric sensor is sensitive to detect the expansion and 

contraction of the rib cage and hence, acquires several respiration patterns (e.g., inhalation and 

exhalation).  

 

2.4.1 Signal Processing: Preprocessing and Physiological Parameter Extraction  

Various types of artifacts were visible in all the four-channel signals due to the undesired 

movements of the participants, mainly at the beginning and at the end of each recording. In 

order to remove artifacts and noises without loss of information signal filtering was used. As 

regards the ECG signal, it was first filtered utilizing a third-order bandpass Butterworth filter 

with a frequency range between 0.1 and 25 Hz followed by signal detrending. Moreover, the 

filtered ECG signal was normalized so as to obtain a uniform range of signal values for all 

participants, as the recorded ECG signal shows a considerable interindividual variability. 
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Regarding the EMG signal a third-order bandpass Butterworth filter with a frequency range 

between 0.05 and 25 Hz was applied so as to detect EMG bursts which potentially contain 

useful information about muscle activity during emotion stimulation and pain induction. The 

resulting signal was subsequently detrended in order to focus exclusively on the fluctuations of 

the filtered signal. The GSR signal was filtered using a third-order low-pass Butterworth filter; 

the cutoff of the GSR filtering was set at 0.2 Hz. The resulting signal was subsequently 

smoothed using a Gaussian filter. Lastly, the RSP signal was smoothed using a third-order low- 

pass Butterworth filter with a cutoff frequency of 0.8 Hz. Figure 4 illustrates a sample of raw 

signals and signals after filtering.   

 

 

 

 

 

 

 

 

 

 

 

 

In order to quantify emotion conditions (i.e., pleasant, neutral and unpleasant) produced by 

emotional stimuli and pain levels (i.e., PL0, PL1 and PL2) produced by phasic heat pain stimuli, 

the researchers defined fixed-size temporal windows of 5.5 s during stimulation and baseline 

(i.e., pause between two consecutive stimulations), respectively (see Figure 5). Time domain 

analysis and frequency domain analysis were used to extract physiological parameters from 

ECG, EMG, GSR and RSP signals based on the fixed-size temporal windows. In particular, 

time domain analysis shows how the signals change over time and extracts physiological 
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Figure 4. Overview of the signals that were recorded during the experiment. Left panel: Raw signals. 

Right panel: Signals after filtering. First row: ECG, Electrocardiography signal; second row: GSR, 

Galvanic Skin Response signal; third row: EMG, Electromyography signal; fourth row: RSP, 

Respiration signal.  
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parameters from signals directly. Another tool is frequency domain analysis which displays 

how the signal's energy is distributed over a range of frequencies and extracts parameters from 

power spectrum after the signals are converted from time domain to frequency domain by 

Fourier transform.  

The physiological parameters that were systematically extracted from time domain (see 

Appendix for a comprehensive description of all the extracted parameters, p. 90), are: a) ECG: 

Mean RR interval (mRR), Mean heart rate (mHR), Standard deviation of RR interval (SDRR), 

Standard deviation of heart rate (SDHR), Coefficient of variance of RR intervals (CVRR), Root 

mean square successive difference (RMSSD), Number of pairs of adjacent RR intervals 

differing by more than 20 ms to all RR intervals (pRR20), Number of pairs of adjacent RR 

intervals differing by more than 50 ms to all RR intervals (pRR50); b) EMG: Integrated EMG 

(IEMG), Mean absolute value (MAV), Modified mean absolute value 1 (MMAV1), Modified 

mean absolute value 2 (MMAV2), Mean absolute value slope (MAVS), Root mean square 

(RMS), Variance (VAR), Waveform length (WL), Zero crossing (ZC), Slope sign changes (SSC), 

Willison amplitude (WAMP), Simple square integral (SSI), Histogram of EMG[in total 5 variables were 

calculated] (HEMG[5]), Peak (peak), Standard deviation of the mean values (me), Lag dependence 

functions (ldf), Partial lag dependence functions (pldf), Mutual information (mutinfo), 

Similarity correlation (si_corr); c) GSR: Number of peaks (Npeaks), Number of slopes 

(Nslopes), Number of drops (Ndrops), Combination (Combo). Subsequently, a combination of 

event attributes -i.e., duration, amplitude and area- was calculated for each of the four 

parameters. A set of statistical measures -i.e., minimum, maximum, average, variance and 

standard deviation- for each of the three event attributes and each of the four above-mentioned 

GSR parameters was calculated, resulting in a total of 64 GSR parameters. In addition to these 

GSR parameters, they were extracted: Peak (peak), Similarity correlation (si_corr), Peak to 

peak mean value (p2pmv); d) RSP: Respiratory frequency (REFREQ), Variance of the 

respiration frequency (REFREQVAR), Standard deviation of the respiratory frequency 

(REFREQSD), Breath-by-breath correlation (BBC), Breath Length Variation (BLVAR), Mean of 

local maxima (mlocmax), Mean of local minima (mlocmin), Median of local maxima 

(mdnlocmax), Median of local minima (mdnlocmin), Sample entropy of the peak sequence (Pse), 

Sample entropy of the trough sequence (Tse), Median of peak-to-trough differences (PTdiff), 

Median respiratory volume during breathing cycles (Vbr), Median respiratory volume during 

inhalation periods (Vin), Median respiratory volume during exhalation periods (Vex), Median 
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respiratory “flow rate” during breathing cycles (FRbr), Median respiratory “flow rate” during 

inhalation periods (FRin), Median respiratory “flow rate” during exhalation periods (FRex). 

The physiological parameters that were systematically extracted from frequency domain (see 

Appendix for a comprehensive description of all the extracted parameters, p. 90), are: a) ECG: 

Power spectrum of very low frequency (VLF), Power spectrum of low frequency (LF), Power 

spectrum of high frequency (HF), Normalized very low frequency spectrum (nVLF), 

Normalized low frequency spectrum (nLF), Normalized high frequency spectrum (nHF), 

Difference of normalized low frequency spectrum and normalized high frequency spectrum 

(dLFHF), Symphathetic modulation index (SMI), Vagal modulation index (VMI), 

Symphatovagal balance index (SVI); b) EMG: Autoregressive coefficients[in total 20 variables were 

calculated] (ARC[20]), Frequency median (FMD), Frequency mean (FMN), Modified frequency 

median (MFMD), Modified frequency mean (MFMN), Frequency ratio (FR); c) RSP: Power 

spectrum of very low frequency (VLF), Power spectrum of low frequency (LF), Power spectrum 

of high frequency (HF), Normalized very low frequency spectrum (nVLF), Normalized low 

frequency spectrum (nLF), Normalized high frequency spectrum (nHF). 
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Figure 5. Visual representation of a temporal window and baseline window of 5.5 s. In order to extract 

temporal windows, a reference point was determined which was exactly located in the middle of the 

emotional and pain stimulation (red cross). The starting point of the extraction was set 1 s before the 

reference and the end point was set 4.5s after the reference. Similarly, the reference point of the baseline 

window was exactly located in the middle of the pause between two consecutive stimulations (red cross). 

The starting point of the extraction was defined 1.5 s before the reference and the end point was defined 

4 s after the reference. Hence, each window had an exact cutting length of 5.5 s. PL0, Pain Level 0 (no 

pain); PL1, Pain Level 1 (pain thershold); PL2, Pain Level 2 (pain tolerance).  Adapted from 

Schmerzerkennung anhand psychophysiologischer Signale mithilfe maschineller Lerner (Doctoral 

dissertation, p. 34), by S. Gruss, 2015, Ulm, DE: Ulm University. Adapted with permission. 

 

2.5 Self-Report  

VAS. To assess individualized pain stimuli (i.e., PL1 and PL2), participants were asked to rate 

the amount of perceived pain on the VAS. As mentioned earlier (1.2.1 Self-Report Scales for 

Pain Assessment), the VAS consists of a 100-mm horizontal straight line whose anchors range 

from “no pain sensation” (score of 0) to “the most intense pain sensation imaginable” (score of 

100) (Wewers & Lowe, 1990). Hence, a higher score points out greater pain intensity. The VAS 

was administered as a paper-and-pencil measure.  
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Self-Assessment Manikin. To verify whether picture stimuli elicited the intended emotional 

states, participants rated their subjective reaction to the induction of affect using the Self-

Assessment Manikin (SAM; Bradley & Lang, 1994; Lang, 1980) which measures the valence 

and arousal with viewing each picture. It was emphasized that the researchers were interested 

in personal feelings and that correct or wrong answers were not possible. The scale includes 

two sets of five pictographs showing affective valence (unpleasant-pleasant) and arousal (calm-

excited). The pleasure scale depicts a smiling figure at one extreme and a frowning figure at the 

other. The arousal scale represents a sleeping figure at the calm end, and an excited and wide-

eyed figure at the other. Participants using the mid-point of each scale indicate feeling neither 

happy nor unhappy, or neither calm nor excited (i.e., neutral). Both scales yielded ratings 

between 1 and 9 for each dimension, with higher scores being associated with greater subjective 

pleasure and arousal (lower scores in pleasure dimension are associated with greater 

displeasure). The paper-and-pencil version of the SAM scale was utilized for the present 

experiment. Participants were instructed to make a mark under the scale of each dimension.  

 

2.6 Procedure  

The experiments were conducted from February till April 2016 at the Section of Medical 

Psychology, Clinic for Psychosomatic Medicine and Psychotherapy, Ulm University. First, the 

researchers summarized each aspect of the content and procedures of the experiment, and 

obtained informed consent. Each participant’s health status was determined by a brief interview 

to define eligibility. If the participant was eligible, they were seated in a sound and light 

attenuated room. Then, pain stimulator and physiological sensors were applied. Capsaicin 

cream was first rubbed onto the site of pain stimulation and then covered with an adhesive 

bandage for 20 min. Capsaicin is a compound of chili peppers and produces hypersensitivity to 

pain and innocuous stimuli (Fattori, Hohmann, Rossaneis, Pinho-Ribeiro, & Verri, 2016). For 

this reason, capsaicin has been widely used to examine pain-related events. Secondly, the sites 

were slightly abraded with a skin preparation gel and decreased with alcohol for attaching the 

physiological sensors. Participants were acclimated to the experimental context while they 

completed several questionnaires. They were informed that no known risk was associated with 

the procedures of the experiment, but they might feel temporary discomfort during skin 

preparation for the sensors and during heat pain stimulation. The researchers emphasized that 

the discomfort would be temporary and under participant’s control because they would define 
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their pain threshold and pain tolerance. Additionally, participants were told that they were able 

to leave the experiment at any time by pressing the emergency stop button.    

The first 23 participants began with the right arm; the rest of them began with the left arm. PL1 

and PL2 were determined for all participants. The experiment was organized into four phases 

as shown in Figure 6. The preparation phase which lasted roughly 20 min, involved the 

preparation of the participant, as described above. The next phase involved the calibration phase 

that lasted 15 min. The main experimental phase involved inducing the pain levels while the 

participant was viewing the picture presentation and listening to sound stimuli. The specific 

procedure was as follows: the main experimental phase began with a preparatory cue which 

stayed on the screen until the participant adjusted the volume of the headphones for listening to 

sound stimuli. Sound test was followed by instructions for the participant. Participants were 

informed that a series of pictures would be showed on the screen during which they would need 

to view each picture the entire time and listen to the respective sound allowing themselves to 

experience the potential emotions evoked by the stimuli; they were also instructed that pain 

stimuli might be induced during the presentation. After explaining the procedure, the 

researchers left the experimental room and monitored the participants by video camera. The 

main experimental phase lasted approximately 30 min. This phase was followed by an after-

rating condition. During this condition, each participant rated the intensity of PL1 and PL2 on 

the VAS. They rated simultaneously valence and arousal of six affective stimuli that aimed to 

evoke positive, negative and neutral emotions using the SAM; they also rated three pictures 

from the three “sets of emotions” without pain stimulation. The after-rating condition began 

with a 6 s presentation of the to-be-rated picture and a 4 s induction of the pain stimulus, directly 

after which the rating was made. The rating period was 30 s, allowing sufficient time for ratings. 

After the end of the after-rating condition, participants were requested to apply a cold compress 

to the area of heat pain stimulation for at least five minutes. At the end of the experiment, 

sensors were removed, and participants were debriefed and thanked.    
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2.7 Statistical Analysis 

All physiological parameters (ECG, EMG, GSR and RSP) were averaged by picture valence 

(pleasant, neutral and unpleasant). Before averaging by picture valence, physiological 

parameters were standardized within individuals by converting to z scores. Standardization 

removes arbitrary between-subject variability and facilitates the comparison of scores that 

derive from different distributions by placing variables on a common metric (standard deviation 

units) (Rhudy, McCabe, & Williams, 2007). Statistical analysis of the obtained self-report 

ratings (pain intensity, pleasure and arousal) and physiological reactions was conducted 

according to the below-mentioned process. Data were analyzed using IBM SPSS Statistics for 

Windows, Version 25.0, and the level of significance was set at .05 for all tests.  

 

Test for Normality. The Shapiro-Wilk Test was used to assess the normality of data because 

of the small sample size. The test showed that most of the subjective and objectively measured 

parameters from the different participants in the same condition did not have a normal 

distribution. Hence, non-parametric tests have been used for further analysis of the measured 

parameters.  

 

Tests for Physiological Data Selection. The main target of this phase was to detect the most-

highly pain-related physiological parameters and reduce radically them from 157 to one 

parameter per modality. To do so, the Wilcoxon signed-rank test was utilized to compare: a) 

physiological parameters measured during baseline with those measured during condition 

PL2+Neutral, b) parameters measured during baseline with those from condition PL1+Neutral 

and c) parameters from condition PL1+Neutral to those from condition PL2+Neutral. To further 

reduce physiological parameters correlation coefficients using Spearman’s rho were calculated. 

Figure 6. Experimental flow 

20-min  15-min 30-min 

Preparation phase Calibration phase Experimental phase 

Experimental flow 

After-rating condition 

6-min 
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Especially, Spearman’s correlation coefficients were calculated for the remaining parameters 

of each modality under PL2+Neutral and PL1+Neutral, respectively. If the parameters of each 

modality were highly correlated, then only one parameter could be selected from this particular 

modality, as each of the parameters would contribute equally to the subsequent statistical 

analysis of data. Subchapter 2.8 presents in detail the selection process of physiological 

parameters.  

 

Tests for Significant Differences Among Different Pain Levels. Friedman’s ANOVA was 

used to examine if there were significant differences in self-report and physiological reactions 

among valence conditions during PL0, PL1 and PL2 induction respectively due to violation of 

the normality assumption. Picture valence was a within-subject variable. Post hoc analyses with 

Wilcoxon signed-rank test were subsequently performed either a significant difference among 

conditions was detected or not. It was important to report effect sizes so that there would be a 

standardized measure of the size of the observed effect which can be used for comparison 

between the present study and other studies. SPSS does not calculate automatically an effect 

size, but effect sizes were manually calculated for the current study by using the following 

equation:  

 

                                                      𝑟 =  
𝑧

√𝑁
                                                                           (1) 

 

where z is the z-score that SPSS automatically produces and N is the number of total 

observations (i.e., 86 total observations for the present study) on which z is based (Rosenthal, 

1991, p. 19). According to Cohen’s (1988) criteria for interpreting effect sizes, r of |. 1| 

represents a small effect size, |. 3| represents a medium effect size and |. 5| represents a large 

effect size. Moreover, possible gender and arm differences in self-report and physiological 

measures were tested using a non-parametric test, the Mann-Whitney U test. Gender and arm 

(right versus left) were between-subject variables. Effect sizes were calculated for the Mann-

Whitney test in the same way as for the Wilcoxon test. In this case the number of total 

observations was 43 for grouping variable gender and 43 for grouping variable arm. 

  

Tests for Significant Differences Between Different Pain Levels. The purpose of this set of 

tests was to examine possible differences in pain experience, self-reported affect and 

physiological responses between PL1 and PL2. To do so, Wilcoxon signed-rank tests were 
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performed. Pain level was a within-subject variable. Furthermore, Mann-Whitney U tests were 

conducted to investigate possible gender and arm differences in self-report and physiological 

measures between PL1 and PL2. Gender and arm were between-subject variables. In the same 

way as mentioned above effect sizes were calculated for the Mann-Whitney test and Wilcoxon 

test. 
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2.8 Tracking of the Selection Process of Physiological Parameters  

Figure 7 tracks the selection process of physiological data. The main target of the process was 

to identify the most-highly pain-associated physiological parameters and select only one 

parameter deriving from each modality so as to be included in data analysis. 157 physiological 

parameters were extracted from ECG, EMG, GSR and RSP signals. After the completion of 

physiological data extraction, 20 parameters were excluded because their values were equal to 

zero, leaving 137 valid parameters for the selection process. At the first step, a Wilcoxon 

signed-rank test was conducted comparing the baseline with PL2 when viewing neutral 

pictures. 68 parameters were excluded because they were not meeting the inclusion criteria (p 

> .05). 69 parameters were eligible for the second step. At the second step, a Wilcoxon signed-

rank test was utilized to compare baseline with PL1 when viewing neutral pictures. 46 

parameters were excluded because they did not fulfil the inclusion criteria (p > .05). 22 

parameters were utilized in step 3. One EMG parameter was eligible for data analysis. At the 

third step, a Wilcoxon signed-rank test was conducted comparing PL1 with PL2 during neutral 

emotion stimulation. One parameter was excluded (p > .05) and the rest of the parameters 

(Parameters = 21) were used in step 4. For step 4, correlation coefficients using Spearman’s rho 

were calculated for the physiological parameters of each modality -ECG, GSR and RSP- under 

PL2 during neutral pictures. Correlations among ECG physiological parameters were 

statistically significant. Similarly, significant correlations were observed among GSR 

physiological parameters. Following these results, two physiological parameters were selected 

from ECG and GSR modalities, excluding 15 parameters from the process and leaving four 

RSP parameters for step 5. At step 5, correlation coefficients using Spearman’s rho were 

calculated for RSP parameters. Significant correlations were found among those physiological 

parameters. Hence, one parameter was selected from RSP modality, excluding three RSP 

parameters. Taken together, the selection process determined four eligible physiological 

parameters for data analysis: 1) ECG: mRR, 2) EMG: WAMP, 3) GSR: peak and 4) RSP: peak 

mean.  
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Figure 7. Flow diagram of the physiological parameter selection. Physiol., physiological; ECG, 

electrocardiography; EMG, electromyography; GSR, galvanic skin response; RSP, respiration; B, 

baseline; PL1+Neutral, Pain Level 1 with neutral picture; PL2+Neutral, Pain Level 2 with neutral 

picture.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 1: B vs. PL2+Neutral (Parameters = 137) 

 

Step 3: PL1+Neutral vs. PL2+Neutral (Parameters = 22) 

Eligible parameter: EMG = 1 

Step 2: B vs. PL1+Neutral (Parameters = 69) 

 

Eligible physiol. parameters for data analysis               

(Parameters = 4; ECG = 1; EMG = 1; GSR = 1; RSP = 1)  

 

 Step 5: Correlation coefficients for RSP parameters 

under PL1+Neutral (Parameters = 4)                                      

Eligible parameters: ECG = 1, GSR = 1  

 

  

157 physiol. parameters were extracted from ECG, EMG, 

GSR and RSP 

Step 4: Correlation coefficients for physiol. parameters 

of each modality under PL2+Neutral (Parameters = 21) 

  

Excluded (Parameters = 20) 

Parameter value = 0  

 

Excluded (Parameters = 68) 

Not meeting the criteria 

 

Excluded (Parameters = 46) 

Not meeting the criteria 

 

Excluded (Parameter = 1) 

Not meeting the criteria 

 

Excluded (Parameters = 15) 

Significant correlations among ECG and 

GSR parameters, respectively   

 

 

Excluded (Parameters = 3) 

Significant correlations among RSP 

parameters   
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3 Results 

3.1 Descriptive Characteristics of the Study Sample 

The characteristics of the study sample are reported in Table 2. The participants comprised of 

51.2% males and 48.8% females with a mean age of 26.40 years (SD = 6.24). More than half 

of the participants (n = 23, 53.5%) received heat stimulation to the right arm. The participants’ 

mean PL1 was 39.97 °C (SD = 3.68) and mean PL2 was 47.35 °C (SD = 4.14). The Mann-

Whitney U test indicated that there were no significant gender differences in pain levels (p 

>.05); there were also no significant differences between the right and left arm in pain levels (p 

>.05).     

 

Table 2 

Participant characteristics 

Variables Subcategory Total sample 

(N = 43) 

Males 

(n = 22, 51.2%) 

Females 

(n = 21, 48.8%) 

Age (years) Mean (SD) 26.40 (6.24) 28.23 (7.28) 24.48 (4.31) 

Arm  n (%)    

 Right 23 (53.5) 12 (54.5) 11 (52.4) 

 Left 20 (46.5) 10 (45.5) 10 (47.6) 

Pain level (°C) Mean (SD)    

 PL1 39.97 (3.68) 40.61 (4.07) 39.30 (3.19) 

 PL2 47.35 (4.14) 47.84 (3.59) 46.83 (4.68) 

Notes. SD, standard deviation; PL1, Pain Level 1 (pain threshold); PL2, Pain Level 2 (pain tolerance).    
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3.2 Effects of Emotions on Self-Reported Affect and Physiological 

Responses During PL0 

Friedman tests with post hoc Wilcoxon signed-rank tests for self-report ratings (pleasure and 

arousal) and physiological reactions during no pain stimulation were conducted. The Mann-

Whitney U test was also performed. Unless noted, there were no significant gender and arm 

differences (p >.05). Table 3 presents the mean self-report ratings measured in the after-rating 

condition and physiological responses measured during the main experimental phase along with 

the results of the statistical tests comparing the valence conditions during PL0. The self-report 

measure of valence and arousal confirmed that emotional stimuli were effective to induce the 

targeted emotions during the experiment.  

A significant effect of valence was found for pleasure and arousal ratings. For pleasure ratings, 

Friedman test indicated that all valence categories were significantly different, χ2 (2) = 76.146, 

p <.001. Post hoc analysis with Wilcoxon signed-rank test indicated that there was a statistically 

significant increase in valence in pleasant condition compared to neutral condition (z = -5.404, 

p <.001, r = -.58). Out of a total of 43 participants, most participants (n = 37) rated as more 

positive pleasant pictures than those in neutral condition. Six participants had the same scores 

for pleasant and neutral pictures. Furthermore, Wilcoxon signed-rank test showed that there 

was a statistically significant increase in valence in pleasant condition in comparison to 

unpleasant condition (z = -5.621, p <.001, r = -.61). Indeed, most participants (n = 41) rated 

pleasant pictures more positively than those in unpleasant condition. However, two participants 

had the same scores for pleasant and unpleasant pictures. Post hoc analysis showed that there 

was a significant decrease in valence in unpleasant condition compared to neutral condition (z 

= -5.717, p <.001, r = -.62). Indeed, 41 out of a total of 43 participants rated the unpleasant 

pictures more negatively than those in neutral condition. Only two participants rated positively 

the pictures of unpleasant condition relative to neutral.  

For arousal ratings, Friedman test showed that there was a statistically significant difference in 

arousal depending on which emotion was evoked, χ2 (2) = 60.899, p <.001. Post hoc analyses 

using Wilcoxon signed-rank test indicated that there were statistically significant increases in 

arousal in pleasant condition compared to neutral (z = -5.400, p <.001, r = -.58) and in 

unpleasant condition compared to neutral (z = -5.470, p <.001, r = -.59), but the comparison 

between pleasant and unpleasant conditions (z = -1.381, p = .167, r = -.15) was not significant. 

In particular, the majority of the sample (n = 38) assessed pleasant pictures as more arousing 
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than neutral pictures. However, five participants had no changes in arousal scores. Out of a total 

of 43 participants, most participants (n = 39) rated unpleasant pictures as more arousing than 

neutral pictures. Only four participants had the same scores for both valence categories.  

Similarly, a significant effect of valence was found for physiological responses. Friedman test 

indicated that there was a statistically significant difference in the mean RR interval depending 

on which emotion was elicited, χ2 (2) = 29.442, p <.001. In the predicted direction, post hoc 

analysis using Wilcoxon signed-rank test showed that there was a statistically significant 

increase in pleasant versus neutral (z = -3.840, p <.001, r = -.41). Indeed, the mean RR interval 

increased in 35 participants during pleasant pictures relative to neutral pictures, but decreased 

in eight participants of the study. Moreover, the effect of valence produced a statistically 

significant increase in this physiological measure in negative versus neutral (z = -4.492, p <.001, 

r = -.48), but this result was not in the expected direction. The mean RR interval increased in 

37 participants during negative pictures relative to neutral pictures and decreased in the 

remaining participants (n = 6). The comparison between pleasant and unpleasant conditions (z 

= -0.133, p = .894, r = -.01) was not significant.  

The effect of valence produced a statistically significant difference in EMG activity depending 

on which emotion was evoked, χ2 (2) = 6.884, p = .032. Post hoc analyses with Wilcoxon 

signed-rank test were conducted. As expected, there was a statistically significant decrease in 

EMG activity in pleasant condition compared to neutral (z = -2.620, p = .009, r = -.28). The 

activity of the trapezius muscle decreased in 29 participants in pleasant condition relative to 

neutral, but increased in the rest of the study sample (n = 14). Moreover, there was a statistically 

significant decrease in EMG activity in negative versus neutral (z = -2.379, p = .017, r = -.26). 

However, this effect was not in the expected direction. EMG activity decreased in 28 

participants in negative condition relative to neutral, but it was elevated in 15 participants. The 

comparison between pleasant and unpleasant conditions (z = -0.688, p = .491, r = -.07) was not 

significant.  

For GSR, Friedman test revealed a statistically significant difference depending on which 

emotion was evoked, χ2 (2) = 9.814, p = .007. Post hoc analyses with Wilcoxon signed-rank 

test were conducted. In the predicted direction, there was a statistically significant increase in 

pleasant condition compared to neutral condition (z = -3.248, p = .001, r = -.35) In particular, 

skin response was elevated in 30 participants during pleasant picture viewing relative to neutral, 

but decreased in 13 study participants. There was also a statistically significant increase in 
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negative condition compared to neutral condition (z = -2.922, p = .003, r = -.31), as predicted. 

Indeed, skin response was increased in 27 participants during viewing negative pictures relative 

to neutral pictures, but decreased in 16 participants. The comparison between pleasant and 

negative conditions (z = -1.570, p = .116, r = -.17) was not significant.  

For respiration, Friedman test indicated that there was a statistically significant difference 

depending on which emotion was evoked, χ2 (2) = 15.488, p <.001. Post hoc analyses with 

Wilcoxon signed-rank test were conducted. There was a statistically significant increase in 

pleasant compared to neutral (z = -3.441, p = .001, r = -.37), as expected. Respiration increased 

in most participants (n = 32) in pleasant condition relative to neutral, but decreased in 11 study 

participants. Similarly, there was a statistically significant increase in negative compared to 

neutral (z = -3.369, p = .001, r = -.36). Respiration was elevated in 32 participants in negative 

condition relative to neutral, but decreased in 11 participants. Lastly, the comparison between 

pleasant and negative (z = -0.085, p = .933, r = -.01) was not significant.  

Taken together, these results confirm that picture viewing did effectively manipulate participant 

self-reported emotion and physiological responses during the experiment; however, the mean 

RR interval, EMG activity and RSP were not in the expected direction in negative condition 

compared with neutral condition.    
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Table 3 

Results of the within-subject comparison of mean (SD) self-report and physiological measures when 

viewing pleasant, neutral and unpleasant pictures without pain stimulation (PL0) 

Dependent measure Friedman test Pleasant Neutral Unpleasant 

Self-report                               

(After-rating condition) 

    

Pleasure (valence) rating (1 – 9) <.001 6.79 (1.26)a, b 5.00 (0.95) 1.79 (1.15)c 

Arousal rating (1 – 9) <.001 4.95 (2.26)a 1.26 (0.49) 5.35 (2.14)c 

     

Physiological measure 

(Experimental phase) 

    

ECG mRR (μV) <.001 0.37 (0.29)a 0.06 (0.42) 0.38 (0.41)c 

EMG WAMP (μV) .032 -0.08 (0.32)a 0.09 (0.30) -0.03 (0.26)c 

GSR peak (μS) .007 -0.07 (0.29)a -0.37 (0.44) -0.12 (0.26)c 

RSP peak mean (μV) <.001 0.21 (0.25)a 0.05 (0.25) 0.21 (0.21)c 

Notes. The results of Friedman test (p value refers to the comparison of self-report and physiological measures during pleasant, neutral and 

unpleasant conditions) are presented in the first column. Post hoc analyses with Wilcoxon signed-rank test follow in the next columns: a. 

comparison of pleasant versus neutral is significant at p <.05, b. comparison of pleasant versus unpleasant is significant at p <.05, and c. 

comparison of unpleasant versus neutral is significant at p <.05.  

A window of 5.5s was utilized to extract the physiological measures during emotion elicitation without pain stimulation.  

SD, standard deviation; ECG mRR, electrocardiography mean RR interval; EMG WAMP, electromyography Willison amplitude; GSR peak, 

galvanic skin response peak; RSP peak mean, respiration peak mean. μV, microvolt; μS, microsiemens.  

 

3.3 Effects of Emotions on Pain During PL1  

Friedman tests with post hoc Wilcoxon signed-rank tests for pain intensity scores during PL1 

stimulation were performed. The Mann-Whitney U test was also conducted. Unless reported, 

there were no significant gender and arm differences (p >.05). The induction of emotions 

produced highly significant changes in pain intensity scores (measured in the after-rating 

condition) under PL1, as shown in Figure 8. As expected, Friedman test revealed a statistically 

significant difference in pain intensity depending on which emotion was evoked whilst pain 

threshold stimulation, χ2 (2) = 45.469, p <.001. However, the effect of valence on pain was not 

in the predicted direction. Post hoc analyses using Wilcoxon signed-rank test indicated that 

there were statistically significant increases in pain intensity in pleasant condition compared to 

neutral (z = -4.904, p <.001, r = -.53) and in pleasant condition compared to unpleasant (z = -

4.396, p <.001, r = -.47), but the comparison between unpleasant and neutral conditions (z = -
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1.630, p = .103, r = -.17) did not achieve significance. 31 out of a total of 43 participants 

assessed PL1 as more painful in pleasant than in neutral condition. The remaining 12 

participants had no changes in their pain scores. After viewing pleasant pictures 29 participants 

rated PL1 as more painful than the same stimulus after viewing unpleasant pictures. Three 

participants rated PL1 as less painful in pleasant than in unpleasant condition and 11 

participants had the same scores for both valence categories. These results suggest that pain 

was modulated by emotion with positive affect leading to pain facilitation and negative affect 

leading to pain inhibition. 

 

  

Figure 8. The influence of picture-viewing on pain intensity scores [Mean (SD)] measured in the after-

rating condition to PL1 induction (the red dashed line depicts the middle point of the VAS). Friedman 

test was used to test the influence of picture-viewing on pain scores. Post hoc analyses suggested that 

the pleasant versus unpleasant and the pleasant versus neutral comparisons were significant (p values 

<.001; significant comparisons are represented as the line superimposed on the relevant bar conditions). 

Therefore, these data suggest that subjective pain scores were modulated by emotion during PL1 

induction, but not in the predicted direction. PL1, Pain Level 1 (pain threshold). 

 

3.4 Changes in Self-Reported Affect and Physiological Responses During 

PL1  

Friedman tests with post hoc Wilcoxon signed-rank tests for pleasure and arousal ratings, and 

physiological reactions during PL1 stimulation were conducted. Additionally, the Mann-
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Whitney U test was performed. Unless noted, there were no significant gender and arm 

differences (p >.05). The mean self-report ratings (measured in the after-rating condition) and 

physiological responses (measured during the main experimental phase) with the results of the 

statistical tests comparing the valence conditions during PL1 are reported in Table 4. The 

comparison of valence ratings across all conditions was highly significant. Indeed, Friedman 

test indicated that there was a statistically significant difference in valence depending on which 

emotion was evoked whilst pain threshold induction, χ2 (2) = 46.074, p <.001, as expected. In 

particular, post hoc analysis with Wilcoxon signed-rank test showed that there was a statistically 

significant increase in valence in pleasant condition relative to neutral (z = -4.915, p <.001, r = 

-.53). Out of a total of 43 participants, most participants (n = 31) assessed the pleasant pictures 

as more positive than those in neutral condition. The remaining 12 participants had no changes 

in their scores. Furthermore, Wilcoxon signed-rank test showed that there was a statistically 

significant increase in positive condition relative to negative (z = -4.747, p <.001, r = -.51). The 

majority of the study sample (n = 34) rated the pleasant pictures more positively than those in 

unpleasant condition, but two participants assessed the pleasant pictures less positively than the 

negative ones. The remaining seven participants had the same scores for both valence 

categories. In contrast, post hoc analysis indicated that there was a significant decrease in 

valence in negative condition relative to neutral (z = -2.101, p = .036, r = -.23). 21 participants 

assessed the unpleasant pictures more negatively than the neutral pictures; however, nine 

participants assessed the unpleasant pictures more positively than the neutral ones. The 

remaining participants (n = 13) had no changes in their scores.  

For arousal ratings, Friedman test indicated that there was a statistically significant difference 

in arousal depending on which emotion was evoked whilst PL1 stimulation, χ2 (2) = 41.791, p 

<.001, as predicted. Particularly, post hoc analyses using Wilcoxon signed-rank test indicated 

that there were statistically significant increases in arousal in pleasant condition relative to 

neutral (z = -4.851, p <.001, r = -.52) and in unpleasant condition relative to neutral (z = -4.955, 

p <.001, r = -.53), but the comparison between pleasant and unpleasant conditions was not 

significant (z = -0.991, p = .322, r = -.11). Indeed, most participants (n = 31) rated pleasant 

pictures as more arousing than neutral pictures, but three participants rated pleasant pictures as 

less arousing than the neutral ones. The remaining 9 participants had the same scores for both 

valence categories. In unpleasant condition, most participants (n = 32) rated pictures as more 

arousing than those in neutral condition. Nevertheless, 11 participants had no changes in arousal 

scores.  
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The effect of valence did not produce a statistically significant difference in the mean RR 

interval during PL1 induction, χ2 (2) = 5.023, p = .081. However, post hoc analyses with 

Wilcoxon signed-rank test were conducted. The comparisons between pleasant and neutral (z = 

-1.835, p = .066, r = -.20), and pleasant and unpleasant (z = -0.435, p = .664, r = -.05) were not 

significant, but the comparison between unpleasant and neutral (z = -2.512, p = .012, r = -.27) 

reached statistical significance. Indeed, the mean RR interval increased in 28 participants during 

unpleasant condition relative to neutral condition, but decreased in 15 participants of the study. 

However, this result was not in the predicted direction. A significant arm effect (U = 142.00, z 

= -2.143, p = .032, r = -.33) suggested that the mean RR interval increased in participants who 

were stimulated in left arm during viewing negative pictures than those who were stimulated in 

right arm [Mean (SD) = 0.41(0.31) vs. 0.22(0.27)].  

For EMG, Friedman test indicated that there was a statistically significant difference in EMG 

activity depending on which emotion was evoked during PL1, χ2 (2) = 8.456, p = .015. Post hoc 

analyses with Wilcoxon signed-rank test were conducted. As expected, there was a statistically 

significant decrease in EMG activity in pleasant compared to neutral (z = -3.466, p = .001, r = 

-.37). Indeed, trapezius muscle activity decreased in most participants (n = 30) during pleasant 

condition relative to neutral, but it was elevated in 13 participants. Similarly, there was a 

statistically significant decrease in EMG activity in pleasant relative to unpleasant (z = -2.832, 

p = .005, r = -.30) during PL1 induction. EMG activity decreased in 28 participants during 

pleasant condition compared to unpleasant, but increased in 14 participants; it did not change 

for one participant. The comparison between unpleasant and neutral was not significant (z = -

0.157, p = .875, r = -.02).  

As regards GSR, Friedman test revealed a statistically significant difference depending on 

which emotion was evoked during PL1 induction, χ2 (2) = 18.744, p <.001, as expected. Post 

hoc analysis with Wilcoxon signed-rank test indicated that there was a statistically significant 

increase in skin response in pleasant condition compared with neutral (z = -3.622, p <.001, r = 

-.39). Indeed, skin response was elevated in 32 participants during viewing pleasant pictures 

relative to neutral pictures, but it decreased in 11 participants. Similarly, there was a statistically 

significant increase in pleasant compared to unpleasant (z = -2.729, p = .006, r = -.29). 

Particularly, skin response was elevated in most participants (n = 34) during pleasant pictures 

relative to the negative ones; however, it decreased in nine study participants. There was also a 

statistically significant increase in unpleasant relative to neutral (z = -2.041, p = .041, r = -.22). 

Electrodermal response increased in 25 participants during unpleasant pictures relative to the 
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neutral ones, but it decreased in 18 participants. For RSP, Friedman test showed that there were 

no significant differences among valence categories during PL1 induction, χ2 (2) = 2.279, p = 

.320. However, post hoc analyses with Wilcoxon signed-rank test were conducted. In particular, 

the comparisons between pleasant and neutral (z = -0.447, p = .655, r = -.05), pleasant and 

unpleasant (z = -0.519, p = .604, r = -.05), and unpleasant and neutral (z = -0.894, p = .372, r = 

-.10) were not significant.  

In sum, these results suggest that emotion stimulation significantly influenced self-reported 

affect and physiological reactions during pain threshold stimulation. However, cardiac response 

(i.e., increase in RR interval) was not in the expected direction and respiration did not reach 

statistical significance.   

 

Table 4 

Results of the within-subject comparison of mean (SD) self-report and physiological measures when 

viewing pleasant, neutral and unpleasant pictures during pain threshold (PL1) stimulation  

Dependent measure Friedman test Pleasant Neutral Unpleasant 

Self-report                                        

(After-rating condition) 

    

Pleasure (valence) rating (1 – 9) <.001 6.26 (1.43)a, b 4.67 (1.08) 4.12 (1.42)c 

Arousal rating (1 – 9) <.001 3.72 (2.24)a 1.44 (1.40) 4.19 (2.49)c 

     

Physiological measure                

(Experimental phase) 

    

ECG mRR (μV) .081 0.27 (0.32) 0.13 (0.36) 0.31 (0.30)c 

EMG WAMP (μV) .015 -0.20 (0.40)a, b 0.11 (0.28) 0.09 (0.31) 

GSR peak (μS) <.001 0.04 (0.42)a, b -0.30 (0.28) -0.21 (0.24)c 

RSP peak mean (μV) .320 0.12 (0.30) 0.11 (0.28) 0.13 (0.32) 

Notes. The results of Friedman test (p value refers to the comparison of self-report and physiological measures during pleasant, neutral and 

unpleasant conditions) are presented in the first column. Post hoc analyses with Wilcoxon signed-rank test follow in the next columns: a. 

comparison of pleasant versus neutral is significant at p <.05, b. comparison of pleasant versus unpleasant is significant at p <.05, and c. 

comparison of unpleasant versus neutral is significant at p <.05.  

A window of 5.5s was utilized to extract the physiological measures during emotion elicitation and PL1 stimulation.  

SD, standard deviation; ECG mRR, electrocardiography mean RR interval; EMG WAMP, electromyography Willison amplitude; GSR peak, 

galvanic skin response peak; RSP peak mean, respiration peak mean. μV, microvolt; μS, microsiemens.  

 

 



3 Results 

 
46 

3.5 Effects of Emotions on Pain During PL2  

Friedman tests with post hoc Wilcoxon signed-rank tests for pain intensity scores during PL2 

stimulation were performed. The Mann-Whitney U test was also conducted. Unless noted, there 

were no significant gender and arm differences (p >.05). The induction of emotions produced 

significant changes in pain intensity scores (measured in the after-rating condition) under PL2, 

as shown in Figure 9. As expected, Friedman test indicated that there was a statistically 

significant difference in pain intensity depending on picture content, χ2 (2) = 7.758, p = .021. 

However, the results of post hoc analyses reported below were not in the predicted direction. 

In particular, there was a statistically significant increase in pain intensity in pleasant condition 

relative to unpleasant (z = -2.419, p = .016, r = -.26). Indeed, 22 participants assessed PL2 after 

viewing pleasant pictures as more painful than the same stimulus after viewing negative 

pictures, but six participants rated PL2 as less painful in pleasant condition than in unpleasant 

condition. The remaining participants (n = 15) had no changes in their scores. In contrast, there 

was a marginally significant decrease in pain intensity in unpleasant condition relative to neutral 

(z = -1.903, p = .057, r = -.20). 19 participants rated PL2 as less painful in unpleasant condition 

than in the neutral one, but 11 participants rated PL2 as more painful. The rest of the participants 

(n = 13) had the same scores for both valence categories. Lastly, the comparison between 

pleasant and neutral (z = -0.612, p = .540, r = -.06) did not reach statistical significance. A 

significant arm effect (U = 140.00, z = -2.220, p = .026, r = -.34) indicated that participants 

with stimulated left arm experienced more pain during viewing positive pictures than those with 

stimulated right arm [Mean (SD) = 7.10(1.48) vs. 5.83(1.95)].  

Together, these results suggest that pain tolerance was experienced as more painful (pain 

facilitation) following the induction of positive emotion than following the induction of 

negative emotion; pain tolerance was also experienced as less painful (pain inhibition) 

following the induction of negative emotion than following the induction of neutral emotion, 

but the effect of negative emotion was smaller. 
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3.6 Changes in Self-Reported Affect and Physiological Responses During 

PL2 

Friedman tests with post hoc Wilcoxon signed-rank tests for emotion ratings and physiological 

reactivity during PL2 stimulation were conducted. The Mann-Whitney U test was also 

performed. Unless noted, there were no significant gender and arm differences (p >.05). Table 

5 presents the mean self-ratings (measured in the after-rating condition) and physiological 

responses (measured during the main experimental phase) along with the results of the 

statistical tests comparing the valence conditions during PL2. A significant effect of valence 

was found for pleasure and arousal ratings. For pleasure ratings, Friedman test indicated that 

all valence categories were significantly different, χ2 (2) = 49.240, p <.001, as expected. 

Specifically, post hoc analysis indicated that there was a statistically significant increase in 

0

10

20

30

40

50

60

70

80

90

100

Pleasant Neutral Unpleasant

P
ai

n
 i

n
te

n
si

ty
 s

co
re

s 
(m

m
)

Valence condition

Effects of emotions on pain during PL2 (pain tolerance)

p <.05

p = .057

Figure 9. The influence of picture-viewing on pain intensity scores [Mean (SD)] measured in the after-

rating condition to PL2 induction (the red dashed line depicts the middle point of the VAS). Friedman 

test was used to test the influence of picture-viewing on pain scores. Post hoc analysis suggested that 

the pleasant versus unpleasant comparison was significant (p value <.05; the significant comparison is 

represented as the line superimposed on the relevant bar conditions). Additionally, post hoc analysis 

suggested a marginally significant comparison of the unpleasant versus neutral condition (the 

comparison is depicted by the superimposed line). Thus, these data suggest that PL2 was experienced 

as more painful following the induction of positive emotion than following the induction of negative 

emotion; PL2 was also experienced as less painful following the induction of negative emotion than 

following the induction of neutral emotion. PL2, Pain Level 2 (pain tolerance).  
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valence in positive condition relative to neutral (z = -5.335, p <.001, r = -.57). Indeed, the 

majority of the participants (n = 37) assessed pleasant pictures as more positive than neutral 

pictures under PL2. However, six participants had the same scores for both valence categories. 

Similarly, there was a statistically significant increase in positive condition relative to negative 

(z = -5.192, p <.001, r = -.56). Most participants (n = 34) rated pleasant pictures as more positive 

than negative pictures under PL2, but three participants rated the pleasant pictures as less 

positive than the negative ones. The remaining participants (n = 6) had no changes in their 

scores. Lastly, there was a significant decrease in negative condition relative to neutral (z = -

2.937, p = .003, r = -.32). 27 study participants assessed negative pictures as less positive than 

neutral pictures, but nine participants rated negative pictures as more positive than those in 

neutral condition. The rest of the participants (n = 7) had no changes in their scores.  

As regards arousal ratings, Friedman test showed that there was a statistically significant 

difference in arousal depending on picture content whilst pain tolerance stimulation, χ2 (2) = 

48.014, p <.001. Post hoc analysis with Wilcoxon signed-rank test indicated that there was a 

statistically significant increase in positive condition relative to neutral (z = -5.340, p <.001, r 

= -.57), as predicted. Indeed, the majority of the sample (n = 37) assessed positive pictures as 

more arousing than neutral pictures under PL2. The remaining participants had no changes in 

their arousal scores (n = 6). Similarly, there was a statistically significant increase in arousal in 

negative condition relative to neutral (z = -4.991, p <.001, r = -.54), as expected. Most 

participants (n = 32) assessed negative pictures as more arousing than neutral pictures, but two 

participants rated negative pictures as less arousing than the neutral ones. The remaining 

participants (n = 9) had no changes in their scores. The comparison between positive and 

negative (z = -0.657, p = .511, r = -.07) was not significant.  

The effect of valence did not produce a statistically significant difference in the mean RR 

interval during PL2 induction, χ2 (2) = 4.791, p = .091. However, post hoc analyses with 

Wilcoxon signed-rank test were conducted. The comparisons between positive and neutral (z = 

-1.268, p = .205, r = -.14), and negative and neutral (z = -1.099, p = .272, r = -.12) were not 

significant. In contrast, there was a statistically significant decrease in cardiac response in 

positive condition relative to negative (z = -2.318, p = .020, r = -.25). Indeed, cardiac response 

decreased in 29 participants during positive condition relative to negative, but it was elevated 

in 14 participants. However, this result was not in the predicted direction.  
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For EMG, Friedman test indicated that there was a statistically significant difference depending 

on picture content during PL2 stimulation, χ2 (2) = 7.860, p = .020. In particular, post hoc 

analysis indicated that there was a statistically significant decrease in trapezius muscle activity 

in positive condition relative to neutral (z = -3.260, p = .001, r = -.35), as expected. Indeed, 

EMG activity decreased in 31 participants during positive relative to neutral, but it was elevated 

in 12 participants. Furthermore, there was a statistically significant decrease in positive 

condition compared to negative (z = -2.210, p = .027, r = -.24), as expected. EMG activity 

decreased in 27 participants during positive relative to negative, but it was elevated in the 

remaining study participants (n = 16). The comparison between negative and neutral (z = -

0.085, p = .933, r = -.01) was not significant.  

For GSR, Friedman test revealed that there was a statistically significant difference depending 

on which emotion was elicited whilst PL2 induction, χ2 (2) = 17.302, p <.001. In the predicted 

direction, post hoc analysis indicated that there was a statistically significant increase in skin 

response in positive condition compared to neutral (z = -3.961, p <.001, r = -.43). Indeed, skin 

response was elevated in the majority of the study sample (n = 33) during positive pictures 

relative to neutral pictures, but it decreased in 10 participants. Furthermore, there was a 

statistically significant increase in positive compared to negative (z = -3.236, p = .001, r = -

.35). Skin response increased in 32 participants during positive pictures relative to the negative 

ones, but it decreased in the remaining participants (n = 11). The comparison between negative 

and neutral (z = -0.712, p = .476, r = -.08) was not significant. A significant arm effect (U = 

137.00, z = -2.264, p = .024, r = -.34) indicated that skin response was elevated in participants 

with left stimulated arm when viewing negative pictures relative to participants with right 

stimulated arm [Mean (SD) = 0.66(0.63) vs. 0.22(0.53)].  

For RSP, Friedman test showed that there was a marginally significant difference depending on 

which emotion was elicited during PL2 stimulation, χ2 (2) = 5.767, p = .056. Post hoc analysis 

indicated that there was a statistically significant increase in respiration in positive compared 

to neutral (z = -2.258, p = .024, r = -.24), as predicted. Respiration was elevated in 27 

participants during positive relative to neutral, but it decreased in the remaining participants (n 

= 16). The comparisons between positive and negative (z = 0.000, p = 1.000), and negative and 

neutral (z = -1.799, p = .072, r = -.19) did not reach statistical significance.  

In sum, these data suggest that emotion stimulation did effectively manipulate participant self-

reported affect and physiological responses during pain tolerance stimulation. The positive 
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manipulations caused the greatest effect on physiological responses. However, picture viewing 

produced a small effect on respiration and cardiac response (i.e., decrease in RR interval) which 

was not in the expected direction.  

 

Table 5 

Results of the within-subject comparison of mean (SD) self-report and physiological measures when 

viewing pleasant, neutral and unpleasant pictures during pain tolerance (PL2) stimulation  

Dependent measure Friedman test Pleasant Neutral Unpleasant 

Self-report                               

(After-rating condition) 

    

Pleasure (valence) rating (1 – 9) <.001 6.98 (1.32)a, b 4.60 (1.14) 3.51 (2.05)c 

Arousal rating (1 – 9) <.001 4.91 (2.11)a 2.05 (1.68) 4.65 (2.38)c 

     

Physiological measure 

(Experimental phase) 

    

ECG mRR (μV) .09 -0.52 (0.52)b -0.43 (0.61) -0.35 (0.58) 

EMG WAMP (μV) .020 -0.12 (0.51)a, b 0.14 (0.42) 0.12 (0.45) 

GSR peak (μS) <.001 0.72 (0.50)a, b 0.37 (0.56) 0.43 (0.61) 

RSP peak mean (μV) .056 -0.24 (0.50)a -0.46 (0.83) -0.27 (0.71) 

Notes. The results of Friedman test (p value refers to the comparison of self-report and physiological measures during pleasant, neutral and 

unpleasant conditions) are presented in the first column. Post hoc analyses with Wilcoxon signed-rank test follow in the next columns: a. 

comparison of pleasant versus neutral is significant at p <.05, b. comparison of pleasant versus unpleasant is significant at p <.05, and c. 

comparison of unpleasant versus neutral is significant at p <.05.  

A window of 5.5s was utilized to extract the physiological measures during emotion elicitation and PL2 stimulation.  

SD, standard deviation; ECG mRR, electrocardiography mean RR interval; EMG WAMP, electromyography Willison amplitude; GSR peak, 

galvanic skin response peak; RSP peak mean, respiration peak mean. μV, microvolt; μS, microsiemens.   

 

3.7 Effects of Pain on Self-Report Ratings and Physiological Responses 

The effect of pain, indexed by changes from pain threshold (i.e., the lowest pain level) to pain 

tolerance (i.e., the highest pain level), was computed on pain intensity ratings, self-reported 

emotion (see Figure 10) and on physiological measures (see Figure 11). Comparisons of pain 

effect indices of pain experience, emotion and physiological responses between PL1 and PL2 

were computed using the Wilcoxon signed-rank test. The Mann-Whitney U test was also 

performed. Unless noted, there were no significant gender and arm differences (p >.05). A 
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significant effect of pain was found for pain intensity scores. Specifically, there was a 

statistically significant increase in pain intensity from the lowest pain level to the highest pain 

level after viewing pleasant pictures (z = -5.457, p <.001, r = -.59). Indeed, the majority of the 

study sample (n = 39) assessed PL2 as more painful than PL1 during pleasant condition; the 

remaining participants (n = 4) had no changes in their scores. Furthermore, there was a 

significant increase in pain intensity from PL1 to PL2 after viewing neutral pictures (z = -5.725, 

p <.001, r = -.62). All of the participants (n = 43) rated PL2 as more painful than PL1 during 

neutral condition. Similarly, there was a significant increase in pain intensity scores from PL1 

to the PL2 after viewing unpleasant pictures (z = -5.725, p <.001, r = -.62). All of the 

participants (n = 43) assessed PL2 as more painful than PL1 during unpleasant condition. 

Overall, larger increases in pain intensity were found in response to more negative and neutral 

emotions across after-rating conditions between PL1 and PL2 stimulation.  

A statistically significant effect of pain emerged for pleasure and arousal ratings. For pleasure 

ratings, there was a significant increase in valence from PL1 to PL2 during pleasant condition 

(z = -2.688, p = .007, r = -.29). Indeed, 23 participants assessed pleasant pictures as more 

positive during PL2 than during PL1 stimulation, but eight participants rated pleasant pictures 

as less positive during PL2 than PL1 stimulation. The remaining 12 participants had no changes 

in their valence scores. The comparison between PL1 and PL2 during neutral condition was not 

significant (z = -0.316, p = .752, r = -.03). In contrast, there was a significant decrease in valence 

from PL1 to PL2 during unpleasant condition (z = -2.210, p = .027, r = -24). Most participants 

(n = 25) assessed unpleasant pictures as more negative during PL2 than during PL1 stimulation, 

but nine participants rated unpleasant pictures as less negative. The remaining participants (n = 

9) had no changes in their valence scores. Overall, larger changes in valence were observed in 

response to positive emotions across after-rating conditions under the induction of different 

pain levels.  

For arousal ratings, there was a statistically significant increase in arousal from PL1 to PL2 

during pleasant condition (z = -3.038, p = .002, r = -.33). In particular, 24 participants rated 

pleasant pictures as more arousing during PL2 than during PL1 stimulation, but seven 

participants rated pleasant pictures as less arousing during PL2 than PL1 stimulation. The rest 

of the participants (n = 12) had the same arousal scores for both pain levels. Similarly, there 

was a significant increase in arousal from PL1 to PL2 during neutral condition (z = -3.052, p = 

.002, r = -.33). 19 participants assessed neutral pictures as more arousing during PL2 than PL1 

induction, but three participants assessed neutral pictures as less arousing. 21 participants had 
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no changes in their scores. The comparison between PL1 and PL2 during negative condition 

was not significant (z = -1.379, p = .168, r = -.15). Effect sizes confirmed that larger increases 

in arousal were found in response to positive and neutral emotions across after-rating conditions 

between PL1 and PL2 stimulation.           

The effect of pain produced a statistically significant decrease in the mean RR interval from 

PL1 to PL2 during pleasant condition (z = -5.410, p <.001, r = -.58). Indeed, cardiac response 

decreased in the majority of the study sample (n = 40) during PL2 relative to PL1, but it was 

elevated in three participants. Similarly, there was a significant decrease in cardiac response 

from PL1 to PL2 when viewing neutral pictures (z = -3.924, p <.001, r = -.42). Cardiac response 

decreased in 30 participants during PL2 relative to PL1, but it was elevated in the remaining 

participants (n = 13). Lastly, there was a significant decrease in this physiological variable from 

PL1 to PL2 when viewing unpleasant pictures (z = -5.035, p <.001, r = -.54). Cardiac response 

decreased in most participants (n = 38) during PL2 relative to PL1, but it increased in five study 

participants. Overall, larger decreases in the mean RR interval were observed in response to 

positive emotion across emotion conditions between PL1 and PL2 induction.   

The effect of pain did not produce a statistically significant change in trapezius muscle activity 

from PL1 to PL2 across conditions. In particular, the comparisons between PL1 and PL2 during 

pleasant (z = -0.794, p = .427, r = -.08), neutral (z = -0.531, p = .595, r = -.06) and unpleasant 

(z = -0.036, p = .971, r = -.004) did not reach statistical significance. For GSR, there was a 

significant increase from PL1 to PL2 during pleasant condition (z = -5.084, p <.001, r = -.55). 

Skin response increased in most participants (n = 37) under PL2 relative to PL1, but it decreased 

in six participants. Similarly, there was a significant increase in skin response from PL1 to PL2 

during neutral condition (z = -4.601, p <.001, r = -.50). Indeed, skin response was elevated in 

35 participants under PL2 relative to PL1, but it decreased in the remaining participants (n = 

8). There was also a significant increase in this physiological variable from PL1 to PL2 during 

unpleasant condition (z = -4.407, p <.001, r = -.47). Skin response was elevated in 34 

participants under PL2 relative to PL1, but it decreased in nine study participants. Effect sizes 

confirmed that larger increases in skin response were found in response to positive emotion 

across conditions between PL1 and PL2 stimulation.   

For RSP, there was a significant decrease from PL1 to PL2 when viewing positive pictures (z 

= -3.466, p = .001, r = -.37). Respiration decreased in 28 study participants under PL2 relative 

to PL1, but it was elevated in 15 participants. Similarly, there was a significant decrease in 
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respiration from PL1 to PL2 when viewing neutral pictures (z = -3.139, p = .002, r = -.34). 

Respiration decreased in 27 participants under PL2 relative to PL1, but it was elevated in the 

rest of the study sample (n = 16). Lastly, there was a significant decrease in respiration from 

PL1 to PL2 when viewing negative pictures (z = -2.741, p = .006, r = -.29). Respiration 

decreased in 30 participants under PL2 relative to PL1, but it was elevated in 13 participants. 

Overall, larger decreases in respiration were observed in response to positive emotion across 

emotion conditions between PL1 and PL2 stimulation.    

In sum, these findings confirm that different pain intensities did effectively produce changes in 

participants’ pain experience across all emotion conditions during the experiment. However, 

larger changes in self-report ratings and physiological responses were observed in response to 

positive emotion from the lowest to the highest pain level.  

 

 

 

 

Figure 10. The influence of pain, indexed by changes from PL1 to PL2, on pain intensity scores and 

self-reported affect (mean) measured in the after-rating condition. Comparisons of pain effect indices of 

self-ratings were computed using the Wilcoxon signed-rank test. PL1, Pain Level 1; PL2, Pain Level 2.  
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Figure 11. The influence of pain, indexed by changes from PL1 to PL2, on physiological parameters 

(mean) measured during the main experimental phase. Comparisons of pain effect indices of 

physiological responses were computed using the Wilcoxon signed-rank test. ECG, 

electrocardiography; EMG, electromyography; GSR, galvanic skin response; RSP, respiration; PL1, 

Pain Level 1; PL2, Pain Level 2. 
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4 Discussion 

The present study examined the influence of emotion on pain and physiological responses using 

a comprehensive experimental paradigm. To do this, participants viewed pictures varying in 

emotional valence (pleasant, neutral, unpleasant), and phasic heat stimuli were delivered to the 

upper side of the right or left forearm during pictures to probe subjective pain and physiological 

responses. 

 

4.1 Emotion Elicitation 

Τhe first hypothesis proposed that picture-viewing would significantly influence the emotional 

state of participants under different heat intensities. As anticipated, pictures effectively 

manipulated self-reported affect across all heat pain intensities (baseline temperature, pain 

threshold and pain tolerance). Pleasure (valence) ratings were highest for pleasant pictures and 

lowest for unpleasant pictures, with neutral being intermediate. But pleasant and unpleasant 

pictures were assessed as more arousing than neutral pictures. In addition, GSR data suggested 

that pleasant and unpleasant pictures led to increased skin response compared to neutral picture 

stimuli during baseline temperature and pain threshold stimuli. Physiological data also revealed 

that changes in skin response when viewing pleasant pictures were greater than those when 

viewing negative pictures under pain threshold and tolerance, respectively. This effect was 

observed in objective measure, but not reported in subjective ratings of arousal. Statistical 

significance was not reached for this physiological indicator of emotion between unpleasant 

and neutral condition under pain tolerance. The elicited skin response pattern for unpleasant 

picture contents is consistent with the notion that electrodermal activity is a component of the 

orienting response (Maltzman & Boyd, 1984) that happens in response to novel stimuli. 

Considering that electrodermal activity is a physiological index of orienting, it can be said that 

moderate to low skin responses may indicate a sensory intake and be prompted by detection 

and processing of two aversive stimuli, picture and pain stimuli. At this “monitoring” phase, an 
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organism is at an alarm stage, where she receives and evaluates environmental cues. Hence, the 

individual requires time to assess input stimuli before swinging into action. Besides, 

motivational states evoked by these affective cues and autonomic substrates of their perception 

bear fundamental similarities to those occurring when an organism stops, looks and listens, 

sifting through the environment for cues of threat, social meaning, or incentives to appetite 

(Lang et al., 1997b). Nonetheless, picture-viewing effectively manipulated self-reported 

emotion. These findings are generally consistent with previous studies examining modulation 

of experimental pain utilizing a standardized set of emotional picture stimuli (Bradley et al., 

2001; Rhudy et al., 2006; Rhudy, Williams, McCabe, Nguyen, & Rambo, 2005).    

 

4.2 Emotion Modulation of Pain 

The second hypothesis proposed that affect would modulate pain experience of participants. 

The study findings generally suggest that emotions produced highly significant changes in 

participants’ pain experience. Specifically, it was found that pain was modulated by emotion 

with positive affect leading to pain enhancement and negative affect leading to pain inhibition 

under PL1 and PL2. Nonetheless, the effects of emotions on pain were comparatively smaller 

under the induction of PL2 (the highest pain level). According to the priming hypothesis, 

viewing pleasant pictures reduces pain experience because activation of the appetitive system 

inhibits responses to noxious stimulation. Exposure to unpleasant pictures may increase pain 

because activation of the aversive system advances responses to a noxious stimulus. Moreover, 

if activation of the aversive system causes autonomic avoidance behavior, one could also 

consider that viewing unpleasant pictures increases pain because it prompts the tendency to 

avoid painful stimulation.  

Although priming processes would assume that pain decreases with picture pleasantness, the 

results obtained in the current study suggest that the mechanisms involved appear to be more 

complex. Pain facilitation in the context of appetitive-picture viewing is, in fact, a prototypical 

finding in psychophysiological investigations and could be considered at odds with the notion 

that appetitive responding is associated with pain inhibition (e.g., de Wied & Verbaten, 2001; 

Rhudy et al., 2006; Rhudy et al., 2005). In fact, emotion modulation of pain can be described 

by the relation of the two dimensions of emotion, valence and arousal, and therefore, their 

interaction may produce different outcomes (Rhudy & Meagher, 2001a). This notion partially 

explains the current findings which suggest that positive emotions of high arousal may induce 
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increased pain experience. It seems that a high level of activation in individual’s appetitive 

system by picture-viewing and simultaneous activation of the aversive system by painful 

stimulation may lead to co-activation of both motivational systems, eliminating any primary 

effects of positive emotions. Although research on emotion and pain underlines the role of 

positive emotions in reducing pain, some of these studies have shown that positive affect may 

not always contribute to analgesia. For instance, Meagher et al. (2001a) did not find any effect 

of viewing pleasant slides on pain tolerance (i.e., the latency to remove the hand from the cold-

water) during the cold-pressor task after the slide show. Similarly, Rhudy et al. (2006) did not 

reveal any effect of positive affect on pain tolerance during the cold-pressor test following 

emotion-induction. The divergent effects of positive affect appear to oppose the motivational 

priming theory. However, in both studies as well as in the present study, self-report ratings 

indicated that pleasant pictures were rated as arousing, therefore simultaneous activation of the 

appetitive and defensive systems might be a reasonable explanation for canceling out the pain-

attenuating effects of positive emotions. Notwithstanding these considerations, the point 

remains that emotion can play a role in influencing acute experimental pain. Whether highly 

positive emotion leads to pain facilitation by eliciting dual motives, remains an open question 

and motivates fruitful future research directions.    

The inference of hyperalgesia during positive picture-viewing is also consistent with results 

obtained by a study which investigated the modulating effects of emotions on pain experience 

in patients with fibromyalgia syndrome (FMS). Kamping, Bomba, Kanske, Diesch, and Flor 

(2013) demonstrated that FMS patients show a deficit in modulation of painful stimuli in a 

positive emotional context. Specifically, painful stimuli in the presence of a pleasant emotional 

context were rated as more painful than those during neutral picture-viewing. This difference 

in pain modulation was accompanied by less brain activation in the ventral anterior cingulate 

cortex (vACC) and orbitofrontal cortex (OFC) for FMS patients to the concurrent positive 

picture and pain stimulus presentation. The vACC has been implicated in the modulation of 

emotional responses (Devinsky, Morrell, & Vogt, 1995; Kalisch, 2009; Kanske, Heissler, 

Schönfelder, Bongers, & Wessa, 2011), in emotion induction (Mayberg et al., 1999; Shin et al., 

2000), and in pain encoding. Particularly, the ventral regions of the ACC are involved in the 

arousal effects of painful stimuli (Kwan, Crawley, Mikulis, & Davis, 2000; Paus, 2000) and 

therefore, appear to integrate pain experience and emotion (Kamping et al., 2013). Furthermore, 

OFC is involved in emotion modulation (Kamping et al., 2013) and shares connections with the 

vACC (Haber & Knutson, 2010). Patients with lesions of the OFC are unable to identify other 
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individuals’ emotional states and tend to misinterpret the emotions they see (Hornak, Rolls, & 

Wade, 1996). Hence, reduced activation in these brain regions among FMS patients could be 

related to a deficit in orienting to an emotional context and inability to recognize pleasant 

picture stimuli during pain stimulation (Kamping et al., 2013). Although the participants of the 

present study were healthy individuals without pain problems or affective disorders, the current 

findings suggest that healthy people may also differ in modulating pain by positive affect. 

Therefore, future research could examine, whether this finding can be replicated with a larger 

sample; and whether this difference in emotion modulation is evident in brain activation among 

healthy individuals through brain imaging techniques.  

Adaptation-level theory could also account for the effects of pleasure on thermal pain reactivity 

(Rollman, 1979). According to this theory, judgments related to the perceived intensity of a 

painful stimulus are not only based upon the physical characteristics of the stimulus alone, but 

they also depend upon the context of other concurrent stimuli or remembered experiences. In 

the present case, participants exposed to erotic or adventure images, use this experience to 

anchor their ratings of the pain stimulus. Because the pictures are intense, or are evaluated as 

intense, thermal pain ratings were higher. This would suggest that pain stimuli were judged 

within the frame of highly positive stimuli in which pain appears to be acceptable and may be 

perceived as a means of greater pleasure. Viewed this way, pleasure and pain are considered to 

be interrelated hedonic states as opposed to polarized experiences (Bastian, Jetten, Hornsey, & 

Leknes, 2014). Stated otherwise, people often intentionally seek out pleasure through painful 

experiences. Although the concept of “pleasure-seeking behavior” through pain is generally 

associated with non-normative activities such as sexual masochism (Baumeister, 1988), or 

painful religious rites (Glucklich, 2001), it is also an integral part of more normative individual 

behaviors. Popular health treatments such as whole body cryotherapy (i.e., exposure to very 

cold air; Costello, Algar, & Donnelly, 2012) or deep tissue massage are painful therapeutic 

practices (Bastian et al., 2014). Taste preferences often engage pain experience through the 

consumption of irritants such as hot chili pepper (Rozin & Schiller, 1980). High-intensity 

exercise (e.g., intense aerobic exercise) represents a commonly used form of physical pain 

(O’Connor & Cook, 1999); people also seek out thrilling experiences through pain in extreme 

sports (Le Breton, 2000). Conventional foreplay may occasionally involve carefully controlled 

pain without injuries which is administered by an intimate partner, so that the aversiveness of 

pain is kept within acceptable bounds (Baumeister, 1988) and pain may be an effective means 

of elevating sexual arousal and pleasure. These paradigms are in line with the notion that the 
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interplay between pleasure and pain can prompt individuals to commonly seek out more 

pleasure through an array of healthy, normative, but often painful pursuits in certain situations.  

Viewing pain as only a threatening and debilitating event may prevent us from revealing why 

people engage in pleasure-seeking behaviors which may be painful. People’s decision to engage 

with such activities may be explained by a number of factors. One might explain this class of 

human activities as a clear hedonic shift (Rozin & Schiller, 1980). This could be produced by 

the association of positive events with pain. Specifically, gradually increasing exposure to an 

activity which involves pain seems to be a sufficient condition for preference development. It 

is also possible that eating of fiery food, jumping from a great height, and many other human 

activities are seen as instances of thrill seeking of a “constrained risk”. In fact, pleasure is linked 

to the discovery that acute unpleasant stimuli that have a distinct and detectable period of 

duration (Bastian et al., 2014) are not hazardous or life-threatening. As this is recognized, the 

asymmetry between cognition and bodily responses produces more excitement (Rozin & 

Schiller, 1980). This notion might predict that preferred levels of negative stimuli should be 

very close to the maximum tolerated level, but should not exceed it: pleasure might be 

associated with levels of stimulation restricted to be unpleasantly painful. Otherwise, warning 

of (potential) injury becomes more intense inducing increased autonomic and somatic activity. 

As a result, aversiveness of pain outweighs pleasure. In the present study, the effect of positive 

emotion was greater under pain threshold than under the highest pain level, supporting the view 

that preferred painful stimuli should approximate tolerance threshold so as to protect organism 

from injuries and compensate for the demands of pain by pleasure.  

Furthermore, this study examined the influence of negative emotion on pain ratings of fixed 

duration heat stimuli applied during emotion elicitation. Results indicated that fear-inducing 

pictures resulted in pain inhibition. The hypoalgesic effects of fear are in agreement with 

previous animal (e.g., Bolles & Fanselow, 1980; Fanselow, 1984; Meagher, Grau, & King, 

1989) and human studies (e.g., Johnson & Helmstetter, 1994; Malow, 1981; Rhudy & Meagher, 

2001b). For instance, several animal studies have found that exposure to moderately intense 

shocks can cause an opioid-mediated analgesia on the formalin and tail-flick tests (e.g., 

Fanselow, 1984; Grau, 1984; Meagher, Grau, & King, 1990). These results are consistent with 

other laboratories investigating the effects of highly arousing negative emotion on pain in 

healthy individuals and people with mental disorders. For example, Johnson and Helmstetter 

(1994) indicated that fear induction during low intensity thermal stimulation resulted in 

hypoalgesia. In their studies, Rhudy and Meagher (2000; 2003) also found that fear induced by 
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brief electric shocks led to decreased pain reactivity. In addition, Pitman, van der Kolk, Orr, 

and Greenberg (1990) demonstrated that exposure to a combat-related video induced naloxone 

reversible analgesia in veterans with post-traumatic stress disorder (PTSD). Supporting this, 

clinical studies indicate that victims of traumatic stress describe feelings of numbness and 

insensitivity to pain during the fear eliciting trauma (Burgess & Holmstrom, 1976; Suarez & 

Gallup, 1979). And finally, Janssen and Arntz (1996) induced an opioid mediated hypoalgesia 

by exposing spider phobics to spiders. Together, these findings suggest that highly arousing 

emotions can inhibit pain.   

Fear is an immediate alarm response to a threatening cue (Barlow, Chorpita, & Turovsky, 1996) 

which mobilizes an organism to take action (Rhudy & Meagher, 2000). In laboratory animal 

research, threatening stimuli have been found to activate a neural circuit that is initiated when 

relevant sensory information activates the basolateral nuclei of the amygdala (Bradley et al., 

2001). Projections from this structure to other brain regions modulate an array of reflex 

behaviors, automatic and somatic, that allow processing of the menacing context and prepare 

the organism for overt defense (e.g., fight or flight). In fact, animal behavior theorists 

(Blanchard & Blanchard, 1989; Fanselow, 1994; Timberlake, 1993) have suggested that reflex 

reactivity in defense is defined by different stages, depending on the imminence of threat. 

Hence, some changes are linked to being in a context where a predator might appear, whereas 

others (e.g., freezing and orienting) are linked to the actual presence of a particular threat cue 

(Bradley et al., 2001). By the same token, the laboratory participants react to an unpleasant 

picture by orienting to the sensory input and processing contextual features, retrieving similar 

information from memory, and implicitly preparing for potential action. Pictorial stimuli depict 

scenes from daily life but, of course, they are not real-life events and overt action rarely occurs. 

However, pictures can vary in their degree of symbolic threat and therefore, in the extent to 

which they activate defensive motivation system. In this view, unpleasant affects evoked by 

negative pictures in the present study participants were associated with activation of the 

defensive system. More specifically, participants directed their attention to stimuli more salient 

than pain in an attempt to process contextual details and prepare subliminally themselves for 

action. Further, physiological activity measured during emotion elicitation and concurrent pain 

stimulation confirms that fear-inducing stimuli evoked defense system activation setting the 

individual in a state analogous to that of a freezing animal. This issue will be returned to later 

in the discussion.  
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The theories of pain founded on animal research have emphasized the role of fear. For instance, 

the perceptual-defensive-recuperative (PDR) model by Bolles and Fanselow (1980) proposes 

that fear activates defensive behavior, such as freezing, in animals resulting in the inhibition of 

pain and pain-related behaviors. This happens because its primary function is to defend the 

organism against threats and organize the perception of environmental events so as to facilitate 

the perception of danger and self-preservation. In that case, pain is viewed as antagonist to fear 

and serves no useful purpose when the organism may have to utilize all of its resources for 

defense. Moreover, Walters (1994) general adaptive model of injury-related behavior suggests 

that when there is a high risk of injury, a fear state characterized by an active defensive response 

is evoked that inhibits pain. In contrast, when there is a low risk of injury, an anxiety state 

characterized by a passive defensive response is elicited that induces hyperalgesia. Anxiety is 

a future-oriented affect defined by negative emotion of moderate arousal and apprehensive 

anticipation of potential threats, and leads to increased pain reactivity (Rhudy & Meagher, 

2000). This is in line with research that suggests that the dimensions of valence and arousal 

may interact to elicit different outcomes (e.g., high products yield pain inhibition and low 

products yield pain enhancement) (Meagher et al., 2001b; Sieve, King, Ferguson, Grau, & 

Meagher, 2001). Future research will be needed to examine how the relationship between 

valence and arousal influences pain experience at subjective and physiological levels of 

analysis.  

Several theoretical accounts support that attentional and attributional factors mediate the effects 

of fear on pain experience in individuals (Al Absi & Rokke, 1991; Arntz et al., 1994; Cornwall 

& Donderi, 1988; Janssen & Arntz, 1996; Malow, 1981; McCaul & Malott, 1984; Weisenberg, 

Aviram, Wolf, & Raphaeli, 1984). Specifically, attribution theory suggests that pain inhibition 

occurs when fear is irrelevant to the source of pain, whereas pain is amplified when fear is 

relevant to pain per se (Al Absi & Rokke, 1991; Weisenberg et al., 1984). In this regard, the 

particular affective state (fear) does not define whether pain is amplified or diminished, but 

rather whether the affect is perceived as related or unrelated to pain. The present results do not 

support this notion because negative condition was unrelated to the pain test, but resulted in 

decreased pain reactivity. Conversely, the current findings seem consistent with prior 

attentional accounts (e.g., Arntz & De Jong, 1993; Arntz et al., 1994; Cornwall & Donderi, 

1988; Janssen & Arntz, 1996; Malow, 1981; McCaul & Malott, 1984; Villemure & Bushnell, 

2002) which support that intense fear will attenuate pain. From this perspective, highly negative 

affect may become more salient than pain, in which case negative emotion would inhibit pain. 
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Similarly, Wall (1979) makes an interesting prediction concerning the effects of arousal on pain 

but does not elucidate the role of attention. Therefore, it could be said that exposure to 

unpleasant pictures produced an intense state of fear which diverted attentional focus away 

from the painful thermal stimuli resulting in decreased pain experience. However, pain 

inhibition was more pronounced in participants during pain threshold induction. In fact, existing 

data support that distracting one’s attention away from the sensation produced by a noxious 

stimulus will have stronger effects for mild versus intense pain stimuli (McCaul & Malott, 

1984). Given that pain is an attention-demanding modality (Villemure & Bushnell, 2002) and 

at greater levels of intensity can no longer be easily ignored (McCaul & Malott, 1984), it seems 

plausible to assume that emotion will be generally more effective during low painful stimuli 

than intense stimuli. It would be surprising if such painful stimulation did not influence affect 

at all in the present study and hence, it is important to identify the attributes of pain stimulation 

(e.g., intensity, duration) that draw attention. Future research could be conducted that treats 

emotion as a dependent variable and the experience of pain (e.g., thermal pain over time) as the 

independent variable.       

Taken together, these findings provide support for the general premise that emotion plays a 

critical role in the influence of acute experimental pain, regardless of motivational direction. 

Highly arousing emotions can enhance or inhibit pain, depending on the dimension of valence. 

It appears that the interplay between valence and high arousal produces different outcomes and 

therefore, future research could examine how this relationship further affects pain experience 

at subjective and physiological levels of analysis; and whether the effects of emotional valence 

and arousal are observable in brain activation among healthy individuals and patients with 

affective disorders. Positive emotions seem to be closely linked to a rich cultural context and 

may be utilized to serve different purposes. In this frame, positive affect and pain may be seen 

as interrelated pleasurable states by individuals which enhance pleasure seeking through 

controlled doses of pain. In contrast, negative affect may be psychologically a more primitive 

state which supports orienting to relevant aversive cues, information gathering and activating 

defensive behavior to promote the survival of individuals. However, both emotional states may 

have greater effects for mild pain intensities. Otherwise, pain cannot be easily ignored and 

outweighs affect.    
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4.3 Physiological Responses 

The third hypothesis proposed that affect would influence physiological responses during heat 

stimulation in healthy individuals. The findings generally indicate that emotions produced 

highly significant changes in participants’ physiological activity. Indeed, it was found that 

erotic and adventure pictures increased mean RR interval and respiration; and decreased 

trapezius muscle activity compared to neutral pictures during no pain stimulation. Threatening 

pictures also increased mean RR interval and respiration; and decreased muscle activity 

compared to neutral stimuli during non-painful stimuli. Thus, one could observe similar 

physiological reactions in individuals viewing pleasant and unpleasant picture stimuli under no 

pain. This means that responses associated with high arousal varied when participants were 

presented with material with high motivational significance, independent of motivational 

direction. It is assumed that functional reflexes developed at different times in evolutionary 

history, adapted to specific contextual demands and they are organized in such a way that they 

support orienting to relevant input, information selection, functional inhibition and motor 

mobilization as well as numerous overt survival actions (Bradley et al., 2001). In fact, the 

cardiac response to emotional stimuli was characterized by a deceleratory event that is 

consistent with the hypothesis of interest and orienting. In their study, Bradley et al., (2001) 

found that cardiac component during pleasant- and unpleasant-picture viewing was 

characterized by an initial deceleration, indicating that individuals directed continuously their 

attention to emotional stimuli. Indeed, an organism orients oneself in the environment and 

attempts to gather relevant information during this phase, but overt action is not imminent. This 

was particularly visible in the decreased muscle activity during aversive-picture viewing, 

suggesting that defensive activation prompts heightened orienting and sensory intake. In 

addition, increased inhalation breathing depth is consistent with a previous study in which 

researchers found that arousing film clips were accompanied by a greater increase in the 

inspiratory phase (Gomez, Zimmermann, Guttormsen-Schär, & Danuser, 2005). It appears that 

an increase in depth of breathing is associated with the dimension of arousal. Supporting this, 

Rehwoldt (1911) found that the ratio between inspiration and expiration tended to be larger in 

what he classified as excited emotions compared to calm emotions. Respiratory responding to 

highly affective stimuli also accords with the notion that attentional processes may dominate 

over action tendencies directing resources toward external cues (Gomez et al., 2005). The 

present data show that in general, these stimulus contents may represent novel, unique cues 

which require more sustained processing.  



4 Discussion 

 
64 

The physiological data also showed that pleasant pictures decreased trapezius muscle activity 

compared to unpleasant and neutral stimuli; and unpleasant pictures produced significant 

increases in cardiac component relative to neutral stimuli during PL1 induction. During PL2 

stimulation, pleasant pictures produced significant decreases in mean RR interval relative to 

negative pictures; and decreased trapezius muscle activity relative to negative and neutral 

pictures. Positive emotional stimuli also increased inhalation depth compared to neutral stimuli. 

As regards positive affect, cardiac acceleration is similar to the findings of other research (Lang, 

1995; McManis et al., 2001). Specifically, Lang (1995) indicated a close relationship between 

affective valence and cardiac component with heart rate acceleration observed during pleasant 

picture-viewing. As mentioned above, increased inhalation depth is linked to arousal and 

increases in muscle activity, especially for pleasant affect, were not anticipated. The data 

suggest that in humans, emotions are tightly imbedded in a complex cultural frame and may be 

utilized instrumentally for different purposes (Bradley et al., 2001). In line with this, positive 

emotions and pain may be seen as interrelated pleasurable states by different individuals, 

facilitating pleasure seeking through controlled doses of pain. It is reasonable to assume that 

individually relevant appetitive stimuli along with pain may produce unique outcomes and 

therefore, induce strong sympathetic engagement. For example, Hillman et al. (2000) found 

significant evidence of higher electroencephalographic activation in sport fans viewing home-

team-relevant compared to home-team-irrelevant pictorial stimuli.  

The motivational priming theory presumes that defense is a staged response which proceeds 

from oriented attention to defensive action (Lang et al., 1997b). Cardiac component during fear-

picture viewing and concurrent pain stimulation was characterized by a deceleratory event. 

Indeed, sustained cardiac deceleration is the most frequent initial reaction to a threat cue (i.e., 

fear bradycardia) elicited in most mammalians, for instance, when a predator is nearby 

(Campbell, Wood, & McBride, 1997). According to the motivational priming hypothesis, 

cardiac deceleration reflects sustained attention to an aversive cue and occurs when the 

defensive system is moderately activated (Lang et al., 1997b). Fear bradycardia is attenuated 

through the administration of pharmacological agents, suggesting that the cardiac deceleration 

linked to defensive activation is parasympathetically mediated (Campbell et al., 1997). In 

laboratories, a shift to cardiac acceleration when viewing aversive pictures would demand yet 

higher levels of defensive activation with clear motor mobilization, which is rare for symbolic 

representations. However, it has been only observed when pictorial stimuli reflect an unusually 

high personal threat value, for example, when phobic individuals view images of their phobic 
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objects (Hamm, Cuthbert, Globisch, & Vaitl, 1997). This could possibly explain the fact that 

intense muscle activity was not observed during aversive-picture viewing (e.g., the phobic 

individual might actually remove the electrodes and leave the experimental room). During 

moderate activation of the defensive system, information intake is primary and motor behavior 

is relatively inhibited (Obrist, 1981), which is observed in the cardiac and muscle activity of 

the present study.  

To sum up, the findings revealed unique physiological patterns defined by high intensity and 

particular stimulus content. Emotions can influence differently autonomic and somatic activity 

during painful and non-painful stimuli. It appears that physiological responses during 

innocuous thermal stimuli are associated with sustained processing. Similarly, moderate 

activation of the defensive system during threatening-picture viewing and concurrent painful 

stimulation prompts heightened attention to an aversive cue, but overt action is not anticipated. 

In contrast, the study of the appetitive system may be complicated by the fact that evolved 

aesthetic or attractiveness of a specific stimulus along with controlled pain can be utilized for 

pleasure purposes, inducing strong sympathetic engagement. One could observe that the 

patterns of physiological response can vary across different contexts of stimulation and 

therefore, can mirror a confusing rock pile that resists a simple categorization by specific 

emotional states (Lang, 1995).  

 

4.4 Effects of Emotion on Laterality Differences in Pain 

The fourth hypothesis examined the influence of emotion on laterality differences in pain. That 

is, if right brain involvement is accentuated when processing affective pictures, modulatory 

effects produced by this emotional engagement might be stronger for pain stimuli processed 

through right hemisphere regions, that is, those presented to the contralateral (left) arm. The 

findings obtained here raise an interesting issue in psychophysiological research. In fact, a 

statistically significant effect suggested that participants with left stimulated arm had higher 

pain scores when viewing positive pictures relative to those with right stimulated arm. This 

result is consistent with previous research. In their study, Otto, Dougher, and Yeo (1989) found 

a significant difference in pain sensitivity between the left and right hands of healthy 

individuals. Particularly, it was suggested that exposure to a visual right-hemisphere task 

depicting emotional faces increased the left side lateralization of pain induced by cold pressor. 

Furthermore, the present study indicated that the cardiac component and skin response were 
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higher in participants with left stimulated arm when processing a negative picture than those 

with right stimulated arm. Although earlier research work has employed psychophysiological 

measures (ECG and skin conductance) in studies of laterality (Bradley, Cuthbert, & Lang, 1991; 

Lang et al., 1998b), they only found that emotional picture stimuli, either pleasant or unpleasant, 

prompted intense physiological activity. In contrast, this preliminary evidence suggests that 

modulation of pain by an affective foreground may be a lateralized phenomenon, indicating 

intense pain experience and physiological activity when left arm is stimulated. These findings 

may contribute to clarify inconsistencies in reports concerning the lateralization of pain. For 

instance, a left side predominance of pain complaints is most frequently found with pain 

reported to be psychogenic in origin (Hall, Hayward, & Chapman, 1981). Psychogenic pain 

patients are also characterized as having stronger right hemisphere activation, but it is unclear 

whether it results from an affective disorder or another factor (Otto et al., 1989). In line with 

this, it could be suggested that this pain lateralization may be because of the greater right 

hemisphere activation in these patients. Therefore, pain reports as well as physiological 

responses from psychogenic pain patients may be understood better by the notion of the 

influence of the right hemisphere on the perception of pain. While this interpretation of the data 

is in its infancy, the findings emphasize the value of utilizing subjective and physiological 

parameters in studies of brain mapping. Therefore, psychophysiological assessment is a critical 

method combined directly with the acquisition of functional imaging data to elucidate the role 

of emotion modulation in pain laterality and hemispheric activation among healthy individuals 

and specific patient groups.  

 

4.5 Effects of Pain on Subjective and Physiological Parameters 

The current paradigm of experimental pain produced statistically significant changes in 

participants’ self-report and physiological responses. Self-report ratings of pain confirmed that 

different pain levels effectively changed participant’s pain experience. In fact, large increases 

in pain intensity scores were found across all emotion conditions from the lowest to highest 

pain level. Pain’s fundamental function is to warn of present and potential danger, therefore 

facilitating survival of organisms (Bateson, 1991). Indeed, the congenital absence of pain 

significantly raises the risk of injury and death (Damasio, 1999). Pain interrupts ongoing 

activities, and demands attentional engagement and behavior (Eccleston & Crombez, 1999). 

Hence, it would be surprising if pain tolerance stimuli had no effect on participant’s pain 

experience. Furthermore, the findings indicate that pain did produce significant changes in self-
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reported affect and physiological responses. It is worth mentioning that larger changes in these 

parameters were mainly observed in response to positive affect from PL1 to PL2. In fact, pain 

prompts release of dopamine and endogenous opioids, which have been also linked to the 

experience of pleasure (e.g., Leknes & Tracey, 2008; Zubieta et al., 2001). Previous research 

has indicated that endogenous opioids underpin a positive shift in emotion across the hedonic 

spectrum (Leknes & Tracey, 2008). Particularly, this positive shift demonstrates that activation 

of the opioid system causes positive stimuli to be experienced as more pleasant. This could 

explain why pleasant stimuli were experienced as more pleasant under high pain intensity and 

also, why people often seek out pleasure experiences through painful pursuits. In general, this 

sub-chapter lays emphasis on the effects of pain. Focusing on the outcomes of pain will require 

that pain is studied as the manipulated variable in experimental designs, as mentioned above. 

By exploring the consequences of pain, researchers may understand not only why individuals 

engage in common and healthy behaviors, but may also explain other less common and 

unhealthy behaviors such as self-harm (Bastian et al., 2014). Continued study of the relation of 

pain and affect is therefore necessary to advance researchers’ understanding of human well-

being and suffering (Leknes & Tracey, 2008). 

 

4.6 Implications and Limitations of the Study 

The purpose of this study was to assess the effects of picture-induced affect on pain experience 

during the induction of different pain intensities. The ultimate goal is to lead to new methods 

that could be employed in clinical settings. Thus, the current findings bear relevance to 

treatments for acute pain, such as pain produced by invasive medical procedures. If the current 

results are replicated, one implication would be to focus on evoking and enhancing positive 

emotion of low arousal during painful medical procedures, instead of reducing negative 

emotion. Furthermore, approaches in pain management might place a stronger emphasis on 

emotional processes helping health care professionals achieve maximal non-pharmacologic 

analgesia. For instance, reappraisal, which is a cognitive technique, encourages the individual 

to focus on the emotional stimulus and to re-evaluate its meaning and personal relevance. 

Another implication would be to avoid visual or auditory stimuli that evoke positive affect of 

high intensity. For example, cartoons in which the humor-evoking events often involve high-

arousal interactions between aggressors and victims (Deckers & Carr, 1986). Although cartoon-

viewing has been successfully utilized in pediatric population to control pain behavior (Kelley, 

Jarvie, Middlebrook, McNeer, & Drabman, 1984), the present findings would suggest to be 
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careful in selecting cartoons or similar humorous material that contain such references to highly 

positive emotion.     

There is a number of limitations of the present study that should be taken into account. First, 

the laboratory findings should be generalized with caution to clinical settings because there are 

fundamental differences between highly predictable experimental pain (i.e., the duration of 4 s) 

and less predictable clinical pain. Pain in treatment settings is a very real threat to physical and 

psycho-social wellbeing, and it can have a great impact on patient’s quality of life (Buck & 

Morley, 2006). Hence, before generalizing from findings of laboratory-based studies, it is 

essential that changes in self-reported and physiological parameters produced by emotion-

eliciting techniques are investigated in the natural environment. Second, the present findings 

may have restricted generalizability due to the study sample. These participants were young, 

healthy individuals without pre-existing pain problems or affective disorders at the time of the 

experiment. Therefore, it is possible that a different sample of participants (e.g., patients 

experiencing severe pain) may exhibit an alternative pattern of outcomes. Third, a 

methodological issue that merits attention refers to the selection of the stimulus material. The 

current study utilized high-arousal affective pictures which are known to elicit strong affective 

responses (Lang et al., 1997b). However, it is possible that low-arousal pleasant and unpleasant 

pictures during pain induction might have produced different effects on measured parameters. 

Future research may vary the levels of intensity in order to determine its relative contribution.      

The present study expanded the field of emotions and experimental pain research into areas 

where little attention has been given. Further research is essential to elucidate the role of 

different emotions in pain. Specifically, theory-driven paradigms are needed to include various 

categories of both positive as well as negative affect. However, most research investigating the 

influence of emotion on pain has tended to focus on negative affect (Rhudy & Williams, 2005). 

Therefore, additional experimental work is needed to determine the relationship between 

positive emotions and pain experience. Finally, the current experimental design represents a 

promising avenue for examining the effects of emotions and pain in experimental and clinical 

settings.  
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4.7 Conclusion 

There is a general agreement that affect influences pain. However, there is only moderate 

consensus concerning the particular conditions under which these effects occur, their direction 

as well as their magnitude. The present experimental paradigm employed affective picture 

stimuli, a reliable emotion elicitation technique ideal to target and modulate specific dimensions 

of subjective experience. This allowed the researcher to evoke emotional states, measure the 

relevant changes in various experimental conditions, and examine their effects on pain 

experience and physiological responses during different heat pain intensities. The current study 

produced several important findings: 1) pictures effectively manipulated self-reported affect 

(i.e., valence and arousal) across all heat intensities (baseline temperature, pain threshold and 

pain tolerance); 2) positive emotion led to pain enhancement and negative affect led to pain 

inhibition; 3) emotions produced highly significant changes in participants’ physiological 

responses; and 4) affect produced significant changes in a number of measured parameters, 

especially when the participants’ left arm was stimulated with heat cues. Although preliminary, 

these findings may have clinical relevance, because they suggest that emotional processes to 

regulate acute pain can be used in patients helping health care professionals achieve maximal 

non-pharmacologic analgesia. However, particular attention should be paid to positive affect of 

high intensity that seems to increase pain experience. Furthermore, pain in clinical settings is a 

real threat and can pose an enormous burden on patient’s quality of life. Therefore, future work 

is needed to examine the underlying mechanisms of pain facilitation and inhibition in healthy 

individuals and patients with (chronic) pain and affective disorders employing a complex pain 

paradigm including stimuli of varying duration and modalities. 
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5 Abstract  

Objective. Prior research work suggests that positive affect attenuates pain while negative 

affect enhances it. The present study sought to examine whether: 1) affective stimuli would 

influence emotional states of participants under different heat pain intensities; 2) affect would 

modulate the experience of pain in healthy individuals; 3) the physiological responses would 

variate during different emotional conditions and concurrent heat pain stimulation; and 4) 

emotion elicitation would influence differently the measured parameters with regard to the 

stimulated arm.  

Design. 43 healthy participants (21 females, 22 males) with a mean age of 26.40 years (SD = 

6.24) attended the experimental session. At the beginning of the experimental session the 

researchers determined individual pain threshold and pain tolerance for each participant. During 

the testing session, participants were presented with various pictures intended to elicit emotions 

(highly positive, neutral, highly negative) and simultaneously, they were stimulated with 

different heat intensities to either the right or left arm. This phase was followed by an after-

rating condition, where pain ratings were made on a visual analogue scale (VAS) and emotion 

ratings on the Self-Assessment Manikin (SAM), respectively.  

Outcome Measures. Physiological measures and self-report were collected. Especially, 

electrical cardiac activity, electrical muscle activity of the trapezius muscle, electrodermal 

activity and respiration were recorded throughout the experimental session. Pain intensity (i.e., 

pain threshold and tolerance) and affect (i.e., valence and arousal) were measured in the after-

rating condition.   

Results. Pictures effectively manipulated self-reported affect across all heat intensities. Positive 

emotion led to pain enhancement and negative affect led to pain inhibition. Moreover, emotions 

produced highly significant changes in participants’ physiological responses. Lastly, affect 
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produced significant changes in a number of psychophysiological parameters, especially when 

the participants’ left arm was stimulated with heat pain. 

Conclusion. Affect modulates pain experience in healthy individuals. Although preliminary, 

these findings may have clinical relevance because they suggest that emotion elicitation 

techniques to regulate acute pain can be used in clinical settings. However, particular attention 

should be paid to positive affect of high intensity which it seems to increase pain experience. 

Furthermore, pain in treatment settings is a real threat and can pose an enormous burden on 

patient’s quality of life. Therefore, future work is needed to examine the underlying 

mechanisms of pain facilitation and inhibition in healthy individuals and clinical populations. 
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Appendix  

List of Emotional Stimuli that were utilized for the SenseEmotion project. 

The IAPS identification numbers for the pleasant pictures were: 1650, 2216, 4311, 4611, 4658, 

4659, 4664, 4676, 4677, 4690, 4694, 4695, 4800, 4810, 5460, 5470, 5626, 5629, 7502, 8030, 

8080,8178, 8179, 8180, 8185, 8186, 8191, 8193, 8210, 8251, 8300, 8340, 8341, 8370, 8499, 

8501. The identification numbers for the neutral pictures were: 5471, 5731, 6150, 7002, 7009, 

7025, 7030, 7034, 7035, 7036, 7038, 7040, 7041, 7050, 7052, 7053, 7055, 7056, 7057, 7059, 

7090, 7100, 7130, 7140, 7150, 7161, 7170, 7185, 7233, 7235, 7493, 7500, 7547, 7705. The 

identification numbers for the unpleasant pictures were: 1050, 1052, 1113, 1120, 1201, 1525, 

1932, 2811, 3150, 3250, 3400, 3500, 5972, 6021, 6022, 6210, 6212, 6260, 6312, 6315, 6415, 

6510, 6530, 6550, 6570, 6821, 8480, 8485, 9050, 9250, 9254, 9300, 9600, 9620, 9622, 9902, 

9910, 9921. Mean valence and arousal ratings across picture sets were: pleasant pictures 

(valence: M = 6.94, arousal: M = 6.40), neutral pictures (valence: M = 5.03, arousal: M = 2.96), 

and unpleasant pictures (valence: M = 2.72, arousal: M = 6.42). 

The EmoPicS identification numbers for the pleasant pictures were: 006, 008, 028, 043, 050, 

052, 053, 055, 056, 057, 058, 059, 061, 062, 063, 064, 065, 066, 067, 069, 070, 071, 075, 078. 

The identification numbers for the neutral pictures were: 123, 125, 127, 185, 188, 195, 196, 

277, 281, 301, 302, 318, 335, 341, 342, 349, 354, 356, 365, 368, 371, 372, 373, 374, 376, 377. 

The identification numbers for the unpleasant pictures were: 207, 210, 211, 213, 214, 216, 219, 

222, 229, 231, 232, 235, 238, 244, 250, 251, 252, 254, 321, 325, 326, 329. Mean valence and 

arousal ratings across picture sets were: pleasant pictures (valence: M = 6.94, arousal: M = 

5.57), neutral pictures (valence: M = 5.02, arousal: M = 2.84), and unpleasant pictures (valence: 

M = 2.61, arousal: M = 6.26). 
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Overview of Physiological Parameters 

No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

1. ECG VLF Power spectrum of very low frequency  Frequency domain 
Power spectrum from 0.003 to 0.04 Hz (Boonnithi & Phongsuphap, 

2011). 

2. ECG LF Power spectrum of low frequency Frequency domain 
Power spectrum from 0.04 to 0.15 Hz (Boonnithi & Phongsuphap, 

2011). 

3. ECG HF Power spectrum of high frequency  Frequency domain 
Power spectrum from 0.15 to 0.4 Hz (Boonnithi & Phongsuphap, 
2011). 

4. ECG nVLF Normalized very low frequency spectrum  Frequency domain 
𝑉𝐿𝐹 × 100 /(𝑉𝐿𝐹 + 𝐿𝐹 + 𝐻𝐹) (Kumar, Weippert, Vilbrandt, 
Kreuzfeld, & Stoll, 2007). 

5. ECG nLF Normalized low frequency spectrum  Frequency domain 𝐿𝐹 × 100 /(𝑉𝐿𝐹 + 𝐿𝐹 + 𝐻𝐹) (Kumar et al., 2007). 

6. ECG nHF Normalized high frequency spectrum  Frequency domain 𝐻𝐹 × 100/(𝑉𝐿𝐹 + 𝐿𝐹 + 𝐻𝐹) (Kumar et al., 2007). 

7. ECG dLFHF 
Difference of normalized low frequency spectrum and normalized high 

frequency spectrum  
Frequency domain |𝑛𝐿𝐹 − 𝑛𝐻𝐹| (Kumar et al., 2007). 

8. ECG SMI Symphathetic modulation index  Frequency domain 𝐿𝐹/(𝐿𝐹 + 𝐻𝐹) (Kumar et al., 2007). 

9. ECG VMI Vagal modulation index  Frequency domain 𝐻𝐹/(𝐿𝐹 + 𝐻𝐹) (Kumar et al., 2007). 

10. ECG SVI Symphatovagal balance index  Frequency domain 𝐿𝐹/𝐻𝐹 (Kumar et al., 2007). 

11. ECG mRR Mean RR interval Time domain 

∑ (𝑅R
i 
)𝑁

𝑖=1

𝑁
  

(Boonnithi & Phongsuphap, 2011). 

12. ECG mHR Mean heart rate  Time domain 

∑ (60000 | 𝑅𝑅𝑖  
)𝑁

𝑖=1

𝑁
  

(Boonnithi & Phongsuphap, 2011). 
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

13. ECG SDRR Standard deviation of RR interval  Time domain 
sqrt (

∑ (RR
i 
– 𝑚𝑅𝑅)

2
𝑁
𝑖=1

𝑁 – 1
)  

(Boonnithi & Phongsuphap, 2011). 

14. ECG SDHR Standard deviation of heart rate  Time domain sqrt (
∑ ((60000 | 𝑅𝑅𝑖)

  
− 𝑚𝐻𝑅)

2
𝑁
𝑖=1

𝑁 − 1
)  

(Boonnithi & Phongsuphap, 2011). 

15. ECG CVRR Coefficient of variance of RR intervals Time domain 
𝑆𝐷𝑅𝑅 ×100

𝑚𝑅𝑅
 (Boonnithi & Phongsuphap, 2011). 

16. ECG RMSSD Root mean square successive difference Time domain 𝑠𝑞𝑟𝑡 [𝑚𝑒𝑎𝑛 [(RR
i + 1 

−  RR
i
 )2]] (Boonnithi & Phongsuphap, 2011). 

17. ECG pRR20 
Number of pairs of adjacent RR intervals differing by more than 20 ms 

to all RR intervals 
Time domain 

𝐶𝑜𝑢𝑛𝑡[|RR
i + 1 

− RR
i
 |]

> 20ms 
× 100 

𝑁 − 1
 (Boonnithi & Phongsuphap, 2011). 

18. ECG pRR50 
Number of pairs of adjacent RR intervals differing by more than 50 ms 
to all RR intervals 

Time domain 
𝐶𝑜𝑢𝑛𝑡[|RR

i + 1 
− RR

i
 |]

> 50ms 
× 100 

𝑁 − 1
 (Boonnithi & Phongsuphap, 2011). 

19. EMG ARC[20] 
Autoregressive coefficients[in total 20 variables were calculated]  

 
Frequency domain 

𝑥𝑘 =  − ∑ 𝑎𝑖 𝑥𝑘−𝑖 + 𝑒𝑘

𝑁

𝑖=1

 

where 𝑥𝑘 is a sample of the model signal,  𝑎𝑖 is AR coefficients, 𝑒𝑘 is 
white noise or error sequence, and N is the order of AR model 

(Phinyomark, Limsakul, & Phukpattaranont, 2009). 
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

20. EMG FMD 
Frequency median  

 
Frequency domain 

𝐹𝑀𝐷 =  
1

2
∑ 𝑃𝑆𝐷𝑖

𝑀

𝑖=1

 

where M is the length of the power spectrum density, and PSDi  is the 

ith line of the power spectrum density (Oskoei & Hu, 2006).  

21. EMG FMN Frequency mean  Frequency domain 

𝐹𝑀𝑁 =  
∑ 𝑓𝑖𝑃𝑆𝐷𝑖

𝑀
𝑖=1

∑ 𝑃𝑆𝐷𝑖
𝑀
𝑖=1

 

where M is the length of the power spectrum density, 

𝑓𝑖  =  (𝑖 ∗  𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔𝑟𝑎𝑡𝑒) (2 ∗  𝑀)⁄ , and PSDi is the ith line of the 
power spectrum density (Oskoei & Hu, 2006). 

22. EMG MFMD Modified frequency median  Frequency domain 

𝑀𝐹𝑀𝐷 =  
1

2
 ∑ 𝐴𝑗

𝑀

𝑗=1

 

where Aj is the EMG amplitude spectrum at frequency bin j 

(Phinyomark et al., 2009). 

23. EMG MFMN Modified frequency mean  Frequency domain 
𝑀𝐹𝑀𝑁 =  

∑ 𝑓𝑗𝐴𝑗
𝑀
𝑗=1

∑ 𝐴𝑗
𝑀
𝑗=1

 

where fj is the frequency of the spectrum at frequency bin j 

(Phinyomark et al., 2009). 

24. EMG FR Frequency ratio  Frequency domain 

𝐹𝑅𝑗 =  
|𝐹(∙)|𝑗𝑙𝑜𝑤𝑓𝑟𝑒𝑞

|𝐹(∙)|𝑗ℎ𝑖𝑔ℎ𝑓𝑟𝑒𝑞

 

where |𝐹(∙)|𝑗 is the fast Fourier transform of EMG signal in channel j, 

lowfreq is the low frequency band, and highfreq is the high frequency 

band (Han et al., 2000).  
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

25. EMG  IEMG Integrated EMG  Time domain 
𝐼𝐸𝑀𝐺𝑘 =  ∑|𝑥𝑖|

𝑁

𝑖=1

 

where xi is the value of each part of the segment k, and N is the length 

of the segment (Huang & Chen, 1999). 

26. EMG MAV Mean absolute value Time domain 
𝑀𝐴𝑉𝑘 =  

1

𝑁
 ∑|𝑥𝑖|

𝑁

𝑖=1

 

(Englehart & Hudgins, 2003). 

27. EMG  MMAV1 Modified mean absolute value 1  Time domain 

An extension of MAV using weighting window function wi 

(Phinyomark et al., 2009). 

𝑀𝑀𝐴𝑉1𝑘 =  
1

𝑁
∑ 𝑤𝑖

𝑁

𝑖=1

|𝑥𝑖|  

 

𝑤(𝑖) =  {
1,         0.25𝑁 ≤ 𝑖 ≤ 0.75𝑁
0.5,                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

      . 

28. EMG  MMAV2 Modified mean absolute value 2  Time domain 

Another extension of MAV:  

𝑀𝑀𝐴𝑉2𝑘 =  
1

𝑁
∑ 𝑤𝑖

𝑁

𝑖=1

|𝑥𝑖| 

 

𝑤(𝑖) = {

1,            0.25𝑁 ≤ 𝑖 ≤ 0.75𝑁
4𝑖 𝑁,                      0.25𝑁 > 𝑖⁄

4(𝑖 − 𝑁) 𝑁,          0.75𝑁 < 𝑖⁄
 

(Phinyomark et al., 2009). 

29. EMG  MAVS Mean absolute value slope  Time domain 𝑀𝐴𝑉𝑆𝑘 = 𝑀𝐴𝑉𝑘+1 − 𝑀𝐴𝑉𝑘 (Phinyomark et al., 2009). 
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

30. EMG  RMS Root mean square  Time domain 𝑅𝑀𝑆𝑘 =  √
1

𝑁
∑ 𝑥𝑖

2

𝑁

𝑖=1

 

(Phinyomark et al., 2009). 

31. EMG  VAR Variance Time domain 
𝑉𝐴𝑅𝑘 =  

1

𝑁
∑(𝑥𝑖 − �̅�)2

𝑁

𝑖=1

 

where �̅� is the mean value of the segment k (Oskoei & Hu, 2006). 

32. EMG  WL Waveform length  Time domain 
𝑊𝐿𝑘 =  ∑|𝑥𝑖+1 − 𝑥𝑖|

𝑁−1

𝑖=1

 

(Englehart & Hudgins, 2003). 

33. EMG  ZC Zero crossing  Time domain 

A suitable threshold ∈ must be chosen to reduce the noise induced 

zero crossings (Phinyomark et al., 2009). ZC with 10mV threshold 

value was selected. Given two consecutive samples 𝑥𝑖  and 𝑥𝑖+1, 
increment the zero crossing count, if  

{𝑥𝑖 > 0 and 𝑥𝑖+1 < 0}  
or  

{𝑥𝑖 < 0 and 𝑥𝑖+1 > 0} and |𝑥𝑖 − 𝑥𝑖+1| ≥∈  
(Englehart & Hudgins, 2003). 

34. EMG  SSC Slope sign changes Time domain 

A suitable threshold ∈ must be chosen to reduce noise induced slope 
sign changes (Phinyomark et al., 2009). SSC with 30 mV threshold 

value was selected. Given three consecutive samples, 

𝑥𝑖−1, 𝑥𝑖  and 𝑥𝑖+1, the slope sign change is incremented if 

{𝑥𝑖 > 𝑥𝑖−1 and 𝑥𝑖 > 𝑥𝑖+1}  
or  

{𝑥𝑖 < 𝑥𝑖−1and 𝑥𝑖 < 𝑥𝑖+1}  
and  

|𝑥𝑖 − 𝑥𝑖+1| ≥∈ or |𝑥𝑖 − 𝑥𝑖−1| ≥∈  
(Englehart & Hudgins, 2003). 
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

35. EMG  WAMP Willison amplitude  Time domain 

A suitable threshold ∈ must be chosen to reduce noise effects 
(Phinyomark et al., 2009). WAMP with 10 mV threshold value was 

selected. 

𝑊𝐴𝑀𝑃𝑘 = ∑ 𝑓(|𝑥𝑖  − 𝑥𝑖+1|)

𝑁−1 

𝑖 = 1

 

𝑓(𝑥) =  {
1,                𝑥 >∈                   
 0,         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                

. 

36. EMG  SSI Simple square integral  Time domain 
𝑆𝑆𝐼𝑘 =  ∑(|𝑥𝑖

2|)

𝑁

𝑖=1

 

(Phinyomark et al., 2009). 

37. EMG  HEMG[5] Histogram of EMG[in total 5 variables were calculated] Time domain 

HEMG divides the elements in EMG signal into b equally spaced 

segments and returns the number of elements in each segment. 
(Phinyomark et al., 2009). The effects of various segments was tested. 

38. EMG peak Peak Time domain peak = maximum value of the signal. 

39. EMG me Standard deviation of the mean values Time domain 

Split the signal 𝑋 into n equal, successive subsets 𝑋1, 𝑋2, …, 𝑋𝑛. 

Calculate the means 𝑥1, 𝑥2, . . . , 𝑥𝑛 of the subsets.  

Form  𝑋𝑚𝑒 =  {𝑥1, 𝑥2, . . . , 𝑥𝑛}. 
 

me = standard deviation of 𝑋𝑚𝑒 (Cao & Slobounov, 2011). 

40. EMG ldf Lag dependence functions Time domain 

Prerequisite: k = number of searched lag dependence functions ldf. 
 

For every i = 1, …, k: 

a) Move the signal 𝑋 by i samples to the left to get the signal 𝑋𝑠ℎ𝑖𝑓𝑡. 

b) Find by polynominal regression a polynom 𝑋𝑓𝑖𝑡 that fits 𝑋𝑠ℎ𝑖𝑓𝑡 to 

𝑋. 

c) Calculate 𝑠𝑠0 =  ∑ (𝑥𝑚 − 𝑥)2𝑛
𝑚=1 , 𝑥𝑚 = m-th sample of 𝑋, 𝑥  = 

mean of 𝑋, n = number of samples. 

d) Calculate 𝑠𝑠𝑖 =  ∑ (𝑥𝑚 − 𝑥𝑚
𝑓𝑖𝑡

)2𝑛
𝑚=1 , 𝑥𝑚 and 𝑥𝑚

𝑓𝑖𝑡
 = m-th sample of 

𝑋 respectively 𝑋𝑓𝑖𝑡, n = number of samples. 

e) Calculate 𝑅𝑖 =  
𝑠𝑠0−𝑠𝑠𝑖

𝑠𝑠0
. 

f) Find indices 𝑖𝑛𝑑_𝑚𝑎𝑥 and 𝑖𝑛𝑑_𝑚𝑖𝑛 where 𝑋 becomes maximum or 
minimum, respectively. 

𝑙𝑑𝑓𝑖 = 𝑠𝑖𝑔𝑛(𝑥𝑖𝑛𝑑_𝑚𝑎𝑥
𝑓𝑖𝑡

− 𝑥𝑖𝑛𝑑_𝑚𝑖𝑛
𝑓𝑖𝑡

) ∗ √𝑅𝑖 (Gruss, 2015). 
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

41. EMG pldf Partial lag dependence functions Time domain 

Prerequisite: k = number of searched partial lag dependence functions 
pldf. 

 

For every i = 1, …, k: 

a) Move the signal 𝑋 by i – 1 samples to the left to get the signal 

𝑋𝑠ℎ𝑖𝑓𝑡_0. 

b) Find by polynominal regression a polynom 𝑋𝑓𝑖𝑡_0 that fits 𝑋𝑠ℎ𝑖𝑓𝑡_0 

to 𝑋. 

c) Calculate 𝑠𝑠0 =  ∑ (𝑥𝑚 − 𝑥𝑚
𝑓𝑖𝑡_0

)2𝑛
𝑚=1 , 𝑥𝑚 𝑎𝑛𝑑 𝑥𝑚

𝑓𝑖𝑡_0
= m-th 

sample of 𝑋 respectively 𝑋𝑓𝑖𝑡_0, n = number of samples. 

d) Move the signal X by i samples to the left to get the signal 𝑋𝑠ℎ𝑖𝑓𝑡_1. 

e) Find by polynominal regression a polynom 𝑋𝑓𝑖𝑡_1 that fits 𝑋𝑠ℎ𝑖𝑓𝑡_1 

to 𝑋. 

f) Calculate 𝑠𝑠𝑖 =  ∑ (𝑥𝑚 − 𝑥𝑚
𝑓𝑖𝑡_1

)2𝑛
𝑚=1 , 𝑥𝑚 and 𝑥𝑚

𝑓𝑖𝑡_1
 = m-th sample 

of 𝑋 respectively 𝑋𝑓𝑖𝑡_1, n = number of samples. 

g) Calculate 𝑅𝑖 =  
𝑠𝑠0−𝑠𝑠𝑖

𝑠𝑠0
. 

h) Find indices 𝑖𝑛𝑑_𝑚𝑎𝑥 and 𝑖𝑛𝑑_𝑚𝑖𝑛 where 𝑋 becomes maximum 
or minimum, respectively. 

𝑝𝑙𝑑𝑓𝑖 = 𝑠𝑖𝑔𝑛(𝑥𝑖𝑛𝑑_𝑚𝑎𝑥
𝑓𝑖𝑡_1

− 𝑥𝑖𝑛𝑑_𝑚𝑖𝑛
𝑓𝑖𝑡_1

) ∗ √𝑅𝑖 (Nielsen & Madsen, 2001). 

42. EMG mutinfo Mutual information  Time domain 

𝑚𝑢𝑡𝑖𝑛𝑓𝑜 = 𝐻(𝑋) − 𝐻(𝑋|𝑌), 𝐻(𝑋) = entropy of the signal X, 

𝐻(𝑋|𝑌) = entropy of signal X conditioned on reference signal Y 
(Chen, Varshney, & Arora, 2003). 

43. EMG si_corr Similarity correlation Time domain 
𝑠𝑖_𝑐𝑜𝑟𝑟 =

1

𝑛
∑ (𝑥𝑖− 𝑥)(𝑦𝑖−ŷ)𝑛

𝑖=1

√
1

𝑛
∑ (𝑥𝑖−𝑥)2𝑛

𝑖=1 √
1

𝑛
∑ (𝑦𝑖−ŷ)2𝑛

𝑖=1

, 𝑥 = mean of the signal X, ŷ = 

mean of the reference signal Y (Sá, Simpson, & Infantosi, 1994).  

44. GSR Npeaks Number of peaks  Time domain Npeaks = number of local maxima.   

45. GSR Nslopes Number of slopes Time domain 

Nslopes = number of slopes.   

 
Slope is defined as the onset point where the signal starts raising to the 

local maximum. 
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46. GSR Ndrops Number of drops Time domain 

Ndrops = number of drops. 

 

Drop is defined as the onset point where the signal starts dropping to 
the local minimum. 

47. GSR Combo Combination Time domain Combo is defined as the sum of Npeaks, Nslopes and Ndrops. 

48. GSR Min_peak_duration Minimum peak duration Time domain 

For every k = 1, …, 𝑖 − 1:  

1) Find all local minima ⇒ m1, ..., mi, i = number of minima. 
2) Compare value of mk to value of mk+1. 

3a) If mk < mk+1, move mk towards mk+1 and find the time where the 
value is equal to mk+1.  

3b) Otherwise, if mk > mk+1, move mk+1 towards mk and find the time 

where the value is equal to mk ⇒ “new” mk. 
4) Define peak duration as 

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑘+1   − 𝑡𝑖𝑚𝑒 𝑜𝑓 “𝑛𝑒𝑤” 𝑚𝑘 ⇒   𝑝𝑒𝑎𝑘_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑘 . 
5) Calculate the minimum value of peak_durations. 

49. GSR Min_slope_duration Minimum slope duration Time domain 

1) Split current window in half and set the middle as the starting point. 

2) Find minimum and maximum values.  

3) If minimum is on the left side of the starting point and maximum on 
the right side of the starting point, then slope duration is defined as 

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 − 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒. 
 Otherwise, see no. 50. 

4) Calculate the minimum value of slope_durations. 

50. GSR Min_drop_duration Minimum drop duration Time domain 

See no. 49 step 1 to step 2 for prerequisite.  

 

3) Drop duration is defined as 

|𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 − 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒| . 
4) Calculate the minimum value of drop_durations. 

51. GSR Min_combo_duration Minimum combination duration Time domain 
𝑀𝑖𝑛_𝑐𝑜𝑚𝑏𝑜_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑖𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 +
𝑚𝑖𝑛 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑚𝑖𝑛 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

52. GSR Min_peak_amplitude Minimum peak amplitude Time domain 

See no. 48 step 1 to step 3 for prerequisite.  

 

4) Find the maximum value v between “new” mk and mk+1 . 

5) Peak amplitude is defined as 𝑣 −  𝑚𝑘 . 
6) Calculate the minimum value of peak_amplitudes.  
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53. GSR Min_slope_amplitude Minimum slope amplitude Time domain 

1) Split current window in half and set the middle as the starting point. 

2) Find minimum and maximum values.  

3) If minimum is on the left side of the starting point and maximum on 
the right side of the starting point, then slope amplitude is defined as 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 − 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒. Otherwise, see no. 54.  
4) Calculate the minimum value of slope_amplitudes. 

54. GSR Min_drop_amplitude Minimum drop amplitude Time domain 

See no. 53 step 1 to step 2 for prerequisite.  

 
3) Drop amplitude is defined as 

|𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 − 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒|. 
4. Calculate the minimum value of drop_amplitudes. 

55. GSR Min_combo_amplitude Minimum combination amplitude Time domain 
𝑀𝑖𝑛_𝑐𝑜𝑚𝑏𝑜_𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑚𝑖𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 +
𝑚𝑖𝑛 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 + 𝑚𝑖𝑛 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠.  

56. GSR Min_peak_area Minimum peak area Time domain 

See no. 48 step 1 to step 3 for prerequisite.  
 

4) Go from mk to mk+1. 

5) Calculate the difference between each value and mk. 

6) Peak area is defined as the sum of all calculated differences. 

7) Calculate the minimum value of peak_areas.  

57. GSR Min_slope_area Minimum slope area Time domain 

1) Find minimum and maximum values.  

2) If 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 >  𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒, then 
go from minimum to maximum and calculate the difference between 

each value and minimum. Otherwise, see no. 58. 
3) Slope area is defined as the sum of all calculated differences. 

4) Calculate the minimum value of slope_areas.  

58. GSR Min_drop_area Minimum drop area Time domain 

1) Find minimum and maximum values. 

2) If 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 <  𝑡𝑖𝑚𝑒 𝑜𝑓 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒, then 
go from maximum to minimum and calculate the difference between 

each value and minimum. 

3) Drop area is defined as the sum of all calculated differences. 
4) Calculate the minimum value of drop_areas. 

59. GSR Min_combo_area Minimum combination area Time domain 
𝑀𝑖𝑛_𝑐𝑜𝑚𝑏𝑜_𝑎𝑟𝑒𝑎 = 𝑚𝑖𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 + 𝑚𝑖𝑛 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑟𝑒𝑎𝑠 +
𝑚𝑖𝑛 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑟𝑒𝑎𝑠.  
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60. GSR Max_peak_duration Maximum peak duration Time domain 

See no. 48 step 1 to step 4 for prerequisite.  

 

5) Calculate the maximum value of peak_durations. 

61. GSR Max_slope_duration Maximum slope duration Time domain 
See no. 49 step 1 to step 3 for prerequisite. 
 

4) Calculate the maximum value of slope_durations. 

62. GSR Max_drop_duration Maximum drop duration Time domain 
See no. 50 step 1 to step 3 for prerequisite.  
 

4) Calculate the maximum value of drop_durations. 

63. GSR Max_combo_duration Maximum combination duration Time domain 
𝑀𝑎𝑥_𝑐𝑜𝑚𝑏𝑜_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑎𝑥 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 +
𝑚𝑎𝑥 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑚𝑎𝑥 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

64. GSR Max_peak_amplitude Maximum peak amplitude Time domain 

See no. 52 step 1 to step 5 for prerequisite.  

 

6) Calculate the maximum value of peak_amplitudes. 

65. GSR Max_slope_amplitude Maximum slope amplitude Time domain 
See no. 53 step 1 to step 3 for prerequisite.  
 

4) Calculate the maximum value of slope_amplitudes. 

66. GSR Max_drop_amplitude Maximum drop amplitude Time domain 

See no. 54 step 1 to step 3 for prerequisite. 

 
4) Calculate the maximum value of drop_amplitudes. 

67. GSR Max_combo_amplitude Maximum combination amplitude Time domain 
𝑀𝑎𝑥_𝑐𝑜𝑚𝑏𝑜_𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑚𝑎𝑥 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 +
𝑚𝑎𝑥 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 + 𝑚𝑎𝑥 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠.  

68. GSR Max_peak_area Maximum peak area Time domain 
See no. 56 step 1 to step 6 for prerequisite. 
 

7) Calculate the maximum value of peak_areas. 

69. GSR Max_slope_area Maximum slope area Time domain 

See no. 57 step 1 to step 3 for prerequisite. 

 
4) Calculate the maximum value of slope_areas. 

70. GSR Max_drop_area Maximum drop area Time domain 

See no. 58 step 1 to step 3 for prerequisite. 

 
4) Calculate the maximum value of drop_areas. 
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71. GSR Max_combo_area Maximum combination area Time domain 
𝑀𝑎𝑥_𝑐𝑜𝑚𝑏𝑜_𝑎𝑟𝑒𝑎 = 𝑚𝑎𝑥 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 + 𝑚𝑎𝑥 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑟𝑒𝑎𝑠 +
𝑚𝑎𝑥 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑟𝑒𝑎𝑠.  

72. GSR Avg_peak_ duration Average peak duration Time domain 

See no. 48 step 1 to step 4 for prerequisite.  

 

5) Calculate the mean value of peak_durations. 

73. GSR Avg_slope_duration Average slope duration Time domain 

See no. 49 step 1 to step 3 for prerequisite. 

 

4) Calculate the mean value of slope_durations. 

74. GSR Avg_drop_duration Average drop duration Time domain 

See no. 50 step 1 to step 3 for prerequisite.  

 
4) Calculate the mean value of drop_durations. 

75. GSR Avg_combo_duration Average combination duration Time domain 
𝐴𝑣𝑔_𝑐𝑜𝑚𝑏𝑜_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑎𝑣𝑔 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 +
𝑎𝑣𝑔 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑎𝑣𝑔 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

76. GSR Avg_peak_amplitude Average peak amplitude Time domain 
See no. 52 step 1 to step 5 for prerequisite.  
 

6) Calculate the mean value of peak_amplitudes. 

77. GSR Avg_slope_amplitude Average slope amplitude Time domain 

See no. 53 step 1 to step 3 for prerequisite.  

 
4) Calculate the mean value of slope_amplitudes. 

78. GSR Avg_drop_amplitude Average drop amplitude Time domain 

See no. 54 step 1 to step 3 for prerequisite. 

 
4) Calculate the mean value of drop_amplitudes. 

79. GSR Avg_combo_amplitude Average combination amplitude Time domain 
𝐴𝑣𝑔_𝑐𝑜𝑚𝑏𝑜_𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑎𝑣𝑔 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 +
𝑎𝑣𝑔 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒  𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 + 𝑎𝑣𝑔 𝑜𝑓 𝑑𝑟𝑜𝑝  𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠.  

80. GSR Avg_peak_area Average peak area Time domain 

See no. 56 step 1 to step 6 for prerequisite. 

 

7) Calculate the mean value of peak_areas. 

81. GSR Avg_slope_area Average slope area Time domain 

See no. 57 step 1 to step 3 for prerequisite. 

 
4) Calculate the mean value of slope_areas. 
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82. GSR Avg_drop_area Average drop area Time domain 

See no. 58 step 1 to step 3 for prerequisite. 

 

4) Calculate the mean value of drop_areas. 

83. GSR Avg_combo_area Average combination area Time domain 
𝐴𝑣𝑔_𝑐𝑜𝑚𝑏𝑜_𝑎𝑟𝑒𝑎 = 𝑎𝑣𝑔 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 + 𝑎𝑣𝑔 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒  𝑎𝑟𝑒𝑎𝑠 +
𝑎𝑣𝑔 𝑜𝑓 𝑑𝑟𝑜𝑝  𝑎𝑟𝑒𝑎𝑠.  

84. GSR Var_peak_duration Variance peak duration Time domain 

See no. 48 step 1 to step 4 for prerequisite.  

 
5) Calculate the variance of peak_durations. 

85. GSR Var_slope_duration Variance slope duration Time domain 

See no. 49 step 1 to step 3 for prerequisite. 

 

4) Calculate the variance of slope_durations. 

86. GSR Var_drop_duration Variance drop duration Time domain 

See no. 50 step 1 to step 3 for prerequisite.  

 

4) Calculate the variance of drop_durations. 

87. GSR Var_combo_duration Variance combination duration Time domain 
𝑉𝑎𝑟_𝑐𝑜𝑚𝑏𝑜_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑣𝑎𝑟 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 +
𝑣𝑎𝑟 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑣𝑎𝑟 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

88. GSR Var_peak_amplitude Variance peak amplitude Time domain 

See no. 52 step 1 to step 5 for prerequisite.  

 
6) Calculate the variance of peak_amplitudes. 

89. GSR Var_slope_amplitude Variance slope amplitude Time domain 

See no. 53 step 1 to step 3 for prerequisite.  

 

4) Calculate the variance of slope_amplitudes. 

90. GSR Var_drop_amplitude Variance drop amplitude Time domain 
See no. 54 step 1 to step 3 for prerequisite. 
 

4) Calculate the variance of drop_amplitudes. 

91. GSR Var_combo_amplitude Variance combination amplitude Time domain 
𝑉𝑎𝑟_𝑐𝑜𝑚𝑏𝑜_𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑣𝑎𝑟 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 +
𝑣𝑎𝑟 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 + 𝑣𝑎𝑟 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠.  

92. GSR Var_peak_area Variance peak area Time domain 

See no. 56 step 1 to step 6 for prerequisite. 

 

7) Calculate the variance of peak_areas. 
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93. GSR Var_slope_area Variance slope area Time domain 

See no. 57 step 1 to step 3 for prerequisite. 

 

4) Calculate the variance of slope_areas. 

94. GSR Var_drop_area Variance drop area Time domain 
See no. 58 step 1 to step 3 for prerequisite. 
 

4) Calculate the variance of drop_areas. 

95. GSR Var_combo_area Variance combination area Time domain 
𝑉𝑎𝑟_𝑐𝑜𝑚𝑏𝑜_𝑎𝑟𝑒𝑎 = 𝑣𝑎𝑟 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 + 𝑣𝑎𝑟 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑟𝑒𝑎𝑠 +
𝑣𝑎𝑟 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑟𝑒𝑎𝑠.  

96. GSR Std_peak_duration Standard deviation peak duration Time domain 

See no. 48 step 1 to step 4 for prerequisite.  

 

5) Calculate the standard deviation of peak_durations. 

97. GSR Std_slope_duration Standard deviation slope duration  Time domain 

See no. 49 step 1 to step 3 for prerequisite. 

 

4) Calculate the standard deviation of slope_durations. 

98. GSR Std_drop_duration Standard deviation drop duration  Time domain 
See no. 50 step 1 to step 3 for prerequisite.  
 

4) Calculate the standard deviation of drop_durations. 

99. GSR Std_combo_duration Standard deviation combination duration Time domain 
𝑆𝑡𝑑_𝑐𝑜𝑚𝑏𝑜_𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑠𝑡𝑑 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 +
𝑠𝑡𝑑 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝑠𝑡𝑑 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠.  

100. GSR Std_peak_amplitude Standard deviation peak amplitude Time domain 

See no. 52 step 1 to step 5 for prerequisite.  

 

6) Calculate the standard deviation of peak_amplitudes. 

101. GSR Std_slope_amplitude Standard deviation slope amplitude Time domain 
See no. 53 step 1 to step 3 for prerequisite.  
 

4) Calculate the standard deviation of slope_amplitudes. 

102. GSR Std_drop_amplitude Standard deviation drop amplitude Time domain 

See no. 54 step 1 to step 3 for prerequisite. 

 
4) Calculate the standard deviation of drop_amplitudes. 

103. GSR Std_combo_amplitude Standard deviation combination amplitude Time domain 
𝑆𝑡𝑑_𝑐𝑜𝑚𝑏𝑜_𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑠𝑡𝑑 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 +
𝑠𝑡𝑑 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠 + 𝑠𝑡𝑑 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠.  
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No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

104. GSR Std_peak_area Standard deviation peak area Time domain 

See no. 56 step 1 to step 6 for prerequisite. 

 

7) Calculate the standard deviation of peak_areas. 

105. GSR Std_slope_area Standard deviation slope area Time domain 
See no. 57 step 1 to step 3 for prerequisite. 
 

4) Calculate the standard deviation of slope_areas. 

106. GSR Std_drop_area Standard deviation drop area Time domain 
See no. 58 step 1 to step 3 for prerequisite. 
 

4) Calculate the standard deviation of drop_areas. 

107. GSR Std_combo_area Standard deviation combination area Time domain 
𝑆𝑡𝑑_𝑐𝑜𝑚𝑏𝑜_𝑎𝑟𝑒𝑎 = 𝑠𝑡𝑑 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 + 𝑠𝑡𝑑 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑎𝑟𝑒𝑎𝑠 +
𝑠𝑡𝑑 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑎𝑟𝑒𝑎𝑠.  

108. GSR peak Peak Time domain See no. 38. 

109. GSR si_corr Similarity correlation Time domain See no. 43. 

110. GSR p2pmv  Peak to peak mean value Time domain 
𝑝2𝑝𝑚𝑣 = Difference between the mean of local maxima and the 

mean of local minima of the signal (Gruss, 2015).   

111. RSP VLF Power spectrum of very low frequency Frequency domain Power spectrum from 0.01 to 0.05 Hz (Redmond & Heneghan, 2006). 

112. RSP LF Power spectrum of low frequency Frequency domain Power spectrum from 0.05 to 0.15 Hz (Redmond & Heneghan, 2006). 

113. RSP HF Power spectrum of high frequency Frequency domain Power spectrum from 0.15 to 0.5 Hz (Redmond & Heneghan, 2006). 

114. RSP nVLF Normalized very low frequency spectrum Frequency domain See no. 4. 

115. RSP nLF Normalized low frequency spectrum Frequency domain See no. 5. 

116. RSP nHF Normalized high frequency spectrum Frequency domain See no. 6. 

117. RSP REFREQ  Respiratory frequency  Time domain 
REFREQ was estimated as the frequency of peak power in the range 

of 0.05 Hz - 0.5 Hz (Redmond & Heneghan, 2006). 



Appendix 

 
104 

No. Biosignal 
Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

118. RSP REFREQVAR Variance of the respiration frequency Time domain See no. 31. 

119. RSP REFREQSD Standard deviation of the respiratory frequency  Time domain 𝑅𝐸𝐹𝑅𝐸𝑄𝑆𝐷 =  √𝑉𝐴𝑅. 

120. RSP BBC Breath-by-breath correlation  Time domain 

1) Define a breath cycle as the time from the trough of one breath to 

the trough of the next (Redmond & Heneghan, 2006). 
2) Find the cross-correlation of the adjacent breaths. In case the 

breaths are of different lengths, the shorter is padded with zeros to 

make it of equal length.  
3) Find the maximum cross-correlation value and divide it by the 

maximum of the energy of either breath alone to normalize the 

maximum cross-correlation value. 
4) The maximum cross-correlation values, for all pairs of adjacent 

breaths in the epoch, are then averaged. 

121. RSP BLVAR 
Breath Length Variation Time domain 

1) Take the standard deviation of the time between peak locations 

(Redmond & Heneghan, 2006).  
2) Similarly, take the standard deviation of the time between trough 

locations. 

3) Then, take the mean of these two standard deviations. 

122. RSP mlocmax Mean of local maxima Time domain  Calculate the mean value of all local maxima. 

123. RSP mlocmin Mean of local minima  Time domain Calculate the mean value of all local minima. 

124. RSP  mdnlocmax Median of local maxima Time domain Calculate the median of all local maxima. 

125. RSP mdnlocmin Median of local minima Time domain Calculate the median of all local minima. 
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Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

126. RSP Pse  Sample entropy of the peak sequence  Time domain 

1) Considering a time series with n data points 𝑢 = 𝑢1, 𝑢2, . . . , 𝑢𝑛, let 

𝑣(𝑖) = 𝑢𝑖 , 𝑢𝑖+1, . . . , 𝑢𝑖+𝑚−1 (1 ≤ 𝑖 ≤ 𝑛 − 𝑚 + 1) be a subsequence of 
u, where the window length m is a positive integer and m < n (Long, 
Foussier, Fonseca, Haakma & Aarts, 2014; Richman & Moorman, 

2000).  

2) For each i, have 𝐵𝑖,𝑚(𝑟) = (𝑛 − 𝑚 + 1)−1 𝜂(𝑟), in which 𝜂(𝑟) is 

the number of j such that 𝑑𝑚[𝑣(𝑖), 𝑣(𝑗)] ≤ 𝑟 (1 ≤ 𝑗 ≤ 𝑛 − 𝑚, 𝑗 ≠ 𝑖) 

where the distance metric 𝑑𝑚 between two subsequences 𝑣(𝑖) and 

𝑣(𝑗) is given by 𝑑𝑚[𝑣(𝑖), 𝑣(𝑗)] = max  |𝑢𝑖+𝑙 − 𝑢𝑗+𝑙| for all 𝑙 =

 0, 1, … , 𝑚 − 1.  

3) Have 𝐴𝑖,𝑚(𝑟) for a higher dimension m + 1.  

4) Then, the sample entropy of the time series u is defined by 

SE =  − ln [
𝐴𝑚 (𝑟)

𝐵𝑚 (𝑟)
] , 

where 

𝐴𝑚 (𝑟) =  
1

𝑛 − 𝑚
 ∑ 𝐴𝑖,𝑚(𝑟) 

𝑛−𝑚

𝑖=1

, 

 

𝐵𝑚 (𝑟) =  
1

𝑛 − 𝑚
 ∑ 𝐵𝑖,𝑚(𝑟) 

𝑛−𝑚

𝑖=1

. 

5) Compute the sample entropy of the peak sequence  

𝑃se =  − ln [
𝐴peak

𝑚 (𝑟)

𝐵peak
𝑚 (𝑟)

] 

where r is the tolerance that usually takes the value of 0.1-0.25 SD of 
the peak sequence and m takes a value of 1 or 2 for the sequence of 

length n larger than 100 data points (Lake, Richman, Griffin & 

Moorman, 2002; Richman & Moorman, 2000). In this study, r of 0.20 
SD of the sequence and m of 2 were experimentally defined to 

maximize the discriminative power of the parameter. 

127. RSP Tse Sample entropy of the trough sequence Time domain 

See no. 126 step 1 to step 4 for prerequisite. 
 

5) Compute the sample entropy of the trough sequence 

𝑇se =  − ln [
𝐴trough

𝑚 (𝑟)

𝐵trough
𝑚 (𝑟)

]  

where r is the tolerance that usually takes the value of 0.1-0.25 SD of 
the trough sequence and m takes a value of 1 or 2 for the sequence of 

length n larger than 100 data points (Lake et al., 2002; Richman & 

Moorman, 2000). In this study, r of 0.20 SD of the sequence and m of 
2 were experimentally defined to maximize the discriminative power 

of the parameter.  
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Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

128. RSP PTdiff Median of peak-to-trough differences Time domain 
𝑃𝑇diff = median [(𝑝1 − 𝑡1), (𝑝2 − 𝑡2), . . . , (𝑝𝑛 − 𝑡𝑛)] (Long et al., 
2014). 

129. RSP Vbr Median respiratory volume during breathing cycles Time domain 

1) The respiratory effort signal (sampled at 256 Hz) over a window of 
5.5 s centered at the epoch of interest is expressed as 

𝑠 =  {𝑠1, 𝑠2, … , 𝑠𝑥, … , 𝑠𝑀} (𝑥 = 1, 2, … , 𝑀), where M is the number of 

sample points in this period (Long et al., 2014). 

2) Suppose that 𝛺𝑘
br is the kth breathing cycle in the epoch where there 

are in total K consecutive breathing cycles (𝑘 = 1, 2, … , 𝐾). Then, the 

corresponding kth inhalation and exhalation periods are 𝛺𝑘
in and 𝛺𝑘

ex, 

respectively. 
3) A breathing cycle is the period between two consecutive troughs 

and thus the inhalation and exhalation periods in the breathing cycle 

are separated by the peak in between these two troughs.  
4) Compute the median respiratory volume during breathing cycles 

𝑉𝑏𝑟 = median ( ∑ 𝑠𝑥

𝑠𝑥∈𝛺1
br

, ∑ 𝑠𝑥

𝑠𝑥∈𝛺2
br

, … , ∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
br

 ) . 

130. RSP Vin Median respiratory volume during inhalation periods Time domain 

See no. 129 step 1 to step 3 for prerequisite. 
 

4) Compute the median respiratory volume during inhalation periods 

𝑉𝑖𝑛 = median ( ∑ 𝑠𝑥

𝑠𝑥∈𝛺1
in

, ∑ 𝑠𝑥

𝑠𝑥∈𝛺2
in

, … , ∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
in

 ) 

(Long et al., 2014). 

131. RSP Vex Median respiratory volume during exhalation periods Time domain 

See no. 129 step 1 to step 3 for prerequisite. 

 

4) Compute the median respiratory volume during exhalation periods 

𝑉𝑒𝑥 = median ( ∑ 𝑠𝑥

𝑠𝑥∈𝛺1
ex

, ∑ 𝑠𝑥

𝑠𝑥∈𝛺2
ex

, … , ∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
ex

 ) 

(Long et al., 2014). 
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Physiological variable  

(Abbreviation) 
Full name Category Mathematical description 

132. RSP FRbr Median respiratory “flow rate” during breathing cycles  Time domain 

See no. 129 step 1 to step 3 for prerequisite. 

 

4a) Compute the median respiratory “flow rate” during breathing 
cycles 

𝐹𝑅𝑏𝑟 = median (
1

𝜏1
br

∑ 𝑠𝑥

𝑠𝑥∈𝛺1
br

,
1

𝜏2
br

∑ 𝑠𝑥

𝑠𝑥∈𝛺2
br

, … ,
1

𝜏𝐾
br

∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
br

)  

 

where the time of the kth breathing cycle is given by 

𝜏𝑘
br = 𝜏𝑘

in + 𝜏𝑘
ex . 

4b) 𝜏𝑘
in and 𝜏𝑘

ex are the kth inhalation and exhalation time  
 

𝜏𝑘
in = max

𝑠𝑥∈𝛺𝑘
in

(𝑥) − min
𝑠𝑥∈𝛺𝑘

in
(𝑥), 

 

𝜏𝑘
ex = max

𝑠𝑥∈𝛺𝑘
ex

(𝑥) − min
𝑠𝑥∈𝛺𝑘

ex
(𝑥) 

(Long et al., 2014). 

133. RSP FRin Median respiratory “flow rate” during inhalation periods  Time domain 

See no. 129 step 1 to step 3 for prerequisite. 

 

4a) Compute the median respiratory “flow rate” during inhalation 

periods  

𝐹𝑅𝑖𝑛 = median (
1

𝜏1
in

∑ 𝑠𝑥

𝑠𝑥∈𝛺1
in

,
1

𝜏2
in

∑ 𝑠𝑥

𝑠𝑥∈𝛺2
in

, … ,
1

𝜏𝐾
in

∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
in

) . 

 

4b) See no. 132 step 4b for the calculation of 𝜏𝑘
in (Long et al., 2014). 

134. RSP FRex Median respiratory “flow rate” during exhalation periods Time domain 

See no. 129 step 1 to step 3 for prerequisite. 

 
4a) Compute the median respiratory “flow rate” during exhalation 

periods  

𝐹𝑅𝑒𝑥 = median (
1

𝜏1
ex ∑ 𝑠𝑥

𝑠𝑥∈𝛺1
ex

,
1

𝜏2
ex ∑ 𝑠𝑥

𝑠𝑥∈𝛺2
ex

, … ,
1

𝜏𝐾
ex ∑ 𝑠𝑥

𝑠𝑥∈𝛺𝐾
ex

) . 

 

4b) See no. 132 step 4b for the calculation of 𝜏𝑘
ex (Long et al., 2014). 

Notes. ECG, electrocardiography; EMG, electromyography; GSR, galvanic skin response; RSP, respiration; Hz, Hertz; ms, millisecond; mV, millivolt. 
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